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1 INTRODUCTION

Current methods for evaluating unsignalized
intersections, and estimating level-of-service
(LOS) as presented in Highway Capacity
Manual 1985 (HCM, 1985), is determined
from efficiency-based criteria such as little or no
delay to very long delays. Both capacity and
LOS must be considered when evaluating the
overall effectiveness of an unsignalized intersec-
tion, At present, similar procedures to evaluate
intersections using safety-based cri.teria do not
exist.

While accident information is essential for any
type of safety analysis, some problems do exist
in its proper use and therefore, the information
must be used very carefully, with knowledge of

its limitations. ‘The most common approach to

evaluate counter-measures at intersections con-

sists of ‘before and after’ accident studies. This
technique involves the study and comparison of
observed accident rates before and after the
installation of a control device. This approach is
not only time consuming, but also suffers from
some basic -deficiencies, including data aggrega-
tion, accident frequency variability, and not
accounting for the real site exposure to accidents,

Lack of a safety-based evaluation procedure
has led to the increases use of the Traffic
Conflict Technique (TCT) in recent years in
lieu of ‘before and after’ studies. Nevertheless,
TCT has shortcomings too, requiring extensive
field data collection, trained observers to identify
different types of conflicts in the field, and
considerable amounts of planning and time in
the field.

Accident rates and frequencies have also been
used widely to indicate hazardous locations on
highways. A typical accident rate is defined as
either the total number of accidents per million
vehicle-miles for roadway sections or the total
number of accidents per million entering vehicles
for specific locations such as intersections.
Because each action at an intersection has a dif-
ferent opportunity for exposure to hazards, acci-
dent rates do not reflect the true degree of haz-
ard. Accident rate equations use total vehicles
entering the intersection, a total which does not
account for the correlation between certain acci-
dent types and vehicle maneuvers such as left
or right turns. Thus, the implied, but incor-
rect, assumption is that all entering vehicles
have an equal probability of being involved in

an accident.
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Statistics indicate that in addition to improv- -

ing safety, sight distance improvements at
intersections are the most cost effective of 34
different safety enhancement types (FHWA,
1982). Strate (1980) calculated that the henefits
of sight distance improvements at intersections
exceeded the costs of their implementation by a
factor of five, Although current research shows
that improvement of sight distances is cost
effective; the studies do not provigie the cost-
effectiveniess of attaining various magnitudes of
sight distance.

The accident rate at most intersections will
generally decrease if problem sight obstructions
are removed. Mitchell (1972) illustrates this by
a ‘before and after’ study at five intersections

where sight distances were improved, Total

accidents at these intersections dropped from 39

to 13 —a 67 percent reduction between the
years before and after the obstruction removals,

AASHTO defines three different intersection
sight distances. These standards were developed
without consideration of traffic composition,
vehicle characteristics, pavement conditions, and
driver characteristics like perception-reaction time
and minimum gap acceptance,

Current approaches to safety measurement do
not account for the measurement of accident
severity. Not all accidents have the same
degree of hazard. Some accidents cause only
property damage and some cause fatalities.
Thus, in order to obtain a measure of the true
degree of hazard at a two-way stop-controlled
intersection, some sort of severity concept

should be applied. An appropriate method

would be to apply the kinetic energy concept as-
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an approximation of accident severity. The
kinetic energy dissipated during an accident is
indicative of the severity of that accident, The
higher the speed and the heavier the mass of
vehicles involved, the more kinetic energy will
be dissipated during a collision or conflict.
Similarly, one would expect accident severity to
be greatest when higher speeds and larger vehi-

cles are involved,

2 OBJECTIVES AND SCOPE OF WORK
The overall objectives of this study are:

1) To develop and validate a method where
safety of a two-way stop sign controlled inter-
section could be estimated under given intersec-
tion parameters such as intersection geometry,
traffic volume, pavement condition, traffic
composition, and available intersection sight dis-
tances. This will include the development of
safety-based LOS criteria determined from the
total kinetic energy dissipated, indicating the
relative hazard of an intersection,

2) To estimate the impacts of reducing inter-
section sight obstruction on the safety at a two-
way stop sign controlled intersection.

3) To establish threshold levels which reflect
the relative degree of safety in terms of total
kinetic energy dissipated,

Figure 2.1 illustrates the overall research
approach procedure. Geometric features, traffic
conditions, and driver characteristics will be the
input variables into the proposed simulation
model. The simulation model will produce as
output the number of potential conflicts and
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INPUT

. Roadway features ( Intersection configuration, lane width, number of lanes,
pavement condition, available sight distance)

. Traffic conditions (ADT, 'vehicle composition, traffic speed, vehicle
characteristics)

Driver characteristics (Driver's perception-reaction time, driver's minimum
gap acceptance time)

X

SIMULATION MODEL

h(

OUTPUT

. Number of potential conflicts -

. Kinetic energy dissipated during potential conflicts

X

ANALYSI

. Relationship between kinetic energy dissipated during potential conflicts and
available sight distances

. Relationship between number of potential conflicts and available sight distances

. Safety-based threshold levels

Figure 21  Overall Research Approach
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kinetic energy dissipated during pf)tential con-
flicts. The results from the model would allow
determination of the relationships between the
kinetic energy dissipated and available sight dis-
tances, the number of potential conflicts and
available sight distances, and safety based
threshold levels,

3 MODELING PROCEDURE

3.1 Definition of Scenario

In this study, only crossing maneuvers at
two-way stop controlled 4-leg intersections at 2-
lane highways will be studied, The possible
conflicts of this crossing maneuver occur with
cross-traffic from the right and cross-traffic from
the left. Although other conflict possibilities may
occur at a stop controlled intersection, only
these two cases described above will be consid-
ered. This is because those have been found to
be the dominant accident types at two-way

stop controlled intersections,

Many important parameters may control the

model outcome, Examples of these include
headway , minimum gap acceptance characteris-
tics, and available sight distances, A decision
tree with these parameters as variables illustrates
possible model variations in Figure 31.1,

Figure 3.1.1 shows possible outcomes of a
crossing maneuver such as crossing without a
possible conflict, crossing with a possible acci-
dent or conflict, and waiting for another chance
so that the stopped vehicle can make a success-
ful through movement. Figure 311 only illus-
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trates crossing movement under the assumption
that there are oncoming vehicles on the major
road from either the right-hand or the left-hand
side,

In Figure 311, one of the relevant decision -
parameters is the minimum acceptable gap,
which defines the minimum time that a driver
in a stopped vehicle needs to execute a desired
maneuver, For the proposed model, minimum
acceptable gap is defined as the duration time of
a stopped vehicle to-cross the intersection plus
driver’s perception-reaction time .

