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TIME-INDEPENDENT BOTTLENECKS

Maha Salah El-Din El-Said El-Metwally

ABSTRACT

The fact that traffic congestion upstream of a bottleneck causes a reduction in the discharge
flow rate through the bottleneck has been well documented in several empirical studies. However, what
has been missing is an understanding of the causes of these empirically observed flow reductions. An
identification of these causes is important in order to develop various mitigation schemes through the
use of emerging technology.

The concept of capacity drop can be introduced at time-independent bottlenecks (e.g. freeways)
as well as time-dependent bottlenecks (e.g. signalized intersections). While to the author’s knowledge
no one has attempted to link these phenomena, the research presented in this thesis serves as a first
step in doing so. The research uses the INTEGRATION simulation software, after demonstrating its
validity against empirical data, to simulate time-independent and time-dependent bottlenecks in an
attempt to characterize and understand the contributing factors to these flow reductions.

Initially, the INTEGRATION simulation software is validated by comparing its results to
empirically observed traffic stream behavior. This thesis demonstrates that the discharge flow rate is
reduced at stationary bottlenecks at the onset of congestion. These reductions at stationary bottlenecks
are not recovered as the traffic stream propagates downstream. Furthermore, these reductions are not
impacted by the level of vehicle acceleration. Alternatively, the drop in the discharge flow rate caused
by time-dependent bottleneck is recoverable and is dependent on the level of acceleration. The
difference in behavior is attributed to the fact that in the case of a stationary bottleneck the delay in
vehicle headways exceeds the losses caused by vehicle accelerations and thus is not recoverable. In the
case of vehicles discharging from a backward recovery wave the dominant factor is the delay caused by

vehicle acceleration and this can be recuperated as the traffic stream travels downstream.
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CHAPTER 1 : INTRODUCTION

1.1 PROBLEM OVERVIEW

The drop in highway capacity at the onset of congestion is a very important phenomenon from
the perspective of traffic management because it suggests that one can increase the transportation
system throughput by ensuring that congestion does not occur. This reduction in capacity will result in
increased travel times, excessive delays, and increased fuel consumption rates [1]. What still remains an
issue of debate is the causes and influencing factors that affect this capacity reduction. Understanding
the cause of the capacity drop and quantifying its magnitude is important in estimating the capacity of a
highway system [2] and identifying means to mitigate these losses. Such answers would facilitate in
reducing the negative impacts caused by recurring congestion. Not only is the capacity drop important
operation-wise, but it is also important from a safety perspective. It was reported that the crash
frequency is 300% higher in congestion than in uncongested conditions at similar flows [3].

In general, the capacity drop phenomenon can be observed on uninterrupted flow facilities (i.e.
freeways) as well as interrupted flow facilities (e.g. signalized intersections). The main difference
between both cases is that on freeways, congestion is typically discharged from a stationary bottleneck
while at signalized intersections, vehicles discharge from a backward recovery shockwave. In other
words, the queue discharge point at a freeway bottleneck is fixed, as each vehicle starts accelerating
from the same location within the bottleneck. On the other hand, the queue discharge point at
signalized intersections is a backward moving point where each vehicle starts accelerating from its
position within the queue. Hence, further upstream vehicles reach the stop line with higher speeds than
the vehicles closer to the stop line.

A number of important questions need to be addressed, as follows. (a) How can the capacity
drop be replicated using an agent-based approach? (b) What factors cause the capacity drop? (c) Are the

losses caused by the capacity drop permanent or are they temporary recoverable losses?

1.2 THESIS OBJECTIVES AND CONTRIBUTIONS

In light of the above discussion, the research presented in this thesis attempts to address three
objectives. The first objective entails validating the INTEGRATION agent-based approach in replicating
field observed behavior. The second objective is to investigate the impact of different factors on the

capacity drop. The final objective is to compare the drop in the discharge flow rates for stationary (time-



independent) bottlenecks on freeways to moving (time-dependent) bottlenecks at signalized
intersections, by quantifying the spatial and temporal aspects of these losses.

The contributions of the thesis can be summarized as follows:

1. The research demonstrates the validity of the INTEGRATION simulation software in producing a
reduction in the discharge flow after the onset of congestion and thus replicating empirically
observed traffic stream behavior.

2. The study demonstrates that reductions in discharge flow rates can be replicated through the
accurate modeling of driver acceleration behavior without the need to introduce a discontinuity
in the steady—state fundamental diagram.

3. The study identifies and quantifies the impact of different underlying factors (e.g. acceleration
level, type of bottleneck, total demand, and percentage of heavy vehicles) on the discharge flow
rates from different bottlenecks.

4. The study demonstrates that flow reductions at stationary (time-independent) bottlenecks
produce losses that are not recovered downstream, whereas at moving (time-dependent)

bottlenecks flow reductions are found to be spatially and temporally confined.

1.3 RESEARCH APPROACH

In order to fulfill the thesis objectives, the concept of the capacity drop is first discussed by
reviewing the relevant state-of-the-art literature on the topic. This investigation analyzes different
congestion conditions at freeway bottlenecks. The approach is then applied to signalized intersections
by analyzing the start loss associated with the discharge of stopped vehicles after the signal turns from
red to green. The research uses the agent-based INTEGRATION simulation software for the analysis.
Consequently, a validation of the INTEGRATION software is performed by modeling and replicating a
number of bottleneck scenarios reported in the literature. After validating the INTEGRATION software,
the impact of different factors on the discharge flow rate is investigated. This is done using the
INTEGRATION software as it is difficult to determine the influence and the contribution of different
factors through empirical studies. Furthermore, simulation runs are conducted in order to investigate
the differences in the nature of the discharge flow rates at time-dependent and time-independent

bottlenecks.



1.4 THESIS LAYOUT

This thesis is divided into five chapters. The first chapter provides a brief introduction to the
problem, which is followed by chapter two that provides an in-depth review of the relevant literature
discussing the issue of capacity drop at uninterrupted flow facilities (i.e. freeways) as well as the
interrupted flow facilities (e.g. signalized intersections). Subsequently, chapter three presents a paper
on a simulation study of freeway bottleneck flow reductions at the onset of congestion. The fourth
chapter presents a paper comparing queue discharge rates from time-dependent and time-independent
bottlenecks. Finally, chapter five presents the thesis conclusions and recommendations for further

research.



CHAPTER 2 : LITERATURE REVIEW

2.1 INTRODUCTION

As was mentioned earlier, the research presented in this thesis attempts to model and
characterizes the reductions in discharge flows at the onset of congestion. This objective is achieved first
by investigating the relevant literature by starting first with explaining the definition of capacity and
accordingly the definition of capacity drop. Hence, different perspectives from previous research studies
discussing the capacity drop on uninterrupted flow facilities (i.e. freeways) is presented. Thereafter, the

capacity drop issue on interrupted flow facilities (e.g. signalized intersections) is introduced as well.

2.2 CAPACITY DROP PHENOMENON

2.2.1 The Concept of Capacity

The concept of capacity is one of the most debatable issues in the field of traffic flow theory,
many decades ago up to this date. Those debates about this issue not only are related to the numerical
value of the capacity on different transportation facilities, but also extend to the notion of the capacity
drop. However in order to understand those debates about the concept, we should first define capacity.

The 2000 Highway Capacity Manual (HCM) [4] defines capacity as:

“The maximum sustainable flow rate at which vehicles or persons reasonably can be expected to
traverse a point or uniform segment of a lane or roadway during a specified time period under given
roadway, geometric, traffic, environmental, and control conditions; usually expressed as vehicles per

hour, passenger cars per hour, or persons per hour”.

Furthermore, it is widely accepted that the concept of capacity is presented throughout the
speed-flow relationship curves. This relationship has a parabolic shape, which consists of two branches,
as shown in Figure 1. The upper branch represents the uncongested flow that begins with the free flow
speed at very small flow rates. Subsequently, as the flow rate increases the speed decreases until the
capacity is reached at the vertex of the parabola. On the other hand, the lower branch represents the
congested flow. This branch begins when the vehicles start flowing from a zero speed and accelerating

until reaching the capacity.
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Figure 1: Capacity on Continuous Speed-Flow Relationship [5]

Thus, under the current HCM definition, capacity is considered to be a “deterministic” value that
defines the point above which the operations at a facility will “breakdown.” Athol and Bullen [6] were
among the first researchers who suggested that the probability of a transition from uncongested to
congested flow depends on the value of flow and that the expected time to flow breakdown is a
declining function of flow. Hall and Agyemang-Duah [7] also raised important arguments about the
validity of the definition of freeway capacity. Based on empirical traffic data from the Queen Elizabeth
Way (QEW) in Mississauga, west of Toronto, Ontario, Hall and Agyemang-Duah concluded that the mean
value of the estimated normal distribution of maximum flows at a single location may not be
appropriate to describe “capacity” at a specific location.

Recent studies have provided additional empirical evidence that under similar environmental
conditions, different capacities can be observed on a single section of a freeway. According to
Elefteriadou, et al. [8], existing “models assumed that breakdown would occur at capacity flows only,
and hence capacity could be measured in the field just prior to breakdown.” To address this shortcoming,
Elefteriadou, et al. [8] collected and analyzed traffic data at various ramp merge interchanges. The main
conclusion of this study was the empirical observation that “breakdown was not the direct result of peak
volumes, and breakdown often occurred at flows lower than the observed capacity.” They found that the
typical sequence of events prior to breakdown were: (a) entrance of a large cluster to the freeway
stream; (b) subsequent small speed drop at the beginning of the bottleneck; and (c) spread of the queue
upstream and subsequent flow breakdown.

In a later study, Persaud, et al. [3] defined flow breakdown as a “description of freeway

operation near a bottleneck entrance during a period when there is a change from operation with



vehicles flowing freely to operation with a queue present.” They used the Highway 401 and Gardiner
Expressway data to show that there is a relationship between freeway flow and probability of
breakdown.

Later, Lorenz and Elefteriadou [9] used data from two sites on Highway 401 in Toronto, Canada.
They concluded one more time that the capacity of freeways cannot be defined “by a single value —
specifically a single rate of flow.” They also concluded that the implication in the HCM that states that
breakdown is expected to occur on the freeway once the flow rate corresponding to capacity is reached
or exceeded for the specified time period cannot be supported on the basis of empirical data analysis.

In summary, traffic breakdown called the “breakdown phenomenon” occurs mostly at freeway
bottlenecks, in particular on-ramp bottlenecks. The traffic breakdown is a probabilistic phenomenon
that can occur over a range of flow rates. At the same on-ramp bottleneck, traffic breakdown is
observed at different flow rates in different days. The probability of breakdown is an increasing function

of flow rate downstream of the bottleneck and the length of the time interval considered.
2.2.2 The Concept of Capacity Drop

One of the most important unresolved issues about capacity is the issue of the capacity drop.
This issue can be illustrated as shown in Figure 2. The figure presents a discontinuous speed-flow
relationship that is different from the one presented in Figure 1. Based on the continuous relationship in
Figure 1, capacity does not change if approached from stable “uncongested” flow or approached from
unstable “congested” flow. However, the relationship in Figure 2 is a discontinuous relationship, where
capacity is higher when approached from stable flow than when approached from unstable flow. This is

what is being called capacity drop that is assumed to take place at the onset of congestion.
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Figure 2: Capacity Drop on Discontinuous Speed-Flow Relationship [5]



In order to be able to investigate the capacity drop phenomenon, the concept of congestion
needs to be presented in general. The general mechanism of the occurrence of congestion can be
illustrated throughout the detailed investigation of the discontinuous speed-flow relationship,
presented in Figure 3. As can be interpreted from the figure, the curve is divided into four regions;
regions 1 and 2 belong to the stable flow portion of the curve, whereas region 3 and 4 belong to the
unstable flow portion [10].

