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This study aims to examine the impact of traffic incidents occurring on general purpose lanes (GPLs) on the travel time reliability
of high-occupancy vehicle (HOV) lanes on freeways and to evaluate the differences of travel time reliability on GPLs and HOV
lanes under the same incident conditions. In this paper, an empirical travel time reliability analysis is conducted using the travel
time and incident data collected between 2009 and 2012 on Interstate 5 and Interstate 405 of the Seattle metropolitan area. Three
incident types (i.e., shoulder incident, single lane incident, and multiple lane incident) are considered. Two measures, percentile-
based indicator and inflow–percentile travel time function, are used.The results suggest that incidents result in lower values of travel
time reliability for all the measures. The results also show that multiple lane incident type has the most significant impact on the
freeway route travel time reliability, while shoulder incident type has the least impact. Generally, HOV lanes have higher travel time
reliability than GPLs under the same incident types. The findings in this study provide useful decision support for transportation
agencies to improve travel time reliability on freeways.

1. Introduction

Travel time reliability is always considered as a key per-
formance measure by transportation related departments
and decision-makers since it is so critical for transportation
system users. According to Chen et al. [1], reliability is
commonly used in reference to the level of consistency in
transportation service for a mode, trip, route, or corridor for
a time period. Typically, reliability is viewed by travellers in
relation to their experience. Therefore, travel time reliability
is related to the quality of the transportation service provided,
which explains why it is important to transportation system
users. Especially, travel time reliability measures the extent
of unexpected delay [2, 3]. All the transportation system
users are concerned with the travel time reliability. Personal
users value travel time reliability because it can allow them
to more wisely plan their trips and make better use of their
time. On the other hand, the commercial companies require

predictable and consistent travel time to keep themselves
competitive.

The research plan for the reliability study of Future Strate-
gic Highway Research Program suggested seven sources of
travel time reliability [4–7]. They are traffic incidents, work
zones, weather, fluctuations in demand, special events, traffic
control devices, and inadequate base capacity. The traffic
incidents are one of the most important sources affecting
travel time reliability. Actually when incidents occur, one
or two lanes are disrupted and the capacity of the roads
is reduced, which causes traffic delay [8–10]. On the other
hand, travellers may be informed about the incidents through
different sources, such as Google map, and they may choose
other routes. Therefore, more detailed analysis of travel time
reliability under incident conditions should be conducted.

A high-occupancy vehicle (HOV) lane is a restricted
traffic lane for vehicles with a driver and one or more passen-
gers, including vanpools, carpools and transit buses [11–15].
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The general purpose of HOV lanes is to encourage carpooling
and reduce carbon emission by offering faster and more
reliable trips than general purpose lanes (GPLs). So far, many
studies have compared the characteristics of HOV lanes and
GPLs. For instance, Burris and Lipnicky [16] use extensive
data sets to compare user costs, specifically time and fuel
costs, for two scenarios: a single reversible HOV lane and
a GPL in each direction on the Katy Freeway in Houston,
Texas—over a variety of mode and time shifts. Since the
restrictions of HOV lanes and GPLs are different, travel
time reliability on HOV lanes and GPLs are distinct as well.
Nevertheless, few previous studies examined the travel time
reliability on HOV lanes when the incidents occur on GPLs.
In this circumstance, traffic incidents on GPLs can reduce
the capacity of a freeway segment and generate a temporary
bottleneck. As a result, drivers on GPLs may change to HOV
lanes to avoid traffic congestion and the travel time reliability
on HOV lanes can be affected. Therefore, it is necessary to
investigate the travel time reliability on HOV lanes when the
traffic incidents occur on GPLs.