Actual gap defines the distance from the
intersection to the location of the oncoming vehi-
cle on the major road when the vehicle on the
minor road begins the perception-reaction process
at the stop line. Visible gap is the available
sight distance available to the driver in a
stopped vehicle. Available sight distance can be
converted into a time duration by division with
the speed of an oncoming vehicle on the major
route,

Four possible outcomes in the decision tree
exist,. When the visible gap is longer than the
actual gap which is longer than driver's mini-
mum gap acceptance, a stopped vehicle would
probably cross the intersection without any con-
flict. This scenario is labeled as ‘CASE T in
Figure 311, When the parameters are reversed,
there are two possibilities, One is the case in
which a stopped vehicle will not make a move-
ment because the driver knows that the situa-
tion does not provide for a safe intersection
crossing. In this ‘CASE II' scenario, the dri-
ver will wait for another opportunity to complete
the crossing, Another possibility involves a
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Visible Gap >
Actual Gap >
Minimum Acceptable Gap *
- —{} Go /\ No Conflict
. CASE 1
Visible Gap >
Actual Gap
" No view Visible Gap > Go
obstruction” Actual Gap < Conflict
Minimum Acceptable Gap
‘CASE I’ Do not go Wait
No Conflict
Visible Gap <
Actual Gap > Minirr};um
Acceptable Ga *
- P = P ] Go A No Conflict
Visible Gap < CASE 1
Actual Gap " Nothing in view "
" View obstruction”
Contflict
Visible Gap <
Actual Gap < PD
. Minimum
Acceptable .
Gap Go
' AN
CASE IV
" Nothing in view"

where
*: assumes 100% probability of proceeding,

PD: Property damage accident, ,

PI : Injury acddent,

F : Fatalaccident,

Visible Gap : Available sight distance,

Actual Gap : Location of the oncoming vehicle on major route, and

Minimum Acceptable Gap : Driver's minimum gap acceptance in a stopped vehicle.

Figure 3.1.1 Decision Tree to lilustrate the Crossing Maneuver
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stopped vehicle proceeding through the intersec-

tion even though the situation is not safe, thus
the driver accepts known risk of collision or con-
flict. Since this case is determined by human
behavior, it is not considered as a potential con-
flict in the model presented herein. ‘CASE IIT'
also illustrates the case that the stopped vehicle
would cross the intersection without any conflict,
This would occur when the visible gap is shorter
than the actual gap and the latter is longer than
the minimum gap acceptance.

The last case summarized in Figure 311 is
CASE IV. When visible gap is shorter than
the actual gap and the actual gap is shorter
than the minimum gap acceptance, two possi-
ble outcomes may result. The first outcome in
“CASE IV” s that there is no potential con-

flict, providing that an oncoming vehicle slows

its prevailing speed. The other situation in
CASE IV s that there is a potential collision
because the actual gap is too short to avoid a
collision, Possible outcomes for a potential colli-
sion are property damage only collision (PD),
injury collision (PI), and fatal collision (F). In
this study, a number of potential conflicts or col-
listons will be produced from the simulation
model,

3.2 Modeling Parameters

In this section, an overall modeling procedure
will be discussed. Presentation of how parame-
ters such as vehicle' headway, drivers’ gap

acceptance characteristics, drivers’ perception

reaction time, vehicle speeds, vehicle characteris-
tics, pavement friction, intersection geometry,
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severity of potential conflicts, and available sight .
distances are selected and used in the model wil
be discussed. '

3.2.1 Vehicle Headway
Headway is a basic characteristic essential to

the description of a traffic stream(Dawson).
Among many known probability functions, the
negative exponential distribution is selected for
this model because it is known as a fair model
for headways in low. and moderate traffic vol-
umes, The study focuses on STOP-controlled
intersections where typical traffic volumes are
low and moderate, Equation 321 gives a head-
way, h, directly when a random number, P,
is generated in the simulation model,

h=-InP/(q/3600) - EQ 321

where

h = headway (seconds),

P = random number between 001 and
100, and

q = hourly flow rate (veh/hour).

3.2.2 Perception-Reaction Time

A dnver’s perception-reaction time is another
key parameter in this study. There are two
different perception-reaction times considered in
the simulation model :
time for a stopped vehicle and a perception-

a perception-reaction

reaction time for an oncoming vehicle on the
major road.

Using the data collected by Olson et al,
Farber(1987) developed log normal distribution
for the perception-reaction time, In the log nor-
mal distribution developed by Farber, the calcu-
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lated median was 1.43 seconds with a standard
deviation of 0318. Generation of a randomly
selected value from the log normal distribution is
possible by using these results in Equation 322,
Equation 323 then enables calculation of the
perception-reaction time of a driver in the simu-
lation model.

_InX-Inp

A ottt wA  ENE EQ322
d

X = exp(lnh + Z x 9) -eeeeeee EQ323

where

7 : Standard normal distribution table value,

X : Driver’s perception-reaction time (sec-
onds),

1L : Median value of driver's perception-reac-
tion time (= 143 seconds), and

9 : Standard deviation of the log normal dis-
tribution (= 0.318 seconds).

Perception-reaction time for a stopped vehicle
is also varied by drivers in the simulation model.

Perception-reaction time for a stopped vehicle is -

defined as the required time duration for the
driver in a stopped vehicle to determine whether
a situation is safe to cross the intersection or not.

In order to develop an appropriate probability
distribution for this variable, data have been
collected for this study in the Dane County area
in State of Wisconsin, The data show that
there are differences in perception-reaction time
between vehicles without delay and vehicles
with delay. The vehicle without aehy means
that available gaps are long enough for the
arriving vehicle to cross the intersection before

any oncoming vehicle on a major road passes
the intersection. The vehicle with delay means
that the amiving vehide should wait for next
chance because the available gap is not long
enough to cross the intersection,

Both perception-reaction time for with delay
and without delay cases are normally distributed.
In the case of delay, the distribution mean is
101 seconds with a standard deviation of 0.203
while the mean and a standard deviation for the
non-delay case are 193 seconds and 0.295,
respectively. These two different normal distrib-
ution will be used to represent perception-reac-
tion times for both cases in the simulation
model,

3.2.3 Traffic Speed Characteristics

In the simulation, speed is assumed to be
normally distributed. For the primary highways,
mean traffic speed is 60 mph with a standard .
deviation of 7 mph. For the secondary high-
ways, mean traffic speed is 50 mph and 40
mph with standard deviations of 9 mph and
11 mph, respectively.

3.2.4 Vehicle Characteristics
Nowadays, there are many kinds of vehicles.

However, in the proposed simulation model,
only three kinds of vehicles are considered.
They are a passenger car(PC), a single unit
truck (SU), and a typical heavy truck (WB-
50).

In order to determine whether a maneuver
causes a potential accident or not, it is essential
to know vehicle lengths. The vehicle lengths
used are 19 ft, 30 ft, and 55 ft for a passenger
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car, a single unit truck, and a typical heavy
truck, respectively. Also, it is necessary to iden-
tify vehicle weights in order to calculate kinetic
energy dissipated during a potential accident, In
NCHRP Report 11, typical weights for a pas-
senger car, a single unit truck, and a typical
heavy truck are 3,000 b, 12,000 1b, and 45,000
Ib, respectively.

