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DESIGN OF WET SURFACE TRAFFIC SIGNAL TIMING CHANGE INTERVALS

Huan Li

ABSTRACT

Driver violations of traffic signals are a major cause of intersection vehicle crashes. The duration
of yellow intervals is highly associated with driver yellow/red time stopping behavior. Rainy weather and
wet pavement surface conditions may result in changes in both driver behavior and vehicle
performance. The research presented in this thesis quantifies the impact of wet pavement surface and
rainy weather conditions on driver perception-reaction times (PRTs) and deceleration levels, which are
used in statistical models for the design of yellow intervals.

A new dataset with a total of 648 stop-run records were collected as part of the research effort
during rainy weather and wet pavement surface conditions at the Virginia Department of
Transportation’s Smart Road facility. This experiment was conducted at a 72.4 km/h (45 mi/h) approach
speed where participant drivers encountered a yellow indication initiation. The participant drivers were
randomly selected in different age groups (under 40 years old, 40 to 59 years old, and 60 years of age or
older) and genders (female and male).

Combined with an existing dataset that was collected by the same research group under clear
weather conditions during the summer of 2008, statistical models for driver PRT and deceleration levels
are developed, considering roadway surface and environmental parameters, driver attributes (age and
gender), roadway grade, and time to the intersection at the onset of yellow. Using the state-of-the-
practice procedures with the modeled PRT and deceleration levels, inclement weather yellow timings
are then developed as a function of different factors (e.g., driver age/gender, roadway grade, speed
limits, and precipitation levels). The results indicate that an increase in the duration of change interval is
required for wet roadway surface and rainy weather conditions. Lookup tables are developed with
different reliability levels to provide practical guidelines for the design of yellow signal timings in wet
and rainy weather conditions. These recommended change durations can be integrated within the
Vehicle Infrastructure Integration (VII) initiative to provide customizable driver warnings prior to a

transition to a red indication.
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CHAPTER 1 INTRODUCTION

The research presented in this thesis quantifies and models the impact of wet pavement surface
and rainy weather conditions on driver perception-reaction times (PRTs) and deceleration levels for the
design of signal timing change intervals. This chapter presents an introduction to the study’s

background, objective and approach.

1.1 BACKGROUND

Vehicle crashes typically happen because of driver violations of traffic signalized intersections.
Studies have shown that drivers violate the red signal indication every 20 minutes at each intersection
on average and this violation rate is even higher during peak hours [1]. According to the Insurance
Institute for Highway Safety, 762 people were killed and about 137,000 injured in crashes that involved
red-light running in 2008 [2].

The yellow signal interval is designed to warn approaching drivers of an impending loss of right-
of-way for the traffic crossing a signalized intersection in the previous green signal phase. When a yellow
indication is triggered, the driver determines whether to stop safely or to proceed through the
intersection before the end of the yellow interval. Incorrect driver decisions may result in either a rear-
end collision, if the driver decelerates at a sudden high rate, or a straight-crossing-path crash, if the
driver does not have enough time to safely cross the intersection before the conflicting flow is released.

The dilemma zone problem has been examined in the literature since its initial formulation in
[3], who observed the existence of dilemma zones at approaches to signalized intersections and
developed the first dilemma zone model, as a binary decision problem to either stop or proceed when a
yellow indication is triggered. However, an analysis of the literature demonstrates a lack of consensus in
defining the dilemma zone. For example, the dilemma zone was defined “as that zone within which the
driver can neither come to a safe stop nor proceed through the intersection before the end of the
yellow phase” [4]. This definition represents the design definition of a dilemma zone. Alternatively,
others define the dilemma zone from a driver’s perspective as the zone in which between 10 to 90
percent of the drivers stop [5]. The approach of modeling this problem was summarized in [4] as
“developing dilemma zone curves of ‘percent drivers stopping’ versus ‘distance from stop bar’ at the
instant when the signal indication changes from green to yellow” and that the driver behavior at high-
speed signalized intersections when faced with a yellow indication can be viewed as a binary choice

process, where the relevant decisions are either to stop or proceed through the intersection.



This inability of making a correct decision is attributed to a shortcoming in the signal timing
design in terms of ‘dilemma zone’ in the literature [6]. After this issue was raised, many studies
attempted to develop countermeasures to decrease the possibility of being caught in the dilemma zone
or totally eliminate the dilemma zone. Theoretically, when a vehicle is under the speed limit while
approaching the signalized intersection, the dilemma zone can be eliminated by accelerating beyond a
critical value or following a linear functional form [7]. But it is obviously inappropriate to advise drivers
to accelerate blindly when they find themselves trapped in the dilemma zone. A more reasonable mean
is to design the proper yellow interval to minimize the number of drivers caught in the dilemma zone
[8].

Studies have been conducted to improve the transportation signal system for providing more
safety when vehicles cross intersections [9]. Several countermeasures with traffic signal timing
improvements to potentially solve the red-running problem have been described in the literature.
Among them, some research focused on yellow and all-red interval timing. For example, a study [10] on
an intersection showed that the crash rate for the driver group with the least adequate clearance
intervals was significantly higher compared to drivers with the most adequate intervals. On the other
hand, long yellow timing may be treated as an extension of green by the drivers, which may lead to a
loss of indication meaning [8]. Meanwhile, for efficiency and environmental measures, longer clearance
intervals may cause more waiting time, acceleration delay and higher emissions.

Several state DOT agencies (Maryland, Ohio , Minnesota, etc.) have investigated the impact of
inclement weather on signal timing, however, few of them developed practices to accommodate signal
timings during inclement weather [11]. A review of the literature found very limited research studying
the impact of inclement weather and road conditions on traffic signal timing. Consequently, there is a
need to characterize the impact of inclement weather and road conditions on driver behavior, including

driver PRTs and acceptable deceleration levels, for the design of traffic signal change intervals.

1. 2 THESIS OBJECTIVES

The objectives of this research effort are three-fold. First, construct a comprehensive dataset of
driver behavior at the onset of a yellow indication for wet surface and rainy conditions. Second,
characterize and model driver PRT and deceleration behavior at the onset of a yellow indication
considering the impact of driver age, speed, time-to-intersection, age, gender, roadway surface
condition, and weather condition on driver behavior. Third, design yellow timings for wet surface and

rainy conditions considering different levels of reliability.
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1. 3 RESEARCH APPROACH

The first task in this research effort was to design and conduct a field experiment to gather data
on driver behavior at the onset of a yellow indication for wet roadway and rainy conditions. As
mentioned earlier, a previous study was conducted on the same test facility using similar
instrumentation for clear weather conditions. The data collected from the previous study was used for
characterizing driver behavior for normal weather conditions. In order to ensure consistency between
the two experiments, the experimental design was identical except for the roadway surface and
weather conditions.

The experiment was conducted on the Smart Road test facility at Virginia Tech Transportation
Institute (VTTI), which is a high tech, well instrumented and controllable research facility. After obtaining
the Virginia Tech Institutional Review Board (IRB) approval, test subjects were recruited to drive on the
Smart Road. Equipment and computer systems designed for the site experiment were installed in the
experiment vehicle that communicated with the Smart Road. Data were recorded continuously during
each subject’s test under a researchers’ surveillance.

Driver PRTs and the deceleration levels were studied and modeled based on the collected data.
The MATLAB and JMP software were used in the data analysis and modeling. New regression models
were established for PRTs and deceleration levels with subject’s physical factors, roadway grade and
vehicle instant states. Using the Institute of Transportation Engineers (ITE) yellow interval design
formula was used to develop the design guideline in the form of look-up tables for traffic signal change
interval timing plans under different weather conditions at different reliability levels followed by the

conclusions of current study and recommendations for future research.

1. 4 THESIS ORGANIZATION

This chapter has briefly presented an overview of the research of designing the duration of
yellow intervals for rainy weather and wet pavement surface conditions. Chapter two presents a
detailed literature review of the various literature on driver red-light running behavior, deceleration
levels, PRTs and weather effects on traffic signal timing. Subsequently, chapter three presents a paper
that quantifies and models the impact of wet pavement surface and rainy weather conditions on driver
perception-reaction times (PRTs), deceleration levels, for the design of traffic signal change interval
durations. Finally, chapter four summarizes the conclusions made based on the research and

recommends future research activities.



CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

The goal of the research presented in this thesis is to design the yellow interval timing for wet
pavement surface and rainy weather conditions. Prior to achieving this goal, a review of relevant
literature is conducted, including the previous studies on dilemma zone, driver attributes (behavior
when encountered with yellow indication, acceptable deceleration levels and PRTs), weather effects on
traffic, current practice of weather-responsive traffic signal timings, and recommendations of yellow

interval timing change in the literature.

2.2 DILEMMA ZONE AND YELLOW INTERVAL TIMING

2.2.1 Concept of Dilemma Zone

Drivers may face different possible driving situations during the presence of yellow indications.
A total of four different situations at intersections were represented by a speed / distance to stop line
diagram at the onset of a yellow indication in Figure 2-1. The dilemma zone and option zone are the

most critical sections for the drivers’ comfort and safety.
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Figure 2-1: Different Situations at Signalized Intersection at Onset of Yellow[12]

Yellow indications warn drivers in advance of upcoming red signal indications. However, it brings
new safety concerns. In 1960, Gazis et al. [6] identified a problem of yellow signal timing as “when
confronted with an improperly timed amber light phase a motorist may find himself, at the moment the
amber phase commences, in the predicament of being too close to the intersection to stop safely or
comfortably and yet too far from it to pass completely through the intersection before the red signal
commences.” This situation was then defined as ‘Amber Light Dilemma’.

The phase of ‘Dilemma Zone’ is used in recent years for this shortcoming of traffic signal design.
As illustrated in Figure 2-2, if the distance between a vehicle and the stop line is more than D, the
vehicle is not able to cross the intersection safely. And if the distance between a vehicle and the stop
line is less than Dy, the vehicle cannot safely (or comfortably) stop. So the section illustrated as the
gray shade in Figure 2-2, where Dy, > D > Dy, the vehicle can neither go through the intersection nor

stop before the stop line. The dilemma zone with this definition is also called Type 1 dilemma zone.



Dstop: The nearest distance to the stopbar a vehicle can stop
Dgo: The farthest distance to the stopbar a vehicle can cross the intersection
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Figure 2-2 Dilemma Zone

In some literature, the inability of making a correct decision when facing a yellow indication was
presented in terms of probability. Olson and Rothery [13] were probably the first to suggest the yellow
timing be defined by the probability of stopping for vehicles as a function of their distances from the
intersection at the onset of a yellow signal. Parsonson et al [14] defined the road area between the
boundaries where less than 90 percent drivers would choose to stop and more than 10 percent drivers
would choose to continue driving past the intersection, instead of 95th percentile cut-off point used in
Olson et al.’s calculation of yellow timing length [13]. Several results of the stopping probability curve
calculation were published for the Type 2 dilemma zone [15].

In a recent study, El-Shawarby et al. [16] defined the concept of option zone. Different from a
dilemma zone, an option zone is the section within which the driver can either stop the vehicle
comfortably or clear the intersection during a same yellow interval. As illustrated in Figure 2-3, if a
vehicle is farther than Dy, to the stop line at the onset of a yellow indication, it can come to a stop; if a
vehicle is closer than Dg, to the stop line, it can clear the intersection. So in the gray shaded section in
Figure 2-3, where Dy, < D < Dg,, either to proceed through the intersection or to stop is safe to the
vehicle. Dilemma zone and option zone describes the different situations that drivers encounter while

approaching the intersection at the onset of a yellow indication.



Dstop: The nearest distance to the stopbar a vehicle can stop
Dgo: The farthest distance to the stopbar a vehicle can cross the intersection
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Figure 2-3 Option Zone

Research found that the dilemma zone differs by a variety of parameters. For example, the
dilemma zone is wider for the older drivers (65 years of age or older). The female drivers are more likely
to stop than male drivers and the dilemma zone for the female drivers is tend to be closer than that of

male drivers [17].

2.2.2 Yellow Interval Timing

At present, different statutory obligations of confronting yellow signals exist in different states.
Virginia Driver’s Manual indicates that the yellow light or arrow are cautions warning that the light is
about to change. If the driver has not entered the intersection, he/she should stop. If the driver is
already in the intersection, he/she can go through it. Drivers are not allowed to speed up to beat the
light. In the Texas Drivers Handbook, if the vehicle can be stopped safely, the driver must stop before
entering the nearest crosswalk at the intersection. If the stop cannot be made safely, the driver may
proceed cautiously through the intersection before the traffic light changes to red. This is the type of
rule which is mostly accepted by different states (e.g., Florida, California, lowa, etc.). In some other
states, such as New York, it is simply saying that the driver should be ready to stop for the red light and
there are no clear restrictions mentioned. Generally speaking, the yellow signal rules are not definite
and always depend on drivers’ experience in practice. It is important to address proper yellow interval
settings for either driver’s natural psychology or for rational policies.

Yellow interval duration was firstly proposed by Matson [18] as a quotient of the intersection
width and the vehicle’s assumed constant speed. Drivers’ instantaneous response and vehicles’ infinite

deceleration capacity was assumed to satisfy the equation, which did not represent reality. Matson [19]
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improved the equation by adding a term of drivers’ perception-reaction time and taking both necessary
time to decelerate a vehicle and necessary time to clear the intersection into account. After the concept
of dilemma zone was proposed, Gazis et al. [6] put forward the GHM model, in which the safe stopping
distance associated with yellow timing by vehicles’ physical performance characteristics and the
intersection layout was analyzed. The Manual of Uniform Traffic Control Devices (MUTCD) recommends
the yellow interval time to be a function of driver PRT, vehicle speed, deceleration level, acceleration
due to gravity and grade [20].

Currently the commonly used method to compute the intervals is the ITE formula shown as
Equation 2.1, based upon the kinematic model of vehicles’ deceleration times at intersections. In study
[21], observation of an urban location involving changes in signal timing at 10 intersections indicated

that change intervals set closer to ITE’s proposed recommended practice can reduce red-light violations.

v, (W + L)

N " (2.1)
2a+2x9.81G vV,

y=t

Where Y is the yellow signal time (s),

t is driver PRT (s),

a is the constant deceleration rate (m/s?),
V, is the constant approach speed (m/s),

G is the roadway grade (decimal), W is the effective intersection width (m),

L is the length of the vehicle (m).

(W+L)

Vo

The term is only used when there are no all-red intervals.

The yellow interval duration is generally recognized as a factor affecting the frequency of
violations that occur just after the onset of the red indication [22]. The study provided evidence that an
increase of 1.0s in yellow duration (such that it does not exceeds 5.5s) will decrease the frequency of
red-light running by at least 50 percent, while drivers’ adaption to the change does not undo the
benefit. The effect of a change in yellow timing on the frequency of red-light running is shown in Figure
2-4. Researchers have attempted to adjust yellow interval timing to circumstances and found good
benefits. Longer yellow interval durations are associated with fewer red-light violations, while all other
factors do not change [10, 21, 23, 24]. Some proposed yellow interval timing suggested in previous

research studies are shown in Table 2-1.
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Figure 2-4 Change in Yellow Interval Duration (s) and Red-light Running [22]

Table 2-1 Suggested Yellow Interval Duration Examples[15]

speed(mph) | 5, 35 40 45 50 55

Author
Olson & Rothery [13] 4.1 -- 4.3 -- 51 --
Parsonson [14] 4.0 4.0 4.3 4.5 4.8 5.0
Herman[25] 4.0 4.2 4.4 4.8 5.0 --
Minnesota 3.2 3.5 3.7 3.9 4.1 4.6
Zegger[26] - 5.0 4.8 4.9 4.8 4.8
Sheffi & Mahmassani[27] -- 4.7 4.8 4.9 5.0 5.1

2.3 DRIVER BEHAVIOR DURING YELLOW INTERVALS

2.3.1 Contributing Factors of Drivers’ Stopping/Running Decisions

Driver stopping/running decision-making includes contributing factors of environmental effects,
vehicle physical features and the drivers’ psychological characteristics, as summarized in Table 2-2.
Besides driver’s age, gender, driving records, safety belts wearing habits, the vehicle size, the distance
from the intersection at the onset of a phase transition and even vehicle model year impact the driver

stopping/running behavior at high-speed signalized intersections in literature [28-31]. The estimated



travel time to the intersection at the start of the yellow interval was found to have the strongest effect

on a driver’s likelihood to stop versus go through the intersection [29].

Table 2-2 Contributing Factors of Drivers’ Stopping/Running Decisions

e Roadway grade

e Intersection width

e Pavement surface friction
e  Traffic sign or signal

Environmental Effects e Pedestrian
e Conflict direction traffic
e Weather
e Time of day

e Day of week
e Approach speed
e Headway
e Deceleration level
e Stopping Distance
o Age
Driver Characteristics e Gender
e Driving Record

e SaveTime

Threat of rear-end crash

e Frustration with having to stop again

e Save Fuel
Driver Psychology e Safety (e.g., threat of right-angle crash /
left-turn-opposed conflict)
Following the Law (e.g., thread of possible
citation and fine)
e Responsibility (e.g., passengers)

Vehicle Characteristics

To Go

To Stop

2.3.2 Drivers Red-Light Running Behavior and Intersection Collision

The rate of crashes related to red-light violation was estimated at least 16 to 20 percent of the
total crashes at urban signalized intersections [32]. Inclement weather conditions (e.g. rain, sleet, snow)
increases the risk of involvement in an intersection collision. Nearly half (46.0%) of the adjusting radio,
cassette or CD crashes occurred under adverse weather conditions [33]. And crashes in adverse weather
conditions were more common among middle-aged and young drivers than older drivers [34].

