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INTRODUCT ION

Capacity analysis of & roadway system continues to be
a major concern for trensportation planners and traffic
enginecrs., While great strides heve been made to determine
the existing and future demands and desire for iravel on a
given roadway or highway network, the complete snalysis of the

same roadway to determine its ability to handle these damands

[
[

has been piecemeal due to limited knowledge of psrticulsr
situations and how they relate to the complete system.

With the introduction of the 1965 Hiahway Capacity

Manusl (1) and the subsequent work by Jack E. Leisch (2)
on intersection capacity, the ability to analyze certain
traffic conditions has been greetly advanced. However,
continuing rescarch is still necessary to bring cepacity
anelysis to a point where entire systems can ba readily
eveluated without extansive work and cost.

An atlempt was mzde in this report to apply 8 diffzrent

approach to avealuate the capsciiy on 2 part of an existing

e

transportation natwork while congidering tne impscts on the
rest of the network and the surrounding envircnment and the

‘limitations they impose.



PURPOSE

The purpose of this paper is two-fold. The first was to
apply a systems approach utilizing stochastic anslysis as
well as current methods to evaluate present facilities and
proposed alternatives, and the second was to apply and
evaluate a technique for analyzing existing trsffic conditions

through time-lapse photography.



SCOPE

The work was limited to the analysis of three basic
traffic conditions as they occurred on one roadway and
related to each other. The three conditions were:

1) A free flow highway

2) A tollbooth facility located on & bridge, and

3) Two major intersections providing the interface

of the study network with a freeway facility.



STURY LOCATION

The location selected for study was Broadwsy Avenue in
Kénsas City, Missouri, from the intersection at Sixth Street
and Broadway, through the intersection with Fifth Street, and
north across the Broadway Bridge to the intersection of
Broadway with U.S. Highway 71 (see Plate 1), This particular
section of the transportation network is of particular
interest to the city as it provides the major link to the
existing Kansas City Municipal Airport with the Central
Business District and the Intercity Freéway which is a part
of Interstate 70, This section has also been designated as
an expresswéy in the future network. The compietion of the
new Kansas City International Airport located approximately
20 miles north of the Central Business District will have
a8 profound effect on the demznd for this facility.

Broadway is a six-lane facility between Sixth and Fifth
Streets. The approaches to and from the bridge are two
separated two-lane ramps with a rightqhgna turn lane to the
west, @ southbound lane between the:twoirémps, and a . north-
bound lanre to the east (see Plate l). The bridge is basically
‘four lanes except for s 100-foot section that is widened to
accommodate six lanes for tollbooth operations. The remainder
of North Broadway is four lahes until it passes the existing
airport where it narrows to two lanes for the remainder of

the section analyzed.



EXPLANATION CF PLATE I
Overall View of Study Ares
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SYSTEMS APPROACH TO CAPACITY ANALYSIS

'leo‘pften in the past, once the problem statement has
been structuvred, the engineer utilizes a proces: or‘procedure
to analyze the situation and develop 2 soluticn based only on
the problem statement, without regard to the creation of other
problems that might be imposed by the solution., The systems
approach is a problem-solving process which formalizes an
approach to direct the user to select an optimum solution
through the consideration of all interactions between any
possible sclution and the environment that surrounds the
vroponsal. Environment imoplies the physical, economic,
social and politicas! conditions that may affect or be asffacted
by the solution, As an example, the massive freeway has been
shown to be the most safe, vapid and efficient type of roadway
but some of the socizl and economic cenflicts it imposss have
prevented its widespread use as a "cure-all" to the
transpertation problem, ’

The ttansportation system is considered as an "open
sys%em"‘as it has effects on the environment and in tuzn,
the environment affects it. In a "closed svstem", oniv the
environment affects the system,

The éystems zpproach is by no means a new process but
its appiication to¢ traffic enoineering and transporiation
planning has not been widespread. The process is only intended

to "encure that all relevant varisbles, conditions and aspects

sre considered and consistent designs eobtained®™ (3).
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As with any process, definite steps may be outlined to
guide the .approach and indicate the flow of information. |
The outline of the problem-solving process used in this report
is shown in Fig. 1, with the information flows indicated.
The important feature of this process is the repetition or
Iteration of the verious steps to ensure that the results

are in consonance with each of the foregoing concepts.

f_ Goal ]

[

{ Objectives e

[ y
[ Elements and Subsystems

[ Model Formulation I

] :

[Generstion of Alternatives f—>

[ Evaluation of Alternstives T

t
[ Implementation. =

Figure 1. Steps in the 5ystemé Process.'

Goals and Objectives

There is often confusion between the meanings of a goal
and an objective. As used in this~procESs, a goal refers to a
desired result which is not neceésérily attainable, such as

the elimination fopovérty. An objective, on the other hand,



refers to an attainable and result of specific programs
that are directed toward the achievement of & goal.

The goal of this or any other urban area transportation
system is to develop a network of facilities that provides
2 desirable means of circulation.