Table 3.2.1 Acceleration Rates for Various
Vehicle Types
- Vehicle Type | Acceleration Rate (mphps)
Passenger Car 320
Single Unit Truck 167
Typical Heavy Truck 116

" situations,

The identification of the location of the cross-
ing vehicle at different times is essential to
determine whether that particular maneuver is
hazardous or not. In order to find out the loca-
tion of the crossing vehicle, it is necessary to
identify vehicle acceleration rates for each type
of vehicles, AASHTO ‘Green Book' illustrates
acceleration rates for a passenger car, a single
unit truck and a typical heavy truck. In al
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cases, acceleration rates are not changed
throughout the crossing maneuver,

Traffic composition is also a key factor in
implementing the model since a different traffic
composition is expected to result in a different
outcome, Based upon WI-DOT data, the dif-
ferent traffic composition combinations are select-
ed for the model and are shown in Table 322

3.2.5 Pavement Friction

The simulation model will ignore icy pave-
ment conditions because pavement is only really
icy during several hours per year in real world
As a result,
average dry days are 63%
days are 37% of the year based upon weather
conditions in State of Wisconsin,

it is assumed -that

and average wet

It is a well known fact that trucks have poor
braking capability compared to passenger cars,
Hargadine(Hargadine) found that truck brake
tests indicated a need for increased maintenance
and subsequent tests in 1983-84 showed that
brake maintenance remains a problem. The

average percent of brakes out of adjustment

Table 3.2.2 Selected Traffic Composition Combinations for the Simulation Mode!

Combination Passenger Car Single Unit Typical Heavy %-Trucks
# (PC) Truck (SU) Truck (WB)
#1 94 3 3 6
#2 9% 5 10
#3 86 7 7 14
Table 3.23  Coefficient of Friction for Various Weather Conditions and Different Vehicle Types for
Approaching Vehicles on a Major Road
Weather Condition Passenger Car Truck
Dry 0.75 0.53
Wet . 045 032
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ranged from 26% to 36% for various vehicle
configurations, For these reasons in the model,

it is assumed that brake performance level of

trucks is 30% less than passenger cars’ brake

performance level in the model simulation,
Calculating a deceleration rate for a vehicle by
using f-values in the Table 323, the decelera-
tion rate will then be used to calculate a braking
distance, .

3.2.6 Intersection Geometry
The geometry of an intersection may also

influence the number of potential conflicts
between vehicles, In the proposed model, a
typical two-lane highway intersection will be
considered. It is assumed that intersections are
level with 12-ft lanes widths, The minor roads
are- contfolled by stop signs with stop lines 10-ft
behind edges of major road pavement.

In the proposed model, only crossing maneu-

ver will be considered. At a typical intersection,

the distance traveled by a stopped vehicle for a
crossing maneuver is 34 ft plus the length of
the stopped vehicle,

3.2.7 Minimum Gap Acceptance.
The actual crossing time should be calculated

in order to determine minimum gap acceptance,
As shown in Figure 321, there are two differ-

ent crossing times for left-hand side and nght-

hand side. In the model, it is considered a safe
situation for a left-hand side if the crossing
vehicle rear crosses the center line on the major
road. However, for right-hand side case, it is
safe when the rear of the crossing vehicle cross-
es completely to the far side on the major road.
Equations 326 and 327 show the relationship
between crossing time and acceleration rate,

It is assumed that a crossing vehicle main-
tains a constant acceleration rate throughout the
maneuver. Since different vehicle types have
the different acceleration rates, . crossing-times
for different vehicle types are different. These
results are summarized in Table 324,

fe = ’2(12 +10+ La) ... EQ. 326
1.47ax

me= |PAFI0+ L) EQ 327

\ 1.47

where 7

trc = crossing time for left-hand side (gec—
onds),

trc = crossing time for right-hand side
{seconds),

Lcr = length of the kth crossing vehicle
(feet), and

ak = acceleration rate for the kth crossing

vehicle {mphps).

Table 3.24 Crossing Times for Different Vehicle TypesCrossing time

Crossing time
Vehicle type Left-hand side (tLC) Right-hand side (tRC)
Passenger Car 411 seconds 467 seconds
Single Unit Truck 6.51 seconds 7.22 seconds
WB-50 950 seconds 10.21 seconds
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Once the crossing time is calculated for differ-
ent vehicle types, it is possible to calculate each
driver’s minimum gap acceptance by .adding
~ crossing time to perception-reaction time,

3.28 Flow Rates On a Major Road

Flow rates are essential factor in analyzing
highway systems. In most cases, hourly flow
rates throughout the year can nét be easily
obtained, However ADT(Average Daily
Traffic) values can be found in most cases. In
this model,
converted into a hourly flow rate.

Berg et al. developed a methodology to con-

vert ADT into corresponding hourly flow rates.

ADT is the input variable and is

In this model, only rural highway is considered
because the intersection geometry representative

12!
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of a typical rural highway. Therefore, segment
IV from Berg et al's study(Berg et. al) will be
used in the model.

Initially, it is assumed that the higher the
flow rate is, the more severe the directional dis-
tribution will be,
assumption,  directional distnbutions for multi-
lane highways for 50 peak hours during the
year were collected from the 1991 Wisconsin
Automatic Traffic Recorder Data(WI-ATR,
91). Two locations were selected because these

In order to validate this

two locations were typical rural highways. One
station was located in Mount Horeb in southern
Wisconsin (Station number 13-0012). The other
measurement point is located in Pine River on
United States Highway 51(USH 51) in
Wisconsin (Station number 35-002).

/

/
__ ¥ Qe

/a
-'-_.I.& 10|
LN

/

Distance (feet)

where
t ¢ : crossing time for left-hand side,
tre : crossing time for right-hand side, and

Lck : length of the kth crossing vehicle.

Figure 3.2.1 Crossing Time for Left and Right-Hand Sides
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Table 3.2.5 Average Daily Traffic Characteristics for Six Different Groups for the Simulation Mode!