The objective of this study is twofold, first to examine
the impact of different kinds of traffic incidents occurring
on freeway GPLs on the travel time reliability on HOV
lanes and, second, to evaluate the differences of travel time
reliability on GPLs and HOV lanes under same incident
conditions. The findings in this work can provide useful
decision support for transportation departments or traffic
management agencies to improve travel time reliability on
freeways. The major innovations of this study are as follows:
first of all, the considered traffic incident dataset is highly
comprehensive and includes detailed information (i.e., inci-
dent type, location, duration, affected lanes or shoulders, and
other useful information) for each incident. Previous relevant
studies often lack this kind of complete dataset. Secondly,
the travel time reliability of HOV lanes and GPLs were
evaluated and compared under normal situation and three
incident types. Previous researchers have not fully examined
the differences of travel time reliability between HOV lanes
and GPLs under different incident situations. They mainly
focused on examining the travel time reliability of GPLs
under the normal situation and incident situation, which
was not categorized by the severity. Last but not least, the
difference of the travel time reliability ofHOV lanes andGPLs
under the various incidents is illustrated quantificationally.

2. Literature Review

There is some literature focused on the travel time reliability.
Carrion and Levinson [18] comprehensively reviewed the
existing research on travel time reliability and its value. They
performed a meta-analysis to figure out the reasons behind
the discrepancy among the reliability measures. However,
they ignored the possible effects of study characteristics
because of the disadvantages of meta-analysis. By using
Bluetooth technology, Tang et al. [19] provided a framework
for obtaining and analysing travel time data. They utilized
the three statistical modelling alternatives to establish a rela-
tionship between travel times and known traffic parameters,
which showed that it is possible to predict accurate mean

travel times and travel time variability. The limitation is that
the methods and techniques demonstrated in this research
might be limited since the authors just used the data of
Indiana. Li et al. [20] reviewed the modelling frameworks
and empirical measurement paradigms which used to obtain
willingness to pay for improved travel time reliability. In the
context of Australian toll roads, the authors also estimated
models to derive values of reliability, scheduling costs, and
reliability ratios. Nevertheless, there was a data limitation as
well because of the Australian data.

Some researchers focused on the influence of traffic
accidents on freeway. Using a large set of traffic flow and
accident data, Smith et al. [21] characterized urban freeway
capacity reduction resulting from traffic accidents.The results
showed that, for one or two lanes of three lanes blocked, the
beta distribution provided a good representation of accident
capacity reduction. However, the authors only considered
three-lane segments in this study which was not realistic
in reality. Knoop et al. [22] collected traffic counts from
high-quality videos of the traffic flow around two accidents
recorded from a helicopter. The results showed that the road
capacity in the opposite direction was reduced by half and
the capacity of the road in the direction of the accident was
reduced by more than half because not all lanes were in use.
However, there were only two accidents considered in the
analysis. Based on a large dataset of registered traffic accident
data and empirical traffic flow data, Tu et al. [23] conducted
an empirical travel time reliability analysis.The authors found
that the travel time accidents resulted in both higher travel
time variability and higher probabilities of traffic breakdown
on freeways. Nevertheless, the severity of traffic accident and
the combination of other factors like weather conditions and
road geometry were not considered.

Some studies have focused on the travel time reliability
on HOV lane, but very few of them examined the impact
of traffic incidents on travel time reliability of HOV lanes.
Turner et al. [24] examined the travel time reliability of
three HOV lanes in Texas: Katy (I-10) Freeway, Houston,
East R.L. Thornton (I-30) Freeway, Dallas, and North (I-
45) Freeway, Houston. They compared travel time reliability
between the HOV lanes and the freeway mainlines and
utilized statistical tests to evaluate the differences in travel
time reliability. However, the travel time data might be not
reliable since they were collected using the computerized
license matching technique and cellular phone travel time
reports. To improve the accuracy of speed on HOV lanes,
Loudon [25] used data from heavily congested California
freeways to obtain a mathematical model to estimate the
vehicle speed on HOV lane, on the basis of the V/C ratio
in the HOV lane and the V/C ratio in the adjacent lanes.
Nevertheless, the research is based on the analysis of only a
single freeway with a buffer-separated, limited entry HOV
lane. Further research based on the HOV lanes of different
types should be conducted. Ye et al. [26] examined travel
time savings of the barrier-separated high-occupancy vehicle
lane during incident conditions in California.They compared
travel time savings during incident conditions to nonincident
conditions for the range of incidents in the incident matrix.
It is good to consider the travel time savings of HOV lanes
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under incident conditions, but their study did not take the
detailed incident type into consideration, such as single lane
incident.