Throughout region 1, driver’s speed, beginning from the free-flow speed, remains almost
constant to relatively high flow rates. In response to increasing flow rates, speed begins to decline until
reaching the speed at capacity, as shown by region 2. Once demand exceeds capacity, breakdown or
congestion occurs and queue propagates upstream of the point of breakdown. Region 4 shows the
unstable operating conditions within the queue, whereas region 3 reflects the queue discharge flow. In
this region, vehicles discharge from a queue into uncongested downstream, where the flow remains

constant, while speed increases as drivers accelerate after departing the queue [10].
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Figure 3: Mechanism of Congestion on Discontinuous Speed-Flow Relationship [10]

2.3 CAPACITY DROP AT DIFFERENT FACILITY TYPES

In general, the phenomenon of capacity drop can be observed on uninterrupted flow facilities
(i.e. freeways) as well as the interrupted flow facilities (e.g. signalized intersections). At uninterrupted
flow facilities, the congestion takes place at the activation of stationary bottlenecks, where queue starts
to form upstream the bottleneck. Activation of the bottleneck means that the flow reduction is not an

external effect caused by a drop in demand or by a queue formed from another downstream bottleneck



[1]. In order to investigate the claim that capacity diminishes once a queue forms, capacity before
congestion is compared with queue discharge flow. On the other hand, at interrupted flow facilities, the
congestion occurs once the traffic signal indication turns red and the queue starts to form upstream the
intersection stop line. Once the signal turns green, the resulting queue starts to discharge. The vehicles
move sequentially, where each vehicle is being delayed until the vehicle ahead of it starts moving. The
time until each successive vehicle begins to move is known as the start-up lost time [11], which is most
for the lead vehicle and diminishes for the following vehicles until the headway between the vehicles
becomes constant.

Generally, the concept of capacity drop on both facility types; uninterrupted and interrupted
flow facilities, is the same: the onset of congestion results in a drop in the roadway capacity.
Nevertheless, the main difference between both cases is that on freeways congestion occurs at
stationary bottlenecks at a time independent bottleneck. While at signalized intersections the
bottleneck is time dependent where congestion occurs at the onset of red. Besides, the queue discharge
point in freeways is fixed, as each vehicle starts accelerating from the queue speed at approximately the
same location at the bottleneck. On the other hand, queues at signalized intersections discharge from a
backward recovery shockwave where each vehicle starts accelerating from a different point. Hence,

further upstream vehicles reach the stop line at higher speeds.
2.3.1 Capacity Drop on Uninterrupted Flow Facilities

The concept of two capacities or the “capacity drop” was first introduced by Edie in 1961 [12]
where congested and uncongested flows in the Lincoln Tunnel in New York were analyzed. This
empirical study provided initial support to the concept of flow reductions downstream of a congested
bottleneck. As mentioned earlier, the issue of capacity drop is very debatable among different capacity
analysis studies. Among those studies concerning capacity analysis on freeways, some studies have
reported a drop in the maximum flow once a queue forms just upstream a bottleneck, whilst others
have indicated that no such drop occurs. The onset of congestion on freeways, as previously illustrated,
is followed by queue forming upstream the stationary bottleneck. This bottleneck is considered active
whenever the demand exceeds the capacity due to, for example, a reduction in number of travel lanes,
on-ramp merging into the freeway, or horizontal curve on the freeway. In presenting the arguments
related to freeway capacity drop, some of the studies investigating the reduction in queue discharge

flows just upstream of the bottleneck are presented and synthesized hereinafter.



First, it should be investigated if such a capacity drop can be related to other measurements or
not. Chung et al inferred that increase in the freeway density is always followed by a drop in
capacity [1]. Three different types of bottlenecks on three different freeway segments were investigated
to examine the relation between the vehicular density and the drop in capacity. One was produced by
an on-ramp merge, whereas the second was produced by a reduction in the number of travel lanes, and
the last by a horizontal curve on the freeway. Using video cameras, traffic data were collected and
analyzed at the three bottlenecks, when they were verified to be active; i.e. the reduction in flow is the
bottleneck’s internal feature that is called capacity drop and not an external effect, as mentioned
earlier [1]. As an example illustration, the analysis of the on-ramp merge bottleneck is presented here to
demonstrate the analysis procedure. The merge bottleneck exists on the freeway stretch, shown in
Figure 4, of the north-bound Interstate 805 in San Diego, CA. The bottleneck occurs between X, and X;
due to the merge of the on-ramp at 47" St/Palm Ave with the freeway [1]. The virtual cumulative
arrivals at locations X; through X, and the corresponding density are plotted against time in Figure 5 (a)
and (b), respectively. As shown from the figure, the arrival curves at X, and X; diverge at about t = 6:15
to reveal an intervening queue. While, the curves X3 and X, are superimposed continuous as verification
that the bottleneck is an active bottleneck (i.e. not affected by downstream bottlenecks). The dotted
trend lines indicate a reduction in flow that begins at 6:23 of approximately 10%. The mechanism of this
bottleneck’s capacity drop began by formation of a queue in the freeway shoulder lane until the
accumulation of this queue exceeds a critical number that is accompanied by the occurrence of a flow
reduction [1]. By measuring the vehicle accumulation across all lanes between X; and X5 and dividing this
number by the distance between the two locations, the density was obtained. As shown in Figure 5 (b),
the densities versus time on the day of the activation of the bottleneck are presented. The density rose
gradually beginning at t = 6:15 until reaching a density, which is assumed to be the critical density, that
corresponds the capacity drop. Moreover, the concurrence between this critical density and the capacity

drop was reproducible across days to a reasonable extent.
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Accordingly, it was concluded that the increase in density in all lanes near the bottleneck
correlates with the capacity drop [1]. However, as the three bottlenecks had different number of travel
lanes, the density corresponding to the capacity drop was normalized by the number of lanes and
averaged across days at each site to obtain the critical density. The normalized critical density for the

merge bottleneck matches the normalized critical density of the horizontal curve bottleneck, which was
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found to be approximately 55 veh/km/lane. The critical density at the lane reduction bottleneck was
found to be smaller by approximately 10 veh/km/lane. According to the authors, this difference may be
due to errors in the data extraction procedures [1]. Furthermore, it was acknowledged that occupancy
also relates to capacity drop. However, the authors concluded that real-time control schemes that
respond to occupancy may not be as good given that the occupancy was less sensitive to the changes in
traffic stream, as demonstrated in Figure 6. It can be illustrated from Figure 6 (a) that there is a gradual
rise in density starting earlier than the obvious rise some minutes prior to the capacity drop, where
these changes were measured as they occurred. Accordingly, the control actions will be based on these
gradual changes. On the other hand, Figure 6 (b) shows that the gradual rise in the density is not
reflected in the occupancy distribution. Hence, an occupancy-based scheme would in this case have less

time to respond to a capacity drop [1].
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Figure 6: Density (a) and Occupancy (b) Distribution at the Curve Bottleneck [1]

Nevertheless, what was concluded in the previous study [1] that a specific value for critical
density results in a capacity drop is somewhat questionable. Generalizing a fixed critical density value to
be applied at any freeway could not be accepted unconditionally, as the capacity drop can result from
factors other than increased density. Contrarily, increased traffic density can occur without a
corresponding drop in capacity. For instance, a sudden lane changing decision from one driver can block
a lane and increase its density, while the traffic volume is not high or near capacity. This discussion
implies that not only a high traffic density can trigger a capacity drop, but it should be accompanied by
high flow rates. In spite of that, no deterministic value for density of flow can accompany the reduction

in capacity. On the contrary, the occurrence of breakdown and the corresponding capacity drop is a
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more probabilistic event. An earlier study in 1998 by Persuad et al [3] stated that the occurrence of
breakdown has a probabilistic nature. To explore the probability of breakdown traffic data were
collected at three different sites in Toronto, Canada using surveillance cameras and automatic collection
of speed and flow data from loop detectors. The study found a capacity drop ranging from 11% to 17%
in two of the sites, while in the third site the capacity drop was 26%. This increased value in the third
site was considered but no definite conclusions were made and further work was needed [3].
Furthermore, the probability of breakdown at various traffic flow levels was investigated. As shown from
Figure 7, the probability of breakdown based on flows for the three sites was plotted. In general for the
three sites, the probability of breakdown rises by increasing the flow rates. It was found that by
maintaining the pre-queue flows at the same level as those that occur after a queue forms, then the
probability of breakdown is almost negligible. By increasing these flows 20% above the queue discharge
flow, the probability of breakdown is only 10%. For more increased flows the probability of breakdown
rises dramatically. Hence, it was suggested not to operate at pre-queue exceeding the queue discharge

more than 20% [3].
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Figure 7: Probability of breakdown based on flows for three Sites in Toronto, Canada [3]

Furthermore, in more than one study by Kerner, e.g. [13, 14], that built his hypothesis based on
the findings of Persuad [3], Kerner investigated the breakdown phenomenon throughout his proposed
three-phase traffic theory [15]. In his theory, Kerner represented the occurrence of breakdown by the
transition from the free flow phase (F) to synchronized flow phase (S). As shown in Figure 8, Kerner [14]
agrees that the breakdown is a probabilistic phenomenon , and not deterministic as concluded by Chung

etal [1].
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With respect to a debate on the existence of capacity drop, in 1990 Hall and Hall [16]
investigated the effects of formation of an upstream queue on speed and flow. Data were collected
from the Queen Elizabeth Way in Ontario, Canada. It was claimed, by the authors [16], that there is no
reduction in capacity at bottlenecks downstream of a queue and that upstream queue formation had no
effect on flow rates. However, this queue formation caused a reduction in observed speed [16].

Nevertheless, in 1991, Hall and Agyemang-Duah [7] came back and denied this claim, saying that
Hall and Hall [16] did not have as good information with which to ascertain the time of the queue. In
addition, the flows in the data they used were not heavy enough. However, in the 1991 study [7], they
concluded that once queue forms upstream of the bottleneck a capacity drop appears as a consequence
of the way drivers accelerate away from the queue. Their conclusion was based on data collected from
the same place, shown in Figure 9, like the previous study in Queen Elizabeth Way in Ontario, Canada
[16] and the results show a capacity drop of about 5 to 6% [7]. In addition to the idea of the capacity
drop within the bottleneck, the paper argued that the location of a possible reduction in capacity should
be identified [7]. The authors stated that other studies measure the capacity before and after the
congestion at the location of the bottleneck, as station 22 in Figure 9. Measuring the flows at this
location yields a two branched occupancy-flow relationship as shown in Figure 10 (a). The left branch
represents the stable (uncongested) flow, which is higher than the right branch, which represents the

unstable (congested) flow. The authors argued that this station is not operating at capacity during
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unstable flow [7]. Consequently, the discontinuity of the curve does not indicate a capacity drop.

However, they concluded that the right place to measure capacity drop is at station 25. Measuring at

this location yields a one branch occupancy-flow relationship as shown in Figure 10 (b). This branch

consists of pre-queue flows and queue discharge flows. The difference between these two curves

presents the capacity drop [7]. In this study, a truck percentage of 6 percent was reported in the traffic

stream [7]. Nevertheless, the location of station 25 is still not convincing enough. This is because of the

existence of another on-ramp merge from Dixie Rd., whose impact is to be considered at this location

measurements. In addition, station 25 is far downstream from the bottleneck location at station 22,

which assumes that the bottleneck impact extends to that far downstream.
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Cassidy and Bertini 1999 [17] studied the capacity drop phenomenon along the QEW as was

done in the previous study [7]. A capacity drop of 8 to 9 percent was found along the QEW, as compared
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to the 5 to 6 percent drop found in [7], by visually comparing transformed cumulative curves and
cumulative occupancy against time created by data from downstream loop detectors [17].

One more argument about the issue of capacity drop is raised in one study by Banks [18]. Even
though the study concluded that bottleneck capacities decrease when flow breaks down, Banks
concluded that this applies to the capacities of individual lanes [18]. Four different bottlenecks in four
sites in San Diego in California were investigated. As shown in Figure 11 (a), it was found that capacity
decreased after breakdown by approximately 10% in the left lane for Site 1. However, the capacity when
averaged across all lanes decreases only 3%, as in Figure 11 (b). The left lane in the other three sites had
a capacity drop of approximately 4.5% in two sites and 0.6% in the third. On the other hand, flow

averaged across all lanes does not show any decrease in the three sites [18].
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Figure 11: Flow Frequencies Before and After Queue for (a) Left Lane and (b) All Lanes
at 4 Sites in San Diego, CA [18]

Another study carried out by Papageorgiou et al. [19] reported that the measured downstream
flow from merged bottleneck was lower than the capacity flow by 5-20% in different investigations [19].

In this study it was stated that the capacity drop is a result of vehicle acceleration at the bottleneck. In
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addition different driver attitudes and vehicle capabilities result in longer gaps between the accelerating
vehicles resulting in the capacity drop [19]. Given that one explanation for the reduction in discharge
flow after the onset of congestion relates to driver acceleration levels, another study by Snare in 2002
found that drivers normally accelerate at 60 percent of the maximum acceleration level of their vehicle;
“Driver factors were observed that fit a normal distribution with a mean of 0.6 and a standard deviation
of 0.08” [20]. This confirmed a previous guideline published in 1954 by AASHO [21]. This conclusion is
important since the flow reductions are influenced by how vehicles accelerate downstream of the

bottleneck.
2.3.2 Capacity Drop on Interrupted Flow Facilities

As capacity on uninterrupted flow facilities (freeways) was discussed in the previous section,
capacity on interrupted flow facilities (signalized intersections) will be investigated, assuming that the
green signal is available all the time. This is known as the saturation flow rate, which is defined in the

2000 HCM [4] as:

“The equivalent hourly rate at which previously queued vehicles can traverse an intersection
approach under prevailing conditions, assuming that the green signal is available at all times and no lost

times are experienced, in vehicles per hour or vehicles per hour per lane.”