From certain fragments of data and informaticn, it
appeared as though the Broadway network might not provide a
very desirable link in the circulation system. Yence, the
objective selected was to conduct an inquiry into the Broadway
Avenue subsystem's role in the transportation framework for

the Kansas City area,

Systems Elements

Identification of the subsvstems in the system and
environment is perhaps the most important step in the problem-
sclving process., If certain factors that affect or can be
affected by proposed alternatives sre not identified, certainly
the optimum solution might well not be considered.

The elements or subsystems of any system are many and
varied snd must include more than physicel properties alone.
Once this approach is selected, the two basic subsystems

me *the study area system and the environment system.

o
]

ec

wit

oy

the gecal and objective established, the following
elaments were identified and considered:
1) Existing network under study

2) Current traffic volumes on the entire network
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Existing river crossings
Existing and predicted land use and population
characteristics
Predicted traffic volumes for 1990
Modes of travel
Topography
Economic development and financial resources

Level of service,.

these elements, four subsystems were developed:

1)

2)

3}

4)

Land use, or those factors which control the damand

for facilities and influence the location for access,

. such a8s the alrport, residential areas, and business

district;

Topeography, or the physical factors which influence
location and construction costs, such as elevations
and rivers;

Modes, or the type of vehicles, that utilize the
facilities including alternate meens, such as rail
and air service;

Design of.the facility, or the ability of the network

to carry traffic under the constraints imposed.

Each of these subsystems have a direct hearing on the capacity

of the network and impose constraints on the generation of

alternative solutions for improvements. The first three are

components of the envircnment system and the last is a

—component of the network system,
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- The various maps and publications by the Kansas City -
Metropolitan Planning Commission provide an‘accurate
description and prediction of the physical and economic
development of the land use subsystem. The topography
subsystem is well defined through various city and contour
maps. The modal subsystem is dynamic and can have a very
beneficial or detrimental effect on the demsnd and capacity
of a given facility. For this study, the modes were assumed
to remain the same as were observed during the data collection |
period, namely 95 per cent asutomobiles. .

The design subsystem is the main consideration in the
analysis of capacity. For a given facility, the capacity is
more dependent upon the design than any other element. This
subsystem includes the concept of "level of service" which
is a qualitative measure of the operating conditions on a
-network., Capacity has been defined as "the maximum number of
vehicles which has a reasonable expectation of passing over
a given section of 2 lane or roadway in one direction (or both)
during a given time period under prevailing roadway and
traffic cohditions", normally exﬁressed in vehicles ber hoﬁr (L).
Although the maximum capacity is important to know, the
"service volume" or capacity under acceptable conditions is
the objective utilized in a design procedure. Six levels of
service (A,_B,'C, D, E and F) nave Seen defined for iﬂent?fying
operating conditions and although the maximum capacity k%es

between levels "E" and "F", the capacity at level of service .



C" -is determined as suitable or acceptable for urban

transportation design (1),

Model Formulation

One of the best methods available for describing s
system or subsystem is the use of models., While physical
scale models and analog or functional comparison models are
very useful to describe some systems, the symbolic or
theoretical models offer the most realistic approach to
many traffic situations.

To describe the network under study, four models were
thought to have the best possibilities of representing the

=gtudy networks;

1) Free flow model utilizing the Highway Capacity Manual

for determination of capacity on the two~ and four-
g lane sections of the network:
2) Queueing theory to determine capacity at the
tellbooth operationss

3) Intersection model utilizing a stochastic approach
1o capacity; and

4) Ramp merging model utilizing critical gap theory.

Method of Data Collection

An investigation of the tollbcoth and intersection
operations was necessary for the calibration of the models

to be used. Since there were six different tollbooths on



the bridge and seven separate movements to observe at each
intersection, it was decided to use time-lapse photography
and the actual counts were obtained by one person through the

viewing of each frare.

Location Photography

Time-lapse pilctures were obltained of the tollbooth
operation and the two intersections by the use of s
Paillard-Bolex H-16 Rex 16 mm movie camera, tripod mounted,
utilizing a Pan-Cinor 85 zoom lens adjustable from 17 to 85 mm
with a reflex view-finder., Single frames were tasken at
two-second intervals by the use of the Samenco MC-6 Movie
Control. A Gossen Lunasix lightmeter was used for sccurate
light readings. Color film wes utilized to 2id in the
analyzing procedure. Since s power source was avallable,
batteries were not utilized. At a two-second interval,

a single winding brovided twenty minutes of operation time
and the eutomatic winding molor wss not utilized. Thus s
two-foot reel of film will take 4000 frasmes or operate for
epproximately two hours and ten minutes at two-second
intcrvals.

The tcllbooths were photographed on Thuvsday, Jun« 19,
1969, from 2:50 PM to 3:10 BM, 4:50 PM to 5:10 PH, &nd from
5:12 P¥ to H:22 P, The two intersections were photographed
on Friday, June 20, 1969, from 4:30PM to 4:50FM and from
4:52 P {o 5:12 Pil.  This provided one offneak and 1wo

evening peak period obscrvations.
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The photographs of the tollbooths were taken from the
top of the elevator shaft on the Folgexrs Coffee Warehouse
at the northwest corner of Seventh Street and Broédway Avenue,
The photographs of the two intersections were taken)from the

sixth floor of the same building (see Fig. 2 and 3).