Findings of a study indicate that a large percentage of drivers facing the yellow signal are caught
in a dilemma zone due to high approaching speeds and aggressive behavior [35]. The largest portion of

red-light violators enter the intersection in a very short amount of time after the red indication. Retting
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et al. [36] observed 48 percent of the red-light runners entered the intersection 0.5 to 0.9 seconds after
the red onset and 34 percent entered the intersection 1.0 to 1.4 seconds after the red onset. A more
recent study by Bonneson et al. [37] found that more than half of red-light runners entered the
intersection less than 0.5 s after the start of red, and about 80 percent of violators entered the
intersection within 1.0 s after the start of red.

When the traffic signal changes to yellow and the drivers continue driving through the
intersection, the vehicles may be passing the stop line during a yellow, but still in the middle of the
intersection when the signal turns from yellow to red. Although this behavior is allowed in current
practice (e.g. ITE report and MUTCD), it is still unsafe because of possible collision with at-speed crossing
vehicles. The behavior of running the yellow is even more dangerous for larger intersections since the

drivers who enter the intersection after the first 0.5s of red are more likely to be involved in a crash [37].

2.3.3 Driver Stopping Behavior

After the onset of the yellow phase, time is needed for a decision making process by the driver
to recognize the change in the signal head indication and to start reacting to it, known as the
perception-reaction time (PRT). If the driver decides to stop rather than drive through the intersection,
he/she will decelerate the vehicle to a stop before the stop line.

PRTs and deceleration levels are dependent on various variables (e.g. driver age, gender, vehicle
speed, roadway grade, predetermined triggered yellow duration and weather conditions). PRTs and
deceleration levels were discussed in the literature as engineering factors impacting driver behavior
while encountering yellow indications and these two factors are accounted for in traffic signal change
interval design.

a) Perception-Reaction Time (PRT)

PRT in the research is defined as the time elapsed from the onset of a yellow indication to the
instant a driver presses the brake pedal, not when the brake light is activated as in most previous
studies. It includes the mental processing time (perception time) and the movement time (reaction
time). Because of the difficulty in measuring the mental processing time without a physical response,
the perception time and the reaction time are usually measured jointly. PRT is an important component
of driver behavior within the dilemma zone and option zone and is widely used in traffic design. For
example, PRT is used to estimate the stopping sight distance and also in calculation of the yellow

interval duration in traffic signal design [38].
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Previous studies were conducted in a driving simulator, or were gathered in a controlled field
environment. A study by Caird et al. [39] used a driving simulator to analyze the behavior of 77 drivers
approaching signalized intersections at speeds of 70 km/h. It concluded that the PRT did not differ by
age and was affected by time-to-intersection (TTI). The PRT grand mean was 0.96 s, ranging from 0.86 s
for drivers closest to the intersection stop line to 1.03 s for drivers farthest from it.

In the current traffic signal timing guideline a 1.0 s PRT is typically used [40]. A previous field test
by Rakha et al. [31] on 60 test participants was conducted to characterize driver behavior, perception-
reaction times (PRTs) and stopping/running decisions at the onset of a yellow phase transition. The
results demonstrate that the 1.0s 85"-percentile PRT is valid and consistent with the results of previous

studies. Figure 2-5 illustrated the field-observed PRTs and two proposed models were fit to the data.
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Figure 2-5: Field Data and Proposed PRT Models [41]

PRTs vary versus different surrounding variables. When Sheffi and Mahmassani [27] built the
Probit models for driver behavior at high speed isolated intersections at the onset of the amber phase,
they assumed that the drivers’ perception time was a random variable distributed across the driver
population. An earlier study by El-Shawarby et.al [42] did a thorough analyze and characterized the
impact of driver gender, driver age, roadway grade, mean approach speed, platoon scenarios (leading,
following, or alone), and time-to-intersection (TTI) on the driver PRT. The study demonstrated that the
driver PRT is longer for female and older drivers (60 years of age or older). The PRT is larger when
vehicles travel along an upgrade. Driver PRTs are typically longer if they are following a vehicle that runs
a yellow light. Driver PRTs decrease when they are followed by another vehicle. And driver PRTs increase

as the TTI at the onset of the yellow interval increases. In addition, a number of studies demonstrated
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that PRTs on high-speed intersection approaches are lower, with 85 percentile PRTs in the range of 1.1
to 1.3 s [43].
b) Deceleration Level

Driver deceleration levels play an important role in most traffic simulation software, vehicle fuel
consumption and emission models, in the design of deceleration lane lengths and in the design of
yellow-interval timings. Current traffic signal timing guidelines consider a 3.0 m/s” (10.0 ft/s°) accepted
deceleration level. A study by Parsonson and Santiago [44] reported that 3.0 m/s* (10.0 ft/s’) was a
reasonable value for the deceleration level based on a study of 54 intersection approaches in four
counties in the southeastern United States.

A study conducted by Gates et al. [29] evaluated the behavior of vehicles in the section typically
considered as the dilemma zone region upstream of signalized intersections at the start of yellow. They
found that the deceleration rates increased as the approach speed increased, decreased as the distance
from the intersection increased, and increased as the brake-response time increased. Vehicles with
higher entry or initial speeds were more likely to experience a sharp stop, applying deceleration levels
greater than 3.4 m/s*[30]. A study conducted at an intersection in Connecticut concluded that the
average maximum deceleration level of stopping vehicles traveling at 10 to 25 mi/h was 2.95 m/s” [45].
Two studies [46, 47] conducted at different intersections in metropolitan areas in Phoenix and Tucson
(AZ) concluded that the mean value of deceleration level is 3.5 m/s” at posted speed limits ranging from
30 to 50 mi/h.

Haas et al. [48] observed an average rate of deceleration about 0.1g for initial speeds between
20 and 25 mph. This value increased to an average rate of about 0.18g for initial speeds between 35 and
40 mph and this average rate of deceleration remained relatively constant at 0.18g for speeds up to 65
mph in their study at a rural stop-sign controlled intersection in southern Michigan. In addition to the
dependence of deceleration on initial speed accounted for about 18 percent of the variation, each of the
other factors (e.g., driver age, whether the trip occurred during a peak period) accounted for 5 percent
of the variation. This study concluded that driver deceleration cannot be effectively modeled by
applying average rates; instead the variability in deceleration rates is high enough that a statistical pool
of probable values should be used.

Age and gender are also factors affecting driver deceleration level. A study by Caird et al. [39]
using a moderate-fidelity driving simulator analyzed the performance of 77 participants in different age
groups. The study found that older driver deceleration levels (3.7 m/s?) were significantly lower than

younger driver deceleration levels (4.2 m/s?) when they were approaching an intersection at a speed of
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70 km/h at the onset of a yellow indication. Another study by El-Shawarby et al. [49] concluded that
younger drivers (under 40 years old) and older drivers (60 years of age or older) exhibit greater
deceleration levels when compared to drivers in the 40 to 59 age group. This study also demonstrated
that male drivers appear to show slightly higher levels of deceleration when compared to female drivers
which increased as the trigger time to the stop-line decreased. In this study, roadway grade was found
to impact deceleration levels with slightly higher rates on the downhill approach compared to uphill

approach. The effects of the time to stop line, gender, age group and grade on average deceleration

rates were illustrated in Figure 2-6.
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Figure 2-6: Mean Decelerate Rates to Onset of 4-s Yellow Interval [49]

Longer PRTs lead to higher deceleration levels. In a study by Chang [50], he recommended that
for signal change interval design, joint consideration instead of independent consideration should be
given to PRTs and deceleration rates when selecting their values and different PRTs and deceleration

rates for different approach speeds should be used rather than a single value (as used in current

practice).
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2.4 WEATHER EFFECTS

2.4.1 Weather Effects on Traffic and Drivers

Weather has effects on roadway safety, mobility and efficiency. Light rainfall or snowfall can
cause slippery pavement when water mixes with oil. In addition to reducing vehicle traction, heavy rain
or snow can reduce visibility and cause drivers to increase their headway and decrease acceleration
levels [51]. Various impacts on roadway environment and surface transportation systems during

inclement weather events are listed in Table 2-3.

Table 2-3 Impacts on Roadway Environment and Surface Transportation Systems[52]

\Aé\e;::ﬂ:r Roadway Environment Impacts Transportation System Impacts
e Reduce visibility e Reduce roadway capacity
e Reduce pavement friction e Reduce speeds and increased
. e Lane obstruction & submersion delay
Rain . - s
Show e Reduce vehicle stability and e Increase speed variability
Sleet maneuverability e Increase accident risk
Hail e Increase chemical and abrasive use e Road/bridge restrictions and
Flooding for snow and ice control closures
e Infrastructure damage e Loss of communications/power
services
¢ Increase maintenance and
operations costs

A study analyzed data from six mid-sized Canadian cities with different climates. The study
found that precipitation was associated with a 75 percent increase in traffic collisions and a 45 percent
increase in related injuries, as compared to ‘normal’ seasonal conditions [53]. The risk ratios of collision
during rainfall reported in two studies [54, 55] were 1.65 and 1.47, respectively. Precipitation (rain or
sleet) on a frozen road surface received the highest accident risk compared to other types of weather
conditions [56].

During adverse weather conditions at intersections, angle crash rates are lower than that in
clear weather conditions but rear-end crashes are more likely to happen [57]. Such observation does not
imply intersections are safer as weather conditions worsen but drivers might be more cautious [58].
Inclement weather conditions lead to more potential risk of collisions (e.g. reduce divers’ visibility and

reduce roadway surface friction).
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Smith et al. [60] summarized the significant impacts by rainfall on freeway capacity and
operating speed. They concluded that in the case of capacity, the impact of rainfall was a function of its
intensity [59]. Most research studied weather effects on arterial traffic flow and intended to assess the
guantitative effects of rain on the design capacity of freeways.

The effect of weather on traffic in different cities had been presented in earlier studies. In
Washington, D.C. [61]: Fifteen of the 33 road segments were major arterial routes covering more than
239 miles. The road and weather variables were precipitation (i.e., none, light rain/snow, heavy rain, or
heavy snow/sleet), wind speed (i.e., <30 mph or 230 mph), visibility distance (i.e., 20.25 miles or <0.25
miles), and pavement condition (i.e., dry, wet, snowy, or icy). The average increase in arterial travel time
was more than 12 percent when adverse weather occurred during a two-hour, off-peak period. In
Minneapolis/St. Paul, Minnesota [61]: A three-mile arterial segment with five coordinated, actuated
traffic signals was set as the study area. Under poor road weather conditions, the saturation flow rate
decreased by 11 percent and the start-up delay increased by 50 percent. In Burlington, Vermont[62]:
Video data was collected from 7:00 a.m. to 7:00 p.m. for three months period under various road
weather conditions in the intersection. Analysis results indicated that saturation flow rate reductions
ranged from 2 percent to 21 percent, depending on conditions. In Anchorage, Alaska [63], Bernardin
Lochmueller and Associates measured parameters for signal timing plan in summer, winter, and
extreme conditions. It concluded that signal timing parameters used in the summer were not
appropriate for winter or extreme conditions after investigation. In Salt Lake City, Utah, more than 30
hours of speed, flow rate, and start-up delay data were collected on 14 days with inclement weather.
Start-up delay increased 5 percent and 23 percent respectively on wet pavement and snowy pavement
than that on dry pavement. A traffic simulation model was developed of a nine-intersection corridor in
downtown Salt Lake City and it demonstrated that travel time would rise by 50 percent and that vehicle
stops would increase by 14 percent if normal signal timing plans were utilized in inclement conditions.

Perrin et al. [64] collected traffic flow data over a range of seven inclement weather severity
conditions at two intersections during the 1999-2000 winters in Salt Lake City. They documented
conclusions for modifying parameters in developing new inclement weather timing plans. Some of these
were: Increase amber time by 10 to 15 percent (0.5 to 1 s) depending on intersection size; Increase all
red time by 1 s to account for the slower clearing of the intersection by “sneakers” at permitted or
protected intersections (taking 0.75 s longer than during dry conditions); Increase clearance intervals

even further at intersections with high speed or steep grade approaches.
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In above studies, researchers observed that weather impacts roadway mobility by increasing
delay (i.e., variability in travel time), reducing traffic volume and speed, increasing speed variance (a
measure of travel speed uniformity), and decreasing capacity (i.e., maximum rate at which vehicles can
travel on a roadway segment). These differences were generated essentially from the changes in drivers’
behaviors and changes in pavement surface attributes under different weather conditions.

A study by Green [65] summarized how rain directly affects driver perception (seeing through
rain) and also produce visibility changes through its action on headlamps, windshields, the road itself
and road markings. The study concluded that the poor visibility caused people to concentrate their
attention directly ahead in order to see where they were going. Inclement weather conditions have
different impacts on people in different age groups. A study reported that crashes in adverse weather
(e.g. rain, sleet, snow) were less common among older drivers than either middle-aged or young drivers
[34].

Inclement weather conditions with wet pavement surface reduce the friction of pavement
surface. Study showed that interactions slippery roads with curve and grade under inclement weather
conditions significantly increased single-vehicle crash risk[66]. The dependence of the tire-road friction
coefficient on time during rain is shown in Figure 2-7 from an earlier study. It showed that there was a
significant frictions decrease on wet road surface. And roads were most slippery with the coefficient of
friction decreased most when rain began, which was caused by rain mixing with road debris, such as dirt
and oil[67]. Kulakowski conducted field tests at 64 km/h (40mph) and the results indicated that as little
as 0.05 mm (0.002 in.) of water on a pavement surface could reduce tire-pavement friction by 20 — 30
percent of the dry surface friction, and the reduction of friction would be greater with increase of speed

[68].
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Figure 2-7 The Dependence of The Tire-Road Friction Coefficient on Time During Rain[67]

Researchers encouraged drivers to adapt their driving behavior to inclement weather conditions
by reducing speeds and increasing the gap distance between vehicles but it has been shown that speed
reduction is not sufficient [67, 69, 70]. Studies have shown that drivers are not good at adjusting the
speed of their vehicle to adverse road conditions even if the hazard is clearly visible [71]. Yet there is the
need for designing transportation systems which can minimize the effects of environmental
disturbances such as rain or snow. In a study, researchers automatically lower the speed limit during
adverse road conditions and displayed signs for slippery road conditions, by which decreased mean
speeds and speed deviation [70]. But the reduction of speed is not enough for the vehicles safety at
signalized intersections. A study observed the start of dilemma zone boundaries shifts farther by
approximately 2ft and the end of dilemma zone boundaries shifts by 5ft in case of rain [72]. As some
literature recommended, it is necessary to observe and characterize the drivers’ behaviors for

implementing specific signal timing plans for the inclement weather road condition [62].

2.4.2 Weather Responsive Interval Timing

Drivers sometimes are not able to correctly estimate the changes in the deceleration capability
drops caused by the decrease of friction on the wet pavement surface under inclement weather
conditions. As the friction on the surface reduces and the traction changes, greater stopping distance is
required. So the yellow time at signalized intersections may not be sufficient to eliminate a potential

dilemma zone during inclement weather conditions. Currently very limited studies have been conducted
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directly regarding weather-responsive signal timing, especially to yellow indication durations for
inclement weather. Furthermore, these studies focused on the effects of inclement weather on typical
traffic parameters, for example, traffic saturation flow rate, capacities, speeds, etc. Few research efforts
considered driver behavior changes in different weather conditions.

Jones and Goolsby’s [60] documented the deduction of effectiveness of traffic signal timing
plans due to inclement weather events. They also mentioned that delay related to weather can be
mitigated by implementing specific signal timing plans for slick pavement conditions. Martin et al. [11]
considered two factors in the case of inclement weather conditions. The decrease in speed and the
reduction in deceleration rates, which they thought to contradict to each other in determining the
appropriate amber time, because the decrease in speed intends to reduce the necessary amber time
while the reduction in deceleration rates leads to longer amber time needed.

According to Garber and Hoel [73], it is necessary increase the yellow time by one half to a
whole second to affect the dilemma zone and may have a substantial positive effect on reducing
accidents. They recommended a one-second extension in all-red time based on their findings. The traffic
signal should respond properly to significant driver behavioral changes, as suggested by the literature, a
research focus on individual driver behavior and resulting vehicle movements under different weather
and pavement conditions should be undertaken [74].

Traffic software have been used in the literature for assessing the benefits of inclement weather
signal timing. A study performed by the consulting firm of SEH [75] for the Minnesota Department of
Transportation, the Synchro network was set up with signal timing plans for both normal and inclement
weather conditions. Synchro is a software package that is used for modeling and optimizing traffic signal
timings. A large amount of Traffic data were collected, including signal timing plans, geometrics, turning
movement counts, travel time runs, volume and occupancy, start up delay, saturation flow rate and
weather data. To reflect the inclement weather conditions, volume, speed and start-up delay were
modified in the Synchro network according to the field data. Although an optimization run on the
Synchro network found that a cycle length of 125 seconds would improve upon the MOFE'’s, it was
performed using the existing cycle, splits and offsets. The impacts of inclement weather on signal
indication lengths were not addressed.

Another study used the microscopic traffic simulation model CORSIM to illustrate a procedure
for both principal arterials and regional networks for inclement weather signal timing [76]. It provided
insight into the development and assessment of weather—specific traffic operation strategies by using

traffic simulation tools, shown as Figure 2-8. However, some parameters that were relevant to model
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weather effects were not correctly identified. For example, in this study the driver amber interval
response was considered homogeneous, which does not explicitly reflect the real world situation. These

parameters should be addressed to be integrated into simulation tools.