Furthermore, the saturation flow rate represents the capacity at signalized intersections
weighted by the ratio of the cycle length to the effective green time. Nevertheless, saturation flow rate
at signalized intersections is analogous to the concept of capacity on freeways, as both consider 100%
green all the time. In practice, the saturation flow rate is not measured directly from field observations.
However, it can be obtained using its relation with the saturation headway. The headway in general is
the time in seconds between two successive vehicles passing the stop line, measured from the same
reference points (e.g. front axle to front axle). While, the saturation headway is the stable headway
between vehicles occurring after the impact of the start-up lost time vanishes. Having the saturation
headway measured from field observations, the saturation flow rate is calculated as the inverse of the

saturation flow headway in the following equation.

3600
S=

h
As stated before, the headway for the first few vehicles is affected by the start-up lost time that
induces increases in their headways. This increase is attributed to the driver perception-reaction time

and the acceleration time. This increase is longest for the first vehicle in the queue and diminishes for
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the following vehicles successively. The HCM assumes that the start-up lost time diminishes after the
fourth vehicle and a stable headway continues after that [4]. Figure 12 shows a conceptual plot of the
distribution of headways for different queue positions, based on the 2000 HCM. It can be concluded
from the figure that the first four vehicles have greater headways, while starting from the fifth vehicle

the stable saturation headway is achieved [4].

h = saturation headway (s)

= s = saturation flow rate = 3600/h (veh/h/In)
=
= ¢ ti = start-up lost time for ith vehicle
= 1
] t l: = total start-up lost time = sum (t)
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Figure 12: HCM Headway Distribution with Queue Position [4]

Using the relationship between saturation flow rate and saturation headway presented earlier,
the above distribution of the queue position headways can simply be translated into a distribution for
the saturation flow rates, as presented in Figure 13. In agreement with the headway distribution, the
saturation flow rate for the first vehicle is the smallest. However, it increases within the first four
vehicles until reaching a constant saturation headway starting from the fifth vehicle in the queue. The
saturation flow distribution implies that the ending point of start-up lost time, which is most for the first
vehicle and diminishes for the following vehicles successively, is the beginning point for achieving a

stable saturation flow rate.
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Figure 13: Saturation Flow Rates Corresponding to the HCM Headway

However earlier, Teply and Jones [22] argued that although the general descriptions of
saturation flow rates based on the HCM are similar to other guidelines (e.g. [23, 24]), this applies only
for close-to-ideal intersections. All these guidelines recommend the use of measured saturation flows
rather than the default values provided in these documents. They all agree on the great variability in
saturation flows caused by different urban conditions and various geometric and traffic configurations.
Although there are many similarities in the saturation flow adjustments recommended in these
documents, actual procedures for each of them differ [22]. Example of the different measurement
procedures are presented in Figure 14 showing various measurement points for queue discharge
headways, identified in Figure 14 (a) as lines A, B and C. Variation in the headways caused by the
different combinations of the different reference points with the different measurement locations (e.g.
stop line + front bumper, nearside curb + front bumper) are presented in Figure 14 (b). Two basic
shapes could be recognized, where one shape represents the time difference needed by the first vehicle
is the greatest applies for three combinations. While the other shape represents the greatest time

difference occurs for the second vehicle [22].
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Figure 14: Variation in Headway Distribution by Measurement Location [22]

Nevertheless, other studies, based on observed field data, showed that queue discharge may
not display stable saturation flow rates. Instead, by progressing the queue discharge the headway have
a tendency to compress continuously. Consequently, the saturation flow rate keeps rising and does not
reach a constant rate. Some of these studies argued that the HCM procedures may be based on some
built-in errors, as discussed hereinafter.

One of these studies was conducted by Lin and Thomas [25], which disagrees with the HCM
concept that the queue discharge headways become constant after the fourth vehicle. Contrarily, they
argue that the queue discharge headways continue to get smaller even after the 15 stopped vehicle in
the queue discharges [25]. As a result, the queue discharge rates keep rising with the progress of the
queue. The study concluded its point of view based on field observations from three straight-through
traffic lanes at intersections in New York City. The relationship between the average queue discharge
headway and the queue position from these observations is shown in Figure 15 (a). According to the
figure, the headway does not appear to converge to some stable headway after the fourth vehicle,
instead the headways are gradually compressed as queuing vehicles discharge in succession [25].

Moreover, the relation of average discharge rate with queue position is determined for each
intersection, as shown in Figure 15 (b). As the sample size for some queue positions was small, the
average of three to four queue positions were grouped and the average discharge rate was determined

to attain better perspective [25]. As demonstrated from the figure the average queue discharge rate
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increases from one group to the other. The differences between any two successive groups were found
significant except between the third and fourth group there was no change in the discharge rate.
Throughout both figures, the queue discharge characteristics at all the three intersections reveal a
gradual trend of headway compression with the continuing of the queue discharge which does not
match the HCM methodology. Lin and Thomas suggested that the methodology in the HCM may include
built-in errors for the congestion analysis at many signalized intersections around the United States [25].
Reducing the errors in the estimation of capacity is very important as these errors can lead to larger
errors in the estimation of vehicle delays and intersection level of service classification. Contrarily, the
accurate estimation of vehicle delay is very important to correctly classify the level of service and to

make good design and operating decisions [25].
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Figure 15: Queue Discharge Headways (a) and Rates (b) at Three Intersections in NY [25]

Another study by Li and Prevedouros [26] analyzed headway distributions for through and left-
turn movements at one intersection in Honolulu, HI. Similar to Lin and Thomas [25], the study concluded
that the headways and the corresponding saturation flows do not reach constant values, as presented in
Figure 16. Another interesting finding by the paper is that the HCM overestimated the saturation flow
for through movements and underestimated it for left-turn movements. Also, longer green times with

longer queues appeared to be less productive with decreased saturation flows [27].

20



2000 2000 -

1800 - 1800 -
E 1600 4 E 1600
o o
=] =
,§ 1400 | & 1400
5 5
g g
3 1200 2 1200
@ ——TH of M2 &
——TH of M3 ——LT
1000 4 e . 1000 4
TLHGM@000R S e | e LT-HCM 2000
800 200 v v v r . . ' ' 1
0 4 8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28 32 36
Queue position Queue position

(a) (b)

Figure 16: Saturation Flows for Through (a) and Left-turn (b) Movements in HI [27]

In contrast to what was concluded from Lin and Thomas [25], and Li and Prevedouros [26],
Cohen [27] in his study, queue discharge at signalized intersections was analyzed using simulation
analysis with application of the Pitt car-following model. A number of different scenarios were executed
in order to examine the impact of different factors. These factors include free-flow speed, car following
parameters, vehicle length, traffic stream composition, and lane changing. It was concluded that all of
these factors have significant effects on the discharge headways. For example, the increase of the free-
flow speed yields a decrease in the discharge headways, as shown in Figure 17. In general, the study
concluded that the discharge headway distribution is almost flat beyond the fifth vehicle in the queue
[27]. This is consistent to the HCM assumption mentioned earlier, but contradicts Lin and Thomas [25],

and Li and Prevedouros [26] findings.
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2.4 SUMMARY AND CONCLUSIONS

This chapter synthesized the available literature related to the issue of capacity drop and flow
reduction after the onset of congestion. The literature are typically divided into those studies related to
capacity drop on uninterrupted flow facilities (i.e. freeways), and those related to drop in saturation
flow rate on interrupted flow facilities (e.g. signalized intersections).

The capacity drop at the onset of congestion at freeway bottlenecks is well documented and has
been empirically demonstrated. The losses reported in the literature range from 5 to 26% depending on
the literature source. In the case of signalized intersections there is agreement that there are losses in
saturation flow rates initially, however there appears to be disagreement on whether these losses are
spatially and temporally confined. A number of issues need further investigation. First, what is the
reason for the observed losses? One reason presented relates to vehicle acceleration constraints.
However, it is not clear why the losses associated with a backward recovery shockwave are spatially and
temporally confined. Consequently, the research presented in this thesis attempts to address the

following issues:
1. Can the field observed capacity drop be replicated in an agent-based modeling approach that
accounts for vehicle acceleration constraints?
2. How sensitive is the capacity drop to the level of vehicle acceleration?
3. Are the reductions in flow discharge rates from a backward recovery wave spatially and
temporally confined? If so why are they different from stationary waves?

4. What factors affect these losses and how sensitive are the losses to these factors?
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CHAPTER 3 : SIMULATION STUDY OF FREEWAY BOTTLENECK FLOW
REDUCTIONS AT THE ONSET OF CONGESTION

Edward Chamberlaynel, Hesham Rakhaz, Maha El-Metwally3, and Douglas Bish#
(accepted for presentation at the 2011 TRB 90t Annual Meeting)

3.1 ABSTRACT

Empirical studies have demonstrated that the discharge flow rate at a bottleneck is reduced
following the onset of congestion. These flow reductions are typically measured by comparing the
gueue discharge to the maximum pre-queue flow rate. The paper demonstrates, through the use of the
INTEGRATION microscopic traffic simulation software, that these empirically observed reductions in flow
can be simulated without enforcing a discontinuity in the fundamental diagram. Instead these
reductions can be captured by constraining vehicle acceleration levels, which in turn introduces a
discontinuity in the data. The study demonstrates that INTEGRATION produces flow reductions in the
same level of magnitude as empirically observed. Specifically, reductions in the range of 10 to 15
percent for on-ramp bottlenecks and reductions in the range of 2 to 5 percent for lane reduction
bottlenecks are observed. Furthermore, as was empirically observed, these reductions are higher for on-
ramp bottlenecks compared to lane reduction bottlenecks. The study demonstrates that the flow
reductions are very sensitive to the level of acceleration that drivers are willing to exert and the

percentage of heavy vehicles in the traffic stream.

3.2 INTRODUCTION

The fact that traffic congestion upstream of a freeway bottleneck reduces the discharge flow
from the bottleneck has been well documented in several empirical studies. The problem in many of the
empirical studies, however, is that it is very difficult to determine what exactly caused the congestion
and, in turn, what caused the flow reductions downstream. Additionally, when simulating traffic flows, it
is important to understand the contribution of various factors on these flow reductions.

In order to quantify the flow reduction, the downstream flow during congestion has to be

compared to a baseline flow condition prior to the formation of congestion. This is a difficult task for
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empirical studies and can be highly dependent on time-of-day, year, weather conditions, and other
factors.

Many of the papers that discuss these reductions refer to the “capacity drop” phenomenon
which refers to the original two capacity phenomenon introduced by Edie [12]. This phenomenon
requires a discontinuity within the fundamental diagram. This paper will use the term “flow reduction”
since the flow is reduced irrespective whether it is a result of a discontinuity in the fundamental diagram
or discharging from a different location along the fundamental diagram.

This paper will attempt to explore the sources of flow reductions through the use of a
microscopic traffic simulator, INTEGRATION. By using the simulation software, the composition of the
traffic stream and the behavior of the traffic in terms of vehicle dynamics can be controlled. Through
this level of control, the flow reductions can be quantified more accurately and attributed to the various
sources of congestion. The baseline flow conditions can equally be controlled and various situations can
be modeled within a simulation environment.

The paper will briefly review the current applicable literature and empirical studies, then
present two common freeway bottleneck examples, discuss the results, and present some conclusions

related to the results of the simulations.