Film Analysis

Once the film had been developed, viewing was accomplished
with 2 Keystone Belmont K161 16 mm projector witih 2 Lafayette
adaptor and remote control box for frame-by-frame viewing.
There was a frame counter mounted on the projector. A
Lafayette reflecting screen was available so that the viewer
could control the projector and study the picture at close
range; however, the 10-by-14 inch screen was not large enough
for the detailed counts. A normal movie screen was utilizad
and although the viewer had to move back and forth from the
screen to the projector, more accurate results were obtained.

The type of data sheet used in the analysis of the

tollbooth operation is shown in Fig. 4.
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Figure 2, Sample Frame of Tollbooth Observations.

Figure 3. Sample Frame of Intersection Observations.



Gate 1 Gate 2. Gste 3 ‘o
5 . ' ¥ = . S.Bo N.Bo
Frame | In |Out ] Tn | ODut Q 4 . In | OCut 9 |Arr, | Arr.
15150 . i ; 6 7
51 J ‘ 1 i . 2 Y 7 _
S0 g 2 2 6 A 7
53 1 ¢ - 2 6 / 5 ; /
54 2 1. / 6 2 5 d z
55 - 1’ 3 / 4 ¢ 6 "
56 o 2 4 2 6 o /
57 2 / 1 / ! il / 5 !
58 | ° 1 4 2 / 1 g /
590 s / % i 5
60 1 ° 1 1 § V] 4 V4

Figure 4, Sample Datz Sheet, Tollbooths.

. The first column was used for the frame number. Three
large columns wers provided for each tollbooth with separzte
columns under each for the time of entrance into the

tollbooth, time of exit from the tollbooth, and the numbexr of
vehicles in the queue, The two columns at the right wezre
used for marking the arrival of vehicles from the south and
north., It was rathe; easy to determine when a vehicle
entered or left-%he:tcllbooth area és-%he’ends of.the.
structure provﬁded fairly sharp lines, The numbexr in a

queue was counted in each fréme' however, these counts did
not include the vehicle being serviced., To detarmine the
time of vehicle arrivals, a strip of tape was placed on the
screen a.sufficient distance%away from:the tollbooths so that
the queues would not back through the'point of arrival

observation. Arrivals were determined when a vehicle



crossed these lines. Observations to ths nearest second .

could. be determined by positioning the marks on the data .

sheet in the spaces or through the lines separating the
frames,

For example, as shown in Fig 4, in frame #15152,
there were two vehicles in a queue behind tollbooth #1,
two in a queue behind tollbooth #2, and six in a queue
behind tollbooth #3. There were two'aigiwals from the

north and one arrival from the south, Betwaen framas

17

#15152 and #15153, the vehicle in tollbooth #1 completed its

service time, In frame #15153, the next vehicle began its

service time in tollbooth #1 and fhére was one vehicle in

the queue. Six vehicles were in a &héﬁe behind tollbecoth #2,

A vehicle completed its service time.im tollbooth #3 and

there were five vehicles in that queue. There was zlso an

~arrival from the south during this frame. Before the next

frame, there was an arrival from the north.

Because of the location of the camera, only the three

northbound tollbooths were analyzed.
The type.of data sheet used in the analysis of the

intersection operation is shown in Fig., 5.



SIXTH_AND_ BROADWAY

Frame N N-E S S-E E E-S E-N Phase Cycle

15997 26 6  18-1 4% 1 3
16024 19-1% 2 11-1% 2
16042 33-3 4  13-1 3% 1 2
16069 22-1% 5  13% 2
16087 39 B  23-3 2% 1 3
16114 25-1% 5  6-1% 2
16132 40-2 5  22-1 3% ) 4
16159 17-2% 5  12% 2
16177 26-1 3-1 21 4% 1 5
16204 22-2% 2 11-2% 2

Figure 5. Sample Data Shéet, Intersections

The first column was used for the frame number at the
start of a signal phase. The remaining columns indicate each
traffic movement. The first number indicates passenger
vehicles, the second denotes commercial vehiclas., A star
at the side indicates there was still a queue of wvehicles
desiring to move through the intersection at the end of the
phase, or an indication that the phase was loaded. The cycle
length, phase length, and time lag betweeﬁ intersections could
be determined by using the frame numbers.

The total time expended for the repeated viewing of
approximately 2100 separate frames and tabulation of data

was less than three eight-hour man-days.
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Results

The following informaticn was obtained from the film

analysis:

1) Tollbooths-~one ten minute offpeesk and two ten minute

peak

a)

b)

traffic periods (300 frames per period):

To obtain arrival frequency distributions, the
number of arrivals in every three frames, or

the arrivals per each six seconds, was tabuiated
for both directions in each of the lhree
observation peviods; thus, six frequency
distributions were obtained. (Headway frequency
distributions may be tabulated by counting the
number of frames between arrivals and multiplying
by two, )

The service time frequency distributions wers
obtained by doukling the number of frames
between the start and end of each vehicle's
service time. Distributions were obtained for
each of the tollbooths during each of thé three
observation periods. Distributions were also
made of the three tollbooths operating
collectively by combining the three toilpooth
fraquencvy distributions for each period;

thus twelve frequency distributions were

cbtained.