Weather Events: rain, snow, sleet,
ice, fog, wind, flood, etc.
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Weather Impacts: reduced pavement friction, reduced visibility,
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Figure 2-8: Linkage between Weather and Traffic Simulation Modeling [76]

2.5 SUMMARY AND CONCLUSIONS

This chapter reviewed the literature relevant to driver behavior at the onset of a yellow
indication, impacts of inclement weather on the driver behavior and traffic signal timing related to
weather condition changes. The literature presented efforts on either driver behavior at intersections,
or traffic signal timing responsive to typical traffic parameters. In large part, the previous research did
not thoroughly investigate driver behavior changes under inclement weather conditions and address the
issue of design for yellow interval duration under wet roadway surface and rainy weather conditions as
part of weather-responsive signal timing. Consequently, there is a need to study the nature of driver

behavior at the onset of a yellow indication for inclement weather conditions and enhance the design of

yellow interval durations.
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CHAPTER 3 DESIGNING YELLOW INTERVALS FOR RAINY AND WET
ROADWAY CONDITIONS

Huan Li, Hesham Rakha, and Thab El-Shawarby

3.1 ABSTRACT

The research presented in this paper quantifies and models the impact of wet pavement surface
and rainy weather conditions on driver perception-reaction times (PRTs), deceleration levels, for the
design of traffic signal change interval durations. A total of 648 stop-run records were collected as part
of the research effort for a 72 km/h (45 mi/h) approach speed where participant drivers encountered a
yellow indication initiation. The participant drivers were randomly selected in different age groups
(under 40 years old, 40 to 59 years old, and 60 years of age or older) and genders (female and male).
Using the gathered data, statistical models for driver PRT and deceleration levels were developed,
considering roadway surface and environmental parameters, driver attributes (age and gender),
roadway grade, approaching speed, and time and distance to the intersection at the onset of yellow.
Inclement weather yellow timings were then developed and summarized in lookup tables as a function
of different factors (driver age/gender, roadway grade, speed limit, precipitation level, and roadway
surface condition) to provide practical guidelines for the design of yellow signal timings in wet and rainy
weather conditions. The results indicate that wet roadway surface conditions require a 5 percent
increase in the change interval and that rainy conditions require a 10 percent or more increase in the
duration of the change interval. These recommended change durations can be integrated within the
Vehicle Infrastructure Integration (VII) initiative to provide customizable driver warnings prior to a

transition to a red indication.

3.2 INTRODUCTION

Red-light running is one of the most common causes of intersection crashes. The generally
accepted definition of the yellow change interval is to warn motorists that the related green movement
is being terminated or that a red signal indication will be exhibited immediately thereafter. Some
jurisdictions supplement the yellow interval with an all-red interval to provide additional clearance time
to clear the intersection of all vehicles that entered the intersection legally during the yellow interval.

Interval duration is a significant factor affecting the frequency of red-light running, yet there remains no
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national consensus on how the yellow and all-red intervals should be timed for safe and efficient
operations.

Studies of driver reaction times and vehicle deceleration rates used in determining appropriate
yellow and all-red change intervals were conducted more than 25 years ago, although some recent
studies have occurred in the past couple of years. Additional studies are needed to validate whether
these driver reaction times and deceleration rates are still appropriate. Additionally, research is needed
to determine if there are other factors that may be important in designing change intervals such as
driver age, speed (both posted speeds and prevailing vehicle speeds), roadway grade, vehicle types
(such as trucks), vehicle mix, road surface conditions, sight distances at the intersection (or other
geometric considerations), signal timing parameters (including whether the traffic signal is part of a
coordinated system or whether it is an isolated signal), how the turning movements are timed including
whether the left turn is permissive or protected, the placement of the advanced detectors at the
intersection, and driver age.

It is not clear at this time what impact inclement weather and roadway conditions have on
traffic signal clearance times. Consequently, the objective of this study is to characterize the impact of
roadway surface and rainy weather conditions on driver perception reaction times (PRTs) and
deceleration levels for the design of traffic signal change intervals. These changes in behavior are
integrated into the design procedures of yellow timings to reflect the current roadway surface and
weather conditions. The clearance timings are found to be significantly different and thus alternative
yellow and clearance times should be integrated within traffic signal controllers. One possibility is to
store an inclement weather traffic signal plan in controllers that can be initiated when weather
conditions warrant the implementation of this plan.

In summary, the objective of the study is to design yellow timings for wet pavement and rainy
weather conditions. In achieving this objective the impact of wet pavement surface and rainy weather
conditions on driver PRTs and driver deceleration levels is quantified and modeled. In terms of the paper
layout, the following section provides a brief background of the problem. Subsequently, the data
collection experimental design and procedures are described followed by a quantification of roadway
surface and weather conditions on driver PRT and deceleration levels. Lookup tables are then developed
for the design of yellow timings. Finally, the study conclusions and recommendations for further

research are presented.
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3.3 BACKGROUND

Vehicle crashes typically happen due to driver violations of traffic signalized intersections.
Studies have shown that drivers violate the red signal light every 20 minutes on average at each
intersection, and this violation rate is even higher during peak hours [1]. According to the Insurance
Institute for Highway Safety, 762 people were killed and about 137,000 injured in crashes that involved
red-light running in 2008 [2].

The yellow signal interval is designed to warn approaching drivers of an impending loss of right-
of-way for the traffic crossing a signalized intersection in the previous green signal indication. When a
yellow indication is triggered, the driver determines whether to stop safely or to proceed through the
intersection before the end of the yellow interval. Incorrect driver decisions may result in either a rear-
end collision if the driver decelerates at a sudden high rate, or a straight-crossing-path crash if the driver
does not have enough time to safely cross the intersection before the conflicting flow is released.

The dilemma zone problem has been examined in the literature since its initial formulation in
[3], who observed the existence of dilemma zones at approaches to signalized intersections and
developed the first dilemma zone model, as a binary decision problem to either stop or proceed when a
yellow indication is triggered. However, an analysis of the literature demonstrates a lack of consensus in
defining the dilemma zone. For example, the dilemma zone was defined “as that zone within which the
driver can neither come to a safe stop nor proceed through the intersection before the end of the
yellow phase” [4]. This definition represents the design definition of a dilemma zone. Alternatively,
others define the dilemma zone from a driver’s perspective as the zone in which between 10 to 90
percent of the drivers stop [5]. The approach of modeling this problem was summarized in [4] as
“developing dilemma zone curves of ‘percent drivers stopping’ versus ‘distance from stop bar’ at the
instant when the signal indication changes from green to yellow” and that the driver behavior at high-
speed signalized intersections when faced with a yellow indication can be viewed as a binary choice
process, in which the relevant decisions are either to stop or proceed through the intersection.

Several research efforts have attempted to find the methods to decrease the possibility of being
caught in the dilemma zone following this issue raised. Theoretically, according to [7], when a vehicle is
under the speed limit while approaching the signalized intersection, the dilemma zone can be totally
eliminated by acceleration beyond a certain critical value or following a linear functional form. However,
it is obviously inappropriate to urge drivers to accelerate blindly when they found themselves trapped in
the dilemma zone. In terms of traffic signal design, a proper clearance interval can minimize the number

of drivers caught in dilemma zones [8].
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Currently the commonly used method to compute the intervals is the Institute of Transportation
Engineers (ITE) formula [77]. Equation (3.1) is the ITE formula based on the kinematic model of vehicles’

deceleration times at intersections.

v, (W + L)
+ +
2a+2x9.81G A

Where Y is the yellow signal time (s),
t is driver PRT (s),
a is the constant deceleration rate (m/s?),

V, is the constant approach speed (m/s),

G is the roadway grade (decimal), W is the effective intersection width (m),
L is the length of the vehicle (m).

(W+L)

Vo

The term is only used when there are no all-red intervals.

The improvements of the transportation signal system provide more safety when vehicles are
crossing the intersections [9]. A study in [10] conducted at an intersection concluded that the crash rate
for the drivers group with the least adequate clearance intervals was significantly higher than that of the
drivers group with the most adequate intervals. In an urban location a study [21] was conducted
involving changes in signal timing at 10 intersections. Observations indicated that change intervals set
closer to ITE’s proposed recommended practice can reduce red-light violations. A study by Bonneson
and Zimmerman [78] found that an increase of 1.0s in yellow duration (for a maximum of 5.5s) will
decrease frequency of red-light running by at least 50 percent, while drivers’ adaption to the change
does not undo the benefit. On the other hand, long yellow timing may be treated as an extension of
green by the drivers, which may lead to the loss of yellow indication meaning [8]. Alternatively, longer
clearance intervals may incur additional vehicle delays and emissions.

Weather has effects on roadway mobility, safety, and efficiency. A study conducted under
inclement weather conditions in Salt Lake City collected more than 30 hours of speed, flow rate, and
start-up delay data in 14 days [64]. Start-up delay increased by 5 and 23 percent, respectively on wet
and snowy pavements compared to behavior on dry pavements. A traffic simulation model was
developed for a nine-intersection corridor in downtown Salt Lake City and demonstrated that travel

time would rise by 50 percent and that vehicle stops would increase by 14 percent if normal signal
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timing plans were utilized in inclement conditions. A study measured signal timing plan parameters in
summer, winter, and extreme conditions in Anchorage, Alaska [63]. It found a 20 percent reduction in
flow rates and demonstrated that signal timing parameters used in the summer were not appropriate
for winter or extreme conditions. Perrin et al. collected traffic flow data over a range of seven inclement
weather severity conditions at two intersections during the 1999-2000 winters in Salt Lake City [64].
This study documented conclusions for modifying parameters in developing new inclement weather
timing plans including: an increase in amber time by 10 to 15 percent (0.5 to 1 s) depending on the
intersection size; an increase in the all-red time by 1 s to account for the slower clearing of the
intersection by “sneakers” at permitted or protected intersections (taking 0.75 s longer than during clear
conditions); and an increase in clearance intervals even further at intersections where there is high
speed or steep grade approaches.

Several state DOT agencies (such as Maryland, Ohio, Minnesota etc.) have attempted to
implement inclement weather signal timings but few of them found recommendations for changes in
the signal timings during inclement weather [11]. A review of the literature revealed very limited
research studying the impacts of inclement weather and roadway conditions on traffic signal timings.
Consequently, it is necessary to observe and characterize driver behavior under inclement weather

conditions in order to design signal timing plans for inclement weather and road conditions.

3.4 EXPERIMENT DESIGN

In a previous study [79] conducted by the same research group, a field data collection effort was
conducted to characterize driver PRT and deceleration behavior at the onset of a yellow indication as a
function of various driver and traffic stream characteristics under clear weather conditions. The test
conditions are based on two different instructed speeds (72 km/h and 89 km/h) and three different
platoon conditions (leading, following and no other vehicles).

The field experiment described in this paper was conducted at the same location as the previous
study, namely the Virginia Department of Transportation’s (VDOT) Smart Road facility. The major
difference is that all tests were conducted under rainy weather conditions with wet pavement surfaces.
All tests were executed at an instructed speed of 45 mi/h with no leading/following vehicles. The

previous study provides comparable data for clear weather conditions for comparison purposes.
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3.4.1 Experiment Section Layout

The field experiment was designed to collect field data of driver behavior under wet pavement
surface and rainy weather conditions at the VDOT’s Smart Road. The Smart Road is a unique, state-of-
the-art, full-scale, closed test-bed research facility, located at the Virginia Tech Transportation Institute
(VTTI), owned and maintained by VDOT. The Smart Road is a 3.5 km (2.2 mi) two-lane road with one
four-way signalized intersection. The section used for the data collection includes only the section
between two turnarounds with the four-way signalized intersection as shown in Figure 3-1. The first
turnaround is a high-speed banked turnaround at one end and the second is a medium-speed speed flat
turnaround at the other end. The intersection consists of two high-speed approaches and two low-
speed approaches and is outfitted with customized controllers and vehicle presence sensors, as well as
wireless communications. The horizontal layout of the experiment section is fairly straight with some
minor horizontal curvatures which do not impact vehicles’ speed and provides good visibility of front
view. The vertical layout of the experiment section has a substantial grade of 3 percent [80]. The
participant drivers drove from the first turnaround and turned around on the second turnaround, so half

the trails were on a 3 percent upgrade and the other half were on a 3 percent downgrade.

Figure 3-1: Experiment Site: A Section on Smart Road

3.4.2 Experiment Equipment

A 1997 Ford Taurus, driven by participant drivers (accompanied by a research assistant), was
used in the experiment. It was equipped with a Differential Global Positioning System (DGPS), a real-
time data acquisition system (DAS), and a laptop with a program installed to control the different

experiment orders and trials. The DAS was capable of collecting data at 0.1-second intervals and was
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located inside the vehicle’s trunk and out of the view of the test subject. During the experiment, the
following attributes can be seen from the laptop interface: current subjects’” number and age, current
order /trail number, current signal phase (green, yellow, or red), time remaining in the signal (green,
yellow, or red) phase, current distance to the intersection stop bar (DTI), current travel time to the
intersection (TTI) based on the current vehicle speed and current distance to the intersection stop bar,
and windshield wiper speeds (6 levels from 0 to 5). All data were recorded and stored in the data
recording instrumentation installed in the test vehicle’s trunk. The data recording equipment had a
communication link to the intersection signal control box so the vehicle data and the traffic signal data
could be synchronized. Two video cameras were used, one was a digital color camera recording the
front view of the test vehicle and the other video camera was used to continuously record the
participant foot movements.

Another vehicle, a 1996 Oldsmobile Aurora, was driven by another research assistant as a
confederate vehicle to simulate the side-street traffic typical in a real-world environment. The
confederate vehicle crossed the intersection legally from the conflicting approach of the test vehicle. It
entered the roadway only when the traffic light was green and the subject vehicle was completely
stopped. Both vehicles were equipped with a communications system, to be operated by the research
assistants, between the two vehicles and the Smart Road control tower. The experiment included only
scenarios with participants driving the vehicle straight through the intersection with no turning

movements.
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Figure 3-2: DAS and Communication Instrumentations in the Subject Vehicle

3.4.3 Participants

To protect the rights of and ensure the safety of human subjects participating in the research,
approval was obtained in October, 2009 from Institutional Review Board (IRB) at Virginia Tech before
recruiting the participant drivers. The IRB approval letter and informed consent forms can be found in
supplementary documents.

Participant drivers were screened through an oral questionnaire to determine whether they
were licensed drivers and whether they had any health concerns that would exclude them from
participating in the study. Volunteers were paid $20 per hour for a 1 to 1.5 hour session. A total of 27
participant drivers were recruited in three age groups, nine of whom were under 40-years-old, ten
drivers between 40 to 59 years old, and 8 drivers were 60 years of age or older. Near equal numbers of
males and females were assigned to each group. Participant drivers were tested individually with an a
reseacher present in the vehicle at all times during the study to provide instructions, operate the

computer system, supervise the experiment, and answer any questions.

3.4.4 Procedure

Testing was conducted under rainy weather and wet pavement surface conditions. On arrival at
VTTI, each participant was asked to review and sign an informed-consent form and complete a medical
guestionaire to varify that he or she did not have any medical conditions that would impair his or her
ability to drive.

Before the first trial, the participant drivers were allowed to familiarize themselves with the

Smart Road test facility by driving several loops and passed the intersection several times. Exclusive of
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practice trials, the participant drove the entire test loop 24 times for a total of 48 trials and was
instructed to cruise at a speed of 72 km/h (45 mi/h) while approaching the signalized intersection and to
obey all traffic laws. One trial consisted of one approach to the intersection.

Among the 48 trials, there were 24 trials in which the yellow indications were triggered for 4
repetitions at 6 different distances to intersection. The yellow indications were triggered when the front
of the test vehicle was 54.3, 62.5, 70.4, 76.5, 82.6, and 92.7 m (178, 205, 231, 251, 271, and 304 ft) from
the intersection. On the remaining 24 trials the signal indications remained green. This scheme resulted
in yellow/red signals being presented on 50 percent of the 48 trials; conversely, 50 percent of the 48
trials consisted solely of green signal indications. The yellow-light duration was 4-seconds. In the trials in
which the yellow indications were triggered, outputs from the radar triggered the phase change at
different distances to intersection following a preset random order. It should be noted that the

sequence of triggers and green indications were totally random.

3.5 FIELD DATA ANALYSIS

More than 30 participant drivers participated in the experiment. Due to the unpredictability and
sudden changes in the weather conditions, some tests were canceled halfway and those recorded data
were excluded from the analysis. A total of 648 records for 27 participant drivers were available for
analysis, including 453 stopping records and 195 running records. For each trial, the real-time data were

tracked and recorded every deci-second, 250m before and after the signalized intersection.