Up to date, although some studies have investigated the
freeway travel time reliability, the impacts of traffic incidents
on freeway operation, and travel times of HOV lanes, very
few studies have comprehensively evaluated freeway travel
time reliability of HOV lanes, when different incidents occur
on GPLs. Thus, there is a need to further examine the effect
of incidents on travel time reliability of HOV lanes using
datasets with complete information (e.g., the incident type,
location, duration, affected lanes or shoulders, and other
useful information). The primary objective of this study is
to investigate the relationship between traffic incidents and
travel time reliability on GPL and HOV lanes of freeway
routes. To accomplish the objective, different travel time
measures were calculated using four years of travel time and
incident data collected on Interstate 5 and Interstate 405 in
the Seattle area.

3. Methodology

According to Lomax and Margiotta [27], reliability measures
in transportation service can be grouped into three main cat-
egories: statistical range methods, buffer time methods, and
tardy-trip measures. In this study, two improved percentile-
basedmeasures are adopted in this study.They are percentile-
based indicator and inflow–percentile travel time function,
which are briefly introduced below.

3.1. Percentile-Based Indicator. The percentile-based mea-
sures are widely used by researchers to evaluate travel time
reliability, which usually appear as “variability” measures.
According to Tu et al. [28], one of the benefits of choos-
ing the percentile-based indicators was that their statistical
properties are more robust than standard deviation, mean, or
other moment-based indicators. Besides, the measures allow
comparisons of reliability over different route distances. This
paper adopted a statistical rangemethod proposed byTu et al.
[29] to quantify travel time reliability.Through the percentile-
based measure, travel time reliability in each traffic condition
on HOV lanes and GPLs is obtained. There are four traffic
conditions considered in this study in total: normal condition
with no incidents, incidents on the shoulder, incidents on
a single lane, and incidents on multiple lanes. Travel time
variability is reflected by the difference between the 90th and
10th percentile travel time in traffic condition k through (1).
The larger the travel time variability is, the worse the travel
time reliability is.

𝑇𝑇𝑉𝑘 = 𝑇𝑇90𝑘 − 𝑇𝑇10𝑘 (1)

where𝑇𝑇𝑉𝑘 = the travel time reliability (seconds/mile) in traffic
condition k;𝑇𝑇90𝑘 = the 90th percentile travel time per unit road
distance (seconds/mile) in traffic condition k;𝑇𝑇10𝑘 = the 10th percentile travel time per unit road
distance (seconds/mile) in traffic condition k;

k = normal condition with no incidents, incidents on the
shoulder, incidents on a single lane, and incidents onmultiple
lanes.

3.2. Inflow–Percentile Travel Time Functions. According to
Tu et al. [29], the inflow-travel time continuous function is
defined as follows:

𝑇𝑇𝑋𝑋

=
{{{{{{{

𝑓1 (𝑞) = 𝑡𝑋𝑋𝑓 ⋅ (1 + 𝛼1 ⋅ ( 𝑞𝜆1)
𝛽1) 𝑞 ≤ 𝜆2

𝑓2 (𝑞) = 𝑡𝑋𝑋𝑓 ⋅ (𝛼2 ⋅ (𝑞 − 𝜆2𝜆2 ) + 𝛾1) 𝑞 ≥ 𝜆2
(2)

where 𝑇𝑇𝑋𝑋 is the percentile travel time (e.g., TT10, TT50,
and TT90); 𝜆1 is the critical transition flow; 𝜆2 is the critical
capacity flow; 𝛼1, 𝛼2, 𝛾1, and 𝛽1 are parameters. All parame-
ters in (2) can be determined by fitting the estimated travel
time 𝑇𝑇 to the observed travel time 𝑇𝑇 and minimizing the
squared errors. Since (2) is a continuous function, parameter
𝛾1 can be calculated as 𝛾1 = 1 + 𝛼1 ⋅ (𝜆2/𝜆1)𝛽1 . As discussed
by Tu et al. [29], the proposed inflow-travel time continuous
function can be useful for traffic management measures
(e.g., ramp metering, variable speed limits) and has been
considered in some previous travel time reliability studies.