20

¢) Queue lencth frequency distributions were
obtained by tabulating the numbers in the "Q"
column, For multiple channel calculations, the
three queue lengths per frame for each of the
tollbooths were added together and tabulated.
For single channel calculations, the queue
lengths at each gate were tabulated. Twelve
frequency distributions were chtained; however,
only the average length was determined,

d) Hourly srrivasl rates weie obtained by multiplying
the number of arrivals in the ten-minute periods
by six.

e) Hourly service rates were obtained by dividing
3600 by the average service rate found from the
frequency distribution.

2) Intersections--two twenty minute peak periods (600‘
frames per period):

a) Volumes for each movement and arrival direction

b) Percentage of commercial vehicles

¢) Percentace of turns

d) Percentage of loaded cycles for each movement,

Specific results of the analysis are shown in Tables 1 - 4.
The frequency distributions obtained for arrivals and

service times were tested agasinst various theoretical

distributions, most notably the Poisson distribution for

arrivals and the Negative Exponential distribution'féf7
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service times., Utilizing the Chi-Square test (for goodness
of fit), the observed frequency distributions for arrivals
were found to conform closely enough to Poisson distributions
so that the hypothesis was accepted. ‘It was noted by
inspection that the service time frequency distributions
did not reasonahbly approximate Negative Exponential
distributions but looked more like Normal distributions.

The Chi-Square test was performed to compare the observed
and Normal distributions with favorable results, Other
research with service times has shown this to be a better
approximation (3,4). Regardless of the service time
distributions, it was decided that queueing theory was the

best model to evaluate capacity at the tollbooths.
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Observed Poisson

Arrivals Frequency Frequency Comments
0 28 24.4 Northbound Offpazk
3 27 34.4 Mean = 1.41
2 26 24,4 Observed Chi-Square = 2.50
3 16 16.9 2 degrees of freedom
4 1 - Allowable Chi-Square = 5,99
5 2 - 95% confidence level
Good fit

Hourly arrival rate = 846

0 13 6.0 Northbound peak
1 13 16.9 Mean = 2,81
2 22 23.8 Observed Chi~Square = 12.83
3 19 2223 4 degrees of freedom
4 12 15,5 Allowable Chi-Squsre = 9,49
s 1 8.8 95% confidence level
6 6 6.6 Fajir fit
7 4 - Hourly arrival rate = 1704
C a3 39,1 Southbound offpeak
1 49 36,7 Mean = 0,94
2 13 LT Observed Chi-~Square = 7.40
3 2 70 2 degrees of freedom
4 2 - Allowahle Chi-Sguare = 5,99
5 d - 95% confidence level

Falz fit

Hourly 2rrival rate = 564

0 28 27.3 Southbound peak
1 31 35.4 Mean = 1,30
2 25 23.0 Observed Chi-Square = 0,80
3 15 14,3 2 degrees of freedom
4 : N - Allowable Chi-Square = 5,99
5 0 -- 95% ccnfidence level

Good fit

Hourly arrival rate = 780

Teble 1., Distribution Anslysic of Arrivals



Service Observed  Normal

Times Frequency Freguency Comments
1 0 - Gate 1
2 7 9.8 Mean service time = 4,28
3 20 15.6 Observed Chi~Square = 3.82. .
4 26 22,2 3 degrees of freedom
5 17 19.9 Allowable Chi-Square = 7,82
6 9 11.8 95% confidence level
7 3 5.8 Good fit
8 1 - Mean queue length = 1,63
9 2 -
1 0 -- Gate 2
2 4 - Mean service time = 4,58
3 13 20,0 Observed Chi-Square = 5,64
4 34 23.8 2 degrees of freedom
5 20 22,9 Allowsble Chi-Square = 5.99
6 13 15.6 95% confidence level
7 6 7.6 Good fit
8 0 .= Mean queue length = 3,13
9 2 -
] 0 - Gate 3
2 2 - Mean service time = 4,46
3 17 19.4 Obgerved Chi-Square = 1,39
4 30 ' 28,2 2 degreas of freedom
5 31 28,3 Allowable Chi-Square = 5,99
6 a0 ¢ 13,5 5% confidence level
7 3 3.6 Good fit
8 1 - Mean queue length = 4,78
9 1 --
1 0 - Combined Gates
2 13 20,2 Mean service time = 4,44
3 50 45,2 Observed Chi-Square = 14,39
4 90 739 4 degrees of freadom
5 68 72.6 Allowable Chi-Squares = 9.49
6 32 40.6 95% confidence leveal
7 10 14,1 Fair fit
8 2° 3.2 Mean queue length = 6,89
9 5

Table 2. Distribution Analysis of Sexrvice Times.