Group 1 2 3 4 5 6

%-ADT 182 149 116 83 50 16
Directional distribution 50:50 50:50 50:50 50:50 50:50 50:50
Hours/yr. 25 25 225 1225 3300 3960

Table 325 shows each group with corre-
sponding directional distributions, %-ADT, and
hours per year to be used in the simulation

model. Six groups in all are simulated separate-

ly in the model for each combination of average
daily traffics for a major road and 4 minor road,
In this way, existing ADTs can be entered into
the model. The model wil convert ADTs to
hourly flow rate for both major and minor roads,

3.3 A Complete Modeling Procedure

3.3.1 Setting Up The Model

In the proposed model, the types of vehicles
for the crossing and oncoming vehicles will ran-
domly be selected based upon the given traffic
composition characteristics.  Once vehicle types
are determined in the model, the next task is
to select headways for oncoming vehicles on the
major road,

Once headways of oncoming vehicles on the
major road are randomly selected, it is neces-
sary to identify the actual gaps ‘of the first
oncomning vehicles from both sides. In order to
determine the actual gaps for the first oncoming
vehicles from both sides, a random number, R,
is introduced in the model. The method to cal-
culate the actual gap of the first vehicles in the
model is shown in Equation 331 Imtially, the

headway of the first vehicle is selected from the -

headway distribution. Also, the random num-
ber, R, is randomly selected in the simulation
model and is then multiplied with the headway
of the first vehicle,

ALl = R*hLl «eee EQ. 331
ARl = R *hRl = ceeene EQ 332
where

ALl = actual gap of the first oncoming
vehicle from the left on a major
road(seconds),

ARl = actual gap of the first oncoming
vehicle from the right on a major
road (seconds),

R = random number ranging between
001 and 1.00,

hLLl = headway of the first oncoming vehi-
cle from the left (seconds), and

hR1 = headway of the first oncoming vehi-
cle from the right (seconds).

In this way, the actual gap of the first vehi-
cles from both sides are randomly determined in
the simulation model, At this point, the refer-
encing time, t, is set to zero in the simulation
model. Figure 331 shows the locations of
vehicles when the referencing time is equal to
2ero,

Available sight distances from the left and
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Figure 3.3.1 Initial Actual Gaps of the First Oncoming Vehicles on the Major Road

right, AVSDL and AVSDR, can be converted
into time durations , tSL and tSR, and divided
by the prevailing speed (Vm)
road to calculate corresponding tin}e durations,

on the major

Equations 3.3.3 and 334 illustrate the conversion
of an available sight distance into a time dura-

tion,

_ AVSDL
= L47V, e EQ 333
AVSDR
SR = 1.47‘/'” ......... EQ 334
where
AVSDL : avalable sight distance from the
left (feet), '
AVSDR : available sight distance from the
right (feet)
tSL . time duration converted from an
available sight distance from the
left (seconds),

tSR : time duration converted from an

available sigh distance from the
right (seconds), and
Vm . prevailing speed of the traffic

stream on the major road(mph).

The parameters tGL’ and tGR’ represent
driver’s minimum gap acceptance time for the
left-hand side and the right-hand side, respec-
tively, In order to calculate the referencing time,
t, it is necessary to introduce the cumulative
headway, CLi CRj, for the left-hand side
and the right-hand side, respectively. CLI
means the summation of headway from the
second vehicle to the ith vehicle in addition to
the actual gap of the first vehicle from left,
ALl in the model. Equation 335 and Equation
336 show how to calculate a cumulative head-
way in the model,

i
CLi= AL+ Y hla

a=1
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Crj = ARl+ith ......... * EQ. 336
b=l
where
hLa = headway for the ath vehicle from
the left (seconds),
hRb = headway of the bth vehicle from the
right (seconds),

ALl = actual gap of the first vehicle from .

the left (seconds),

ARl
the right (seconds),

CLi = summation of headway from the sec-
ond vehicle to the ith vehicle plus
the actual gap of
the first vehicle from the left on a
major road(seconds), and

CRj = summation of headway from the sec-
ond vehicle to the jth vehicle plus
the actual gap of the first vehicle
from the right on a major road

(seconds).

The next step is to estimate the actual gap
for the second vehicle, The actual gap is calcu-
lated by subtracting the new referencing time
from the cumulative headway.

Lig-1p+12

t=CLi- le ,,,,,, EQ. 337
ALi = CLi-t e EQ. 338
where |
t = referencing time for the i" oncoming

vehicle from the left (seconds),
CLi = cumulative headway from the second

actual gap of the first vehicle from

vehicle to the ith oncoming vehicle
from the left plus the actual gap of
the first vehicle (seconds),

LL(i-1) = length of the (i-1)th vehicle from
the left on the major road (feet),
and,

ALl = actual gap for the ith vehicle from
the left on the major road (seconds).

The method for calculating the new referenc-
ing time is shown in Equation 337 The first
term in Equation 337 is the cumulative head-
way from the second vehicle to the (i-1)"vehicle
from the left plus the actual gap of the fust
vehicle, CL(i-1). The second term in Equation
337 is the travel time duration for the length
of the (i-1)" vehicle to clear the right-hand side
lane. In this way, it is possible to calculate the
new referencing time for the ith oncoming vehi-
cle from the left. In other words, the new ref-
erencing time for the ith oncoming vehicle from
the left is the time when the previous vehicle
clears the intersection,

By using Equation 338, the actual gap for
the ith vehicle can also be estimated in the
model. The actual gap of the ith oncoming
vehicle is the total cumulative time, CLi minus
the new referencing time, t.

Once a stopped vehicle on a minor road
begins to move, whether or not his movement
causes a potential conflict must be determined.
In order to evaluate this, crossing times such as
“tLC" and tRC’ will be needed for the smula-
tion model. Driver's minimum gap acceptances,
tGL, and tGR, are composed of a driver's per-
ception-reaction time, tPk, in the k% crossing
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vehicle and an actual crossing time for the left
and right, tLC and tRC, respectively.

If tGL' is longer than (CLi-t) or tGR' is
longer than (CRj-t), a potential conflict may
occur, In this case, braking capability of oncom-
ing vehicles should be considered in order to
determine whether there is a potential conflict or
a potential colision. Two scenarios may thus
result. One situation is that there is a potential
collision between vehicles with a maximum
available braking force. The other is the case in
which the oncoming vehicle can avoid a poten-
tial collision with different braking force,

3.3.2 Logical Flow of the Model
In the model, the left-hand side and the

right-hand side are considered together, When
both sides are clear for a stopped vehicle, the
stopped vehicle would cross the intersection.
When either side is not clear, the stopped vehi-
cle would wait for the next chance, First, the
left-hand side and the right-hand side are
checked as shown in Figure 332, When actual
gap, CLi-t (= ALl), is shorter than available
sight distance, tSL , and actual gép Is shorter
than driver's minimum gap acceptance, tGL,
an oncoming vehicle on a major road is too close
for a stopped vehicle to cross the intersection
without potential conflict or collision. In this
case, the stopped vehicle would wait the next
chance, In the smulation program, “i” will be

increased by one and the new referencing time, -

t, wil be recalculated by using Equation 3.37.
Since “i” is increased by one and the referencing
time has been adjusted, it is possible to calcu-

late the new actual gap, ALj for the next-
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vehicle on a major road.