4. Data Description

The study area was located in the Seattle metropolitan area,
which is the largest urban area in Washington State. Travel
time reliability of Interstate 5 and Interstate 405 was exam-
ined. There were three routes in total. They are Interstate 405
North, Interstate 405 South, and Interstate 5 South. Interstate
5 North is excluded from the analysis due to the incomplete
loop detector data on the HOV lane. Figure 1 shows the
locations of Interstate 5 and Interstate 405. Interstate 5, or
I-5, is the main interstate highway on the West Coast of
the United States, running from the Canadian to Mexican
borders of the United States [30]. Interstate 405, or I-405,
is a 30-mile auxiliary route of I-5 that bypasses Seattle east
of Lake Washington. For this research, the southbound I-5
study section is 15.28 miles long, the northbound I-405 study
section is 7.16 miles long, and the southbound I-405 section
is 6.88 miles long.

These locations were chosen in order to hold the speed
limits and the number of lanes constant along each route. All
routes maintain a speed limit of 60mph, and the I-5 route
maintains three GPLs along its length while the I-405 route
has two GPLs. All routes also have one continuous HOV lane
operating on the left side. Other geometrical characteristics,
such as lane and shoulder widths, are reasonably consistent. It
should also bementioned that the HOV lanes are consistently
accessible along the study site.

The travel times used in this study were calculated
using traffic flow data measured by single loop detectors
between 2009 and 2012 [17]. The I-5 study section includes
33 detector locations, and the I-405 study section contains
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Figure 1: Locations of I-5 (Top) and I-405 (Bottom) [17].

15. These detectors are embedded under the roadway with
an average spacing of about 0.5 miles and report aggregate
data at 20-second intervals. For this study, the 20-second
data was further aggregated into five-minute chunks. For the
calculation of travel time percentiles and variability, only the
time periods between 5:00AM and 7:30 PMwere considered.
This is because most trips happen during daytime, which is
more typical for data analysis. Each loop detector data point
contains the detector’s milepost, a time stamp, and the 5-
minute volume and occupancy measured by the detector.
These four parameters are then used to calculate the route
travel time. The detailed calculation of the route level travel
times is explained in a previous study [17].

There were only minor changes to the infrastructure
along these routes during the study time period from 2009
to 2012. No additional lanes were added on these routes,
and the annual average daily traffic of the roadways changed
slightly. Therefore, there is no need to study the travel time
reliability under different traffic demand, since the demand
of the study site is consistent through four years. Only minor
improvements were made to improve the travel information
available to drivers, such as the installation of Intelligent
Transportation System (ITS) equipment, which could have
enhanced reliability on the route.

Incident data from the Washington Incident Tracking
System (WITS), a database containing highly detailed infor-
mation for each incident, was collected from the beginning
of 2009 to the end of 2012, which matched the time span of
the travel time data. TheWashington State Incident Response
Team collected detailed information for every incident,
including the incident type, location, duration, affected lanes
or shoulders, and other useful information. Three incident

types, i.e., shoulder incident, single lane incident, and multi-
ple lane incident, which occur onGPLs, are considered in our
analysis. Once incidents occur on the HOV lane, the HOV
lane would be totally blocked since there is only one HOV
lane in each route.Thus, theHOV incident type is not consid-
ered. However, obviously incidents on HOV lanes have the
most serious impacts on the travel time reliability of HOV
lanes.

5. Results and Discussion

Travel time reliability of three routes, i.e., I-5 South, I-405
North, and I-405 South, was calculated and analysed under
four conditions. The four conditions are normal condition
with no incidents, incidents on the shoulder, incidents on a
single lane, and incidents on multiple lanes.

5.1. Percentile-Based Indicator. Figures 2, 3, 4, and 5 show
the comparison of percentile travel time and travel time
variability between HOV lanes and GPL of I-5 South, I-405
North, and I-405 South.