SIXTH 2ND BROADWAY

Graen NO. % Comm'l % Loaded
Movement Phase Time(sec) Lanes Veh,/Hr. Veh, Cycles
N 2 1450 2.87 0
N-E : 213 4,68 0
54
S 2 847 2.36 3g
S-E 1 170 1,24 100
E 1 802 6.24 42
E-S 36 ¥ 165 Y2.10D 4
i -E=N 1 437 4,20 33
Table 3. Intersection Data, Sixth and Broadway
FIFTH AND BROADWAY
CGreen No, % Comm'l % Loaded
Movement Phase Time(sec¢) Lanes Veh,/Hr. Vek. Cycles
N 3 1439 3,45 0
N-E 1 462 3:TD C
48 :
S 2 795 o = 4
5-w 1 295 T7.35 0
W 1 357 17.75 0
W-N 42 A 562 B.03
W-5 1l lag 10,10 ¢}

Table 4, Intersection Data, Fifth and Broadway.
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Model Calibration

The free flow model needed no calibration as capacity
was determined from physical conditions. In order to use
the queueing theory model, several assumptions had to be
made (4,5). Drew's formulas (4) were utilized for single
and multiple channel queueing processe#. The two basic

formulas considered were:

i E(m) = 2 single channel
Q(Q - q)

Pofq ‘ ‘
2. E(m) = (Q) multiple channel (three)
_a\2
el - 7
where:
E(m) = expected number in the queue

o

q = arrival rate ?vehlcles/hour)
Q = service rate {vehicles/hour)
Po'—" 1l

1+%+%@)2+WT2_%J—_§)’

In order for these equatlons to accurately reflect the actual
condlilons, the distribution of vehicle arrlvals should be
Poisson and the distribution of service times should be
Negative Exponential, As was noted in the results of the

data analysis, the observed service times did not conform to

a Negative Expcnéntial distribution with any degree of accuracy.
Ignoring that fact, the formulas were tested to ccmpare the

expected queue lengths with those observed.




"

2a

The multiple cﬁannml equzaticon was not found to be very
accurate for either the offpeck volumes or the peak hour
volumes, . Records from the tollbocth operations showed thst
the precentage of vehicles to use each tollbooth remsined
constent from day to day, namely 25%, 36%, and 39% for
tollbooths #1, #2, and #3 respecctively, The;e perceniages
were applied to the arrival volumes and the single channel
equation seemed to give more desirable comparisons. Table 5
shows the comparison of resulis. Some inaccuracles were
probahly caused by the short length of the third tollbﬁoth
lane. Despite the inaccuracies, the queueing theory
equations were vtilized to determine the capascity at the

tollbooths,

Equation Arrival Sexvice Cbserved Theoretical
Channgl Used Rate Rete Queue lenath Queue Lencth
Gote 1
Offracsk  Single 211 567 0,03 0,22
Chennel

Peak 421 841 0. 79 0.50

Cate 2
{fpeak Single 305 650 0.33 0.42
Channel :

Feak 607 726 I.97 2.62
Cale 3 - “‘ .
Offpezsk 3ingle 356 745 C.53 .35

Channel

Peck 657 807 4.1} 3.7
Cembing:] B " S
Gitreck Multiple 8406 GER 0.73 0.12

Channel
Paak 16856 810 6..89 0.67

Table 5. Comparison of Resulls, Queueing Mcdel.
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Instead of using the nomographs developed from the

Highway Capacity Manusl for determining intersection

capacity, two new nomographs were developed by using the

formulas:

L. oM o= (c)(v)
3600
where:
M = mean srrivals (veh.)
C = cycle length (sec)
V = hourly volume {veh/hr).
k
2. P(X>k) = 1-35 mXe™m
x=0 x!
where:
P{X>k) = probability of arrivals being greater than

average cleared vehicles
number of vshicles c¢leared through intersection
average arrival rate,

~
o

wherae:

delay time [sec)

approach speed (ft/sec)

length from stopline to far edge of conflicting
approach + length of one car (ft).

Nt
nomHon

‘In addition, vehicle headways obsexrved by Capelle and

Pinnell {6) were utilized to determine effective green times.
The ramp-merging portion of the intersection model

needed no calibration since the nomographs provided in the

Hiohway Capacity Manual (1) and Traffic Flow Theory and-%

Control (4) were utilized,




28

Ganersation and Evaluation of Alternstives

Once the system was described and modeled, the next step
was to e#aluate the capacity of the existing network and begin
to snalyze various improvements., Instead of trying to evaluate
the specific capacities of each section with slternate
improvements, a design capacity was selected in order to
direct the analysis toward & certain objective. This objective
was to develop a capacity on the network through improvements
that would adequately handle predicted volume.

Several studies have been made to determine the
anticipated demand on the Broadwsy Avenue nstwork for the year
1960, The latest fioure, developed by Howsrd, Needles, Tammen
and Bergendoff, Consulting Enginears, is a desired line
assignment of 100,000 vehicles per day. Since directional
splites and pesk hour percentages vary so widely, an wupper and
lower limit were determined using 2 60-40 directional split
with a 12% peak hour factor and a 50~50 srlit with an 8% pesk
hour factor. This gave a range of between 4,000 and 7,200
vehicles per hour with which to generate improvemenis tc
enable the accommodation by the network.