When an actual gap is longer than an avail-
able sight distance and shorter than a drivers
minimum gap acceptance, a potential conflict
between a crossing vehicle and an oncoming
vehicle on a major road will result. Even
though a crossing maneuver causes a potential
conflict with an oncoming vehicle from the left
n the program, the right-hand side should also
be checked,

A new variable, LTCON, is introduced in
the program in order to identify whether there is
a conflict for the left-hand side or not, If
LTCON is ‘YES in the program, there'is a
potential conflict for the left-hand side with or
without a potential conflict for the nght-hand
side,

Other cases, in which the stopped vehicle
crosses the intersection without any conflict,
may also result from simulation model. If the
stopped vehicle crosses the intersection safely,
the program returns to the beginning point in
order to examine the next crossing vehicle until
simulation ends.

In the case of a potential conflict, the severi-
ty of potential conflict is calculated and the pro-
gram returns to the main simulation program in
order to examine the next crossing vehicles, I
this way, the simulation program will continue
until all the desired vehicles are tested,

3.4 Checking Procedure for a
Potential Conflict

Onee the program determines that there is a
potential conflict between vehicles, it is neces-
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ARj : ACTUAL GAP FROM RIGHT FOR THE j*h VEHICLE.

Figure 3.3.2 Crossing Maneuver - Logical Flow
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sary to determine whether the crossing maneu-
ver causes a potential conflict or collision. The
oncoming and crossing vehicle types are essential
to determine the severity of a potential conflict,
In the simulation model, vehide types have
been selected in an early stage,

Up to this point, the actual gap between an
oncoming vehicle from the left and a stopped
vehice, CLi - t (or Ai), and the actual gap
betweeri an oncoming vehicle from the right
and a stopped vehicle, CRj - t (or Aj), were
identified in terms of time durations,

In order for a potential collision to occur in
the model, two conditions must be satisfied,

First, an oncoming vehicle’s minimum stopping

distance must extend beyond the collision point.

The other requirement is that an oncoming
vehicle passes the collision point before the cross-
ing vehicle completes a crossng maneuver, In
other words, an oncoming vehicle should have
some speed at the collision point even with the
maximum available braking force and an
oncoming vehicle should pass the collision point
within the crossing vehicle’s minimum gap
acceptance,

In order to model this situation, the available
braking distance for an oncoming vehicle must
first be calculated. Figure 34.1 illustrates a
time-space diagram for three different oncorning
vehicles from the right, represented by Vehicle
#1, #2 and #3. The dnver's minimum gap
acceptance is  tpk+tRC. Vehicle #1, #2,

and #3 illustrate a potential collision case, a .

potential conflict case, and no conflict case,

respectively. In Figure 341, the actual gap of

each of three vehicles are represented by Al,-
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A2, and A3, The actual gap is the time dura-
tion for an oncoming vehicle to amrive at the
intersection with a constant prevailing speed
from its initial location. Also, speed of each
oncoming vehicle has been selected at an early
stage of the simulation. The speed of three
vehicles are denoted by Vml, Vm2, and Vm3,
in Figure 341. Once the speed and the actual
gap of an oncoming vehicle were selected in the
model, it is possible to identify the location of
the oncoming vehicle by using Equation 3.4.1.

Daj = 147 Vmj (AR})) = EQ. 34.1.

where '

Daj = distance converted from the actual
gap of the jth oncoming vehicle
from the right(feet),

Vmj = prevailing speed of the jth oncoming
vehicle from the right (mph), and

ARj = actual gap of the jth oncomning vehi-
cle from the right(seconds).

In the program, an available sight distance
from the right, AVSDR,

able. An oncoming vehicle on a major road will

was an input vari-

not identify whether a crossing vehicle is cross-
ing the intersection or not until it reaches the
available sight distance position, indicated as
‘SD’ in Figure 34.1. How long an oncoming
vehicle will travel’ without noticing a crossing
vehicle 1s expressed as tj. This time duration
can also be converted into a distance, Dj.
Equation 34.2 shows the calculation of the time
duration, tj. _ )
tj = (CRj - t) - [ AVSDR / 147 Vmj]
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where
tpj = perception-reaction time for the jth oncoming vehicle(seconds),

ARi = actual gap for the jth oncoming vehicle (seconds),

ty,; = braking time with maximum braking for the jth oncoming vehicle (seconds),
Dbj = available braking distance for the jth oncoming vehicle {ft),

Dpj = distance travelled during perception-reaction time for the jth vehicle (ft),

Dj: distance travelled before sight distance for the jth oncoming vehicle (ft),
t= time duration before sight distance for the jth oncoming vehicle (seconds),
Vinj = prevailing speed of the jth oncoming vehicle (mph),

tpk = perception-reaction time for the kth crossing vehicle (secodns), and

trc = actual crossing time for the kth crossing vehicle(seconds).

Figure 3.4.1 Time-Space Diagram for a Potential Conflict and a Potential Collision
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where

tj . = time duration for the jth oncom-
ing vehicle from the right to
travel from the initial position to
the available sight distance posi-
tion (seconds),

Vmyj = prevailing speed of the jth oncom-

ing vehicle from the right
(mph), CRj - t = actual gap
for the jth oncoming vehicle
from the right on the major
road (=ARj) (seconds), and

AVSDR = avaiable sight distance from the
right (feet),

When the driver of an oncoming vehicle real-
izes that there is a crossing vehicle at an inter-
section, he requires a perception-reaction time
to decide on a course of action. In Figure 341,
the perception-reaction time for the jth oncoming
vehicle is expressed as tp. The distance trav-
eled during the perception-reaction time, Dpj,
can also be calculated by multiplying the pre-
vailing speed by the perception-reaction time for
the jth oncoming vehicle from the right, tpj.
The available braking distance is the available
sight distance minus this distance traveled dur-
ing perception-reaction time, The available
braking distance, Dbj, is the distance for brak-
ing of the jth oncoming vehicle from right.
This computation is summarized in Equation
34.3.

Dbj = (AVSDR) - Dpj = AVSDR - [
147 Vmj * tpi] e EQ. 343

where

209

Dbj = available braking distance for the
jth oncoming vehicle from the
right on the major road(feet),

AVSDR = available sight distance from the
right (feet),

Dpj = distance traveled during the per-
ception-reaction time for the jth
oncoming vehicle from the right
on the major road, and

tpj = perception-reaction time for the jth

oncorning vehicle from the right

(seconds).