5.1.1. Impact of Shoulder Incidents. TT10 of HOV lanes and
GPLs and TT50 of HOV lanes and GPLs in each route are
almost the sameunder shoulder incident, while the difference
of TT90 between HOV lanes and GPLs is large, with the
results of 9.98% in I-5 South, 40.81% in I-405 North, and
22.74% in I-405 South. TT10 and TT50 represent the low
traffic volume conditions. TT90 are the travel time values
observed in the peak hours, and the freeway bottleneck
can be easily caused by shoulder incidents. Therefore, the
differences of TT90 between HOV lanes and GPLs are
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Figure 2: Comparison of 10th percentile travel time between HOV lanes and GPLs on I-5 South, I-405 North, and I-405 South. (a) TT10 in
I-5 South. (b) TT10 in I-405 North. (c) TT10 in I-405 South.

remarkable although shoulder incidents are minor incidents.
Once the GPLs become congested due to incidents, the
single-occupant vehicles are not able to be driven on HOV
lanes. Thus, the traffic incident that occurred on GPLs
generally has a slight impact on HOV lanes. On the other
hand, if the incidents happen on HOV lanes, the drivers who
originally drive on HOV lanes can shift to GPLs to avoid
worse traffic jams.

The differences of HOV lanes and GPLs in TTV under
shoulder incident condition are 29.37% in I-5 South, 85.36%
in I-405 North, and 48.54% in I-405 South based on GPLs.
ThusHOV lanes have a better travel time reliability thanGPLs
since TTV accounts for travel time reliability.

5.1.2. Impact of Single Lane Incidents. TT10 in HOV lanes
and GPLs are almost the same in all the three routes under
the single lane incident condition. However, the travel time
differences between HOV lanes and GPLs can be observed
for TT50 and TT90, which is different from the shoulder
incident. The differences in TT50 are 2.68% in I-5 South,
13.47% in I-405 North, and 20.02% in I-405 South, while the
differences in TT90 are 12.72% in I-5 South, 42.96% in I-405
North, and 4.75% in I-405 South. Since single lane incidents

can block one of the travel lanes on freeway road segments
and induce a bottleneck at a relatively low traffic flow rate, this
incident type can have a more obvious impact on the travel
time than the shoulder incident.

The differences of TTV between HOV lanes and GPLs in
single lane incidents are 32.74% in I-5 South, 85.91% in I-405
North, and 7.66% in I-405 South. Under the impact of single
lane incidents, HOV lanes can provide a better travel time
reliability than GPLs.

5.1.3. Impact of Multiple Lane Incidents. The difference of
TT10 between HOV lanes and GPLs is minor under the
impact of multiple lane incidents, while the differences are
noticeable for TT50 and TT90. The differences for TT50
are 11.74% in I-5 South, 23.24% in I-405 North, and 20.61%
in I-405 South, while the differences for TT90 are 26.88%
in I-5 South, 26.86% in I-405 North, and 34.48% in I-405
South. The differences are more significant than those in
single lane incidents. Multiple lane incidents are the most
serious incident type among all the three incident types,
which can block multiple lanes. Therefore, the threshold
traffic flow value for traffic breakdown is smaller for multiple
lane incidents than the single lane incident and shoulder
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Figure 3: Comparison of 50th percentile travel time between HOV lanes and GPLs in I-5 South, I-405 North, and I-405 South. (a) TT50 in
I-5 South. (b) TT50 in I-405 North. (c) TT50 in I-405 South.

incident. It is probably because HOV lanes and GPLs are
both influenced heavily by the multiple lane incidents and the
situation becomes worse with the increase in traffic volumes.
For multiple lane incidents, travel times on HOV lanes
are shorter than those on GPLs, since the single-occupant
vehicles are not allowed to use the HOV lanes.

Under multiple lane incident circumstance, the differ-
ences between HOV lanes and GPLs in TTV are 55.36% in
I-5 South, 41.81% in I-405 North, and 46.90% in I-405 South
based on GPLs, meaning that HOV lanes have better travel
time reliability.