The approach to the generation of alternstives wss to
start with the least expensive improvements and progress

until the desired capacity was obteined. Table 6 lists the
possible improvements that were considered for each section

of the network,.
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Saction Alternative Imorovements

Free flow -1, Null or no change
2. Develop to four lanes
3. Addition of lanes

Tollbooths 1. Null or no change
2. Reduction of service time
3. Removal of tollbooths
4, Additional tollbooths and lanes

Intersections 1. Null or no change
2., Cycle and phase changes
3. Addition of lanes
4, Full scale pattern change

"Table 6., Possikble Alternative Improvements,

To evaluvate the specific proposals, an iterative process
(shown in Fig. 6) was used to progressively bring the network

to anticipated capacity.

Input

¥ 3 l' ¥ improvements
Free Flow
Modea

| 2 improvements
Queueing
Model
]

L

¥ ¥ improvements
Intersection

Model
| [ A

Figure 6. Iterative Evaluation Process.
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The preccess was begun at the north end of the network

with the free flow highway that was 2ccess cﬁntrolled. To
evaluate the null alternative, the limiting factor was

determined to be the two-lane portion north of the airpoxrt.

Utilizing the Capscity Msnual, the capaeity-in one dirsction
at 8 level of service "C" was detexmined to be 840 vehicles
ner hour {vph); At maximum capacity this figure increased to
1200 vph. Since the capacity of this facility would not
handle the predicted volume, an iteration of this model was
necessary.

The first improvement considereé was to improve the
two-lane poxrtion to a separated four-lane facility comparable
with the remainder of the free flow section. This would
increase the capacity in one direction to 3000 vph at a level
of service "C" and 2 maximum capacity of 4000 vph., Ancther
iteration was made considering the improvement of the
section to a six-lane freeway. This provided a desirzble
capacity of 4500 vph and a maximum capacity of 6000 wvph.

This fell within the expected limits so this portion was
determined.to be adequate with the imprbvements considered
_and the next section was evaluated,

Instead of laboring over the queueing theory esquations
to determine capacity, a nomograph was utilized to facilitate
the arrival at approximate capacities. Plates II and III
are the nomographs representing the sihéle channel and

multiple (three) channel equatiens, respectively, with the:




EXPLANATION OF PLATE II

Nomograph for Single Channel Quesueing System
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EXPLANATION OF PLATE III

-~

Nomocgraph for Multiple (Thrze) Channecl Queueing System
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parameters of arrival vate, service rate, aversge service
time and expected number in the system. The lines denoting
level of service were plotted by solving the following

equations for various demand volumes:

k
Level of sexvice "C" 0.3 = 1 - E%mx g~m
' X= x|
Level of service "B" 0.l = 1 - g:mx g
x=0 x!
where:
m = demand volume
K = service volume,

Entering the nomographs with an average service time, the
capacity at a given level of service was readily determined.

For the null alternative, the single channel nomograph
was utilized and the capacities of the three tollbooths were
added together., At a level of service "C" the capacity was
determined to be 1900 vph and the maximum capacity 2200 vph.
These figures were below the capacity developed trom the
previous model so an iteration of the queueing model was
'necessary considéring improvements,

Developing reduced service times through the use of
automatic coin collectors and lenothening the third tollkooth
lane to accommodate longer gueues was the first improvement
considered. Assuming that each tollbooth would handle
one-third of the volume and the average service time was

lowered to 3.5 seconds during the peek hour, which is about the
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minimum average time that couvld be realized, a capacity of
2550 vph at level of service "C" and maximum.capacity of
2800 vph was determined from the multiple channel nomograph.
Howevexr, this again did not provide the desired capacity so
another iteration was necessary. _ |

The hext economical improvement would be the removal of
the tollbooths, This would have required a change in the model
utilized since it would become a free flow system. Assuming
that tollbooths were a regquirement, the next improvement was
the addition of tollbocths and lanes. The addition of two
lanes and tollbooths on the bridae, providing four tollbooths
per direction, would be the practical.limit without construction
of a new bridge. Assuming each tollbooth would take one-
fourth of the volume and an average service time of 3.5
seconds, the capacity at level of service "C" was found to be
3400 vph and the meximum capacity 3700 vph, This figure was
below the expected range of volumes and the removal of
the tollbooths would become a necessity for the next iteration.
Removing the tollbooths chanced the model to free flow and
the capacity for the improved six-lane bridge would be
somewhat lower than the six-lane freeway but above the
minimum 4000 vph at level of service "C",

Continuing to the intersection model, the nomographs
shown in Plates IV and V were utilized to determine

capacities for specific movements., Entering the bottom

graph of the first nomograph with the distance to clear the
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EXPLANATION OF PLATE IV

Nomograpn for Intersection Anslysis
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EXPLANATION COF PLATE VY

Nomograph fer Intersection Analysis
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intersection and the aversge apprcach speed, the green time
not utilized can be deducted from the actual green time at the
intersection. Entering the top graph of the same nomooraph
with the reduced green ltime, the average number of vehiclas
clearing the intersection may be deterﬁined. Entering the
second homograph with the average number of vehicles cleared
and selecting the correct level of service (or per cent of
loaded cycles) and cycle length will determine the capacity
of the movement, For turning movements, a reduction factor
of 1.3 for right turns and 1.6 for left turns (3) was
utilized to correctvtﬁe volume.. This proceduré may‘be
reversed to determine the proper green time for s specified
demand volume.