3.3 BACKGROUND

The concept of two capacities or the “capacity drop” was first introduced by Edie in 1961 [12]
where congested and uncongested flows in the Lincoln Tunnel in New York were analyzed. This
empirical study gave the first support to the idea of flow reductions downstream of a congested
bottleneck. In Hall and Agyemang-Duah 1991 [7], they concluded that once a queue forms upstream of a
bottleneck, a capacity drop appears as a consequence of the way drivers accelerate away from the
gueue. Their conclusion was based on data collected from the Queen Elizabeth Way outside of Toronto
and the results showed a capacity drop of approximately 5 to 6 percent [7]. In addition to the idea of
capacity drop, the paper argued that the capacity drop should be measured within the bottleneck — not
upstream or downstream of the bottleneck [7]; otherwise only a reduction in flow would be measured.
The authors demonstrated that measuring at this location yields a one branch occupancy-flow
relationship. This branch consists of pre-queue flows and queue discharge flows. The vertical difference
between these two curves presents the capacity drop. In this study, a truck percentage of 6 percent was

reported in the traffic stream [7].
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Cassidy and Bertini 1999 [17] studied the capacity drop phenomenon along the QEW as was
done in the previous study [7]. A capacity drop of 8 to 9 percent was found along the QEW, as compared
to the 5 to 6 percent drop found in [7], by visually comparing transformed cumulative curves and
cumulative occupancy against time created by data from downstream loop detectors [17].

One more argument about the issue of capacity drop was raised by Banks in 1991 [18]. Even
though the study concluded that bottleneck capacities decrease when flow breaks down due to
congestion, it stated that this applies to the capacities of individual lanes [18]. Four different bottlenecks
in four sites in San Diego were investigated. It was shown that capacity decreased after breakdown by
about 10 percent in the left lane. However, the capacity, when averaged across all lanes, decreased by
only 3 percent.

Chung et al. in 2007 inferred that an increase in the freeway density is always followed by a drop
in capacity [1]. In their study, three different bottlenecks on different freeway segments in San Diego
and San Francisco were investigated to examine the relationship between vehicular density and the
drop in capacity. The three bottlenecks investigated were an on-ramp merge, a reduction in the number
of travel lanes, and a horizontal curve on the freeway. The study concluded that a flow reduction of 10
percent resulted from the formation of a queue in the freeway shoulder lane upstream of the merge. A
critical density of about 208 vehicles/km was assumed as a threshold corresponding to the capacity drop
[1]. A capacity drop of 5 percent was reported for the lane reduction, which also occurred when the
density reached a critical density of approximately 90 vehicles/km [1]. Nevertheless, the conclusion that
a specific value for critical density causes the capacity drop requires further investigation. Generalizing a
fixed critical density value to be applied at any freeway could not be accepted unconditionally, as the
capacity drop can result from factors other than increased density. Contrarily, increased traffic density
could occur without corresponding drop in capacity. For instance, a sudden lane changing decision from
one driver can block a lane and increase its density, while the traffic volume is not high or near capacity.
This discussion implies that not only high traffic density can trigger capacity drop, but it should be
accompanied by high flow rates. In spite of that, no deterministic value for density or flow can
accompany the reduction in capacity. In more than one study [13, 14], Kerner investigated the flow
breakdown phenomenon and agreed that the breakdown is a probabilistic phenomenon, and not
deterministic as concluded by Chung et al. [1].

Kerner refers to an earlier study by Persaud et al. [3], where it was stated that the occurrence of
a breakdown has a probabilistic nature. To explore the probability of breakdown, traffic data were

collected at three different sites in Toronto, Canada using surveillance cameras and automatic collection
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of speed and flow data from loop detectors. A capacity drop was found ranging from 11 percent to 17
percent at two of the sites, while at the third site the capacity drop was 26 percent [3]. Furthermore, the
probability of breakdown at various traffic flow levels was investigated [3]. In general for the three sites,
the probability of breakdown increased by increasing the flow rates. It was found that by maintaining
the pre-queue flows at the same level as those that occur after a queue forms, the probability of
breakdown was almost negligible. By increasing these flows by 20 percent above the queue discharge
flow, the probability of breakdown was only 10 percent. For more increased flows, the probability of
breakdown increased dramatically. Hence, it was suggested not to operate at pre-queue rates exceeding
the queue discharge rate by more than 20 percent [3].

Given that one explanation for the reduction in discharge flow after the onset of congestion
relates to driver acceleration levels, a review of the literature in this area was also conducted. A study by
Snare 2002, found that drivers normally accelerate at 60 percent of the maximum acceleration level of
their vehicle; “Driver factors were observed that fit a normal distribution with a mean of 0.6 and a
standard deviation of 0.08” [20]. This confirmed a previous guideline published in 1954 by AASHO [21].
This conclusion is important since the flow reductions are influenced by how vehicles accelerate

downstream of the bottleneck.

3.4 INTEGRATION SOFTWARE OVERVIEW

This section provides a brief overview of the INTEGRATION software given that it was utilized to
conduct the study. The INTEGRATION software is a microscopic traffic assignment and simulation
software that was developed over the past decade [28, 29, 30, 31]. It was conceived as an integrated
simulation and traffic assignment model and performs traffic simulations by tracking the movement of
individual vehicles every 1/10th of a second. This allows detailed analyses of lane-changing movements
and shock wave propagations. It also permits considerable flexibility in representing spatial and
temporal variations in traffic conditions. In addition to estimating stops and delays [32, 33, 34], the
model can also estimate the fuel consumed by individual vehicles, as well as the emissions [35, 36, 37,
38]. Finally, the model also estimates the expected number of vehicle crashes using a time-based crash
prediction model [39].

The INTEGRATION model updates vehicle speeds every deci-second based on a user-specified
steady-state speed-spacing relationship and the speed differential between the subject vehicle and the
vehicle immediately ahead of it. In order to ensure realistic vehicle accelerations, the model uses a

vehicle dynamics model that estimates the maximum vehicle acceleration level. The INTEGRATION car-
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following model falls within the psycho-physical model formulations because it considers a driver within
different regimes. Specifically, the vehicle will collide with a vehicle if its spacing from the lead vehicle is
less than a safe distance that increases as the speed difference between the lead and following vehicle
increases (negative speed differential). The driver typically attempts to converge to the steady-state
behavior by either decelerating (collision avoidance) or accelerating. The driver is in free-flow mode
once the spacing between the following and lead vehicle exceeds a threshold.

The model computes the vehicle speed as the minimum of two speeds, namely: the maximum
vehicle speed based on vehicle dynamics and the desired speed based on the Van Aerde steady-state

car-following model formulation as

u,(t)+3.6-

7
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3.4.1 Steady-State Modeling

The Van Aerde nonlinear single-regime functional form that was proposed by Van Aerde [40]

and Van Aerde and Rakha [41], is formulated as

C

s (t)=c, +cu (t+At)+—2——,
QURLREA ) u; —u,(t+At)

(2)

where c;, ¢,, and c¢; are model constants. Demarchi [42] demonstrated that by considering three

boundary conditions the model constants can be computed as

(o ZkU#(ZUC —Uf); C, = kulj;z (uf —uc)z; (o :{l_kuézj_ (3)

jYe jYe a. K.
As was demonstrated by Rakha and Crowther [43] this functional form amalgamates the
Greenshields and Pipes car-following models.
Ignoring differences in vehicle behavior within a traffic stream and considering the relationship

between traffic stream density and traffic spacing, the speed-density relationship can be derived as

1000
k= (4)
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Of interest is the fact that Equation (4) reverts to Greenshields' linear model, when the speed-

at-capacity and density-at-capacity are both set equal to half the free-flow speed and jam density,
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respectively (i.e. u=ug/2 and k=k;/2). Alternatively, setting u.=us results in the linear Pipes model given

that
1 1 1
a=—=s; =0, ¢g=———.
k; 9.k,
Rakha [44] demonstrated that the wave speed at jam density (denoted as w;) can be computed
as
(o -u) |
1 S, u; k, u; up—u,
Wit ds T o k(e == (__u_z YR (5)
= o +-2 ey +e,) 9 U sUe
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3.4.2 Vehicle Deceleration Behavior

The literature [45] indicates that the maximum braking force acting on each axle can be
computed as the coefficient of roadway adhesion multiplied by the vehicle weight normal to the
roadway surface. Because true optimal brake force proportioning is seldom achieved in standard non-
antilock braking systems, a braking efficiency term is also used in computing the maximum braking force

as

doox =1 149 - (6)

Here n, is the braking efficiency, u is the coefficient of roadway adhesion also known as the
coefficient of friction, and g is the gravitational acceleration (9.8066 m/s’). In the case of antilock
braking systems the braking efficiency approaches 100 percent. Noteworthy is the fact that Equation (6)
demonstrates that the maximum vehicle deceleration varies as a function of the roadway conditions as
reflected by the coefficient of road friction.

The INTEGRATION model ensures that a vehicle maintains an additional distance to the lead
vehicle to allow the following vehicle to decelerate to the speed of the lead vehicle in the event that the

following vehicle is closing on the lead vehicle.
3.4.3 Vehicle Acceleration Modeling

Vehicle acceleration is governed by vehicle dynamics. Vehicle dynamics models compute the

maximum vehicle acceleration levels from the resultant force acting on a vehicle, as

a=——- (7)
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where a is the vehicle acceleration (m/s?), F is the vehicle tractive force (N), R is the total
resistance force (N), and m is the vehicle mass (kg).

The vehicle tractive effort is computed as

F, =3600fp,6'77§. (8)

Here Fris the engine tractive force (N), f, is the proportion of the maximum acceleration that
the driver is willing to employ (field studies have shown that it is typically 0.60), 8 is a gear reduction
factor that will be described later (unitless), n is the driveline efficiency (unitless), P is the vehicle power
(kwW), and u is the vehicle speed (km/h).

Given that the tractive effort tends to infinity as the vehicle speed tends to zero, the tractive
force cannot exceed the maximum force that can be sustained between the vehicle’s tractive axle tires

and the roadway surface, which is computed as

Frax =My 91 - (9)
Here m,, is the mass of the vehicle on the tractive axle (kg), g is the gravitational acceleration
(9.8066 m/s?), and u is the coefficient of road adhesion or the coefficient of friction (unitless).
Typical axle mass distributions for different truck types were presented in an earlier publication
and thus are not discussed further [46]. The tractive force is then computed as the minimum of the two

forces as

F=min(F,,F,,). (10)
Rakha and Lucic [47] introduced the 8 factor into Equation (8), in order to account for the gear
shift impacts at low traveling speeds when trucks are accelerating. Specifically, the factor is a linear
function of vehicle speed with an intercept of 1/u, and a maximum value of 1.0 at u, (optimum speed or

the speed at which the vehicle attains its full power) as

ﬁzi{ljtmin(u,uo)(l—iﬂ. (11)
uO uO

The optimum speed was found to vary as a function of the weight-to-power ratio (for weight-to-

power ratios (w) ranging from 30 to 170 kg/kW) as

u, =1164w*", (12)
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Here w is the weight-to-power ration in kg/kW. Rakha and Snare [48] demonstrated that the
gear shift parameter 8 is not required for the modeling of light-duty vehicle acceleration behavior
(weight-to-power is less than 30 kg/kW).

Three resistance forces are considered in the model, namely the aerodynamic, rolling, and grade
resistance forces [45, 46]. The first resistance force is the aerodynamic resistance that varies as a
function of the square of the air speed. Although a precise description of the various forces would
involve the use of vectors, for most transportation applications scalar equations suffice if the forces are
considered to only apply in the roadway longitudinal direction. For the motion of a vehicle in still air, the
air speed equals the vehicles speed as

P
i :mCdChAuz =c,C,C,Au*, (13)

where p is the density of air at sea level and a temperature of 152C (599F) (equal to 1.2256
kg/m?), C4 is the drag coefficient (unitless), C, is a correction factor for altitude (unitless), and A is the
vehicle frontal area (m?). Given that the air density varies as a function of altitude, the C, factor can be

computed as

C,=1-85x107H. (14)
Typical values of vehicle frontal areas for different vehicle types and typical drag coefficients are
provided in the literature [46].
The second resistance force is the rolling resistance, which is a linear function of the vehicle
speed and mass, as

mg
1000

R =C, (c,u+c,) (15)

Typical values for the rolling coefficients (C,, ¢;, and ¢;), as a function of the road surface type,
condition, and vehicle tires, are provided in the literature [46]. Generally, radial tires provide a
resistance that is 25 percent less than that for bias ply tires.

The third and final resistance force is the grade resistance, which accounts for the proportion of

the vehicle weight that resists the movement as a function of the roadway grade (i) as

R,=mgi. (16)

Having computed the various resistance forces, the total resistance force is computed as

R=R,+R +R_. (17)
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3.5 EXPERIMENTAL DESIGN

In order to study and characterize the empirically observed flow reduction phenomenon, two
simple examples are modeled. Before describing the specific examples, the following section describes

the general assumptions made and the scenarios considered in each example.

3.5.1 Assumptions

Several assumptions were made in order to set criteria to measure downstream flow reductions
during the presence of congestion. In order to replicate the results from previous empirical studies, a
30-second sampling interval was used, as used in [7]. The study compiled average flow and occupancy
measurements at loop detectors at both the stations upstream and downstream of the bottleneck.