3.5.1 Approach Speed at the Onset of Yellow

As mentioned earlier, participants were instructed to cruise at a speed of 72 km/h (45 mi/h)
while approaching the signalized intersection. However, drivers’ momentary approach speeds to the
intersection ranged from a minimum of 56.84 km/h (35.32 mi/h) to a maximum of 56.84 km/h (52.66
mi/h), with a median of 74.61 km/h (46.36 mi/h) and a mean of 74.21 km/h (46.11 mi/h). The histogram
of the approach speeds at the onset of yellow indications is presented in Figure 3-3. The histogram

demonstrates a bias towards the higher speed range.
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Figure 3-3: Histogram of Approach Speed at the Onset of Yellow

3.5.2 Probability Distribution of Stopping/Running Decision

The probabilities of stopping/running derived from the field experiment are illustrated in Figure
3-4. The average probabilities are sorted into equal sized bins with an equal number of observations in
each bin based on driver’s TTI at the onset of the yellow signal indication. The 90 percent probability of
stopping (10 percent probability for running) point occurs between 4.0 and 4.2 s from the stop line at
the onset of the yellow indication. Compared to results between 3.6 s and 3.8 s in clear weather
condition in the previous study [81], the 0.9/0.1 stopping/running probability is obviously longer in rainy
weather conditions, which indicates that the dilemma zone boundaries start at a longer distance from
the stop line in rainy weather conditions. The shift of the dilemma zone boundaries is about 0.2 s TTI,
which is 3.7m (12 ft) from stop bar, for the 72 km/h instructed speed. This trend is larger than the finds
in an earlier study [72], which demonstrated that the start of dilemma zone boundaries shifts farther by

approximately 2 ft for all speeds in case of rain.
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Figure 3-4: Probability Distribution of Stopping/Running Decision

3.5.3 Analysis of Yellow/Red Light Running Behavior

To examine drivers’ behavior after the running decision at the yellow indication, the scatter
diagram in Figure 3-5 is plotted between the vehicles’ TTls at the onset of yellow indications and their
entry times. The entry time is defined as the elapsed time between the onset of yellow indication and
the instant the vehicle traverses the stop line. TTl is computed as the vehicle’s instantaneous DTI divided
by the instantaneous speed at the onset of yellow. If the driver accelerates to ensure crossing the
intersection without encountering a red, the entry time would be shorter than the TTIl. On the contrary,
if the driver slows down, the entry time would be longer than the TTI. In Figure 3-5, the scattered points
follow a trend line with a slope of 1.0 and the intercept of 0.0. The trend line demonstrates that most
drivers neither accelerate nor decelerate while running at the onset of a yellow indication. It can also be
inferred that even for the red light signal violations, most drivers do not intentionally violate the red but
fail to make the correct decision. This phenomenon is consistent in both rainy and clear weather

conditions.
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Figure 3-5: Relation between Entry Time and TTI at Yellow Onset

3.5.4 Analysis of Yellow/Red Light Stopping Behavior

PRT is defined as the time between the onset of yellow indication and the instant the driver
starts pressing the brake pedal. It includes the mental processing time (perception time) and the
movement time (reaction time). Although there are 453 stopping records, 51 of the records show that
the driver had already released the accelerator before the onset of the yellow indication. These records
are not counted as valid PRT since they do not include the reaction time (the foot movement time from
the accelerator to the brake pedal). A total of 402 valid PRTs were available from the data records.
Figure 3-6 shows that the PRTs ranging between a minimum of 0.40s to a maximum of 1.80s, with a

median of 0.80s and a mean of 0.85s.
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Figure 3-6: Histogram of Driver Perception-Reaction Times

Compared with the 337 PRT records from the previous study under clear weather conditions
which have a median of 0.72s and a mean of 0.74s, the apparent increase in PRTs indicates that driver
PRTs in rainy weather conditions tend to be longer. Possible explanations for the above phenomenon
are: (1) invisibility of the signal lights with raindrops on the front window and mist in the air or (2) longer
decision-making time because of the increased complexity in making a decision. The comparison of
empirical cumulative distribution functions (CDF) of PRTs between clear and rainy weather conditions
are plotted in Figure 3-7. The Kolmogorov-Smirnov test (KS-test) is conducted in MATLAB to compare
the two datasets (dry and wet) of driver PRT shown in Figure 3-7. The P-value <0.0001 (4.0e™) and the
maximum difference between the two curves equals to 0.5189. The result of the KS-test indicates

significant differences in of driver PRTs between clear and rainy weather conditions.
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Figure 3-7: CDF of Driver Perception-Reaction Times

As described earlier, the instantaneous speeds were recorded every deci-second as well as
drivers’ foot movements and brake pedal positions. The average deceleration level is computed as,
VoV

e t0 _tl

d (3.2)

where V; is the vehicle speed when the driver pressed the brake pedal after the onset of a
yellow indication,
v, is the final vehicle speed of the stopping action (when the speed is less than 1 m/s),
t, is the instant in time when the driver pressed the brake pedal after the onset of the
yellow indication
t, is the instant in time when the final speed turned was achieved.

A total of 402 valid observations were available to compute the deceleration levels in wet
weather conditions. The deceleration levels range from a minimum of 1.43 m/s® to a maximum of 6.41
m/s’, with a median of 3.30 m/s’> and a mean of 3.44 m/s’. Under clear weather condition, the

deceleration levels range from 2.31 m/s” to 7.31 m/s” (24 ft/s’) with a median of 3.55 m/s* and a mean
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of 3.70 m/s® [79]. The mean deceleration of wet and rainy weather conditions decreases about 8
percent compared to the clear weather condition. In an earlier study by Kulakowsli, results indicated
that as little as 0.05 mm (0.002 in.) of water on a pavement surface could reduce tire-pavement friction
by 20 — 30 percent of the dry surface friction at 64 km/h (40mph) [68]. The reduction of friction would
be greater with increase of speed, and varies by pavement surface material and tire types. Compared to
these findings, the 8 percent reduction in deceleration levels implies a more aggressive decelerate
behavior of drivers (e.g. press the brake pedal harder) under rainy weather conditions, and this behavior
change does not eliminate the effects of friction reduction on wet pavement surface. Figure 3-8
presents the distribution of deceleration levels in wet weather conditions. The KS-test is conducted in
MATLAB to compare the two datasets (dry and wet) of deceleration levels shown in Figure 3-9. The KS-
test result indicates the significant decrease of deceleration levels between clear and rainy weather
conditions, with P-value equals to 0.00001, and the maximum difference between two curves equals to

0.1792.
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Figure 3-8: Histogram of Drivers’ Deceleration Levels
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3.6 YELLOW TIMING MODELING IN RAINY WEATHER CONDITIONS

According to the ITE formula, the yellow interval duration is computed as,

Vo

N (3.3)
2a+2x9.81G

y=t
where Y is the yellow interval duration (s),
tis driver PRT (s),
ais the constant deceleration level (m/s?),
V,is the constant approach speed (m/s),
G is the roadway grade (decimal).
The modeling of driver PRTs and the deceleration levels when they encounter a yellow
indication for both clear and rainy weather conditions are developed using the available data from both

the previous and the current field tests.
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3.6.1 Modeling of Driver PRT

In addition to the contributory factors of the PRT including driver physical characteristics
(gender and age), pavement features (grade), and vehicle physical states (TTI, speed), a term of rainfall
precipitation level P is added to examine the effect of rain on the PRT. The binary variable P is set equal
to zero when the weather is clear, equal to 1 when the pavement surface is wet but the rainfall is very
light, and equal to 2 when the rainfall is significant. Considering the possible interactive effects between
the factors, cross terms are also included. The statistical method of stepwise regression modeling was
used using the JMP 8 software to fit a model to the data. Setting the confidence level as 95 percent, the
final significant variables and their cross terms are shown Equation (3.4).

t=b, +bg+ba+bG +b4m+bsvl+b6p+b7g T 4bG b prem (34

f f f f

Where 1 is the perception-reaction time (s),

b, s are coefficients,

g is the driver gender (0 male and 1 female),

a is the driver age (years),

G is the roadway grade (percent/100),

TTI is the time-to-intersection at the onset of the yellow indication (s),

Yy is the yellow interval duration (s),

Vis the approaching speed,

V; is the instructed speed (km/h),

p is the precipitation level (0: clear, 1: wet surface/ very light rain, 2: rainy),
err,is the term of random error.

The calibrated coefficients and corresponding p-values are summarized in Table 3-1. Results of
small p-values suggest a high statistical significance of each variable. The statistic modeling result
indicates that the PRT has explanatory relationships with the gender, age, grade, TTI, speed,

precipitation and the cross-product of gender and speed, grade and speed, speed and precipitation.
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Table 3-1: Coefficients and P-values for Statistical Modeling of PRT

Coefficients Coefficients Value P - Value
bo Intercept 1.4995 <0.0001
b, Gender -0.8400 0.0072
b, Age 0.0008 0.0232
bs Grade -11.5464 0.0330
b, TTI 0.2728 <0.0001
bs Speed -1.0422 0.0001
b Precipitation -0.4367 0.0062
b, GenderXxSpeed 0.8450 0.0057
bsg GradeXSpeed 12.5101 0.0178
b PrecipitationXSpeed 0.4779 0.0022

The histograms of calibrated PRTs and the residuals of the PRT model are illustrated in Figure

3-10.. It follows the normal distribution and all residuals are within [-1, 1], which implies no outliers of

the data are used in the modeling. The adjusted R? is 0.22.

The final form of the PRT model is shown in Equation (3.5)

t =1.4995-0.84009 +0.0008a —11.5464G +0.2728 — —

10.8450g -~ +12.5101G — +0.4779 - p +err,
Y

f

v, v,

Where 1 is the perception-reaction time (s),

g is the driver gender (0 male and 1 female),

a is the driver age (years),

G is the roadway grade (percent/100),

TTI
y Vi

TTI is the time-to-intersection at the onset of the yellow indication (s),

Yy is the yellow interval duration (s),

Vis the approaching speed,

V; is the instructed speed (km/h),

p is the precipitation level (0: clear, 1: wet surface/ very light rain, 2: rainy),

err,is the term of random error.
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Figure 3-10: Histogram of Calibrated PRTs (a) and the PRT Model Residuals (b)
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3.6.2 Modeling of Driver Deceleration Behavior

A previous study [50] suggested that for signal change interval design, joint consideration
instead of independent consideration should be given to PRTs and deceleration levels when selecting
their values. In addition, the study suggested that different PRTs and deceleration levels should be
considered for different approach speeds rather than a single value (as used in the current practice).
Consequently, the PRT is added as an explanatory variable in addition to the driver gender and age, the
pavement grade, the vehicle TTl and speed, and the precipitation flag.

By applying the stepwise regression function in JMP 8 to fit a model to the data, the significant

variables at the confidence level of 95 percent are shown in Equation (3.6).

2
i+b6p+b7t+b8[mj +bgga+b10m p+err,
y y

f

d=Db,+bg +b2a+baG+b4m+b5
y

(3.6)
Where 1 is the perception-reaction time (s),
b, s are coefficients,
g is the driver gender (0 male and 1 female),
a is the driver age (years),
G is the roadway grade (percent/100),
TTl is the time-to-intersection at the onset of the yellow indication (s),
Yy is the yellow interval duration (s),
Vis the approaching speed,

V; is the instructed speed (km/h),
p is the precipitation level (O: clear, 1: wet surface/ very light rain, 2: rainy),
err, is the term of random error.

The calibrated coefficients and corresponding p-values are summarized in Table 3-2. The
coefficients with the small p-values are statistically significant variables. The results of the statistic
modeling indicate that there are explanatory relationships between deceleration levels and gender, age,
grade, TTI, speed, precipitation, PRT, TTI?, and the cross-product of gender and age, TTl and
precipitation. The adjust R® is 0.88, which is a good indication of the model. The calibrated deceleration

levels and their residuals of the model are illustrated in Figure 3-11
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Table 3-2: Coefficients and P-values for Statistical Modeling of Deceleration level

Coefficients Coefficients Value P - Value
b, Intercept 10.6577 <0.0001
b, Gender -0.2782 <0.0001
b, Age -0.0079 <0.0001
bs Grade -2.0816 <0.0001
b, TTI -20.0664 <0.0001
bs Speed 3.6821 <0.0001
be Precipitation 0.2136 0.0118
b, PRT 1.4376 <0.0001
b  TTP 8.0828 <0.0001
bg GradeXxAge 0.0046 0.0002
bio TTIXPrecipitation -0.2934 0.0015

The final form of deceleration level model is shown as Equation (3.7),

TTI

d =10.6577-0.2782g —0.0079a — 2.0816G —20.0664 — + 3.6821

+0.2136p +1.4376t + 8.0828(

TTI

Where 1 is the perception-reaction time (s),

g is the driver gender (0 male and 1 female),

a is the driver age (years),

G is the roadway grade (percent/100),

TTl is the time-to-intersection at the onset of the yellow indication (s),

Yy is the yellow interval duration (s),

Vis the approaching speed,

V; is the instructed speed (km/h),

p is the precipitation level (0: clear, 1: wet surface/ very light rain, 2: rainy),

err, is the term of random error.
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Figure 3-11: Histogram of Calibrated Decelerations (a) and the Deceleration Model Residuals (b)

3.6.3 Yellow Timing Modeling

The variables used in the ITE procedures for computing yellow interval duration include the
driver PRT and deceleration levels. With these dependent variables, the yellow interval timing can be

adjusted to model various combinations of driver gender and age groups, roadway grade, time to the
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intersection at the onset of yellow indication, approach speed and speed limit. The method of Monte
Carlo Simulation is used to generate random combinations of independent and dependent variables and
compute the corresponding yellow timing using Equation (3.3). The yellow timing thus becomes a
stochastic variable and can then be used to compute the yellow timing for a desired level of reliability.
The individual variables are randomly selected and a sample of 100,000 drivers is simulated in
MATLAB. The discrete uniform random number generator is used for drivers’ age (from 20 to 79 years
old), drivers’ gender (as 0-1 distribution), roadway grade (from -4% to 4%) and precipitation levels (0:
clear, 1: wet pavement surface/very light rain, 2: rainy). The continuous uniform random number
generator is used for TTIs at the onset of the yellow indication (slightly larger than the dilemma zone
boundaries under specific weather conditions at the instructed speed). The empirical distribution is used
in the Monte Carlo Simulation process to generate the approach speed. The distribution of each

simulation parameter is shown in Figure 3-12.
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Figure 3-12: Distribution of Parameters in Yellow Timing Simulation

Results from the Monte Carlo Simulation demonstrate that during rainy weather conditions, the

yellow intervals should be longer than those in clear weather conditions. The distribution of yellow
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interval durations for different speed limits (35, 45, and 55 mi/h) and roadway grades (-4%, 0, and 4%)

are shown in Figure 3-13. According to the Kolmogorov-Smirnov KS-test, the difference of yellow timing

distributions for the three weather conditions is highly significant (p-value <0.0001). Higher yellow

duration time is needed for higher speed limits and lower roadway grades. Furthermore ,as the

precipitation level increases the necessary yellow duration also increases.
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Figure 3-13: Distribution of Yellow Interval Duration for Different Weather Conditions

3.7 LOOK-UP TABLES FOR YELLOW CLEARANCE INTERVALS

Look-up tables are generated, to compute the yellow time duration, using the Monte Carlo

simulation results. As an example, the look-up tables combined three speed limits (35, 45, and 55 mi/h),
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nine roadway grades (ranging from -4 to 4 percent), three weather conditions (clear, wet pavement
surface/ very light rain, rainy) and 12 reliability levels (ranging from 50 to 99.9 percent).

For the three precipitation levels used in the study, the required increase in yellow interval
timing from clear conditions to wet roadway surface conditions is between 4 to 7 percent and the
required increase for rainy conditions is about 9 to 15 percent at different reliability levels ranging from
50 to 99.9 percent.

The absolute changes and increase in percentage at 85 percent reliability of yellow interval
duration for different roadway grades and weather conditions are illustrated in Figure 3-14 and Figure
3-15, separately. It demonstrated that with a higher precipitation level, the longer yellow interval
duration is needed. From clear weather to very light rain weather condition, the required yellow timing
at 85 percent reliability increases around 5 percent. When the weather turns to be rainy, another 5 to 7
percent increase is necessary. Figure 3-15 also shows that the percentage increase of yellow interval

durations decrease as roadway grades increase.
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Figure 3-14: Absolute Increase of Yellow Timing in Wet Conditions (s) (85% Reliability)

Figure 3-16 illustrates the required yellow timing for three age groups and two genders at an
85% reliability level with 0% roadway grade. For the young age group, female drivers need longer yellow
interval durations compared to male drivers. With increase of age, male drivers need a larger increase of

yellow interval duration. Longer yellow interval duration is required for older male drivers compared to
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females for both clear and wet/rainy weather conditions. Meanwhile, the impact of wet/rainy weather

conditions on the percentage increase in yellow duration does not vary significantly among different

gender and age groups, as shown in Figure 3-17.