The first step was to evaluate the existing intersections
with present volumes to determine the level of service for
each movement. The theoretical capacities were obtsined by
using an approach speed of 25 mph. The evaluations are

shown in Table 7.
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Pres, Distance  Graen Avg. Acceptable  Max.

Movement Serv, to Clear Time Used Cleared Caspacity .Capacity
Level (ft) (sec) (veh) (vph) (vph)

SIXTH SIREET T
N 5 65 48.4 24 1740 2200
N-E F 40 49,2 25 720 850
S B 65 48,4 24 1740 2200
S-E C s 48,7 3 75 160
E B 100 29.2 14 520 750
E-S c 40 31.2 15 420 610
E-N B 73 30.1 15 . 340 490

FIFTH STREET

N. C 65 . 42,4 20 - 2160 2850 .
N-E B e No Sig. - 1200 1500

5 c ‘65 42,4 20 1450 1900
S-W 5 45 43.1 21 580 800

W B 115 34,7 17 620 . B70
W-N G 50 36.9 18 510 710
W-S g

65 36.4 .18 . 410 570

L '
Table 7. Cspacity Analysis of Existing Intersections.

-From the analysis it was determined that the volumei
that could be taken off the bridge was only 1450 vph at an
acceptable level of service and 1800 vph maximum. The
existing conditions a2llowed 2590 vph to enter the bridge

under desirable conditions and 3520 maximum. However,
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because the signalized intersections on Scuth Broadway only
released two blocks of traffic at one time, this entering
capacity is reduced to sbout 2300 vph desirable and 277C vph
maximum, This brought the system to its first hreakdown with
the enviipnment. This existing volume of 1450 vph from the
south became a controlling factor.

Using the 1990 predicted volumes, the Kasnsas City
Transportation Department utilized a computer progranm to
develop predicted directional volume assignments. Updating

their information led to the hourly volumes shown in Fig, 7.

BRIDGE
4000 4000
| T 1200
1200
1700 o ‘ _ 2000 FIFTH
300
200
i
2180 3000
&
1500
2000 1500 2100  SIXTH
—\ 200
100
iv
BROADWAY

Figure 7. Future Volume Assignments.
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As was seen from the existing demand volumes, the
conflicting left turn movement at Sixth'was the most pressing
demand that could not be handled. A»éycle or phase change
would not improve the capacity to the éxtent necessary, so
the first improvement considered was the addition of a
separate right hand reverse lane which would make the two
intersections operate as a parclo-A interchange. Additionally,
the bridge ramps would be widened to three lanes and two
extra lanes added to the overpass bet&eéanifth and Sixth,
With these improvements, the intersections could handle an
input of 3700 vph onto the bridge. Tﬁe other movements could
be handled but at a lower level of service than desired,

The next improvement considered%%és a complete

reconstruction of the intersections with four lanes leading

. to and from the bridge, eliminating other northern access,

four lanes in each direction on the freeway overpass, and a
two-lane direct-access ramp for southbound traffic turning
east on the freeway. This would handle less than 2900 vph

at an acceptable level of service from the bridge or 3700

vph at maximum capacity. The inputs onto the bridge would

be adequate to handle the anticipated volume and all other

- movements would be adequstely served.

As was noted before, the existing signaslizastion south of
, this network limits the volume of traffic that can be put into
or taken from the Sixth Street intersection to 1450 vph in

each direction. Until this part of the environment system
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can be improved, the capacity of the improved intersections
will be lowered.

To investigate the other interfaces with the environment,

i.e. ramp access to the freewsy, the nomograph in the

Highway Capacity Manual (Fig. 8.2) and the nomograph shﬁwn
in Plate VI were utilized (4,6). The existing freeWay |
consists of six lanes; however, there are so many access
ramps that the two outside lanes are only used for merging.
The predicted volume on this freeway is 3700 vph in each
direction, which is little more than thg‘present volume,
'Assuming a small éngle of entry and a fairly long
scceleration lane, it was apparent that the freeway would
operate at almost maximum capacity and could not accept meore
than 500 vph from the vramps., This would make the queues on
the ramps build up until they backgd into the intersegtions,
creating é breakdown at that poinf in the system. Again, the
environment limited the capscity at“which the intersection
portion of the Broadway network could operate. The freeway
would have to be improved to an eight-lane faciliiy, with
reduced volumes, to permit the intersection to operate at an
acceptable level of service, Although it might be possible
.to improve the study network to accept the predicted volume,
the environment will not allow this output 2t the interface
with the freeway. Accepting the present conditions of the
environment, an iteration of each step in the evaluation

process was made to determine the capacity and needed
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EXPLANATION OF PLATE VI

Nomooraph for Ramp Merging
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improvements that the environment would allow. The
intersection was the controlling section and the capacity

at level of service "C" was determined to be 1500 vph on

the north-south network with a maximum capacity of 1900 wvph.
This is only a small increase over the present volume
utilizing the network; however the improvements would not be
unreasonably expensive and should provide adequate service
for several years. An investigation of the Intercity
Freeway and other possible corridors should dictate any

further improvements to the Broadway network.
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CONCLUSIONS

Through the work done on this report, the methods
emplbyed éeem-to offer a very souné approach to a variety
of capacity problems.