In determining the onset of congestion, occupancy measurements at the upstream station were
monitored. Congestion was considered to have formed once the occupancy exceeded a specific
threshold for a 3-minute time period. A 3-minute time period was considered in order to be consistent
with earlier empirical studies [7]. Equation (18) gives the relationship between the critical density (k)

and average vehicle length (L, ), loop detector length (Lp), and detector occupancy (Op).

(=200 (18)
L+,
k. -9 _4c (19)
uo o u
L+L
0, :M (20)
1000 u,

Equation (19) calculates k. by dividing the saturation flow rate (or capacity), q., by the speed-at-
capacity. The speed-at-capacity, u., was set equal to the free-flow speed, u, to model the commonly
known triangular flow-density relationship (fundamental diagram) or the Pipes car-following model. By
substituting Equation (19) into Equation (18) and solving for the detector occupancy, a threshold for the
start of congestion can be solved for. Using the average vehicle length of 4 m, a detection zone length of
5 m, a capacity of 2400 veh/h/lane, and free-flow speed of 108 km/h, the threshold for detector
occupancy, Op, corresponds to 20 percent. The onset of congestion corresponded to the instant at
which the upstream detector occupancy exceeded 20 percent for at least a 3-minute period. The
corresponding downstream flows were temporally offset by the travel time from the upstream to the
downstream detector at free-flow speed. Flow reductions were made relative to the base downstream

flow, as will be described later.
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Two vehicle types were used in the simulation runs; a light duty composite vehicle to represent
passenger cars and a medium truck to represent heavy-duty vehicles. The light duty vehicle has a mass
of 1326 kg, is 4.8m in length, and 109kW of power. The medium truck has a mass of 31,751 kg, is 16m in
length, and 261 kW of power.

Lastly, a vehicle speed coefficient of variation of 5 percent was coded within the INTEGRATION

software to capture differences in driver car-following behavior.
3.5.2 Scenarios

For the two freeway bottleneck examples, four scenarios were considered.

e Scenario 1 — all vehicles are light duty cars and accelerate at 100 percent of their maximum
capability. This corresponds to a vehicle acceleration at maximum throttle.

e Scenario 2 — all vehicles are light duty cars and accelerate at the typical acceleration level of
60 percent of their maximum capability.

e Scenario 3 — traffic stream includes 6 percent heavy vehicles and all vehicles accelerate at
the typical acceleration of 60 percent of the maximum level.

e Scenario 4 — traffic stream includes 15 percent heavy vehicles and all vehicles accelerate at

the typical acceleration of 60 percent their maximum level.

The change from 100 percent to 60 percent of the maximum acceleration capability was
inspired by [20] and previous research cited therein. The 6 percent heavy vehicle composition was taken

from the empirical data used in [7, 17].

125m 2500m

Figure 18: (a) Freeway On-ramp Bottleneck (top); (b) Freeway Lane Reduction Bottleneck (bottom)
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3.5.3 On-ramp Bottleneck Example

The first bottleneck example that was modeled is a freeway merge section, shown in Figure
18(a). This example considers a 2-lane freeway segment with a 1-lane on-ramp merging onto the
freeway. Loop detectors were installed every 100 meters, however data from station 10 and 24 are only
reported to capture conditions both upstream and downstream of the bottleneck.

The following macroscopic parameters were used to simulate this example. For the freeway, g,
= 2400 veh/hour/lane and us = 108 km/hr. For the on-ramp, g. = 1800 veh/hour/lane and us = 72 km/hr.
A jam density (k;) of 150 veh/km/lane was used for both the freeway and on-ramp. The speed-at-
capacity, u,, is assumed to equal us (Pipes model). It should be noted that the capacity that is coded is
the base roadway capacity without considering the impacts of lane-changing, trucks, and variability in
driver behavior on the the capacity. The actual capacity is typically lower than the base capacity.

For each of the four scenarios, the freeway demand was fixed at 3600 vph while the on-ramp
demand was increased at increments of 100 vph from an initial demand of 100 vph to 1200 vph. The
maximum on-ramp flow that did not result in the formation of congestion (occupancy of 20 percent for
3 minutes or longer) at the upstream detector station (detector station 10) was used to establish the
base pre-queue maximum flow. The average flow for the pre-queue scenario at the downstream
detector was then used as the base reference flow for the computation of discharge flow reductions.
This approach is consistent with ramp metering logic where the on-ramp flow is controlled in order to
ensure that no breakdown occurs on the freeway mainline (i.e. no congestion forms upstream of the on-
ramp). The baseline flow corresponded to a loading of 3600 (freeway) /500 (on-ramp) vph for Scenario

1, 3600/300 vph for Scenario 2, and 3600/100 vph for Scenarios 3 and 4.
3.5.4 Lane Reduction Bottleneck Example

The second example is a freeway lane reduction where 3-lanes reduce to 2-lanes, as shown in
Figure 18(b). As in merge bottleneck example, loop detectors were located every 100 m but only data
from stations 6 and 20 are reported to capture conditions both upstream and downstream of the
bottleneck.

The following macroscopic parameters were used to simulate this example:base g. = 2400
veh/hour/lane, us = 108 km/hr, and k; = 150 veh/km/lane.

As was the case with the on-ramp bottleneck, several different demand loading profiles were

tested in each of the four scenarios. The freeway demands used are as follows: 4500, 4800, 5400, 6000,
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6600, and 7200 vph. Note that the base capacity of the 2-lane section is 4800 vph. Two separate

baseline flow conditions were used in this example, as follows:

e Baseline 1: The average downstream flow at Station 20 was used as a baseline when the
network was loaded with enough demand that would NOT result in congestion upstream of
the bottleneck at Station 6. The baseline flow conditions were established by loading 4500
vph of demand for Scenario 1, 4200 vph for Scenario 2, 3600 vph for Scenario 3, and 2900
vph for Scenario 4. As is expected these capacities decrease as vehicles accelerate less
aggressively and as trucks are introduced into the traffic stream.

e Baseline 2: The average downstream flow at Station 20 when the entire section is composed
of two lanes. This base flow eliminates any lane changing behavior effects on the baseline
flow. This was intended to simulate traffic behavior along straight freeway sections when
the traffic consolidates into 2-lanes well before the lane reduction from 3-lanes to 2-lanes
occurs. Because of the randomness in the simulations, the throughput for these cases could
exceed the base capacity of 4800 vph. In the case when the througput exceeded the base

capacity of the bottleneck, the bottleneck capacity was used as the baseline flow.

3.6 STUDY FINDINGS

The next section summarizes the results of the simulations for each of the two bottleneck
examples. The simulation results reveal reductions in discharge flow rates after the onset of congestion
for each of the two example bottleneck examples. The following sections first discuss the validity of the

INTEGRATION software, then analyze and discuss the results for each bottleneck/scenario combination.

3.6.1 Validation of the INTEGRATION Software

In order to validate the INTEGRATION software and its ability to simulate the capacity drop
phenomenon, the results of scenario 3 presented in Table 1 were used. First, in scenario 3, a truck
percentage of 6% is simulated in the traffic stream in order to replicate what was done in [7]. In
addition, a typical acceleration level of 60% is used to capture typical levels of vehicle acceleration as
was presented earlier in [20]. As shown in Table 1, nine different demand loading cases are used in
scenario 3. Congestion forms once the total demand is 3800 vph, which corresponds to a flow reduction
of 8%. By varying the demand loading case, the discharge flow reductions are in the range of 8 to 19%.

These results are consistent with the results found previously in the literature [1, 7, 17, 19].
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3.6.2 On-ramp Bottleneck Results

The four scenarios indicate that the flow reduction created by the formation of congestion

upstream of an on-ramp bottleneck is sensitive to several different contributors, as summarized in Table

1.
Table 1: Flow Reductions for the On-ramp Bottleneck
Demand Loading Case
1 2 3 4 5 6 7 8 9
Scenario 1: Maximum Acceleration with Cars Only
Baseline Flow (vph) N/A N/A N/A N/A 4088 4088 4088 4088 4088
Avg. Queue Discharge Flow (vph) N/A N/A N/A N/A 4088 4114 4084 4034 4065
Flow Reduction (%) N/A N/A N/A N/A N/A 07% 01% 13% 05%
Freeway Demand (vph) 3600 3600 3600 3600 3600 3600 3600 3600 3600
On-ramp Demand (vph) 100 200 300 400 500 600 800 1000 1200
On-ramp Demand ( %) 3% 5% 8% 10 % 12 % 14 % 18 % 22 % 25%
Scenario 2: Typical Acceleration with Cars Only
Baseline Flow (vph) N/A N/A 3851 3851 3851 3851 3851 3851 3851
Avg. Queue Discharge Flow (vph) N/A N/A 3851 3789 3704 3643 3564 3562 3550
Flow Reduction (%) N/A N/A N/A 16% 38% 54% 75% 75% 78%
Freeway Demand (vph) 3600 3600 3600 3600 3600 3600 3600 3600 3600
On-ramp Demand (vph) 100 200 300 400 500 600 800 1000 1200
On-ramp Demand ( %) 3% 5% 8% 10 % 12 % 14 % 18 % 22 % 25%
Scenario 3: Typical Acceleration with 6 % Trucks
Baseline Flow (vph) 3615 3615 3615 3615 3615 3615 3615 3615 3615
Avg. Queue Discharge Flow (vph) 3615 3326 3128 3089 3071 2938 2911 2934 2982
Flow Reduction (%) N/A 80% 135% 145% 150% 187% 195% 188% 175%
Freeway Demand (vph) 3600 3600 3600 3600 3600 3600 3600 3600 3600
On-ramp Demand (vph) 100 200 300 400 500 600 800 1000 1200
On-ramp Demand (%) 3% 5% 8% 10 % 12 % 14 % 18 % 22% 25%
Scenario 4: Typical Acceleration with 15 % Trucks
Baseline Flow (vph) 2912 2912 2912 2912 2912 2912 2912 2912 2912
Avg. Queue Discharge Flow (vph) 2912 2738 2595 2516 2434 2464 2441 2450 2377
Flow Reduction (%) N/A 6.0% 109% 136% 164% 154% 162% 159% 184%
Freeway Demand (vph) 3600 3600 3600 3600 3600 3600 3600 3600 3600
On-ramp Demand (vph) 100 200 300 400 500 600 800 1000 1200
On-ramp Demand ( %) 3% 5% 8% 10 % 12 % 14 % 18 % 22 % 25%

The flow reductions are sensitive to the magnitude of total demand loaded and the proportion

of the total demand entering from the on-ramp. This is not surprising since as the on-ramp demand

increases, the total demand increases, which causes the amount of congestion to increase upstream of

the merge. In Scenario 1, congestion does not form until the total demand is 4200 vph and the on-ramp

demand comprises 14 percent of the total demand. However, congestion forms at 10, 5, and 5 percent

of the total demand for Scenario 2, 3 and 4, respectively.
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Another factor in the creation of flow reductions is the acceleration level used by the drivers.
The flow reductions in Scenario 1 are rather small, less than 2 percent. However, once the acceleration
level of the traffic stream is decreased from 100 to 60 percent of the maximum rate (as demonstrated in
[20] as a more typical value), the flow reductions increase. The flow reductions in Scenario 2 are in the
range of 1 to 8 percent which are substantially larger than those reductions given in Scenario 1.
Additionally, as mentioned in the previous paragraph, congestion builds at an on-ramp demand of 10
percent of the total demand instead of the 14 percent demand in Scenario 1.