Next, a stopping dlstance Ds, must be cal-
culated to compare with the available braking
distance, Dbj, In order to calculate a stopping
sight distance, Ds, the available maximum coef-
ficient of friction should be identified. A stop-
ping distance is computed through the use of
Equation 34.4.

o= EQ 344
= —
30 f max j )
where
Ds = stopping distance required for the

jth oncoming vehicle from the
nght utilizing the maximum avail-
able braking force (feet),

Vmj = prevailing speed of the jth oncom-
ing vehicle from the right on the
major road (mph), and

fmaxj = available maximum coefficient of
friction for the jth oncoming vehi-
cle from the right,

Once the available stopping distance, Ds, is
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calculated, its magnitude should be compared
with that of the available braking distance.
When the stopping distance is longer than the
available braking distance, an oncoming vehicle
cannot stop before the intersection. Conversely,
an oncoming vehicle can stop before the inter-
section if the available braking distance is suffi-

ciently long. An oncoming vehicle will cause a

potential conflict and not a potential collision in

this case,

When the stopping distance, Ds, is longer

than the available braking distance, Daj, the
jth oncoming vehicle may cause either a poten-
tial conflict or collision, If the jth oncoming
vehicle passes after a crossing vehicle clears the
intersection, it will not cause a collision even
though the stopping distance is longer than the
available braking distance. This is a potential
conflict case in the simulation model and is illus-
trated by Vehicle #2 in Figure 341. In order
to identify whether the jth oncoming vehicle
causes 2 potential conflict or collision when the
stopping distance is longer than the available
braking distance, it is necessary to calculate

braking time, tbj, The braking time is the

available braking time with a maximum coeffi-
cient of friction for the jth oncoming vehicle
from the right on the major road. In order to
determine this parameter, it is necessary to cal-
culate the speed, VI, at an intersection with
the maximum braking force for the jth oncom-
ing vehicle from the right on the major road as

shown in Equation 345,

VI = [ (Vmj)2 - 30 fmaxj (Dbj)]1/2
e EQ 345

where

VI = speed of an oncoming vehicle from
the right at the intersection with
the maximum available braking
force(mph),

Vmj = prevailing speed of the jth oncoming
vehicle from the right on the major
road(mph),

fmaxj = maximum coefficient of friction for
the ith oncoming vehicle from the
right on a major road, and

It

Dbj available braking distance for an
oncoming vehicle from the right on

the major road (feet).

It is possible to calcualte the braking time, tbj,
because the initial prevaiing speed for the jth
oncoming vehicle from the right, Vmj: the
speed at the intersection, VI: and the maxi-
mum available coefficient of friction for the jth
vehicle from the right, fmax), are known,

Equation 34.6 is the applicable equation,

thj = 147 (Vmj - VD) / (fmaxj * g)

where
thj = available braking time with the max-
imum coefficient of friction for the

jth oncoming vehicle from the right

(seconds),

Vmj = prevailing speed of the jth oncoming
vehicle from the right on the major
road (mph),

VI = speed at an intersection for the jth

oncoming vehicle from the right
with the maximum braking (mph),
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and fmaxj = maximum available

coefficient of friction for the jth

oncoming vehicle from the right, and

g = gravity acceleration rate (=322 fpsps).

Once “thj” is calculated in the program, the
total time duration, Tab, from the imtial point
to the end of the braking maneuver should be
calculated as shown in Equation 34.7 in order to
compare it with the crossing driver's minimum
gap acceptance time, tGR,

Tab = tj + tpj +thf oo EQ 347

where

Tab = total time duration from the nitial
position to the end of the braking
maneuver for the jth oncoming vehicle
from the right on the major road(sec-
onds),

thj = available braking time with the maxi-

mum coefficient of friction for the jth
oncoming vehicle from right (sec-
onds),

time duration from the initial point to
the available sight distance for the jth
oncorming vehicle from the right (sec-

tj

onds), and
tpj = perception-reaction time for the jth

oncoming vehicle (seconds).

Once the total time duration, Tab, is calcu-
lated in the program, it is compared to the dri-
ver's minimum gap acceptance for the kth
“crossing vehicle, tGR, When the time duration,
Tab, is shorter than, tGR, there is a potential
collision as represented by Vehicle #1 in Figure
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341, When the time duration, Tab, is longer
than ‘tGR’, there is a potential conflict rather
than a potential collision even though the stop-
ping distance is longer than the available braking
distance. This is the case shown by Vehicle
#2 in Figure 34.1.

35 Severity of a Potential Conflict

All conflicts or collisions are not equal in
terms of potential severity, For example in a real
world situation, the severity of collision can be
identified from an accident report while that for
a conflict is measured in terms of distance
between the two vehicles involved in the con-
flict. The higher speed and heavier weight the
vehicle involved in an accident has, the higher
the severity of an accident involving this vehicle
will be. Based upon this fact, the severity of a
potential conflict or collision is a function of the
weight (or mass) and the speed of the oncom-
ing vehicle, In order to account for this relation-
ship, the kinetic energy concept will be used to
calculate severity of collisions and conflicts,

Initially, average deceleration technique and
maximum deceleration technique were examined,
Average deceleration technique is to use the
average deceleration rate to the intersection. If
the used deceleration "technique is greater than
the available braking force, then it will cause a
potential collision, otherwise it will cause a
potential conflict, Maximum deceleration tech-
nique is to use the maximum available decelera-
tion rate, Both methods are not feasible mathe-
matically. Therefore, another method is intro-

duced such as an approximation technique,
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3.5.1. An Approximation Technique
In general, the speed at the collision point

depends upon the initial position of an oncoming
vehicle at the beginning of the driver's mini-
mum gap acceptance for a crossing vehicle, In
other words, the longer the vehicle’s actual gap
is, the less hazardous a potential conflict is.
Based upon these assumptions, an approxi-
mation technique is proposed. The technique
assumes that the speed of an oncoming vehicle

is changed at the end of the driver’s perception- ’

reaction time and is maintained to the collision
point, This case is illustrated in Figure 351
The constant average speed of an oncoming
vehicle from the end of driver’s perception-reac-
tion time to the collision point at the end of the

crossing vehicle’s gap acceptance time, is

expressed as Vc in the model. In terms of mni- .

tial actual gaps, Vehicle #1 is the closest and
Vehicle #3 is the farthest among three vehicles
in Figure 351. This means that constant aver-
age speed of the first vehicle at the collision
point is the lowest among three while that for
Vehicle #3 is the highest. The new method to
calculate the available braking time is presented
in Equation 35.1.

thh = tGR - tj - tpp e EQ. 351
where
thj = available braking time for the jth

oncoming vehicle from the right
(sec),

tGR = gap acceptance for the kth crossing
vehicle (seconds),

t = time duration from the initial position
to the available sight distance posi-

tion (seconds), and
tp) = perception-reaction time for the jth
oncoming vehicle from the right

(sec).

In the previous methods, the speed at the
collision point, VI was calculated by using
Equation 345: however, the constant speed,
Ve, at the end of the crossing vehicle’s gap
acceptance time at the collision point for an
approximation method should be calculated by
using Equation 352.

Ve = Dbj / (147 thy) e EQ. 352

where

V¢ = constant speed of the jth oncoming
vehicle at the end of the crossing
vehicle's gap acceptance time at the
collision point (mph),

Dbj = available braking distance for the jth
oncoming vehicle from the right on

the major road(feet), and

thj available braking time for the jth
oncoming vehicle from the right on

the major road(seconds).