Higher reliability levels require longer yellow interval durations, which provide more safety to

the drivers with reducing the probability of being exposed to the dilemma zone. But shorter yellow

intervals could be more economic, time saving and environmentally friendly. To get a better trade-off

between these two considerations, look-up tables are generated, as shown in Appendix A, for several

percentile values of yellow timing that provide people different reliability levels for sufficient duration of

yellow intervals. Table 3-3 presents yellow Intervals for all drivers at 45 mph Instructed Speed as an

example of look-up tables.
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Figure 3-15: Percentage Increase of Yellow Timing in Wet Conditions (85% Reliability)
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Figure 3-17: Percentage Increase of Yellow Timing for Gender/Age Groups (85% Reliability)
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Table 3-3 Yellow Intervals for All Drivers at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.2 34 3.6 31 33 35 31 33 34
60% 35 3.7 3.9 34 3.6 3.8 3.3 35 3.7
70% 3.8 4.0 4.2 3.7 3.9 41 3.6 3.8 41
80% 41 4.3 4.6 4.0 4.2 45 3.9 41 44
85% 4.2 45 4.8 41 44 4.6 41 43 45
90% 4.4 47 49 43 45 4.8 42 4.4 4.7
95% 4.6 438 5.1 45 4.7 5.0 43 4.6 4.8
96% 4.6 49 5.1 45 4.7 5.0 4.4 4.6 4.9
97% 47 49 5.2 45 4.8 5.0 4.4 4.6 4.9
98% 4.7 5.0 5.3 4.6 4.8 51 45 47 5.0
99% 4.8 5.0 54 4.6 49 5.2 45 4.8 5.0
99.9% 49 5.2 5.6 4.8 51 5.4 4.7 49 5.3
Grade -1% 0% 1%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.2 34 3.0 3.2 34 3.0 31 33
60% 33 35 3.7 3.2 34 3.6 3.2 34 3.6
70% 3.6 3.8 4.0 35 37 39 35 3.6 3.8
80% 3.8 41 4.3 3.8 4.0 4.2 3.7 3.9 41
85% 4.0 4.2 44 3.9 41 4.3 3.8 4.0 42
90% 41 4.3 45 4.0 4.2 44 3.9 41 43
95% 4.2 45 4.7 41 4.3 4.6 41 43 45
96% 4.3 45 4.7 4.2 44 4.6 41 43 45
97% 4.3 45 4.8 4.2 44 4.6 41 43 45
98% 4.3 4.6 4.8 4.2 45 4.7 41 44 46
99% 44 4.6 49 4.3 45 4.8 4.2 44 4.6
99.9% 45 4.8 5.1 44 4.7 5.0 4.3 45 4.8
Grade 2% 3% 4%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 29 31 33 29 31 3.2 29 3.0 3.2
60% 3.2 33 35 31 33 35 31 3.2 34
70% 34 3.6 38 33 35 3.7 33 35 3.6
80% 3.6 3.8 4.0 3.6 37 39 35 3.7 3.9
85% 3.7 3.9 41 3.7 39 4.0 3.6 3.8 4.0
90% 39 4.0 4.2 3.8 4.0 4.2 3.7 3.9 41
95% 4.0 4.2 44 3.9 41 4.3 3.8 4.0 4.2
96% 4.0 4.2 4.4 3.9 41 4.3 3.8 4.0 42
97% 4.0 4.2 4.4 3.9 41 4.3 3.9 4.0 42
98% 41 4.3 45 4.0 4.2 44 3.9 41 43
99% 41 4.3 45 4.0 4.2 44 3.9 41 43
99.9% 4.2 44 47 41 4.3 4.6 4.0 4.2 45
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3.8 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

The study presented an in-depth study on the design of yellow intervals for wet roadway surface
and rainy weather conditions. A controlled experiment was designed and conducted to gather field data
on driving behavior on a wet pavement surface and during rainy conditions. The data analysis
demonstrated that significant changes in driver behavior are observed as a result of changes in the
roadway surface and weather conditions, which have significant impacts on the design of yellow interval
timings. Compared to the clear weather conditions, the changes can be summarized as follows:

e Driver dilemma zone boundaries start farther from the stop line about 0.2 second TTI,
which is approximately 12 ft for a 72km/h (45 mi/h) appraching speed.

e Driver PRTs increase in wet roadway surface and rainy weather conditions. The mean
PRT increased by 0.11s (15 percent).

e Driver deceleration levels decrease in wet roadway surface and rainy weather
conditions. Specifically, the average deceleration level decreased by 0.30 m/s’ (8%).

The modeling of the PRT and deceleration levels for different weather conditions was
presented. As anticipated, the precipitation level variable has a significant p-value in the regression
models which demonstrate the significant effects of rain on both on the driver PRT and deceleration
levels. Besides, interaction terms are introduced into the modeling to better interpret the interaction
relationship between these two variables.

A model of yellow interval timing design for different weather conditions was developed in the
study. Using the stochastic model look-up tables yellow timing guidelines were generated. The results
demonstrated that for higher precipitation levels, longer yellow interval durations are required. For the
three precipitation levels used in the study, the required increase in yellow interval timing from clear
conditions to wet roadway surface conditions is between 4 to 7 percent and the required increase for
rainy conditions is about 9 to 15 percent. Higher speed limits and lower roadway grades require longer
yellow duration time and the increase in percent of yellow interval durations decrease as roadway
grades increase. Precipitation levels do not impact the percentage increase of yellow timing in different
genders and different age groups under a same weather condition. The differences of yellow interval
timing between different weather conditions indicates the importance of implementation of specialized
clearance intervals for inclement weather to reduce red light running, rear-end collision and right-side-
swipe crashes. Consequently, the change of yellow interval durations for different weather conditions

can be integrated within the VII. Combined with the impacts of driver gender, driver age, roadway
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grade, approach speed and TTI, it is possible to provide customizable driver warnings prior to a
transition to a red indication (e.g. Customized in-vehicle warnings to drivers).

As was mentioned earlier, the focus of the study was to design yellow intervals for passenger
cars on wet roadway and rainy weather conditions. It is anticipated that more severe inclement weather
conditions (such as snow, freezing rain, ice and fog) would result in further impacts on driving behavior:
reduced visibility, reduced vehicle traction, increased stopping distances and uncertainty over how other
motorists will behave. It is recommended that future field testing to study the impact of severe roadway
conditions, adverse weather conditions, surrounding traffic, and heavy duty vehicles on the design on

intersection clearance times.
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CHAPTER 4 CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
RESEARCH

4.1 CONCLUSIONS

The study presented an in-depth study on the design of yellow intervals for wet roadway surface
and rainy weather conditions. A controlled experiment was designed and conducted to gather field data
on driving behavior on a wet pavement surface and during rainy conditions. The data analysis
demonstrated that significant changes in driver behavior are observed as a result of changes in the
roadway surface and weather conditions, which have significant impacts on the design of yellow interval
timings. Compared to the clear weather conditions, the changes can be summarized as follows:

e Driver dilemma zone boundaries start farther from the stop line about 0.2 second TTI,
which is approximately 12 ft for a 72km/h (45 mi/h) appraching speed.

e Driver PRTs increase in wet roadway surface and rainy weather conditions. The mean
PRT increased by 0.11s (15 percent).

e Driver deceleration levels decrease in wet roadway surface and rainy weather
conditions. Specifically, the average deceleration level decreased by 0.30 m/s’ (8%).

The modeling of the PRT and deceleration levels for different weather conditions was
presented. As anticipated, the precipitation level variable has a significant p-value in the regression
models which demonstrate the significant effects of rain on both on the driver PRT and deceleration
levels. Besides, interaction terms are introduced into the modeling to better interpret the interaction
relationship between these two variables.

A model of yellow interval timing design for different weather conditions was developed in the
study. Using the stochastic model look-up tables yellow timing guidelines were generated. The results
demonstrated that for higher precipitation levels, longer yellow interval durations are required. For the
three precipitation levels used in the study, the required increase in yellow interval timing from clear
conditions to wet roadway surface conditions is between 4 to 7 percent and the required increase for
rainy conditions is about 9 to 15 percent. Higher speed limits and lower roadway grades require longer
yellow duration time and the increase in percent of yellow interval durations decrease as roadway
grades increase. Precipitation levels do not impact the percentage increase of yellow timing in different
genders and different age groups under a same weather condition. The differences of yellow interval
timing between different weather conditions indicates the importance of implementation of specialized

clearance intervals for inclement weather to reduce red light running, rear-end collision and right-side-
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swipe crashes. Consequently, the change of yellow interval durations for different weather conditions
can be integrated within the VII. Combined with the impacts of driver gender, driver age, roadway
grade, approach speed and TTI, it is possible to provide customizable driver warnings prior to a

transition to a red indication (e.g. Customized in-vehicle warnings to drivers).

4.2 RECOMMENDATIONS

In order to expand the research work presented in this thesis, there are remaining issues to be
addressed in the future.

e Examine the impact of more severe inclement weather conditions (such as snow, freezing
rain, ice and fog) on driver behavior at the onset of a yellow indication,

e Investigate and model driver behavior in inclement weather with surrounding traffic (such
as leading/following/side vehicles),

e Study the impact of weather and roadway conditions on heavy duty vehicles,

e Study driver response to changes in change interval design procedures, and

e Integrate the change of yellow interval durations for different weather conditions within a
VIl framework and develop customizable driver warnings prior to a transition to a red

indication.
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Table A-1 Yellow Intervals for All Drivers at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.8 3.0 2.6 2.8 3.0 2.6 2.7 2.9
60% 29 3.1 3.4 2.9 3.1 3.3 2.8 3.0 3.2
70% 3.2 3.4 3.7 3.2 3.4 3.6 3.1 33 3.5
80% 3.5 3.7 4.0 3.4 3.7 3.9 3.4 3.6 3.8
85% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
90% 3.8 4.0 4.3 3.7 3.9 4.1 3.6 3.8 4.0
95% 3.9 4.2 4.4 3.8 4.0 43 3.7 3.9 4.2
96% 4.0 4.2 4.4 3.9 41 43 3.8 4.0 4.2
97% 4.0 4.2 4.5 3.9 4.1 4.3 3.8 4.0 4.2
98% 4.0 4.3 4.5 3.9 4.2 4.4 3.8 4.0 4.3
99% 4.1 4.3 4.6 4.0 4.2 4.5 3.9 4.1 4.3
99.9% 4.2 4.5 4.8 4.1 4.4 4.7 4.0 4.2 4.5
Grade -1% 0% 1%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.9 2.5 2.7 2.9 2.5 2.7 2.8
60% 2.8 3.0 3.2 2.8 2.9 3.1 2.7 2.9 3.1
70% 3.0 3.2 34 3.0 3.2 3.4 3.0 31 33
80% 3.3 3.5 3.7 3.2 34 3.6 3.2 34 3.6
85% 3.4 3.6 3.8 3.3 3.5 3.7 33 35 3.7
90% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.6 3.8
95% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.9
96% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
97% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
98% 3.7 3.9 4.2 3.6 3.8 4.0 3.6 3.7 3.9
99% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
99.9% 3.9 4.1 4.4 3.8 4.0 4.3 3.7 3.9 4.2
Grade 2% 3% 4%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.6 2.8 2.4 2.6 2.8 2.4 2.6 2.7
60% 2.7 2.9 3.0 2.7 2.8 3.0 2.6 2.8 3.0
70% 2.9 3.1 3.3 2.9 3.0 3.2 2.8 3.0 3.2
80% 3.1 3.3 35 3.1 3.2 3.4 3.0 3.2 3.4
85% 3.2 3.4 3.6 3.2 33 3.5 3.1 33 3.4
90% 33 3.5 3.7 33 3.4 3.6 3.2 34 3.5
95% 3.4 3.6 3.8 33 35 3.7 33 34 3.6
96% 3.4 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
97% 3.5 3.6 3.8 3.4 3.6 3.7 3.3 3.5 3.7
98% 3.5 3.7 3.8 3.4 3.6 3.8 3.4 3.5 3.7
99% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.7
99.9% 3.6 3.8 4.1 3.5 3.7 4.0 35 3.7 3.9
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Table A-2: Yellow Intervals for All Drivers at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.2 3.4 3.6 3.1 3.3 3.5 3.1 33 3.4
60% 3.5 3.7 3.9 3.4 3.6 3.8 3.3 3.5 3.7
70% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.1
80% 4.1 4.3 4.6 4.0 4.2 4.5 3.9 4.1 4.4
85% 4.2 4.5 4.8 4.1 4.4 4.6 4.1 4.3 4.5
90% 4.4 4.7 4.9 4.3 4.5 4.8 4.2 4.4 4.7
95% 4.6 4.8 5.1 4.5 4.7 5.0 4.3 4.6 4.8
96% 4.6 4.9 5.1 4.5 4.7 5.0 4.4 4.6 4.9
97% 4.7 4.9 5.2 4.5 4.8 5.0 4.4 4.6 4.9
98% 4.7 5.0 53 4.6 4.8 5.1 4.5 4.7 5.0
99% 4.8 5.0 5.4 4.6 4.9 5.2 4.5 4.8 5.0
99.9% 4.9 5.2 5.6 4.8 5.1 5.4 4.7 4.9 5.3
Grade -1% 0% 1%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.2 3.4 3.0 3.2 3.4 3.0 3.1 3.3
60% 3.3 3.5 3.7 3.2 3.4 3.6 3.2 3.4 3.6
70% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
80% 3.8 4.1 4.3 3.8 4.0 4.2 3.7 3.9 4.1
85% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
90% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
95% 4.2 4.5 4.7 4.1 4.3 4.6 4.1 4.3 4.5
96% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
97% 4.3 4.5 4.8 4.2 4.4 4.6 4.1 4.3 4.5
98% 4.3 4.6 4.8 4.2 4.5 4.7 4.1 4.4 4.6
99% 4.4 4.6 4.9 4.3 4.5 4.8 4.2 4.4 4.6
99.9% 4.5 4.8 5.1 4.4 4.7 5.0 4.3 4.5 4.8
Grade 2% 3% 4%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.9 3.1 33 2.9 3.1 3.2 2.9 3.0 3.2
60% 3.2 3.3 3.5 3.1 3.3 3.5 3.1 3.2 3.4
70% 3.4 3.6 3.8 3.3 3.5 3.7 3.3 35 3.6
80% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.9
85% 3.7 3.9 4.1 3.7 3.9 4.0 3.6 3.8 4.0
90% 3.9 4.0 4.2 3.8 4.0 4.2 3.7 3.9 4.1
95% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
96% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
97% 4.0 4.2 4.4 3.9 4.1 4.3 3.9 4.0 4.2
98% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
99% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
99.9% 4.2 4.4 4.7 4.1 4.3 4.6 4.0 4.2 4.5
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Table A-3: Yellow Intervals for All Drivers at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.8 3.9
60% 4.0 4.2 4.4 3.9 4.1 4.3 3.9 4.0 4.2
70% 4.3 45 4.8 4.2 4.4 4.7 41 4.4 4.6
80% 4.6 4.9 5.1 4.5 4.8 5.0 4.4 4.7 49
85% 4.8 5.1 5.3 4.7 4.9 5.2 4.6 4.8 5.1
90% 5.0 5.2 5.5 4.9 5.1 5.3 4.7 5.0 5.2
95% 5.2 5.4 5.7 5.0 5.3 5.5 4.9 5.1 5.4
96% 5.2 5.5 5.8 5.1 5.3 5.6 4.9 5.2 5.4
97% 5.3 5.5 5.8 5.1 5.4 5.6 5.0 5.2 5.5
98% 5.3 5.6 5.9 5.2 5.4 5.7 5.0 5.3 5.5
99% 5.4 5.7 6.0 5.2 5.5 5.8 5.1 5.3 5.6
99.9% 5.6 5.9 6.2 5.4 5.7 6.0 53 5.5 5.9
Grade -1% 0% 1%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.8
60% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.8 4.0
70% 4.1 43 45 4.0 4.2 4.4 3.9 41 43
80% 4.4 4.6 4.8 43 4.5 4.7 4.2 4.4 4.6
85% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
90% 4.6 49 5.1 45 4.7 5.0 4.4 46 4.9
95% 4.8 5.0 5.2 4.7 4.9 5.1 4.6 4.8 5.0
96% 4.8 5.0 5.3 4.7 4.9 5.2 4.6 4.8 5.0
97% 4.9 5.1 53 4.8 5.0 5.2 4.6 4.9 5.1
98% 4.9 5.1 5.4 4.8 5.0 5.3 4.7 4.9 5.1
99% 5.0 5.2 5.5 4.9 5.1 5.3 4.7 5.0 5.2
99.9% 5.1 5.4 5.7 5.0 5.2 5.5 4.9 5.1 5.4
Grade 2% 3% 4%
Very Very Very
Reliability Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 34 3.6 3.7 34 3.5 3.7 3.3 3.5 3.6
60% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.9
70% 3.9 4.0 4.2 3.8 4.0 4.2 3.8 3.9 4.1
80% 4.1 4.3 4.5 4.0 4.2 4.4 4.0 4.1 4.3
85% 4.2 4.4 4.6 4.2 43 45 4.1 43 4.5
90% 4.4 4.5 4.8 4.3 4.5 4.7 4.2 4.4 4.6
95% 4.5 4.7 4.9 4.4 4.6 4.8 43 4.5 4.7
96% 45 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
97% 4.5 4.7 5.0 4.5 4.7 49 4.4 4.6 4.8
98% 4.6 4.8 5.0 45 4.7 4.9 4.4 4.6 4.8
99% 4.6 4.8 5.1 4.5 4.7 5.0 4.5 4.6 4.9
99.9% 4.8 5.0 5.3 4.7 4.9 5.1 4.6 4.8 5.0
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Table A-4 Yellow Intervals for Young Female Drivers at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.8 3.0 2.6 2.8 3.0 2.6 2.7 2.9
60% 2.9 3.1 3.3 2.9 3.1 3.3 2.8 3.0 3.2
70% 3.2 3.4 3.6 3.1 3.3 3.6 3.1 3.3 3.5
80% 3.5 3.7 4.0 3.4 3.6 3.9 3.3 3.5 3.8
85% 3.6 3.9 4.1 3.5 3.8 4.0 3.5 3.7 3.9
90% 3.7 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
95% 3.9 4.1 43 3.8 4.0 42 3.7 3.9 4.1
96% 3.9 4.1 43 3.8 4.0 42 3.7 3.9 4.1
97% 3.9 4.1 4.4 3.8 4.0 42 3.7 3.9 4.1
98% 3.9 4.2 4.4 3.8 4.0 4.3 3.7 3.9 4.2
99% 4.0 4.2 4.5 3.9 4.1 4.3 3.8 4.0 4.2
99.9% 4.0 4.4 4.8 3.9 4.2 4.6 3.8 4.1 4.5
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.9 2.5 2.7 2.8 2.5 2.6 2.8
60% 2.8 3.0 3.2 2.7 2.9 3.1 2.7 2.9 3.0
70% 3.0 3.2 34 3.0 3.2 3.4 2.9 3.1 33
80% 3.3 3.5 3.7 3.2 34 3.6 3.2 33 3.5
85% 34 3.6 3.8 3.3 3.5 3.7 33 3.4 3.6
90% 35 3.7 3.9 3.4 3.6 3.8 33 3.5 3.7
95% 3.6 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
96% 3.6 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
97% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
98% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.8
99% 3.7 3.9 4.1 3.6 3.8 4.0 35 3.7 3.9
99.9% 3.7 4.0 4.4 3.6 3.9 4.2 3.6 3.8 4.1
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.4 2.6 2.8 2.4 2.6 2.7 2.4 26 2.7
60% 2.7 2.8 3.0 2.6 2.8 3.0 2.6 2.8 2.9
70% 2.9 3.1 3.2 2.8 3.0 3.2 2.8 3.0 3.1
80% 31 3.3 35 3.0 3.2 3.4 3.0 3.2 33
85% 3.2 3.4 3.6 3.1 33 3.5 3.1 33 3.4
90% 33 3.5 3.6 3.2 3.4 3.6 3.2 33 3.5
95% 34 3.5 3.7 33 35 3.6 3.2 3.4 3.6
96% 34 3.5 3.7 3.3 3.5 3.6 3.3 3.4 3.6
97% 34 3.6 3.7 3.3 3.5 3.7 3.3 3.4 3.6
98% 34 3.6 3.8 3.3 3.5 3.7 3.3 3.4 3.6
99% 34 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
99.9% 35 3.7 4.0 3.4 3.7 3.9 34 3.5 3.8
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Table A-5 Yellow Intervals for Young Female Drivers at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.3 3.5 3.1 3.3 3.5 3.1 3.2 3.4
60% 34 3.6 3.9 3.4 3.6 3.8 3.3 3.5 3.7
70% 3.7 4.0 4.2 3.7 3.9 41 3.6 3.8 4.0
80% 4.1 43 45 4.0 4.2 4.4 3.9 4.1 43
85% 4.2 4.4 4.7 4.1 4.3 4.6 4.0 4.2 45
90% 4.4 4.6 4.9 43 4.5 4.7 4.2 4.4 46
95% 4.5 4.7 5.0 4.4 4.6 4.9 4.3 4.5 4.7
96% 4.5 4.8 5.0 4.4 4.6 4.9 4.3 4.5 4.8
97% 4.6 4.8 5.1 4.4 4.7 4.9 4.3 4.6 4.8
98% 4.6 4.8 5.1 4.5 4.7 5.0 4.4 4.6 4.8
99% 4.6 4.9 5.2 4.5 4.7 5.0 4.4 4.6 4.9
99.9% 4.7 5.0 5.5 4.6 4.9 5.3 4.4 4.8 5.2
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.2 34 3.0 3.1 3.3 2.9 3.1 33
60% 33 3.5 3.6 3.2 34 3.6 3.2 3.4 3.5
70% 35 3.7 3.9 3.5 3.7 3.9 34 3.6 3.8
80% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.9 41
85% 3.9 4.1 4.4 3.9 4.1 43 3.8 4.0 4.2
90% 4.1 43 45 4.0 4.2 4.4 3.9 41 43
95% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.4
96% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.4
97% 4.2 4.4 4.7 4.1 4.3 4.5 4.0 4.2 4.4
98% 4.2 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
99% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
99.9% 4.3 4.6 5.0 4.2 4.5 4.9 4.2 4.4 4.8
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.9 3.1 3.2 2.9 3.0 3.2 2.8 3.0 3.2
60% 31 3.3 35 3.1 33 3.4 3.1 3.2 3.4
70% 34 3.6 3.7 3.3 35 3.7 33 3.4 3.6
80% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.7 3.8
85% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.8 3.9
90% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.9 4.0
95% 3.9 4.1 4.3 3.8 4.0 4.2 3.8 3.9 4.1
96% 3.9 4.1 4.3 3.9 4.0 4.2 3.8 4.0 4.1
97% 4.0 4.1 4.3 3.9 4.1 4.2 3.8 4.0 4.2
98% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
99% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
99.9% 4.1 4.3 4.6 4.0 4.2 4.5 3.9 4.1 4.4
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Table A-6 Yellow Intervals for Young Female Drivers at 55 mph Instructed Speed