The systems approach utilized in this report is a
process that 1s being used more and more in the engineering
field. The science and knowledge of physical and materizl
problems is not enough to cope with the goals of the public.
Formalizing the process of problem-solving through a systaems
approach has enabled the incorporation of social values,
politicel considerations, and other non-physical impacts
into the “huts-and boits“ proposals.

Had the problem of providing capacity slone on the
Broadway network been considered without regayd to the rest
of the environment, an expensive facilify that could rot be

fully utilized might have been ths end recommendation.

While only three conditions were analyzed in this study,

the systems appibach lendé itself well o mﬁch lazrger
networks with any type of traffic situations. Applying
probability considerations to model the conditions seamed
to provide a more rezlistic method of analysis. _

Data coliectiﬁn and analysis 1s the_backbone of almost
any caspacity determination. The techniques of time-lapse
photegrsphy offers some real advantages over other methods
of data collection. Since the actual traffic operations

are recorded at any agiven time, each item of information
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can be analyzed in relation to the existing conditions that
affect the other data to be gathered, Other methods require
that the information be ‘gathered at different time periods
due to lack of equipment or manpower, The ease of operstion
and the limited manpower required for this technique make
it well worthwhile,

Although not considered here, there are many possibilities
for different observations from film analysis. To name a few:

1) Waiting time

2) Speeds

3) Space and time gaps

4) Densities

5) Parking

%) Lane changes.,
If numerous surveys are to be performed, the initial
investment for photographic equipment will be more than
offset by the reductions of time and manpower, One drawback
that must be considered is the inability to locate the camera
at the optimum position for observation. However, the
increasing use of zerial photography and the possibilities
of the helicopter may well eliminate this drawback. Another
limitation would be inclement weather.

From the dats observed and utilizing the approach
outlined in this report, the following was concluded:

1) When the new airport is opened, the twc=-lane

portion of Noerth Broadway should be improved to a



2)

4)

- Bk
separated four-lane facility to provide comparable
service to that which exists on the éouthern.portion
at the present time.

Provision of separate green.time (approximately

6 seconds) for southbound left turns at the inter-
section of Sixth and Broadway would eliminate the

poor level of service for that movement and still
retain acceptable levels for the other directional
volumes,

The Broadway network is operating at or near the

design capacity due to the interface of the south

portion with the Intercity Freeway and the Central

Business District. Other improvements to the network
would not improve the overall operation of the

system until this interface can be simplified and
improved,

Consideration should be given to the elimination of
divertable traffic that presently utilizes the
Intercity Freeway and capacity improvements should be

investigated for the Central Business District Loog.
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ABSTRACT

1t was the purpose of this work to examine the existing
traffic conditions and evaluate various improvements to
increase the capacity on Broadway Avenue from the two
intersections connecting with Interstate 70, across the
bridge, and north to the intersection with U.S. Highway 71.

Two basic methods were utilized in this study:

1) A systems approach to capacity evaluation
utilizing stochastic methods whezre possible,-énd

2) Data collection and anal?sié through the use of
time-lapse photography,

The systems approach was utilized as a method to
provide 2 more realistic approach to the evaluation of
capacity on a specific roadway network when considering the
oversll impact of the environment as well as the impacts on
the environment.

The initial objective of the inquiry was to determine
what improvements to the network could be made to incraase
the capacity to predicted 1990 volumes. The network was
considered as one iarge subsystem of the larger system of
‘major trafficways. The network was then_broken down into thres
smaller subsystems and analytical models were descriﬁed for
each svstem., The three models utilized were:

1} Free flow--Hiahwayv Capacity Manual determination

2) Tollbooths~~Queueing theory determination

3) Intersections--Stochastic determination.



While there were many improvements that would increase the
capacity of the network, nothing less than major
reconstruction on the bridge and intersections would enable
this network to handle the predicied volumes. More important
than this, however, is thst the results showed that majozx
improvements would be of little value until the Intercity
Freeway, Interstate 70, was improved, as the interface at

the end of the network is operating nearly at maximum capacity
-at the present time,

The data collected served as the initisl input to
delermine thercapacity of the existing network end as an
indication of the validity of the use of the queueing model,
Although the data obtained thuough photography did not
verify all the theoretical distributions, the method
proved most beneficial 3s an inexpensive and rapid means of

gathering extensive data for various situstions.