This method only considers the initial location
of an oncoming vehicle in calculating severity of
a potential conflict at the beginning of the
acceptance gap for the crossing vehicle,

3.5.2 Potential Kinetic Energy Estimation
Initially, the kinetic energy concept was used
to predict severity of both a potential conflict
and a potential collision separately. However, it
was not possible to calculate the speed at the
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Figure 3.5.1 Time-Space Diagram for Approximation Technique

collision point when braking capability of an
oncoming vehicle was considered,  Therefore,
the approximation method was introduced and
will be used in the model. Also, in the model,
the severity of a potential conflict and a poten-
tial collision is measured with the same scale
rather than with separate scales, A basic idea
is that the most severe case of a potential con-
flict is better than the least severe case of a
potential collision. Specifically, the, least severe
case of a potential collision is only a minor colli-

sion while the most severe case of a potential

conflict is actually close to an accident.

In order to adapt this idea mathematically,
the basic kinetic equation should be modified.
The modified equation is Equation 353 and is
called as the weighted potential kinetic energy
equation. The only difference between the
modified and the basic kinetic energy equations
is that the former is weighted by a speed term.
the weighted
potential kinetic energy equation multiplies the

As shown in Equation 353,

speed fraction into the basic kinetic energy
equation. The numerator of the fraction indi-
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cates the speed difference between the prevaiing
speed, Vmyj, and the constant speed, Vc, at the
end of collision point. The denominator is the
initial prevailing speed, Vmj. Therefore, the
range of the speed fraction is between zero and

one,
PKE = [(Vmi - Ve)/Vm] (1/2) (m) Vmy

where

PKE = weighted potential kinetic energy
dissipated during a potential conflict
(Ib-ft2 /sec2),

m = mass of the oncoming vehicle (Ibs),

Vmj = initial prevailing speed of the jth
oncoming vehicle from the right on
the major road (fps), and

Ve = constant speed for the jth oncoming
vehicle from the right at the end of
collision point (fps).

The available braking distance controls the
value of the speed fraction in Equation 353
Specifically, the value of the speed fraction is
getting larger as the available braking distance is
getting shorter. The weighted potential kinetic
energy is also increasing as an available braking
distance decrease. Therefore, the available
braking distance fully accounts for the weighted
potential kinetic energy dissipated as an indicator
of severity for a potential conflict or collision in
the simulation model.

36 Number of Simulation Runs

The Monte Carlo simulation will be used

for the proposed model. In order to determine
the number of simulation runs, the error associ-
ated with sample size should be considered. It
is possible to view the outcomes of all the
Monte Carlo trials as a set of experimental data.
Since each trial has a certain probability of suc-
cess, p, a probability of faillure, ¢ (= 1 - p),
and independence, the trials have a binomial
distribution. In this study, a probability of fai-
ure, q, is defined as the event that a crossing
vehicle cause a conflict or collision, Therefore,
a probability of success, p, is defined as the
case when a crossing vehicle crosses the inter-
section safely.

If the number of trials is large (as is general-
ly the case in Monte Carlo analysis), the nor-
mal approximation to the binomial may be used.
By using this concept, the number of simula-
tion runs, n=39600 under ten percent error
limit,

3.7 Boundary Conditions of the
Model

Several boundary conditions are needed to run
the developed model. The program simulates a
sample of 39,600 crossing vehicles for each dif-
ferent hourly flow rate under the same condi-
tions, In the simulation model, an input file
containing average daily traffic on the major
road (ADTm), traffic composiion (TC), an
available sight distance for the left-hand side
(AVSDL), an available sight distance for the
right-hand side (AVSDR), and the prevailing
speed on the major road (Vm) is necessary to
run the program, Selected values for sight dis-
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tance for one side and the corresponding speed
are tabulated in Table 3.7.1.

There are 16 possble combinations of avai-
able sight distance and speed on the major route
for each speed zone. There are only four cases
listed in Table 3.71 because only one side
avallable sight distance is tabulated. If both
sides are considered, there are sixteen cases.
Al sixteen cases for each speed zone will be

examined in the simulation model Since the

model considers three different speed zones,
there are 48 (= 16x3) simulation cases for both
sides,

In each input file, there are three different
traffic compositions (TC) to be considered sepa-
rately by the model Thus, the total number
of .simulation cases under each ADTm is 144
(= 48 X 3). Since there are five different
average daily traffics (ADTm) in the model, the
total number of simulation cases is 720 (= 144

X 5) each of which is simulated separately.
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4 SIMULATION MODEL OUTPUT

4,1 Overall Model Analysis

In the model, available sight distances are
assumed to be key factors that influence the
output of the model. Available sight distances
for both directions were considered separately in
the model.

Figure 411 relates available sight distances
and the total number of potential conflicts per
year per vehicle. The results show that the
total number of conflicts decrease as the avail-
able sight distance increases,

The total number of conflicts countered at
sight distances of between 250 and 350 feet are
much higher than that for other distance ranges.
In Figure 411, even when available sight dis-
tances are in the shorter ranges, there is a ten-
dency for the total number of conflicts to

increase as available sight distances increase,

Table 3.7.1 Various Ranges for Speeds and Sight Distances and Selected Values for the Simulation
Model
Speed (mph) Actual Range of Selected Sight Distance for the

Vm Sight Distance(feet) Simulation Model (feet)
AVSDL, or AVSDR

40 200 300 250

40 300 400 350

40 400 500 450

40 500 600 550

50 250 350 300

30 350 450 400

50 450 550 500

50 550 650 600

60 300 400 350

60 400 500 450

60 500 600 550

60 600 700 650
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These variations are due to several other factors model: however, in Figure 411, only the
such as the prevailing speed and traffic composi- available sight distance is considered as an input
tions (described in Table 322) which have an variable,

impact on the total number of conflicts in the
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Figure 4.1.1 Overall Relationship between Available Sight Distances and Potential Number of Conflicts
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A regression technique was used in order to
find the relationship between total number of
conflicts and input variables. The developed
regression equation is also given in Equation
411

{Total No of Conflicts per year per vehicle)

= 00431 - 0000303 (AVSDR) + 000000089

(t=-3215) (t=2072)
(ADTm) +
000371 (Speed) - 0000207 (AVSDL) +
(t=2556) (t=-2206)
000945 (TP) e EQ 411
(t=731
(R* = 0745)

where
ADTm = average daily traffic on the major
road (vehicles/day),

TP = percent of trucks on the major
road (percent),

AVSDL = available sight distance from the
left (feet),

AVSDR = available sight distance from the

right (feet), and
Speed = prevailing speed on the major road
(mph).