The remaining significant factor in the creation of flow reductions is the percentage of heavy
vehicles within the traffic stream. Scenarios 3 and 4 give the flow reductions when heavy vehicle
percentages of 6 and 15 percent are introduced, respectively. In Scenario 3, the flow reductions begin at
an on-ramp demand of just 5 percent, as compared to 10 percent in Scenario 2. The discharge flow
reductions are in a range of 8 to 19 percent, which is approximately a 2-fold increase from the flow
reductions in Scenario 2. The introduction of 6 percent heavy vehicles creates a decrease in the average
downstream flow due to their decreased acceleration capability and the fact that they delay passenger
cars following behind them and/or passing them (the moving bottleneck effect). Interestingly, the flow
reductions in Scenario 4 are slightly less than those from Scenario 3. However, the average flows
downstream from Scenario 4 are less than those from Scenario 3. The reductions are in the range of 6 to
19 percent as compared to the 8 to 19 percent range from Scenario 3. These results are a little counter-
intuitive since it could be argued that the flow reductions should be higher when the percentage of
heavy vehicles is higher. However, it appears that the effect of trucks stabilizes when the heavy vehicle
percentage is increased from 6 percent. This behavior is consistent with findings in the literature [49].
However, the flow reductions from Scenario 4 are significantly greater than those from Scenario 2 (6 to

19 percent reductions versus 1 to 8 percent).
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Figure 19: Flow-Density Plots for the On-ramp Bottleneck for Scenario 3 - (a) Station #13 (top left); (b)
Station #15 (top right); (c) Station #24 (bottom left); (d) Combined (bottom right)

The effects of vehicle acceleration levels and percentage heavy vehicles are further illustrated in
Figure 19. The figures illustrate the variation in the average flow rate at each location as a function of
the average roadway density. It should be noted that the use of an average lane measure is required in
order to normalize the data across the three stations given that the roadway section at Station 13 is
three lanes wide while it is only two lanes wide at the other two stations. In Figure 19(a), the capacity
drop is seen within the bottleneck at Station 13 (see Figure 18 for the locations of each station). The
free-flow regime (traveling at an average speed of 62.5 km/hr) seems to end at a critical density of 25
veh/km/lane and a flow rate of 1320 veh/hr/lane (equivalent to a total flow of 3960 veh/hr). However,
in the congested regime, a flow of 1120 veh/hr/lane (3360 veh/hr) is reached at the same critical
density, which indicates a capacity drop of approximately 15 percent. This also agrees with the results in

Table 1. Additionally, this finding agrees with the work in Hall and Agyemang-Duah 1991 where they
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argue that the capacity drop must be measured within the bottleneck. Just downstream of the
bottleneck at Station 15, there is no congestion; however the speed, as was the case at Station 13, has
been significantly reduced from the free-flow speed (108 km/hr) to around 50 km/hr, as illustrated in
Figure 19(b). Furthermore, the figure also demonstrates a high level of variability in the traffic stream
parameters because the vehicles are accelerating. Further downstream at Station 24 in Figure 19(c), the
speed increases to approximately 100 km/hr. Furthermore, the figure also demonstrates a reduction in
the level of noise in the data compared to Station 15. Figure 19(d) is a combined flow-density plot
showing the conditions at all three stations. It is interesting to note that the traffic stream capacity
increases from approximately 2100 veh/hr/lane to 2400 veh/hr/lane between Stations 15 and 24 as

vehicles group together and reach steady-state conditions.
3.6.3 Lane Reduction Bottleneck Results

The results for lane reduction bottleneck example are summarized in Table 2. They include two
baseline flow conditions instead of just one condition as was the case with the on-ramp bottleneck
example. This section summarizes the results from each of the four scenarios.

In Scenario 1, there are no significant flow reductions relative to Baseline 1. This indicates that
the acceleration factor and the percentage of heavy vehicles are significant parameters when modeling
flow reductions due to congestion. The flow reductions relative to Baseline 2 are in the range of 9 to 10
percent. According to this baseline flow condition, flow reductions are caused by the congestion
upstream even when there are no heavy vehicles present and the acceleration is modeled as 100
percent of the maximum level. However, the flow reductions are further amplified by these two factors
in the remaining scenarios.

In Scenario 2, the flow reductions relative to Baseline 1 are in the range of 2 to 3 percent for a
total demand up to 6000-7200 vph where the flow reductions drop to around zero. The flow reductions
relative to Baseline 2, which are in the range of 6 to 17 percent, represent a substantial increase as
compared to Scenario 1. This indicates that by decreasing the acceleration factor from 100 to 60
percent, flow reductions increase.

In Scenario 3, the flow reductions relative to Baseline 1 are initially insignificant. However, for
demands in excess of 4400 vph, the flow reductions are in the range of 1 to 7 percent which is an
increase over Scenario 2. The flow reductions relative to Baseline 2 are nearly doubled from those in
Scenario 2 ranging from 17 to 25 percent as compared to the 6 to 17 percent in Scenario 2. The results

demonstrate that the introduction of trucks into the traffic stream produces larger discharge flow
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reductions. It should be noted that for each of the four scenarios the base flow decreases as the

scenario increases. Consequently, the observed increases in discharge flow reductions are not attributed

to the impact of trucks but rather are caused by the lower acceleration capabilities of these heavy

vehicles.
Table 2: Flow Reductions for Lane Reduction Bottleneck
Demand Loading Case
1 2 3 4 5 6 7 8 9
Scenario 1: Maximum Acceleration
Baseline 1 Flow (vph) 4292 4292 4292 4292 4292 4292
Baseline 2 Flow (vph) 4500 4800 4800 4800 4800 4800
Avg. Queue Discharge Flow (vph)) N/A 4286 4304 4299 4335 4372
Flow Reduction to Baseline 1 (%) N/A 01% -03% -02% -10% -19%
Flow Reduction to Baseline 2 (%) NA  107% 103% 104% 97% 89%
Demand (vph) 4500 4800 5400 6000 6600 7200
Scenario 2: Typical Acceleration
Baseline 1 Flow (vph) 4015 4015 4015 4015 4015 4015 4015 4015 4015
Baseline 2 Flow (vph) 4227 4178 4460 4514 4691 4691 4691 4691 4691
Avg. Queue Discharge Flow (vph) 4015 3924 3920 3927 3881 3930 4009 3995 4023
Flow Reduction to Baseline 1 (%) N/A 23% 24% 22% 33% 21% 02% 05% -02%
Flow Reduction to Baseline 2 ( %) N/A 6.1% 121% 130% 173% 162% 146% 148% 142%
Demand (vph) 4200 4300 4400 4500 4800 5400 6000 6600 7200
Scenario 3: Typical Acceleration with 6 % Trucks
Baseline 1 Flow (vph) 3236 3236 3236 3236 3236 3236 3236 3236 3236
Baseline 2 Flow (vph) 3977 3978 3950 4007 4007 4007 4007 4007 4007
Avg. Queue Discharge Flow (vph) 3294 3247 3170 3208 3108 3111 3025 3147 3161
Flow Reduction to Baseline 1 (%) 18% 03% 21% 09% 40% 39% 65% 28% 23%
Flow Reduction to Baseline2 (%) 178% 19.0% 20.9% 200% 224% 224% 245% 215% 21.1%
Demand (vph) 4000 4200 4400 4500 4800 5400 6000 6600 7200
Scenario 4: Typical Acceleration with 15 % Trucks
Baseline 1 Flow (vph) 2552 2552 2552 2552 2552 2552 2552 2552 2552
Baseline 2 Flow (vph) 3117 3288 3124 3240 3161 3161 3161 3161 3161
Avg. Queue Discharge Flow (vph) 2608 2614 2523 2560 2515 2512 2488 2494 2490
Flow Reduction to Baseline 1 (%) 22% -24% 12% 03% 14% 16% 25% 23% 24%
Flow Reduction to Baseline2 (%) 195% 193% 221% 21.0% 224% 225% 232% 230% 23.1%
Demand (vph) 3600 4000 4400 4500 4800 5400 6000 6600 7200

Lastly, in Scenario 4, the flow reductions relative to Baseline 1 are not significant until a demand

of 4800 vph (the base capacity of the bottleneck), then they remain fairly constant ranging from 1 to 3

percent. The discharge flow reductions caused by a 15 percent heavy vehicle composition is less than

those from Scenario 3 (6 percent heavy vehicles). These findings are similar to those observed for the

on-ramp bottleneck which seems to reinforce the idea that there is a “critical heavy vehicle percentage”

where flow reductions are the largest. These results are consistent with findings of earlier studies [50,

51].

39



2500 2500
82x + 39,529
2000 2000
T @
c c
< 1500 < 1500
< <
S . S
2 o 2
< 1000 - S < 1000 -
2 e o 2
500 \\ 500
0 \ 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
density (veh/km/lane) density (veh/km/lane)
2500 2500
A
y =[96.017x + 4.6459
2000 2000
o o)
c c
< 1500 3 < 1500
< N\ <
< e
[ [3)
< 1000 s Z 1000
2 g 2
o o
= A\ =
500 500
é..ﬂ .
0 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
density (veh/km/lane) density (veh/km/lane)

Figure 20: Flow-Density Plots for the Lane Reduction Bottleneck for Scenario 3 - (a) Station #8 (top
left); (b) Station #11 (top right); (c) Station #20 (bottom left); (d) combined (bottom right)

The effects of vehicle acceleration levels and the percentage heavy vehicles are further
displayed in Figure 20. In Figure 20(a), at Station 8, (see Figure 18 for the locations of each station), the
free-flow regime seems to end at a critical density of 25 veh/km/lane and a flow of 1400 veh/hr/lane. In
the congested regime, a flow of 1320 veh/hr/lane is reached at the same critical density, which indicates
a capacity drop of approximately 6 percent. This also agrees with the results in Table 2. Just downstream
of the bottleneck at Station 11 in Figure 20(b), there is no congestion however the speed has been
significantly reduced from the free-flow speed (108 km/hr) to approximately 66 km/hr. Further
downstream at Station 20 in Figure 19(c), the speed has increased to approximately 100 km/hr. Figure

20(d) is a combined flow-density plot showing the conditions at all three stations.
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3.7 CONCLUSIONS

The central conclusion of this paper is that discharge flow reductions can be reproduced through
the accurate modeling of driver acceleration behavior without the need to introduce a discontinuity in
the steady-state fundamental diagram. The introduction of heavy vehicles produces further reductions
in discharge flow rates. These reductions stabilize as the proportion of trucks increases. The results also
demonstrate that the INTEGRATION software produces discharge flow reductions that are in the same
level of magnitude as observed empirically. Furthermore, these reductions are lower for lane reduction
bottlenecks in comparison to on-ramp bottlenecks. These results are consistent with empirical
observations.

During the conduct of this research, further research would prove worthwhile in the following

areas:

e Statistical test of significance of flow reductions from simulation runs
e Sensitivity analysis of the effect of percentage of heavy vehicles on flow reductions
e Sensitivity analysis of the effect of loop detector location both upstream and downstream of

bottlenecks on flow reduction measurements
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CHAPTER 4 : COMPARISON OF QUEUE DISCHARGE RATES FROM TIME-
DEPENDENT AND TIME-INDEPENDENT BOTTLENECKS

Maha El-Metwally!, Hesham Rakhaz, and Edward Chamberlayne3
(to be submitted for publication)

4.1 ABSTRACT

The paper introduces the concept of “capacity drop” at time-independent (e.g. freeway
bottlenecks) as well as time-dependent (e.g. signalized intersection bottlenecks) bottlenecks. Using the
INTEGRATION microscopic traffic simulation software the study simulates single-lane bottlenecks in
order to isolate the impact of car-following behavior on the concept of capacity drop. The study
demonstrates that the discharge flow rate is reduced at stationary time-independent bottlenecks after
the onset of congestion. These reductions, however, are caused by a reduction in the traffic stream flow
rate by moving along the steady-state fundamental diagram as opposed to a break in the fundamental
diagram. Furthermore, because vehicles discharge from the same spatial location these reductions are
not reduced or recovered as the traffic stream propagates downstream. Additionally, these reductions
are not impacted by the level of vehicle acceleration given that they reflect the traffic stream behavior
at a different location along the fundamental diagram. Alternatively, the drop in flow discharge rate
caused by a time-dependent bottleneck is recoverable because vehicles discharge from a backward
moving wave. These losses are demonstrated to be highly dependent on the level of acceleration that
drivers are willing to exert (larger losses for less aggressive acceleration behavior). Furthermore, these

losses extend over a longer distance downstream as drivers accelerate less aggressively.

4.2 INTRODUCTION

The concept of capacity is one of the most debated issues in the field of traffic flow theory. The
debates about this issue not only are related to the numerical value of the capacity of different
transportation facilities, but also extend to the notion of the “capacity drop” phenomenon. The concept
of capacity is presented through the speed-flow relationship of the fundamental diagram, which has a
parabolic shape and consists of two branches. The upper branch represents the uncongested flow

regime that begins with free flow speed at low flow rates. Subsequently, as the flow rate increases, the
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speed decreases until capacity is reached at the vertex of the parabola. On the other hand, the lower
branch represents the congested flow. This branch begins when the vehicles start flowing from a zero
speed and accelerating until reaching the capacity. If the speed-flow relationship is a discontinuous
relationship, where capacity is higher when approached from stable flow than when approached from
unstable flow, the capacity drop is presented. However, capacity drop would occur in the case of a
continuous speed-flow relationship, when the flow recovering from congestion is at a lower point on the
curve. In general, the capacity drop is typically occasioned by the onset of congestion.