Grade -4% -3% -2%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.7 3.9 4.0 3.6 3.8 4.0 3.6 3.7 3.9
60% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
70% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
80% 4.6 4.8 5.1 4.5 4.7 5.0 4.4 4.6 4.8
85% 4.8 5.0 5.3 4.7 4.9 5.1 4.6 4.8 5.0
90% 4.9 5.2 5.4 4.8 5.0 5.3 4.7 4.9 5.2
95% 5.1 5.3 5.6 5.0 5.2 5.5 4.8 5.1 5.3
96% 5.1 5.4 5.6 5.0 5.2 5.5 4.9 5.1 5.3
97% 5.1 5.4 5.7 5.0 5.3 5.5 4.9 5.1 5.4
98% 5.2 5.4 5.7 5.1 5.3 5.6 4.9 5.2 5.4
99% 5.2 5.5 5.8 5.1 5.3 5.6 5.0 5.2 5.5
99.9% 5.3 5.6 6.1 5.1 5.4 5.9 5.0 5.3 5.7
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.5 3.7 3.8 3.5 3.6 3.8 3.4 3.6 3.7
60% 3.8 3.9 4.1 3.7 3.9 4.1 3.7 3.8 4.0
70% 4.0 4.2 4.4 4.0 4.2 4.4 3.9 4.1 4.3
80% 4.3 4.5 4.7 4.2 4.4 4.6 4.2 4.3 4.5
85% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
90% 4.6 4.8 5.0 4.5 4.7 4.9 4.4 4.6 4.8
95% 4.7 4.9 5.2 4.6 4.8 5.1 4.5 4.7 4.9
96% 4.8 5.0 5.2 4.7 4.9 5.1 4.6 4.7 5.0
97% 4.8 5.0 5.2 4.7 4.9 5.1 4.6 4.8 5.0
98% 4.8 5.0 5.3 4.7 4.9 5.1 4.6 4.8 5.0
99% 4.8 5.1 5.3 4.7 4.9 5.2 4.6 4.8 5.1
99.9% 4.9 5.2 5.6 4.8 5.1 5.4 4.7 5.0 53
Grade 2% 3% 4%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 34 3.5 3.7 3.3 35 3.6 33 3.4 3.6
60% 3.6 3.8 3.9 3.6 3.7 3.9 3.5 3.7 3.8
70% 3.8 4.0 4.2 3.8 4.0 4.1 3.7 3.9 41
80% 4.1 4.3 4.5 4.0 4.2 4.4 4.0 4.1 4.3
85% 4.2 4.4 4.6 4.1 4.3 4.5 4.1 4.2 4.4
90% 4.3 4.5 4.7 4.2 4.4 4.6 4.2 4.3 4.5
95% 4.4 4.6 4.8 4.4 4.5 4.7 4.3 4.4 4.6
96% 4.5 4.6 49 4.4 4.6 4.7 4.3 4.5 4.7
97% 4.5 4.7 49 4.4 4.6 4.8 4.3 4.5 4.7
98% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
99% 4.5 4.7 5.0 4.4 4.6 4.8 4.3 4.5 4.7
99.9% 4.6 4.8 5.2 4.5 4.7 5.0 4.4 4.6 4.9
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Table A-7 Yellow Intervals for Young Males at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.9 2.5 2.7 2.9 2.5 2.6 2.8
60% 2.8 3.0 3.2 2.8 3.0 3.2 2.7 29 3.1
70% 3.1 3.3 3.5 3.0 3.2 3.4 3.0 3.2 34
80% 34 3.6 3.8 33 3.5 3.7 3.2 3.4 3.6
85% 3.5 3.7 3.9 34 3.6 3.8 3.3 3.5 3.7
90% 3.6 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
95% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
96% 3.7 3.9 4.2 3.6 3.8 4.0 3.6 3.7 3.9
97% 3.8 4.0 4.2 3.7 3.9 41 3.6 3.8 4.0
98% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
99% 3.8 4.0 4.3 3.7 3.9 4.1 3.6 3.8 4.0
99.9% 3.9 4.1 4.4 3.8 4.0 4.2 3.7 3.9 4.1
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.6 2.8 2.4 2.6 2.8 2.4 2.6 2.7
60% 2.7 2.9 3.1 2.7 2.8 3.0 2.6 2.8 3.0
70% 2.9 3.1 3.3 2.9 3.1 3.2 2.8 3.0 3.2
80% 3.2 33 3.6 3.1 3.3 3.5 3.1 3.2 34
85% 3.3 3.5 3.7 3.2 3.4 3.6 3.2 33 35
90% 34 3.6 3.7 33 3.5 3.7 3.2 3.4 3.6
95% 3.5 3.6 3.8 3.4 3.6 3.7 3.3 3.5 3.7
96% 3.5 3.7 3.8 3.4 3.6 3.8 3.3 3.5 3.7
97% 3.5 3.7 3.9 3.4 3.6 3.8 3.3 3.5 3.7
98% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.5 3.7
99% 35 3.7 3.9 35 3.6 3.8 3.4 3.6 3.7
99.9% 3.6 3.8 4.0 35 3.7 3.9 3.4 3.6 3.8
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 24 2.5 2.7 2.4 2.5 2.7 2.3 2.5 2.6
60% 2.6 2.8 2.9 2.6 2.7 2.9 2.5 2.7 2.8
70% 2.8 3.0 3.2 2.8 2.9 3.1 2.7 2.9 3.0
80% 3.0 3.2 3.4 3.0 3.1 33 2.9 3.1 3.2
85% 31 33 3.4 3.0 3.2 34 3.0 3.2 33
90% 3.2 33 3.5 31 33 3.4 3.1 3.2 34
95% 33 34 3.6 3.2 33 35 3.1 33 34
96% 3.3 3.4 3.6 3.2 3.4 3.5 3.2 3.3 3.5
97% 3.3 3.4 3.6 3.2 3.4 3.5 3.2 3.3 3.5
98% 3.3 3.5 3.6 3.2 3.4 3.6 3.2 3.3 3.5
99% 33 3.5 3.7 3.3 3.4 3.6 3.2 3.4 3.5
99.9% 34 35 3.7 33 3.5 3.7 3.2 3.4 3.6
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Table A-8 Yellow Intervals for Young Males at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.2 3.4 3.0 3.2 3.4 3.0 3.1 33
60% 3.3 3.5 3.7 3.3 3.5 3.7 3.2 3.4 3.6
70% 3.6 3.8 41 3.5 3.8 4.0 3.5 3.7 3.9
80% 3.9 4.1 4.4 3.8 4.0 4.3 3.8 4.0 4.2
85% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
90% 4.2 4.4 4.7 4.1 4.3 4.6 4.0 4.2 4.4
95% 4.3 4.6 4.8 4.2 4.4 4.7 4.1 4.3 4.6
96% 44 4.6 4.8 43 45 4.7 4.2 44 46
97% 4.4 4.6 4.9 43 45 4.7 4.2 4.4 46
98% 4.4 4.6 4.9 43 45 4.8 4.2 4.4 4.6
99% 45 4.7 5.0 43 4.6 4.8 4.2 4.5 4.7
99.9% 4.5 4.8 5.1 4.4 4.6 4.9 4.3 4.5 4.8
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.9 3.1 33 2.9 3.1 3.2 2.9 3.0 3.2
60% 3.2 3.4 3.5 3.1 3.3 3.5 3.1 3.3 3.4
70% 34 3.6 3.8 3.4 3.6 3.7 3.3 3.5 3.7
80% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.7 3.9
85% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.8 4.0
90% 3.9 4.1 4.3 3.8 4.0 4.2 3.8 4.0 4.1
95% 4.0 4.2 4.4 3.9 4.1 4.3 3.9 4.1 4.2
96% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
97% 4.1 43 45 4.0 4.2 4.4 3.9 41 43
98% 4.1 43 45 4.0 4.2 4.4 3.9 41 43
99% 4.1 43 4.6 41 4.2 4.5 4.0 42 4.4
99.9% 42 4.4 47 4.1 43 4.5 4.0 4.2 4.4
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.8 3.0 3.1 2.8 3.0 3.1 2.8 2.9 3.1
60% 3.1 3.2 3.4 3.0 3.2 3.3 3.0 3.1 3.3
70% 3.3 3.4 3.6 3.2 3.4 3.6 3.2 3.3 3.5
80% 3.5 3.7 3.8 3.4 3.6 3.8 3.4 3.5 3.7
85% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
90% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.7 3.9
95% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.8 4.0
96% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.8 4.0
97% 3.8 4.0 4.2 3.8 3.9 4.1 3.7 3.9 4.0
98% 3.9 4.0 4.2 3.8 4.0 4.1 3.7 3.9 4.1
99% 3.9 4.1 4.3 3.8 4.0 4.2 3.7 3.9 4.1
99.9% 3.9 4.1 4.3 3.9 4.0 4.2 3.8 4.0 4.2
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Table A-9 Yellow Intervals for Young Males at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.6 3.7 3.9 3.5 3.7 3.9 3.5 3.6 3.8
60% 3.8 4.0 4.2 3.8 4.0 42 3.7 3.9 4.1
70% 41 4.4 46 4.1 43 45 4.0 4.2 4.4
80% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
85% 4.6 4.8 5.1 4.5 4.7 5.0 4.4 4.6 4.8
90% 4.8 5.0 5.2 4.6 4.9 5.1 4.5 4.8 5.0
95% 4.9 5.1 5.4 4.8 5.0 5.3 4.7 4.9 5.1
96% 4.9 5.2 5.4 4.8 5.0 5.3 4.7 4.9 5.1
97% 5.0 5.2 5.5 4.8 5.1 5.3 4.7 4.9 5.2
98% 5.0 5.2 5.5 4.9 5.1 5.4 4.8 5.0 5.2
99% 5.0 5.3 5.6 4.9 5.2 5.4 4.8 5.0 53
99.9% 5.1 5.4 5.7 5.0 5.2 5.5 4.9 5.1 5.4
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.4 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
60% 3.7 3.8 4.0 3.6 3.8 4.0 3.6 3.7 3.9
70% 3.9 4.1 4.3 3.9 4.0 4.2 3.8 4.0 4.1
80% 4.2 4.4 4.6 41 43 4.5 4.0 4.2 4.4
85% 43 4.5 4.7 4.2 4.4 4.6 4.2 4.3 4.5
90% 4.4 4.6 49 4.4 4.6 4.8 4.3 4.5 4.7
95% 4.6 4.8 5.0 4.5 4.7 49 4.4 4.6 4.8
96% 4.6 4.8 5.0 4.5 4.7 49 4.4 4.6 4.8
97% 4.6 4.8 5.1 45 4.7 4.9 4.4 4.6 4.8
98% 4.7 4.9 5.1 45 4.8 5.0 45 4.6 4.9
99% 4.7 4.9 5.1 4.6 4.8 5.0 45 4.7 4.9
99.9% 4.8 5.0 5.2 4.7 4.9 5.1 45 4.7 5.0
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.3 3.4 3.6 3.2 3.4 3.6 3.2 3.4 3.5
60% 3.5 3.7 3.8 3.5 3.6 3.8 3.4 3.6 3.7
70% 3.7 3.9 4.1 3.7 3.8 4.0 3.6 3.8 4.0
80% 4.0 4.1 4.3 3.9 4.1 4.3 3.8 4.0 4.2
85% 4.1 43 4.4 4.0 4.2 4.4 3.9 41 43
90% 42 4.4 46 4.1 43 45 4.0 4.2 4.4
95% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
96% 43 45 4.7 4.2 4.4 46 4.2 43 45
97% 4.3 4.5 4.7 4.3 4.4 4.6 4.2 4.4 4.5
98% 4.4 4.6 4.8 43 45 4.7 4.2 4.4 4.6
99% 4.4 4.6 4.8 4.3 4.5 4.7 4.2 4.4 4.6
99.9% 4.5 4.6 4.9 4.4 4.6 4.8 4.3 4.5 4.7
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Table A-10 Yellow Intervals for Mid-Age Females at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.7 2.9 3.0 2.6 2.8 3.0 2.6 2.8 3.0
60% 2.9 3.2 3.4 2.9 3.1 3.3 29 3.1 3.2
70% 3.2 3.5 3.7 3.2 3.4 3.6 3.1 3.3 3.5
80% 3.5 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
85% 3.7 3.9 4.2 3.6 3.8 4.1 3.5 3.7 3.9
90% 3.8 4.0 4.3 3.7 3.9 4.2 3.6 3.8 4.1
95% 3.9 4.2 4.4 3.8 4.0 43 3.7 3.9 4.1
96% 4.0 4.2 4.4 3.8 41 43 3.8 4.0 4.2
97% 4.0 4.2 4.5 3.9 4.1 4.3 3.8 4.0 4.2
98% 4.0 4.2 4.5 3.9 4.1 4.4 3.8 4.0 4.2
99% 4.0 4.3 4.5 3.9 4.2 4.4 3.8 4.0 4.3
99.9% 4.1 4.5 4.9 4.0 4.3 4.7 3.9 4.2 4.6
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.7 2.9 2.5 2.7 2.9 2.5 2.7 2.8
60% 2.8 3.0 3.2 2.8 2.9 3.1 2.7 2.9 3.1
70% 3.1 3.3 3.5 3.0 3.2 3.4 3.0 3.2 33
80% 3.3 3.5 3.7 3.3 3.5 3.7 3.2 3.4 3.6
85% 34 3.6 3.9 3.4 3.6 3.8 33 3.5 3.7
90% 35 3.7 4.0 3.5 3.7 3.9 3.4 3.6 3.8
95% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.8
96% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
97% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
98% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
99% 3.7 3.9 4.2 3.6 3.8 4.0 3.6 3.7 3.9
99.9% 3.8 4.1 4.4 3.7 4.0 4.3 3.6 3.9 4.2
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.6 2.8 2.5 2.6 2.8 2.4 2.6 2.8
60% 2.7 2.9 3.0 2.7 2.8 3.0 2.6 2.8 3.0
70% 2.9 3.1 33 2.9 3.1 3.2 2.8 3.0 3.2
80% 31 3.3 35 3.1 33 3.4 3.0 3.2 3.4
85% 3.2 3.4 3.6 3.2 34 3.5 3.1 33 3.5
90% 33 3.5 3.7 33 3.4 3.6 3.2 3.4 3.5
95% 34 3.6 3.8 3.4 35 3.7 33 3.4 3.6
96% 34 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
97% 34 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
98% 3.5 3.6 3.8 3.4 3.6 3.7 3.3 3.5 3.7
99% 3.5 3.7 3.9 3.4 3.6 3.8 3.3 3.5 3.7
99.9% 35 3.8 4.1 3.5 3.7 4.0 34 3.6 3.9
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Table A-11 Yellow Intervals for Mid-Age Females at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.2 3.4 3.6 3.1 3.3 3.5 3.1 33 3.5
60% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.6 3.8
70% 3.8 4.0 43 3.7 3.9 42 3.6 3.9 4.1
80% 4.1 4.4 4.6 4.0 4.3 4.5 3.9 4.2 4.4
85% 4.3 4.5 4.8 4.2 4.4 4.7 4.1 4.3 4.5
90% 4.4 4.7 5.0 4.3 4.6 4.8 4.2 4.4 4.7
95% 4.6 4.8 5.1 4.5 4.7 5.0 4.3 4.6 4.8
96% 4.6 4.9 5.1 4.5 4.7 5.0 4.4 4.6 4.8
97% 46 4.9 5.2 45 4.8 5.0 4.4 46 4.9
98% 4.7 4.9 5.2 45 4.8 5.1 4.4 4.7 4.9
99% 4.7 5.0 5.3 4.6 4.8 5.1 45 4.7 5.0
99.9% 4.8 5.1 5.6 4.7 5.0 5.4 4.5 4.8 5.2
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.2 3.4 3.0 3.2 3.4 3.0 3.1 3.3
60% 33 3.5 3.7 3.3 3.4 3.6 3.2 3.4 3.6
70% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
80% 3.9 41 43 3.8 4.0 4.2 3.7 3.9 41
85% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
90% 4.1 4.3 4.6 4.0 4.2 4.5 4.0 4.1 4.4
95% 4.2 4.5 4.7 4.1 4.4 4.6 4.1 4.3 4.5
96% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
97% 43 45 4.7 4.2 4.4 4.6 41 43 45
98% 43 45 4.8 4.2 4.4 4.7 41 43 45
99% 43 4.6 4.8 4.2 45 4.7 41 4.4 46
99.9% 4.4 4.7 5.2 43 4.6 5.0 4.2 45 4.9
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.9 3.1 33 2.9 3.1 3.2 2.9 3.0 3.2
60% 3.2 3.3 3.5 3.1 3.3 3.5 3.1 3.3 3.4
70% 3.4 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.7
80% 3.6 3.8 4.0 3.6 3.8 4.0 3.5 3.7 3.9
85% 3.8 4.0 41 3.7 3.9 4.1 3.6 3.8 4.0
90% 3.9 4.1 4.3 3.8 4.0 4.2 3.7 3.9 4.1
95% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
96% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
97% 4.0 4.2 4.4 3.9 4.1 4.3 3.9 4.0 4.2
98% 4.0 4.2 4.4 4.0 4.1 4.3 3.9 4.1 4.2
99% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
99.9% 4.1 4.4 4.7 4.0 4.3 4.6 4.0 4.2 4.5
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Table A-12 Yellow Intervals for Mid-Age Females at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.7 3.9 41 3.7 3.8 4.0 3.6 3.8 4.0
60% 4.0 4.2 4.4 4.0 4.1 4.4 3.9 4.1 4.3
70% 43 4.6 4.8 43 45 4.7 4.2 4.4 46
80% 4.7 4.9 5.2 4.6 4.8 5.0 4.5 4.7 4.9
85% 4.8 5.1 53 4.7 5.0 5.2 4.6 4.8 5.1
90% 5.0 5.3 5.5 4.9 5.1 5.4 4.8 5.0 5.2
95% 5.2 5.4 5.7 5.0 53 5.5 4.9 5.1 5.4
96% 5.2 5.5 5.7 5.1 53 5.6 4.9 5.2 5.4
97% 5.2 5.5 5.8 5.1 5.3 5.6 5.0 5.2 5.5
98% 5.3 5.5 5.8 5.1 5.4 5.7 5.0 5.2 5.5
99% 53 5.6 5.9 5.2 5.4 5.7 5.0 53 5.6
99.9% 5.4 5.7 6.2 5.2 5.6 6.0 5.1 5.4 5.9
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.6 3.7 3.9 3.5 3.7 3.8 3.5 3.6 3.8
60% 3.8 4.0 4.2 3.8 3.9 4.1 3.7 3.9 4.1
70% 4.1 4.3 4.5 4.0 4.2 4.4 4.0 4.1 4.3
80% 4.4 4.6 4.8 43 45 4.7 4.2 4.4 4.6
85% 4.5 4.7 5.0 4.4 4.6 4.8 4.3 4.5 4.7
90% 4.7 4.9 5.1 4.6 4.8 5.0 4.5 4.7 4.9
95% 4.8 5.0 53 4.7 49 5.1 4.6 4.8 5.0
96% 4.8 5.0 53 4.7 4.9 5.2 4.6 4.8 5.0
97% 4.9 5.1 5.3 4.7 5.0 5.2 4.6 4.8 5.1
98% 4.9 5.1 5.4 4.8 5.0 5.2 4.7 4.9 5.1
99% 4.9 5.1 5.4 4.8 5.0 5.3 4.7 4.9 5.1
99.9% 5.0 5.3 5.7 4.9 5.2 5.6 4.8 5.0 5.4
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.4 3.6 3.7 3.4 3.5 3.7 3.3 3.5 3.6
60% 3.6 3.8 4.0 3.6 3.8 3.9 3.5 3.7 3.9
70% 3.9 4.1 4.3 3.8 4.0 4.2 3.8 3.9 4.1
80% 4.1 43 45 41 43 4.4 4.0 42 4.4
85% 43 45 4.7 4.2 4.4 4.6 41 43 45
90% 4.4 4.6 48 43 45 47 4.2 4.4 46
95% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
96% 45 4.7 49 4.4 46 4.8 43 45 4.7
97% 4.5 4.7 5.0 4.5 4.6 4.8 4.4 4.5 4.7
98% 4.6 4.8 5.0 45 4.7 4.9 4.4 4.6 4.8
99% 4.6 4.8 5.0 4.5 4.7 49 4.4 4.6 4.8
99.9% 4.6 4.9 5.3 4.5 4.8 5.1 4.5 4.7 5.0
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Table A-13 Yellow Intervals for Mid-Age Males at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.8 3.0 2.6 2.8 3.0 2.6 2.7 2.9
60% 2.9 3.1 3.3 2.9 3.1 3.3 2.8 3.0 3.2
70% 3.2 3.4 3.7 3.1 3.3 3.6 3.1 3.3 3.5
80% 3.5 3.7 4.0 3.4 3.6 3.9 3.3 3.6 3.8
85% 3.6 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
90% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
95% 3.9 4.1 43 3.8 4.0 42 3.7 3.9 4.1
96% 3.9 4.1 4.4 3.8 4.0 42 3.7 3.9 4.1
97% 3.9 4.2 4.4 3.8 4.0 43 3.7 3.9 4.2
98% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
99% 4.0 4.2 4.5 3.9 4.1 4.3 3.8 4.0 4.2
99.9% 4.1 4.3 4.6 4.0 4.2 4.5 3.8 4.1 4.3
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.9 2.5 2.7 2.9 2.5 2.6 2.8
60% 2.8 3.0 3.2 2.7 2.9 3.1 2.7 2.9 3.1
70% 3.0 3.2 34 3.0 3.2 3.4 2.9 3.1 33
80% 3.3 3.5 3.7 3.2 34 3.6 3.2 33 3.5
85% 34 3.6 3.8 3.3 3.5 3.7 33 3.4 3.6
90% 35 3.7 3.9 3.4 3.6 3.8 3.4 3.5 3.7
95% 3.6 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
96% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
97% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.8
98% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
99% 3.7 3.9 4.1 3.6 3.8 4.0 35 3.7 3.9
99.9% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.4 2.6 2.8 2.4 2.6 2.7 2.4 26 2.7
60% 2.7 2.8 3.0 2.6 2.8 3.0 2.6 2.8 2.9
70% 2.9 3.1 3.2 2.8 3.0 3.2 2.8 3.0 3.1
80% 31 3.3 35 3.1 3.2 3.4 3.0 3.2 33
85% 3.2 3.4 3.6 3.1 33 3.5 3.1 33 3.4
90% 33 3.5 3.7 3.2 3.4 3.6 3.2 33 3.5
95% 34 3.5 3.7 33 35 3.6 33 3.4 3.6
96% 34 3.6 3.7 3.3 3.5 3.7 3.3 3.4 3.6
97% 34 3.6 3.8 3.3 3.5 3.7 3.3 3.4 3.6
98% 34 3.6 3.8 3.4 3.5 3.7 3.3 3.5 3.6
99% 3.5 3.6 3.8 3.4 3.6 3.7 3.3 3.5 3.6
99.9% 35 3.7 3.9 3.4 3.6 3.8 34 3.5 3.7
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Table A-14 Yellow Intervals for Mid-Age Males at 45 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.3 3.5 3.1 3.3 3.5 3.1 3.2 3.4
60% 3.4 3.7 3.9 3.4 3.6 3.8 3.3 3.5 3.7
70% 3.7 4.0 4.2 3.7 3.9 41 3.6 3.8 4.0
80% 4.1 4.3 4.6 4.0 4.2 4.4 3.9 4.1 4.3
85% 4.2 4.5 4.7 4.1 4.4 4.6 4.0 4.3 4.5
90% 4.4 4.6 4.9 4.3 4.5 4.8 4.2 4.4 4.6
95% 4.5 4.8 5.0 4.4 4.6 49 4.3 4.5 4.8
96% 4.6 4.8 5.1 4.4 4.7 49 4.3 4.6 4.8
97% 46 4.8 5.1 45 4.7 5.0 4.4 46 4.8
98% 46 4.9 5.2 45 4.7 5.0 4.4 46 4.9
99% 4.7 4.9 5.2 45 4.8 5.1 4.4 4.7 4.9
99.9% 4.8 5.0 53 4.6 4.9 5.2 4.5 4.7 5.0
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.2 3.4 3.0 3.2 3.3 2.9 3.1 3.3
60% 3.3 3.5 3.7 3.2 3.4 3.6 3.2 3.4 3.5
70% 3.6 3.7 4.0 3.5 3.7 3.9 3.4 3.6 3.8
80% 3.8 4.0 4.2 3.7 3.9 4.2 3.7 3.9 41
85% 4.0 4.2 4.4 3.9 4.1 43 3.8 4.0 4.2
90% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
95% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.4
96% 4.2 4.4 4.7 4.1 4.3 4.6 4.0 4.2 4.4
97% 42 45 47 4.2 4.4 4.6 41 43 45
98% 43 45 4.7 4.2 4.4 4.6 41 43 45
99% 43 45 4.8 4.2 4.4 4.7 41 43 45
99.9% 4.4 4.6 4.9 43 45 4.8 4.2 4.4 4.6
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.9 3.1 3.2 2.9 3.0 3.2 2.9 3.0 3.2
60% 3.1 3.3 3.5 3.1 3.3 3.4 3.1 3.2 3.4
70% 3.4 3.6 3.7 3.3 3.5 3.7 3.3 3.4 3.6
80% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.7 3.8
85% 3.7 3.9 4.1 3.7 3.8 4.0 3.6 3.8 4.0
90% 3.8 4.0 4.2 3.8 3.9 4.1 3.7 3.9 4.1
95% 3.9 4.1 4.3 3.9 4.0 4.2 3.8 4.0 4.1
96% 4.0 4.1 4.3 3.9 4.1 4.3 3.8 4.0 4.2
97% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
98% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
99% 4.0 4.2 4.4 4.0 4.1 4.3 3.9 4.1 4.2
99.9% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
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Table A-15 Yellow Intervals for Mid-Age Males at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.7 3.9 41 3.6 3.8 4.0 3.6 3.7 4.0
60% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.3
70% 43 45 4.8 4.2 4.4 4.7 41 43 46
80% 4.6 4.9 5.2 4.5 4.8 5.0 4.4 4.6 4.9
85% 4.8 5.0 5.3 4.7 4.9 5.2 4.6 4.8 5.1
90% 5.0 5.2 5.5 4.8 5.1 5.4 4.7 5.0 5.2
95% 5.1 5.4 5.7 5.0 5.2 5.6 4.9 5.1 5.4
96% 5.2 5.4 5.7 5.0 5.3 5.6 4.9 5.1 5.4
97% 5.2 5.4 5.8 5.1 5.3 5.6 4.9 5.2 5.5
98% 5.2 5.5 5.8 5.1 5.3 5.7 5.0 5.2 5.5
99% 5.3 5.5 5.9 5.1 5.4 5.7 5.0 5.2 5.6
99.9% 5.4 5.6 6.2 5.2 5.5 6.0 5.1 5.3 5.9
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.8
60% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.8 41
70% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
80% 43 45 4.8 43 4.4 4.7 4.2 4.4 46
85% 4.5 4.7 5.0 4.4 4.6 4.9 4.3 4.5 4.7
90% 4.6 4.8 5.1 45 4.7 5.0 44 46 49
95% 4.8 5.0 5.3 4.6 4.9 5.1 4.5 4.7 5.0
96% 4.8 5.0 53 4.7 4.9 5.2 4.6 4.8 5.0
97% 4.8 5.0 5.3 4.7 4.9 5.2 4.6 4.8 5.1
98% 4.8 5.1 5.4 4.7 4.9 5.2 4.6 4.8 5.1
99% 4.9 5.1 5.4 4.8 5.0 5.3 4.7 4.9 5.2
99.9% 5.0 5.2 5.7 4.8 5.1 5.5 4.7 4.9 5.5
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 34 3.5 3.7 3.3 35 3.7 33 3.5 3.6
60% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.9
70% 3.9 4.0 4.3 3.8 4.0 4.2 3.7 3.9 4.1
80% 4.1 43 45 4.0 4.2 4.4 4.0 41 4.4
85% 42 4.4 4.6 41 43 4.6 41 4.2 45
90% 43 45 48 43 4.4 47 4.2 4.4 46
95% 4.5 4.6 4.9 4.4 4.6 4.8 4.3 4.5 4.7
96% 45 4.7 49 4.4 46 4.8 43 45 4.7
97% 4.5 4.7 4.9 4.4 4.6 4.8 4.3 4.5 4.7
98% 4.5 4.7 5.0 4.4 4.6 4.9 4.3 4.5 4.8
99% 4.6 4.8 5.0 4.5 4.7 4.9 4.4 4.6 4.8
99.9% 4.6 4.8 5.2 4.5 4.7 5.2 4.4 4.6 5.0
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Table A-16 Yellow Intervals for Old Females at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.7 2.9 3.1 2.7 2.8 3.0 2.6 2.8 3.0
60% 3.0 3.2 3.4 2.9 3.1 3.3 29 3.1 3.3
70% 3.3 3.5 3.8 3.2 3.4 3.7 3.2 3.4 3.6
80% 3.6 3.8 4.1 3.5 3.7 4.0 3.4 3.7 3.9
85% 3.7 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
90% 3.9 4.1 4.4 3.8 4.0 4.2 3.7 3.9 4.1
95% 4.0 4.2 45 3.9 41 43 3.8 4.0 4.2
96% 4.0 43 45 3.9 41 4.4 3.8 4.0 4.2
97% 4.1 4.3 4.5 3.9 4.2 4.4 3.8 4.0 4.3
98% 4.1 4.3 4.6 4.0 4.2 4.4 3.9 4.1 4.3
99% 4.1 4.4 4.6 4.0 4.2 4.5 3.9 4.1 4.4
99.9% 4.2 4.6 5.0 4.1 4.4 4.8 4.0 4.3 4.7
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.8 3.0 2.6 2.7 2.9 2.5 2.7 2.9
60% 2.9 3.0 3.2 2.8 3.0 3.2 2.8 2.9 3.1
70% 3.1 3.3 3.5 3.1 33 3.5 3.0 3.2 3.4
80% 34 3.6 3.8 3.3 3.5 3.7 3.2 3.4 3.6
85% 35 3.7 3.9 3.4 3.6 3.8 3.4 3.5 3.7
90% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
95% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
96% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.7 3.9
97% 3.7 3.9 4.2 3.7 3.8 4.0 3.6 3.8 3.9
98% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
99% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
99.9% 3.9 4.2 4.6 3.8 4.1 4.4 3.7 3.9 4.4
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.8 2.5 2.6 2.8 2.5 2.6 2.8
60% 2.7 2.9 3.1 2.7 2.9 3.1 2.7 2.8 3.0
70% 3.0 3.1 3.3 2.9 3.1 3.3 2.9 3.0 3.2
80% 3.2 3.4 3.6 3.1 33 3.5 3.1 33 3.4
85% 33 3.5 3.7 3.2 34 3.6 3.2 33 3.5
90% 34 3.6 3.7 33 35 3.7 33 3.4 3.6
95% 35 3.6 3.8 3.4 3.6 3.7 33 3.5 3.7
96% 3.5 3.7 3.8 3.4 3.6 3.8 3.4 3.5 3.7
97% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.5 3.7
98% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.5 3.7
99% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.7
99.9% 3.6 3.9 4.2 3.5 3.8 4.1 35 3.7 3.9
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Table A-17 Yellow Intervals for Old Females at 45 mph Instructed Speed