5.1.4. Comparison of Impacts of Different Incidents. All the
incident types have negative influence on travel time reliabil-
ity. Nevertheless, the level of impact is different. To examine
the travel time reliability of HOV lanes under different
incidents, the difference of travel time reliability between
the incident situations and normal situations is calculated.
The difference of travel time reliability between shoulder
incidents and normal situation is 0.00% in I-5 South, 31.64%
in I-405 North, and 2.67% in I-405 South based on the
normal situation. The difference of travel time reliability
between single lane incidents and normal situation is 25.99%

in I-5 South, 36.88% in I-405 North, and 126.20% in I-405
South based on the normal situation. The difference of travel
time reliability between multiple lane incidents and normal
situation is 28.17% in I-5 South, 970.29% in I-405 North,
and 213.76% in I-405 South based on the normal situation.
The travel time reliability of GPLs under different incidents
follows the similar pattern as well. Therefore, among all the
incident types, shoulder incident condition results in the best
travel time reliability, single lane incident condition ranks
second, andmultiple lane incident condition causes the worst
travel time reliability. As expected, more serious incidents
generally increase the uncertainty of travel time.

The difference of TTV between HOV lanes and GPLs
in each route also varies under different incident types. For
example, in I-5 South, it is -0.87% under normal condition,
29.37% in shoulder incidents, 32.74% in single lane incidents,
and 55.36% in multiple lane incident situations. Thus when
incidents occurred on GPLs, the traffic onHOV lanes will not
be significantly affected and HOV lanes generally provide a
much better travel time reliability.

5.1.5. Comparison of I-5 and I-405. The data of I-405 South
and I-405 North were taken as an average to compare with
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Figure 4: Comparison of 90th percentile travel time between HOV lanes and GPLs on I-5 South, I-405 North, and I-405 South. (a) TT90 in
I-5 South. (b) TT90 in I-405 North. (c) TT90 in I-405 South.

that of I-5 South. It is obvious that I-5 has a better travel
time reliability than I-405 for GPL since the travel time
variability indexes of I-405 are larger than those of I-5 overall.
However, on HOV lanes, I-5 has a higher reliability under
single lane incidents and multiple lane incidents, while travel
time reliabilities of I-5 and I-405 on average are quite the
same under the normal and shoulder incident conditions. For
GPLs, one possible explanation is that I-5 has three general
purpose lanes while I-405 only has two.Therefore, I-5 ismore
reliable than I-405 in normal situation because vehicles in
I-5 have more lane options to shorten their travel time. On
the other hand, once the incidents happen, vehicles in I-5
have a higher flexibility to choose lanes to avoid the queue.
In terms of HOV lanes, the travel time reliabilities under
normal condition and shoulder incidents, the most slight
incident type, are quite the same since both I-5 and I-405
have only one HOV lane. Nevertheless, when more serious
incident types occur, the advantage of more GPLs in I-5 is
prominent, resulting in better travel time reliability. To sum
up, the number of GPLs does influence travel time reliability.
More general purpose lanes can result in higher travel time
reliability on GPLs when traffic incidents occur.

Another noticeable difference between I-5 and I-405 is
that I-5 is smooth, while I-405 has distinguishable grade
difference in the Washington State, which can also influence
the travel time reliability. The grade difference can have
indirect impacts on driving behaviour, resulting in worse
travel time reliability. Therefore, travel time reliability of I-5
is generally better.

5.2. Inflow–Percentile Travel Time Function. In order to draw
the inflow–percentile travel time function, the vehicle inflow
was categorized, as shown in Table 1. The vehicle inflow
between 0 veh/h/ln and 100 veh/h/ln is marked as 1, and
the vehicle inflow between 100 veh/h/ln and 200 veh/h/ln is
marked as 2. The rest can be done in the same manner.