In general, the capacity drop can be observed along uninterrupted flow facilities (e.g. freeways)
as well as at interrupted flow facilities (e.g. signalized intersections). The main difference between both
cases is that on freeways, congestion occurs at a stationary bottleneck which is a time-independent
bottleneck. While at signalized intersections, the bottleneck is time-dependent where congestion occurs
in every cycle at the onset of red. Additionally, the queue discharge point at a freeway bottleneck is
fixed, as each vehicle starts accelerating from the same location within the bottleneck. On the other
hand, the queue discharge point at signalized intersections is a backward moving point where each
vehicle starts accelerating from zero speed from its position within the queue. Hence, further upstream
vehicles reach the stop line with higher speed than the vehicles closer to the stop line.

Accordingly, the objective of this paper is to investigate the issue of capacity drop at both facility
types; freeway bottlenecks and signalized intersections. This will be achieved by conducting simulation
runs using the INTEGRATION microscopic traffic simulation software [28, 29] in order to evaluate and
compare the flow reductions at both bottlenecks. In addition, the concept of temporary versus
permanent losses will be investigated.

The remaining sections of this paper will present a background concerning the capacity drop
phenomenon, an analysis of the simulation run results performed at both a freeway bottleneck and a

signalized intersection, and will end with the conclusion generated by this research.

4.3 BACKGROUND

Several empirical studies have investigated the traffic conditions and causes of drops or losses in
capacity along transportation networks. In one study concerning capacity analysis along freeways,
Chung et al inferred that the increase in the freeway density is always followed by a drop in capacity [1].
In this study, three different types of bottlenecks on three different freeway segments were investigated
to examine the relationship between vehicular density and the drop in capacity. Drops in capacity were

observed at an on-ramp merge, at a freeway segment with a reduction in the number of travel lanes,
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and at a horizontal curve along a freeway. The analysis of the on-ramp merge bottleneck exists on a
freeway stretch of the north-bound Interstate 805 in San Diego, CA, where the bottleneck occurs due to
the merge of the on-ramp at 47" St/Palm Ave with the freeway. It was concluded that a reduction of
10% in flow resulting from the formation of a queue in the freeway shoulder lane. A critical density of
about 208 vehicles/km was assumed as a threshold that corresponds to the capacity drop [1].
Furthermore, the analysis of the lane reduction bottleneck took place on a freeway stretch of west-
bound State Route 24 in California’s San Francisco Bay Area. A capacity drop of 5% was reported, which
also occurred when the density reached a critical density around 90 vehicles/km [1]. Nevertheless, what
was concluded in this study [1] that specific value for critical density is causing the capacity drop is
somewhat questionable. Nevertheless, generalizing a fixed critical density value to be applied at any
freeway could not be accepted unconditionally, as the capacity drop can result from factors other than
increased density. Contrarily, increased traffic density could occur without corresponding drop in
capacity. For instance, a sudden lane changing decision from one driver can block a lane and increase its
density, while the traffic volume is not high or near capacity. This discussion implies that not only high
traffic density can trigger capacity drop, but it should be accompanied by high flow rates. In spite of
that, no deterministic value for density of flow can accompany the reduction in capacity. In more than
one study, e.g. [13, 14], Kerner investigated the flow breakdown phenomenon and agreed that the
breakdown is a probabilistic phenomenon, and not deterministic as concluded by Chung et al [1].
Another study that conforms to Kerner’s hypothesis was conducted by Persuad et al [3], where
it was stated that the occurrence of breakdown has a probabilistic nature. To explore the probability of
breakdown traffic in this study, data was collected at three different sites in Toronto, Canada using
surveillance cameras and automatic collection of speed and flow data from loop detectors. It was found
a capacity drop ranging from 11% to 17% in two of the sites, while in the third site the capacity drop was
26% [3]. However, this increased value in the third site was included in the analysis, without a definite
explanation for it, but further work was needed [3]. Furthermore, the probability of breakdown at
various traffic flow levels was investigated in the same study [3]. It was concluded that in general for the
three sites, the probability of breakdown rises by increasing the flow rates. It was found that by
maintaining the pre-queue flows at the same level as those that occur after a queue forms, the
probability of breakdown is almost negligible. By increasing these flows 20% above the queue discharge
flow, the probability of breakdown is only 10%. For more increased flows, the probability of breakdown
rises dramatically. Hence, it was suggested not to operate at pre-queue exceeding the queue discharge

more than 20% [3].
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Furthermore, in 1990 Hall and Hall [16] investigated the effects of the formation of an upstream
gueue on speed and flow. Data was collected from the Queen Elizabeth Way in Ontario, Canada. It was
claimed; by the authors that there is no reduction in capacity at bottlenecks downstream of a queue and
that upstream queue formation had no effect on flow rates. However, this queue formation caused a
reduction in observed speed [16]. Nevertheless, in 1991, Hall and Agyemang-Duah [7] came back and
denied this claim, saying that Hall and Hall [16] did not have as good information with which to ascertain
the time of the queue. In addition, the flows in the data they used were not heavy enough. However, in
the 1991 study [7], they concluded that once queue forms upstream the bottleneck a capacity drop
appears as a consequence of the way drivers accelerate away from the queue. Their conclusion was
based on data collected from the same place like the previous study [16] and the results show a capacity
drop of about 5 to 6% [7]. In addition to the idea of the capacity drop issue within the bottleneck, the
paper argued that it should be considered first where the place to investigate the possibility of a
capacity drop is [7]. The authors stated that other studies measure the capacity before and after the
congestion at the location of the bottleneck, while measuring the flows at this location yields a two-
branched occupancy-flow relationship [7]. The left branch represents the stable (uncongested) flow,
which is higher than right branch, which represents the unstable (congested) flow. The authors argued
that this station is not operating at capacity during unstable flow. Consequently, the discontinuity of the
curve does not describe capacity drop. However, they concluded that the right place to measure
capacity drop is the bottleneck itself [7]. Measuring at this location yields a one branch occupancy-flow
relationship. This branch consists of pre-queue flows and queue discharge flows. The vertical ordinate
difference between these two curves presents the capacity drop [7].

One more argument about the issue of capacity drop was raised by Banks in 1991 [18]. Even
though the study concluded that bottleneck capacities decrease when flow breaks down, it stated that
this applies to the capacities of individual lanes [18]. Four different bottlenecks in four sites in San Diego,
CA were investigated and it was found that capacity decreased after breakdown about 10% in the left
lane for Site 1. However, the capacity, when averaged across all lanes, decreases only 3%. The left lane
in the other three sites had a capacity drop about 4.5% in two sites and 0.6% in the third. One the other
hand, flow averaged across all lanes does not show any decrease in the three sites [18].

Saturation flow rate is defined in the 2000 HCM [4] as “The equivalent hourly rate at which
previously queued vehicles can traverse an intersection approach under prevailing conditions, assuming
that the green signal is available at all times and no lost times are experienced, in vehicles per hour or

vehicles per hour per lane.” Saturation flow rate at signalized intersections is analogous to the concept
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of capacity along freeways, as both consider 100% green time at all times. The saturation flow rate can
be obtained by using its relationship with the saturation headway. The headway, in general, is the time
in seconds between two successive vehicles passing the stop line, measured from the same reference
point. While, the saturation headway is the stable headway between vehicles occurring after the impact
of the start-up lost time vanishes. Empirical studies have shown that the headway for the first few
vehicles is longer because of the start-up reaction time and the acceleration time. This headway is
greatest for the first vehicle in the queue and diminishes for the following vehicles successively. The
HCM assumes that the start-up lost time diminishes after the fourth vehicle and stable headways follow
beginning with the fifth vehicle [4]. However, in a study by Lin and Thomas [25], they state that the
gueue discharge headways keep getting smaller even after the 15th stopped vehicle in the queue. As a
result, the queue discharge rates continue to rise with the progress of the queue discharge. In another
study by Cohen [27], queue discharges at signalized intersections using simulation analysis with
application of the Pitt car-following model were analyzed. It was concluded that free-flow speed, car
following parameters, vehicle length, traffic stream composition, and lane changing behavior have
significant effects on queue discharge headways. In general, the study concluded that the discharge
headway distribution is almost flat beyond the fifth vehicle in the queue, which is consistent to the HCM

assumption.

4.4 SIMULATION OF STATIONARY TIME-INDEPENDENT BOTTLENECKS

Simulation runs were made at a freeway bottleneck to investigate the capacity drop when
forcing the vehicles to reduce their speed. The layout of the network used for the simulation runs is
shown in Figure 21. It consists of an origin zone, two intermediate nodes, and a destination zone; the
roadway segments are represented by three links: two one kilometer long one-lane links with a short
fifty meter long one-lane link, in the center, that has a reduced speed limit. The vehicles travel from
zone 1 to zone 2 as indicated by the arrows in the figure. The intermediate link forces the vehicles to
reduce their speeds, which results in a queue forming upstream of the last link (link 3). This network
configuration allows for the investigation of capacity drop without the effects of lane changing behavior.

In addition, the simulation runs were made based on the network parameters shown in Table 3.
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Table 3: Description of the Network and Parameters for Freeway

Link 1 Link 2 Link 3
Length (Km) 1 0.05 1
Number of lanes 1 1 1
dc (vphpl) 1800 1800 1800
k; (vpkpl) 185 185 185
us = u. (km/h) 96 10 96

The simulation runs were made using a speed coefficient of variation of 0.05, in order to reflect
differences in driver car-following behavior. Additionally, the impact of the percentage of the maximum
acceleration rate was investigated by using both 100% (Scenario 1) and 60% (Scenario 2) in different
simulation runs. A study by Snare 2002, found that drivers normally accelerate at 60 percent of the
maximum acceleration level of their vehicle; “Driver factors were observed that fit a normal distribution
with a mean of 0.6 and a standard deviation of 0.08” [20]. This confirmed a previous guideline published
in 1954 by AASHO [21]. The simulation runs used a light duty composite vehicle with a mass of 1326 kg,
a length of 4.8m, with 109kW of power.

4.4.1 Simulation Results for Freeway Scenario 1

This simulation was made with vehicles using 100% of the maximum acceleration. Fifteen
vehicle IDs were tracked while they discharged from the bottleneck queue, as they were forced to
reduce their speeds from free-flow speed to 10 km/h in the intermediate link. The headways for each
vehicle is plotted against the vehicle ID as shown in Figure 22a. As can be seen from the figure, there
does not appear to be a trend in the distribution of headways; some vehicle IDs have high headways
around 5 seconds, where others have lower headways of around 2 seconds. The saturation flow rates

were calculated (3600/headway) and plotted in Figure 22b.
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Figure 22: Distribution of Headway and Capacity for Scenario 1 for Freeway

4.4.2 Simulation Results for Freeway Scenario 2

A typical acceleration level of 60% the maximum acceleration level was simulated in this
scenario. The results for the headway and the capacity for both maximum acceleration percentages,
100% and 60%, are presented in Figure 23a and Figure 23b, respectively. Visually, it can be concluded
from the figures that changing the percentage of maximum acceleration has a minimum effect on the
headway and flow rate results for a stationary time independent bottleneck. In addition, a statistical t-
test was done to test if the results of the headways for scenario 1 and scenario 2 are significantly
different. The statistical test confirmed the visual conclusion that scenario 1 and scenario 2 are not

significantly different.
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Furthermore, in order to better investigate if the losses in flow are recoverable or not, the time-
space diagram for fifteen vehicles is plotted in Figure 24. As mentioned earlier, the free-flow speed for
the first link and the third link is 96 km/h; the intermediate link forces the vehicles to reduce their speed
to 10 km/h. It can be seen from the figure that at a distance of 1050 m the vehicles accelerate to
increase their speed after departing the intermediate link. It can be concluded from the figure that after
the vehicles depart the bottleneck and start to accelerate, the headways between the vehicles become
larger, which causes a reduction in flow. This increase in the headways between the vehicles continues
until the vehicles reach their destination. Hence, it can be concluded that the losses in flow resulting

from a stationary bottleneck appear to be non-recoverable.
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4.4.3 Impact of Changing Speed Reduction on Capacity Drop

In both Scenario 1 and Scenario 2, the bottleneck was created by forcing the vehicles to reduce
their speeds in the intermediate link only. Further simulation runs were performed in order to
investigate the impact of changing the speed difference between the intermediate link and link 1 and 3
on the creation of the bottleneck. Different free-flow speeds on link 1 and 3 ranging from 40 km/h to
120 km/h at an increment of 10 km/h were investigated. For each free-flow speed scenario, a speed
difference ranging from zero to the free-flow speed minus 10 km/h was investigated, again at 10 km/h
intervals. The results of the capacity and capacity drop for all these speed combinations (72
combinations) were summarized in Figure 25a and Figure 25b, respectively. It should be noted that
these losses mimic the reduction in flow rates along the congested regime of the steady-state

fundamental diagram and are not a reflection of a break in the fundamental diagram.
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Figure 25: Distribution of Capacity and Capacity Drop versus Speed Difference for Different Speeds

From Figure 25a it can be concluded that by increasing the speed difference between the
intermediate link and links 1 and 3, the capacity downstream the bottleneck decreases. Consequently,
the capacity drop is obtained and plotted in Figure 25b. Hence, the losses in capacity increase when the
speed reduction increases. In addition, the resulting losses in capacity are affected not only by the speed
difference, but also by the ratio of speed difference to the free-flow speed. For the same speed

difference, the higher the free-flow speed, the lower the corresponding capacity drop is.
4.4.4 Simulation Results for Two-Lane Freeway for Scenario 1 and 2

After characterizing the capacity at stationary one-lane time-independent bottlenecks, similar
simulation runs are made considering a two-lane time-independent bottleneck. The layout of the
network and the network parameters used for the simulation are the same as was used in the case of

single-lane bottleneck.
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Additionally, scenario 1 (100%) and scenario 2 (60%) were used to investigate the impact of the
percentage of the maximum acceleration rate on the reduction in flow discharge rate.