Grade -4% -3% -2%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.2 3.4 3.6 3.2 3.4 3.6 3.1 33 3.5
60% 3.5 3.7 4.0 3.5 3.7 3.9 3.4 3.6 3.8
70% 3.8 4.1 43 3.8 4.0 42 3.7 3.9 4.1
80% 4.2 4.4 4.7 4.1 4.3 4.6 4.0 4.2 4.5
85% 4.3 4.6 4.9 4.2 4.5 4.7 4.1 4.4 4.6
90% 4.5 4.8 5.0 4.4 4.6 4.9 4.3 4.5 4.8
95% 4.7 4.9 5.2 4.5 4.8 5.0 4.4 4.7 4.9
96% 4.7 4.9 5.2 4.6 4.8 5.1 4.4 4.7 4.9
97% 4.7 5.0 53 4.6 4.8 5.1 4.5 4.7 5.0
98% 4.7 5.0 53 4.6 4.9 5.1 4.5 4.7 5.0
99% 4.8 5.1 5.4 4.7 4.9 5.2 4.5 4.8 5.1
99.9% 4.9 5.2 5.7 4.7 5.1 5.6 4.6 49 5.4
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.3 3.5 3.1 3.2 3.4 3.0 3.2 3.4
60% 34 3.5 3.8 3.3 3.5 3.7 3.3 3.4 3.7
70% 3.6 3.8 4.1 3.6 3.8 4.0 3.5 3.7 4.0
80% 3.9 4.1 4.4 3.8 4.0 4.3 3.8 4.0 4.3
85% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.4
90% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.5
95% 4.3 4.5 4.8 4.2 4.4 4.6 4.1 4.3 4.6
96% 4.3 4.6 4.8 4.2 4.4 4.7 4.1 4.3 4.7
97% 4.4 4.6 4.8 4.3 4.5 4.7 4.2 4.4 4.7
98% 4.4 4.6 4.9 4.3 4.5 4.7 4.2 4.4 4.7
99% 4.4 4.7 4.9 4.3 4.5 4.8 4.2 4.4 4.8
99.9% 4.5 4.8 5.3 4.4 4.7 5.1 4.3 4.6 5.1
Grade 2% 3% 4%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.1 33 3.0 3.1 3.3 2.9 3.1 3.2
60% 3.2 3.4 3.6 3.2 3.3 3.5 3.1 3.3 3.5
70% 3.5 3.6 3.8 3.4 3.6 3.8 3.4 3.5 3.7
80% 3.7 3.9 4.1 3.6 3.8 4.0 3.6 3.8 3.9
85% 3.8 4.0 4.2 3.7 3.9 4.1 3.7 3.9 4.0
90% 3.9 4.1 4.3 3.9 4.0 4.2 3.8 4.0 4.2
95% 4.0 4.2 4.4 4.0 4.1 43 3.9 4.1 4.2
96% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
97% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
98% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
99% 4.1 4.3 4.6 4.0 4.2 4.4 4.0 4.1 4.3
99.9% 4.2 4.5 4.8 4.1 4.4 4.7 4.0 4.3 4.6
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Table A-18 Yellow Intervals for Old Females at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.8 3.9 4.2 3.7 3.9 41 3.6 3.8 4.0
60% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
70% 4.4 4.6 4.9 43 45 4.8 4.2 4.4 4.7
80% 4.7 5.0 5.3 4.6 4.9 5.1 4.5 4.8 5.0
85% 4.9 5.2 5.4 4.8 5.0 5.3 4.7 4.9 5.2
90% 5.1 5.3 5.6 5.0 5.2 5.5 4.8 5.1 5.3
95% 5.3 5.5 5.8 5.1 5.4 5.6 5.0 5.2 5.5
96% 5.3 5.6 5.8 5.2 5.4 5.7 5.0 5.3 5.5
97% 5.3 5.6 5.9 5.2 5.4 5.7 5.1 5.3 5.6
98% 5.4 5.6 5.9 5.2 5.5 5.8 5.1 5.3 5.6
99% 5.4 5.7 6.0 53 5.5 5.8 5.1 5.4 5.7
99.9% 5.5 5.8 6.3 5.3 5.7 6.2 5.2 5.5 6.0
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.6 3.8 3.9 3.5 3.7 3.9 3.5 3.7 3.8
60% 3.9 41 4.2 3.8 4.0 4.2 3.8 3.9 41
70% 4.2 4.4 4.6 41 43 4.5 4.0 4.2 4.4
80% 4.4 4.7 4.9 43 4.6 4.8 43 4.5 4.7
85% 4.6 4.8 5.0 4.5 4.7 4.9 4.4 4.6 4.8
90% 4.7 5.0 5.2 4.6 4.8 5.1 4.5 4.7 4.9
95% 4.9 5.1 5.3 4.8 5.0 5.2 4.7 4.9 5.1
96% 4.9 5.1 5.4 4.8 5.0 5.2 4.7 4.9 5.1
97% 4.9 5.2 5.4 4.8 5.0 5.3 4.7 4.9 5.1
98% 5.0 5.2 5.4 4.8 5.1 5.3 4.7 4.9 5.2
99% 5.0 5.2 5.5 4.9 5.1 5.4 4.8 5.0 5.2
99.9% 5.1 5.4 5.8 4.9 5.3 5.7 4.8 5.1 5.5
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 35 3.6 3.8 3.4 3.6 3.7 34 3.5 3.7
60% 3.7 3.9 4.0 3.6 3.8 4.0 3.6 3.8 3.9
70% 3.9 41 43 3.9 41 4.2 3.8 4.0 4.2
80% 4.2 4.4 4.6 41 43 4.5 41 42 4.4
85% 43 45 4.7 4.2 4.4 4.6 4.2 43 45
90% 4.4 4.6 48 4.4 45 47 43 45 4.7
95% 4.6 4.8 5.0 45 4.7 4.9 4.4 46 48
96% 46 4.8 5.0 45 4.7 49 4.4 46 48
97% 46 4.8 5.0 45 4.7 49 4.4 46 48
98% 4.6 4.8 5.1 45 4.7 4.9 4.4 4.6 4.8
99% 4.7 4.9 5.1 4.6 4.8 5.0 4.5 4.7 4.9
99.9% 4.7 5.0 5.4 4.6 4.9 5.2 4.5 4.8 5.1
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Table A-19 Yellow Intervals for Old Males at 35 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.7 2.9 3.1 2.7 2.9 3.1 2.6 2.8 3.0
60% 3.0 3.2 3.5 3.0 3.2 3.4 29 3.1 3.3
70% 3.3 3.6 3.8 3.3 3.5 3.7 3.2 3.4 3.6
80% 3.7 3.9 4.2 3.6 3.8 4.1 3.5 3.7 4.0
85% 3.8 4.1 4.3 3.7 4.0 4.2 3.6 3.8 4.1
90% 4.0 4.2 4.5 3.8 4.1 4.3 3.7 4.0 4.2
95% 41 43 46 4.0 4.2 4.4 3.9 4.1 43
96% 41 4.4 46 4.0 4.2 45 3.9 4.1 43
97% 4.1 4.4 4.6 4.0 42 4.5 3.9 4.1 4.4
98% 4.2 4.4 4.7 4.0 4.3 4.5 3.9 4.2 4.4
99% 4.2 4.5 4.7 4.1 4.3 4.6 4.0 4.2 4.4
99.9% 4.3 4.5 4.9 4.2 4.4 4.7 4.0 4.3 4.6
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.6 2.8 3.0 2.6 2.7 2.9 2.5 2.7 2.9
60% 2.9 3.1 3.3 2.8 3.0 3.2 2.8 3.0 3.2
70% 3.1 3.3 3.6 3.1 33 3.5 3.0 3.2 3.4
80% 34 3.6 3.9 3.3 3.5 3.8 33 3.5 3.7
85% 35 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.8
90% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 3.9
95% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
96% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
97% 3.8 4.0 4.2 3.7 3.9 4.1 3.6 3.8 4.0
98% 3.8 4.0 4.3 3.7 3.9 4.1 3.7 3.8 4.0
99% 3.9 4.1 4.3 3.8 4.0 4.2 3.7 3.9 4.1
99.9% 3.9 4.2 4.4 3.8 4.1 4.3 3.7 4.0 4.2
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 2.5 2.7 2.9 2.5 2.6 2.8 2.5 2.6 2.8
60% 2.7 2.9 3.1 2.7 2.9 3.1 2.7 2.9 3.0
70% 3.0 3.2 3.4 2.9 3.1 3.3 2.9 3.1 3.3
80% 3.2 3.4 3.6 3.2 33 3.5 3.1 33 3.5
85% 33 3.5 3.7 3.3 34 3.6 3.2 3.4 3.6
90% 34 3.6 3.8 3.4 35 3.7 33 3.5 3.6
95% 35 3.7 3.9 3.4 3.6 3.8 34 3.5 3.7
96% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.7
97% 3.5 3.7 3.9 3.5 3.6 3.8 3.4 3.6 3.7
98% 3.6 3.8 3.9 3.5 3.7 3.9 3.4 3.6 3.8
99% 3.6 3.8 4.0 3.5 3.7 3.9 3.5 3.6 3.8
99.9% 3.7 3.9 4.1 3.6 3.8 4.0 35 3.7 3.9
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Table A-20 Yellow Intervals for Old Males at 45 mph Instructed Speed