The data sample sizes were also examined. The inflow
categories with too few sample size were not considered.
Therefore category 1 was not considered in the study. In this
study, the sample sizes in single lane incident and multiple
lane incidents are too small, and the data of I-5 is not
complete.Therefore, only the data with sufficient sample sizes
of I-405 South and I-405 North under normal situations and
shoulder lane incidents are considered. The horizontal axis
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Table 1: Table of inflow-percentile travel time of GPL I-405 South under normal situation.

TT10 (sec/mi) TT50 (sec/mi) TT90 (sec/mi) Sample Size Inflow (veh/h/ln)
1 59.74 60.00 160.20 153 0-100
2 59.74 60.00 60.00 2060 100-200
3 59.74 60.00 60.00 5127 200-300
4 59.74 60.00 60.00 5329 300-400
5 59.74 60.00 60.00 5677 400-500
6 59.74 60.00 62.57 5879 500-600
7 59.74 60.00 111.83 5693 600-700
8 59.74 60.00 119.35 8546 700-800
9 59.74 61.15 117.39 16235 800-900
10 59.74 63.87 111.87 24496 900-1000
11 60.00 63.44 105.27 35361 1000-1100
12 60.00 63.36 98.85 43503 1100-1200
13 60.00 63.51 93.39 34495 1200-1300
14 60.10 64.23 90.54 26277 1300-1400
15 60.29 65.76 89.87 17840 1400-1500
16 60.55 68.53 90.98 6884 1500-1600
17 60.86 69.73 90.63 2134 1600-1700
18 60.75 69.63 95.15 455 1700-1800
19 59.74 66.57 104.43 139 1800-1900
20 59.74 65.41 96.61 126 1900-2000
21 59.92 65.69 94.41 137 2000-2100
22 60.16 65.94 102.96 102 2100-2200

range and vertical axis range of the figures were adjusted so
that they can be compared clearly. The results are shown in
Figures 6 and 7.

In the inflow–percentile travel time function, the line of
90th percentile travel time is thought to be important, since
it presents nearly the worst travel time. Besides, the ranges of
10th percentile travel time and 50th percentile travel time are
relatively small, while the ranges of 90th percentile travel time
are obvious and large, which is useful for the researchers to
study the travel time reliability. The inflow where the vehicle
travel time begins to change in the line of 90th percentile
travel time is called critical transition flow [29].

For I-405 South GPL, the critical transition flow in
shoulder incident figure happens first with the increase of the
inflow, which is expected, because the incidents will reduce
the freeway segment capacity, triggering the congestions
happening earlier than the normal situation. In addition, the
peak point and the fluctuations of the 90th percentile travel
time line is larger for the shoulder incident, meaning that the
worst travel time in the shoulder incident is larger, and the
travel time is more unstable.

For I-405 South HOV lanes, it can be observed that the
overall line shapes of normal situation and shoulder incidents
are very alike, meaning that shoulder incidents which happen
on GPLs barely have significant impacts on the HOV lanes.
This is mainly because most vehicles travelling on GPLs
cannot transfer intoHOV lanes since there is only one person

in vehicle. Therefore the travel time in HOV lanes will not be
effectively affected.

Under the normal situation, I-405 South GPL and I-405
South HOV lanes were compared. The critical transition flow
inGPL is 600 veh/h/ln, while it is approximately 800 veh/h/ln
for the HOV lanes, meaning that the travel time on GPL is
affected first with the increase of the inflow. Besides, the peak
point and the fluctuations of the 90th percentile travel time
line are larger in the GPL, meaning that the worst travel time
in the GPL is larger and the travel time is more unstable.
Therefore, obviously HOV lanes are more reliable than GPLs
under the normal situation. I-405 SouthGPL and I-405 South
HOV lanes under the shoulder incident situation are pretty
like the normal situation: the critical transition flow in GPL
happens earlier, and the peak point and the fluctuations of the
90th percentile travel time line in GPL are larger.

Inflow–percentile travel time function of I-405 North
HOV and I-405 North GPL under normal situation and
shoulder incident is shown in Figure 7. The sample sizes
of I-405 GPL and HOV North under the shoulder incident
situation are relatively small, which explains why the shapes
of the lines are somewhat weird. However, it can still be seen
that the I-405 North follows the same pattern as I-405 South.