The most significant independent variable is
the available sight distance for the right-hand

side and the least significant independent vari-

able is %-Trucks (=TP).
Severity of conflicts differ between cases, In
order to account for the severity of hazard at

the intersection, the potential kinetic energy per
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year per vehicle was estimated. Potential kinetic
energy dissipated per crossing vehicle during one
year at an intersection is expressed as
“Tot__Hazard/yr/veh’ in the model and is
therefore indicative of the severity of hazards at
the intersection as a whole,

Figure 412 shows the relationship between
available sight distances and ‘Tot_Hazard/
yr/veh The general shape of this plot is simi-
lar to that in Figure 411. More kinetic energy
is dissipated as the total number of conflicts
increases, One major difference in Figure 412
in comparison to Figure 411 is that the total
hazard per year per vehicle at the 250 feet
available sight distance is relatively low, whie
at the 250 feet available sight distance, total
number of conflicts in Figure 411 was relatively
high, In the simulation model, the 250 feet
available sight distance was only used for the 40
mph speed zone, the lowest prevailing speed
used in the simulation model The prevailing
speed is an important factor in estimating the
potential kinetic energy dissipated during a
potential conflict. Therefore, even though total
number of conflicts are high, total hazard per
year per vehicle are low.

A linear regression equation to predict the
total hazard per year per vehicle at the intersec-
tion was also developed. In the regression equa-
tion, given in Equation 412, input variables

are used as independent variables,

(Total Hazard per year per veh)

= -380904 + 23058 (Speed) - 1259(AVSDR)
(t=2922) (t=-2458)
- 787(AVSDL)
(t=-1537)
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+ 351(ADTm) + 23412 (TP) - EQ. 412
(t=1492) (t=13.36)

(R* = 0688)

The prevailing speed on the major road is the
most significant variable as expected because
total hazard per year per vehicle is a function of
the square of the speed. The avaiable sight
distance for the right-hand side has more impact
on the total hazard per year per vehicle than
that of the left-hand side because crossing time

for the nght-hand side is longer than that for .

the left-hand side. As expected, percent of
trucks is a key factor influencing the potential
kinetic energy dissipated during potential conflicts
because the potential kinetic energy is a function
of the mass of the oncoming vehicle on the

major road,

4.2 Safety Based Level of Service at

an Intersection
Based upon the results of the’ simulations,

the total number of conflicts ranged between 0
and 03, To establish six different level-of-ser-
vices, this range was divided

Figurce 4.12 Overall Relationship between

Table 4.2.1 Level-Of-Service Thresholds
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into six equal intervals, with each interval
representing a different level-of-service, The
same procedure applied to the total hazard per
year per vehicle, It ranged between 0 and
2,100,000, Each interval indicates 350,000 Ilb-
ft2/sec2. When the two criteria provide a dif-
ferent level of service, the lower level of service
should be chosen as the LOS of the intersection,

The total number of conflicts and the total
kinetic energy dissipated during potential conflicts
can be obtained allowing determination of the
level-of-service from Table 42.1. This method
enables an engineer to predict safety improve-
ments resulting from changes an existing inter-

section’s available sight distance. Also, this

method can predict safety-~based level-of-service

for future traffic increase at an existing intersec-
tion,

5 CONCLUSIONS

51 Conclusions

The results of many simulations clearly show
that available sight distances influence intersec-
tion safety. In general, two-way stop controlled

Total Number of Total Hazard per vehicle Level-of-

Conflicts per vehicle (Ib-ft2/sec2) Service
<005 {350,000 A
005 - 010 350,000 - 700,000 B
0.10 - 0.15 700,000 - 1,050,000 C
0.15 - 020 1,050,000 - 1,400,000 D
020 - 025 1,400,000 - 1,750,000 E
025 ) 1,750,000 > F
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intersections are safer when drivers have longer
sight distances. On the other hand, the simu-

lations demonstrated that intersection hazard is

heightened by higher prevaiing speeds on the
major road, higher average daily traffics on the
major road, and higher heavy vehicle percent-
ages.

The total number of conflicts per vehicle per
year is a surrogate for the probable number of
accidents at an intersection per year, while the
total hazard per vehicle per year is surrogate for
the severity of those accidents,

The results show that prevailing ‘speed has a
great impact on the total number of conflicts
per vehicle at two-way stop controlled intersec-
tions only when available sight distances are
shorter. The differences in the total hazards per
vehicle at different prevailing speeds are getting
larger as available sight distances are shrinking,

The results show that the difference in the .

total number of conflicts per vehicle between
various average daily traffics are much higher as
available sight distances are getting shorter. In
general, the trend in the total hazard per vehi-
cle created is the same as that for the total
number of conflicts per vehicle,

Based upon the simulation outputs, when the
traffic on the major road is heavy and the pre-
vailing speed is 60 mph, the impact of heavy
vehicle presence to total number of "conflicts per
vehicle 15 higher than the case when ADTm
and speed are low,

A safety based level-of-service (LOS) was
developed using the results of the simulation
model.  Since this study covers most reasonable

ranges of input varables, the results of the

simulation model can be used to present the
safety measurements of all possible two-way
stop controlled intersections,

The developed simulation model is useful in
estimating the true degree of hazard at two-
way stop controlled intersections because the
developed model considered roadway features
and traffic characteristics in estimating ntersec-
tion safety, and it accounted for both potential
conflicts and collisions, The AASHTO defines
available sight distances at two-way stop con-
trolled intersections by considering only the pre-
vailing speed at the major road:
based upon the results of the simulation other
parameters, like average daily traffics and traf-

however,

fic compositions, must be considered to better
define the safety implications of available sight
distances,

The results of the developed simulation model
provide a method to develop a safety based
LOS at two-way stop controlled intersections, It
is possible to determine minimum sight distance
under given prevailing conditions for the desired
safety-based LLOS by using the developed
method,

The proposed method also permits quantita-
tive assessment of trade-off between cost of
providing sight distance and the safety conse-
quences of the available sight distance.

52 Recommendations for Additional
Research

For a more accurate evaluation of total safety
of two-way stop controlled intersections, turning

maneuvers should also be considered in any
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future study in addition to pedestrians.

Only braking is considered as an evasive
action for an oncoming vehicle on the major
road in this study. There are other evasive
actions, for example lane changes, that could be
incorporated into future simulation models, Only
conflicts and collisions between two vehicles
were accounted for in this study. however, it
is possible that conflicts and collisions may

involve ‘more vehicles, In other words, sec-

ondary mmpacts of a conflict or collision was not

considered in this study and should be included
in future research,

Only three types of vehicles are used in this
study. In order to estimate potential kinetic
energy dissipated during a conflict or 'collision
more accurately, more vehicle types can be
used in the future study. Only one acceleration
rate for each vehicle type is used in this study;
however, acceleration rates could be different
for different drivers in real world situations.

In this study, intersections are level conditions
at two-lane rural highways. In the future
research, the grades of both highways at inter-
section zrea can be considered. The developed
logic for this study can be applied for the safety

analysis at four-way stop controlled intersections,

intersections without any control, and stop con- .

trolled intersections at multi-lane highways,

The methodology developed herein is a base
platform for evaluating the safety at non-signal-
ized intersections, Modification and development
of the developed model will enable safety evalu-

ation at various other types of intersections.
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