Grade -4% -3% -2%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.3 3.4 3.7 3.2 3.4 3.6 3.2 33 3.5
60% 3.6 3.8 4.0 3.5 3.7 3.9 3.4 3.6 3.9
70% 3.9 4.1 4.4 3.8 4.0 43 3.8 4.0 4.2
80% 4.3 4.5 4.8 4.1 4.4 4.7 4.1 4.3 4.5
85% 4.4 4.7 5.0 4.3 4.6 4.8 4.2 4.4 4.7
90% 4.6 4.9 5.1 4.5 4.7 5.0 4.4 4.6 49
95% 4.8 5.0 5.3 4.6 4.9 5.1 4.5 4.7 5.0
96% 4.8 5.1 5.4 4.6 4.9 5.2 4.5 4.8 5.0
97% 4.8 5.1 5.4 4.7 4.9 5.2 4.6 4.8 5.1
98% 4.9 5.1 5.4 4.7 5.0 5.3 4.6 4.8 5.1
99% 4.9 5.2 5.5 4.8 5.0 5.3 4.6 4.9 5.2
99.9% 5.0 5.3 5.6 4.8 5.1 5.5 4.7 5.0 5.3
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.1 3.3 3.5 3.1 3.2 3.4 3.0 3.2 3.4
60% 34 3.6 3.8 3.3 3.5 3.7 3.3 3.5 3.7
70% 3.7 3.9 4.1 3.6 3.8 4.0 3.5 3.7 4.0
80% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
85% 4.1 4.3 4.6 4.0 4.2 4.5 3.9 4.1 4.4
90% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
95% 4.4 4.6 4.9 4.3 4.5 4.7 4.2 4.4 4.6
96% 4.4 4.6 4.9 4.3 4.5 4.8 4.2 4.4 4.6
97% 4.4 4.7 4.9 4.3 4.5 4.8 4.2 4.4 4.7
98% 4.5 4.7 5.0 4.4 4.6 4.8 4.3 4.5 4.7
99% 4.5 4.7 5.0 4.4 4.6 4.9 4.3 4.5 4.7
99.9% 4.6 4.8 5.2 45 4.7 5.0 4.4 46 4.9
Grade 2% 3% 4%
very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.0 3.2 33 3.0 3.1 3.3 2.9 3.1 3.2
60% 3.2 3.4 3.6 3.2 3.4 3.5 3.2 3.3 3.5
70% 3.5 3.7 3.9 3.4 3.6 3.8 3.4 3.6 3.7
80% 3.7 3.9 4.1 3.7 3.9 4.1 3.6 3.8 4.0
85% 3.9 41 43 3.8 4.0 4.2 3.7 3.9 41
90% 4.0 4.2 4.4 3.9 4.1 4.3 3.8 4.0 4.2
95% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
96% 4.1 4.3 4.5 4.0 4.2 4.4 3.9 4.1 4.3
97% 4.1 4.3 4.6 4.0 4.2 4.4 4.0 4.1 4.3
98% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.4
99% 4.2 4.4 4.6 4.1 4.3 4.5 4.0 4.2 4.4
99.9% 4.3 4.5 4.7 4.2 4.4 4.6 4.1 4.3 4.5
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Table A-21 Yellow Intervals for Old Males at 55 mph Instructed Speed

Grade -4% -3% -2%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.8 4.0 4.2 3.7 3.9 41 3.7 3.9 4.1
60% 4.1 43 4.6 4.0 4.2 4.5 4.0 4.2 4.4
70% 45 4.7 4.9 4.4 46 4.8 43 45 4.7
80% 4.8 5.1 5.3 4.7 4.9 5.2 4.6 4.8 5.1
85% 5.0 5.3 5.5 4.9 5.1 5.4 4.8 5.0 5.3
90% 5.2 5.4 5.7 5.0 5.3 5.6 4.9 5.2 5.4
95% 5.4 5.6 5.9 5.2 5.5 5.8 5.1 5.3 5.6
96% 5.4 5.7 6.0 5.2 5.5 5.8 5.1 5.4 5.6
97% 5.4 5.7 6.0 5.3 5.5 5.8 5.1 5.4 5.7
98% 5.5 5.8 6.1 5.3 5.6 5.9 5.2 5.4 5.7
99% 5.5 5.8 6.1 5.4 5.6 5.9 5.2 5.5 5.8
99.9% 5.6 5.9 6.3 5.5 5.7 6.1 5.3 5.6 5.9
Grade -1% 0% 1%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 3.6 3.8 4.0 3.6 3.7 3.9 3.5 3.7 3.9
60% 3.9 4.1 4.3 3.8 4.0 4.2 3.8 4.0 4.1
70% 4.2 4.4 4.6 41 43 4.5 41 42 4.4
80% 45 4.7 5.0 4.4 4.6 4.8 43 4.5 4.7
85% 4.7 4.9 5.1 4.6 4.8 5.0 4.5 4.7 49
90% 4.8 5.0 5.3 4.7 4.9 5.1 4.6 4.8 5.0
95% 5.0 5.2 5.4 4.8 5.1 5.3 4.7 4.9 5.2
96% 5.0 5.2 5.5 4.9 5.1 5.3 4.7 5.0 5.2
97% 5.0 5.3 5.5 4.9 5.1 5.4 4.8 5.0 5.2
98% 5.0 5.3 5.5 4.9 5.2 5.4 4.8 5.0 53
99% 5.1 5.3 5.6 5.0 5.2 5.5 4.8 5.1 53
99.9% 5.2 5.4 5.7 5.0 5.3 5.6 4.9 5.2 5.4
Grade 2% 3% 4%
Very Very Very
Weather Conditions Clear Light Rain Clear Light Rain Clear Light Rain
Rain Rain Rain
50% 35 3.6 3.8 3.4 3.6 3.7 34 3.5 3.7
60% 3.7 3.9 4.1 3.7 3.8 4.0 3.6 3.8 3.9
70% 4.0 4.2 4.4 3.9 41 43 3.9 4.0 4.2
80% 4.2 4.4 4.6 4.2 4.4 4.6 4.1 4.3 4.5
85% 4.4 4.6 4.8 43 45 4.7 4.2 4.4 4.6
90% 45 4.7 49 4.4 46 4.8 43 45 4.7
95% 4.6 4.8 5.0 45 4.7 4.9 4.4 46 48
96% 46 4.9 5.1 4.6 4.7 5.0 45 46 4.9
97% 4.7 4.9 5.1 4.6 4.8 5.0 4.5 4.7 4.9
98% 4.7 4.9 5.1 4.6 4.8 5.0 4.5 4.7 4.9
99% 4.7 5.0 5.2 4.6 4.8 5.1 4.5 4.7 4.9
99.9% 4.8 5.0 5.3 4.7 4.9 5.2 4.6 4.8 5.1
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