6. Conclusions

This study aims to understand the impacts of traffic incidents
occurring on the GPLs on the travel time reliability of HOV
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Figure 5: Comparison of travel time variability between HOV lanes and GPLs on I-5 South, I-405 North, and I-405 South. (a) TTV in I-5
South. (b) TTV in I-405 North. (c) TTV in I-405 South.

lanes and to evaluate the differences of travel time reliability
on GPLs and HOV lanes under the same incident conditions.
Three incident types were considered: shoulder incidents,
single lane incidents, and multiple lane incidents. The travel
time and incident data were collected between 2009 and 2012
on Interstate 5 and Interstate 405 of the Seattle metropolitan
area.

To evaluated travel time reliability, two measures
were utilized. They are percentile-based indicator and
inflow–percentile travel time function. For the percentile-
based indicator, first of all, impacts of shoulder incidents
were examined. The result shows that TT10 on HOV lanes
and GPLs in each route are quite the same in shoulder
incidents as well as TT50, while TT90 on GPLs are more
than those on HOV lanes. Then, impacts of single lane
incidents were discussed. TT10 on HOV lanes and GPLs
in three routes are nearly the same, while TT50 and TT90
on GPLs are more than those on HOV lanes in single lane
incidents. Next, influences of multiple lane incidents were
also examined. Similar to single lane incidents, TT10 on

HOV lanes and GPLs in each route under multiple lane
incidents are close, while TT50 and TT90 for GPLs are more
than those for HOV lanes. Through all the comparisons
among three incident types, HOV have higher travel time
reliability than GPLs under the same incident types. The
impacts of three incident types were also examined. It
shows that all the incident types have negative influence on
travel time reliability. Multiple lane incident type influences
freeway route travel time reliability the most, while shoulder
incident type affects travel time reliability the least. The more
serious the incidents are, the less travel time reliability is.

In terms of inflow–percentile travel time function, only
the data of I-405 South and I-405 North under normal
situation and shoulder lane incidents are utilized because
of the limited sample size. The results show that, in I-405
South GPL, the shoulder incident situation is more likely to
have congestion than the normal situation under the same
inflow level. In addition, the worst travel time in the shoulder
incident is larger, and the travel time is more unstable. For
I-405 South HOV lanes, it illustrates that shoulder incidents,
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Figure 6: Inflow–Percentile travel time function in I-405 South under normal situation and shoulder incident. (a) I-405 South HOV (normal
situation). (b) I-405 South HOV (shoulder incident). (c) I-405 South GPL (normal situation). (d) I-405 South GPL (shoulder incident).

which happenonGPLs, barely have significant impacts on the
HOV lanes. Under both the normal situation and shoulder
incident situation, I-405 South GPL is more possible to have
congestions than I-405 South HOV. Besides, the worst travel
time in the GPL is larger, and the travel time is more unstable,
meaning that HOV lanes are more reliable than GPLs. The
figures of I-405 North follow the same pattern as those of I-
405 South.

Among different incident types, transportation agencies
are suggested to take priority to handle multiple lane inci-
dents because this incident type can cause the worst travel
time reliability. The findings in this study can provide useful
decision support for transportation agencies to improve
travel time reliability on freeways [31, 32].

There are also some limitations for this research. For
example, this study only evaluates the travel time reliability
performances on three routes on I-405 and I-5. Multiple
routes in other regions should be examined to further validate
the findings from this study. Future research can include but
is not limited to examining the incidents impacts on two-
freeway segments with the same lane numbers, while one has

HOV lanes and one does not have HOV lanes. However, the
other factors of the two-freeway segments should be almost
the same, such as weather, roadway geometry, and traffic
flow.
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Figure 7: Inflow–Percentile travel time function in I-405North under normal situation and shoulder incident. (a) I-405NorthHOV (normal
situation). (b) I-405 North HOV (shoulder incident). (c) I-405 North GPL (normal situation). (d) I-405 North GPL (shoulder incident).
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