Fifteen vehicles were tracked while they discharged from the bottleneck queue, as they were
forced to reduce their speed from the free-flow speed to 10 km/h in the intermediate link. The
headways for each vehicle is plotted against the vehicle ID for both scenarios as shown in Figure 26a. As
can be seen from the figure, there does not appear to be a trend in the distribution of headways; some
vehicle IDs have high headways around 6 seconds, where others have lower headways of around 2
seconds. The saturation flow rates were calculated (3600/headway) and plotted in Figure 26b.

Visually, it can be concluded from the figures that changing the percentage of maximum
acceleration has a minimum effect on the headway and flow rate results for a two-lane time
independent bottleneck. In addition, a statistical t-test was done to test if the results of the headways
for scenario 1 and scenario 2 are significantly different or not. The statistical test confirmed the visual

conclusion that scenario 1 and scenario 2 are not significantly different.
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Furthermore, to repeat what was done in the case of the single-lane time-independent
bottleneck, the time-space diagram for fifteen vehicles is plotted in Figure 27. As illustrated in the figure,
after the vehicles depart from the bottleneck, the headways between the vehicles become larger, which
causes a reduction in discharge flow rate. This increase in the inter vehicle headways is caused by the
fact that vehicles can only accelerate from the same spatial location. Hence, the losses in flow resulting
from this bottleneck appear to be non-recoverable. Therefore, the results are consistent with the two-

lane bottleneck.
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Figure 27: Time-Space Diagram for Scenario 1 for two-lane Freeway

4.5 SIMULATION OF TIME-DEPENDENT BOTTLENECKS

Simulations were made also at signalized intersections in order to compare the drops in capacity
to those from the freeway stationary bottleneck. Figure 28 presents the layout for the network used in
these simulation runs. As shown in the figure, the network consists of an origin zone, an intermediate
node, and a destination zone; the intermediate node is used to introduce a traffic signal. Accordingly,
this network consists of two one-lane one kilometer long links. The reason for choosing this simple
network is to focus on the start loss for the stopped vehicles in the queue without considering any other
factors that could affect the results such as lane changing behavior and vehicle overtaking (passing). This

is essential in order to ensure that the order of the number of vehicles in the queue is the same when
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departing the stop line as the position of the vehicles in the queue is important to probe how the start

loss changes from one vehicle to the next in the queue. The simulation runs were made based on the

:
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Figure 28: Network Layout for Signalized Intersection

parameters in Table 4.

Table 4: Description of the Network and Parameters for Signalized Intersection

Link 1 Link 2
Length (Km) 1 1
Number of lanes 1 1
dc (vphpl) 1800 1800
k; (vpkpl) 185 185
u; = u. (km/h) 96 96

Similar to the freeway network, the simulation runs were made using a speed coefficient of
variation of 0.05, light duty composite vehicles, and using a percentage of maximum acceleration of

100% (Scenario 1) and 60% (Scenario 2).
4.5.1 Simulation Results for Signalized Intersection Scenario 1

This simulation run used 100% of the maximum acceleration rate. Ten different queues were
tracked while they discharged from the approach stop line at the onset of green indication. The number
of queued vehicles in these queues ranged between 20 and 21 vehicles. Nevertheless, the 21* vehicle
was excluded in order to ensure consistency in the number of observations for each queue position.
Hence, the headway for each queued vehicle was calculated by subtracting the departure times of the
leading vehicle and the following vehicle. Thereafter, the average headway for each queue position was
obtained by averaging the headway for this position from the ten observed queues. Accordingly, the
average headway was plotted against the queue position number, as presented in Figure 29a. It is worth
mentioning that the headway was plotted starting from the second vehicle queue position as the first
vehicle does not have a leading vehicle. As can be seen from the figure, the headway of the third vehicle

is the largest and is 2.21 seconds and decreases almost linearly until the fifth vehicle and reaches 2.1
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seconds. Starting from the fifth vehicle, the headway fluctuates around a mean of approximately 2.05
seconds. Interestingly, the headway of the second vehicle is less than the third vehicle. This could be

attributed to the speed variability introduced and that the vehicle departure is random.
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Figure 29: Distribution of Headway and Saturation Flow for Scenario 1 for Signalized Intersection

The saturation flow rate was obtained and plotted, as in Figure 29b. For the third vehicle in the
gueue, the saturation flow rate is smallest and is 1629 vehicles per hour. Then the saturation flow rate
increases linearly until reaching the fifth vehicle, then the saturation flow rate fluctuates around 1756
vehicles per hour. These flow rates correspond to a 4% drop in saturation flow for the second vehicle,

followed by 7% for the third vehicle, then the drop decreases till reaching almost a 0% drop starting

from the fifth vehicle.
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4.5.2 Simulation Results for Signalized Intersection Scenario 2

The impact of vehicle acceleration level on vehicle headways is examined in Scenario 2. The
headways and the saturation flow rates for both maximum acceleration are presented in Figure 30a and
Figure 30b, respectively. It is demonstrated from the figures that for vehicles that accelerate at typical
acceleration levels incur larger headways and hence have smaller saturation flow rates when compared
to vehicles that accelerate at higher acceleration levels. However, this difference in headways is highest
at the beginning of the queue. In addition, the headway for the second vehicle in case of lower
acceleration is the largest and not the third as in case of 100% maximum acceleration. Moreover, the
headway does not stabilize even after the 20" vehicle. From the results of scenario 1 and scenario 2, it
can be concluded that in case of having aggressive drivers as in case of 100% acceleration level, the
results are consistent with [4]. However, when having non aggressive drivers as in case of 60% maximum
acceleration level, the conclusions from studies that queue discharge may not display stable saturation

flow rate are also valid as in [25].
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Figure 30: Distribution of Headway and Saturation Flow for Scenario 1 and Scenario 2 for Signalized
Intersection

The time-space diagram for the twenty queued vehicles is plotted in Figure 31. From the figure it
can be concluded that starting from the point that the vehicles starts to accelerate after the onset of
green, the headways between the vehicles get smaller causing the saturation flow rate to return to its
original value. However, these results do support the empirical findings that indicate that vehicles do

not achieve steady-state conditions within four vehicles.
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Figure 31: Time-Space Diagram for Scenario 1 for Signalized Intersection

4.6 CONCLUSIONS AND RECOMMENDATIONS

The paper introduced the concept of “capacity drop” at time-independent (e.g. freeway
bottlenecks) as well as time-dependent (e.g. signalized intersection bottlenecks) bottlenecks. Using the
INTEGRATION microscopic traffic simulation software the study simulated single-lane bottlenecks in
order to isolate the impact of car-following behavior on the concept of capacity drop. The study
demonstrated that the discharge flow rate is reduced at stationary time-independent bottlenecks after
the onset of congestion. These reductions however are caused by a reduction in the traffic stream flow
rate by moving along the steady-state fundamental diagram as opposed to a break in the fundamental
diagram. Furthermore, because vehicles discharge from the same spatial location these reductions are
not reduced or recovered as the traffic stream propagates downstream. Furthermore, these losses are
not impacted by the level of vehicle acceleration given that they are a reflection of traffic stream
behavior at a different location along the fundamental diagram. In addition, a two-lane stationary time-
independent bottleneck was simulated, producing similar results to the single-lane bottleneck.
Alternatively, the drop in flow discharge rate caused by a time-dependent bottleneck is recoverable
because vehicles discharge from a backward moving recovery wave. These losses are demonstrated to

be highly dependent on the level of acceleration that drivers are willing to exert (larger losses for less
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aggressive acceleration behavior). Furthermore, these losses extend over a longer distance downstream
as drivers accelerate less aggressively.

The results reported in this study do not account for lane-changing behavior on the reduction in
flow discharge rates. A separate publication is dedicated to studying the impact of lane-changing,

acceleration, and traffic stream configuration on flow discharge rates.
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CHAPTER 5 : CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER RESEARCH

5.1 CONCLUSIONS

A capacity drop occurs at the onset of congestion at freeway active bottlenecks, as well as
signalized intersections at the onset of the green interval. In this thesis, the concept of capacity drop
was investigated at time-independent (e.g. freeway) as well as time-dependent (e.g. signalized
intersection) bottlenecks. First, it was concluded that the INTEGRATION simulation software is a valid
model in simulating the reductions in traffic flow at bottlenecks, as it produces results comparable to
those found in empirical studies at both merge, lane-reduction, and traffic signal time-dependent
bottlenecks. Using the INTEGRATION software, it was verified that the capacity drop can be reproduced
through the accurate modeling of driver acceleration behavior without the need to introduce a
discontinuity in the steady-state fundamental diagram. In addition, introducing heavy vehicles in the
traffic stream increases the flow reductions in the discharge flow rates.

Using the INTEGRATION simulation software, single-lane bottlenecks were simulated, in order to
compare the capacity losses of time-independent and time-dependent bottlenecks without considering
the impact of lane-changing behavior. It was concluded that at time-independent stationary
bottlenecks, the flow reductions are not reduced or recovered as the traffic stream propagates
downstream. These reductions are caused by a reduction in the traffic stream flow rate by moving along
the steady-state fundamental diagram. The reason that these flow reductions are not recovered is that
the vehicles discharge from the same spatial location and thus the time lost exceeds the delay
associated with vehicle acceleration constraints. Consequently, these losses appear to be not affected
by the level of vehicle acceleration.

At time-dependent bottlenecks, it was found that the discharge rate losses are recoverable. This
is attributed to fact that the reduction in discharge flow for vehicles discharging from a backward
moving recovery wave is a result of the acceleration behavior of the vehicles. Consequently, these losses
are demonstrated to be highly dependent on the level of acceleration that drivers are willing to exert.
These losses extend over a longer distance downstream as drivers accelerate less aggressively.
Considering the lane changing on flow discharge rates at stationary bottlenecks, as is the case of on-
ramp and lane-reduction bottlenecks, the flow reductions are very sensitive to the level of acceleration

that drivers are willing to exert given that the bottleneck is not necessarily stationary. The cause of this
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sensitivity to the level of acceleration in these bottlenecks is that lane changing allows the vehicles to
start accelerating at different locations on different lanes, which is similar to moving bottlenecks.
Contrarily, in case of having single lane stationary bottlenecks, all vehicles accelerate from the same

location.

5.2 RECOMMENDATIONS FOR FURTHER RESEARCH

As is the case with any research effort, there still remain questions to be addressed in the

future. Consequently, further research is recommended as follows:

e |nvestigate and identify the reasons behind having difference in the sensitivity level among
different bottlenecks corresponding to vehicle acceleration.

e Attempt to produce the probabilistic nature of breakdown using simulation and comparing
this behavior to empirically observed behavior.

e Develop and examine strategies and measures to reduce the impacts of the capacity drop
occurrence as a result of the breakdown phenomenon. For example, one may consider
vehicle-to-vehicle communication to inform vehicles of the behavior of vehicles ahead in
order to prevent the breakdown in traffic flow.

Investigate the capacity drop across the lanes in case of having a lane reduction bottleneck,

in order to examine the differences of the capacity drop on lane by lane basis.
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