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Solutions to Problems in Chapter 2

Transportation Modes and Characteristics

Problem 2-1

The capacity of a street or highway is affected by a) the physical design of the roadway
— such features as the number of lanes, free-flow speed, and geometric design, b) the
traffic composition — particularly the presence of trucks and local buses, and c) the control
environment — such features as lane use controls, signalization, curb lane controls, etc.

Problem 2-2

The capacity of a rapid transit line is affected by: the number of tracks, the person-
capacity of each rail car, the length of trains, and the minimum headways at which trains
can operate. The latter is limited by either the control system or station dwell times.

Problem 2-3

The key element here is that trains may operate 1.8 minutes apart. In this case, the dwell
time controls this limit, not the train control system, which would allow closer operation.
Thus, one track can accommodate 60/1.8 = 33.3 (say 33) trains/h.

Each train has 10 cars, each of which accommodates a total of 50+80 = 130 passengers.
The capacity of a single track is, therefore:

33*10*130 = 42,900 people/h
Problem 2-4

From Table 2-5 of the text, a freeway with a free-flow speed of 55 mi/h has a vehicle-
capacity of 2,250 passenger cars/h.

Traffic contains 10% trucks and 2% express buses, each of which displaces 2.0
passenger cars from the traffic stream. At capacity, there are:

2,250*0.10 = 225 trucks
2,250*0.02 = 45 express buses

Each of these displaces 2.0 passenger cars from the traffic stream. Thus, the 225+45 =
270 heavy vehicles displace 2*270 = 540 passenger cars from the traffic stream. Thus,
the number of passenger cars at capacity is:

2,250 — 540 = 1,710 passenger cars

Using the vehicle occupancies given in the problem statement, the person-capacity of
one lane is:

(1710*1.5)+(225*1.0)+(45*50) = 5,040 persons/h
1
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As there are 3 lanes in each direction, the capacity of each direction is 3*5040 = 15,120
people/h.

Problem 2-5

A travel demand of 30,000 persons per hour is virtually impossible to serve entirely with
highway facilities. Even in the best case of a freeway with a 70-mi/h free-flow speed, and
an assumed occupancy of 1.5 persons/car, a lane can carry only 3,600 people/h (Table
2-5). That dictates a need for 30,000/3,600 = 8.33 fully-dedicated freeway lanes to serve
this demand. While this might be technically feasible if the area were basically vacant
land with a new high-density trip generator being built, it would be intractable in most
existing development settings.

That leaves various public transit options (Table 2-6). Given the observed capacities, it
is doubtful that such a demand could be handled by bus transit (either on the street or on
a private right-of-way) or light rail. A rapid transit line with one track in each direction
would be able to handle the demand.

A lot depends on what type of development is spurring the demand. If it is a stadium or
entertainment complex that generates high-intensity demand for short periods of time, the
solution may be different from a case of a regional shopping mall, where trips are more
distributed over time.

It is likely that some mix of modes would be needed. Rail transit is expensive, and any
new service would have to be linked into a larger rapid transit network to be useful. Auto
access is generally preferred by users (except for the traffic it generates), but involves the
need to provide huge numbers of parking places within walking distance of the desired
destination. A stadium could rely fairly heavily on transit, with heavy rail, light rail, and
bus options viable. Some highway access and parking would also be needed. A regional
shopping center would have to cater more to autos, as most people would prefer not to
haul their purchases on transit.

2
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Solutions to Problems in Chapter 3

Speed, Travel Time, and Delay Studies

Problem 3-1
The reaction distance is given by Equation 3-1:

d, =1.47St
For a speed of 70 mi/h, the result is:

d, =1.47*70*3.5=360.2 ft

Other values for the range of speeds specified are shown in Table 1. Figure 1 plots
these values.

Table 1: Reaction Distance vs. Speed

Speed Distance
30 154.4
35 180.1
40 205.8
45 231.5
50 257.3
55 283.0
60 308.7
65 334.4
70 360.2

400.0

250.0

Reaction Distance, ft
=2
2
&

30 35 40 45 50 55 60 65 70

Speed, mi/h

Figure 1: Reaction Distance vs. Speed
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Problem 3-2
This problem involves several considerations. At the point when the driver notices the

truck, the vehicle is 350 ft away from a collision. To stop, the driver must go through the
reaction distance and then the braking distance. The two will be considered separately.

Reaction Distance

Reaction distance is given by Equation 3-1, and is dependent upon the reaction time,
which, for this problem, will be varied from 0.50 s to 5.00 s. A sample solution for 0.50 s
is shown, with all results in Table 3.

d =147St=147*65*0.50=47.8 ft

Table 3: Reactions Distances for Problem 3-2

Speed | Reaction | Reaction
(mi/h) Time Distance
(s) (ft)

65 0.50 47.8
65 1.00 95.6
65 1.50 143.3
65 2.00 191.1
65 2.50 238.9
65 3.00 286.7
65 3.50 3344
65 4.00 382.2
65 4.50 430.0
65 5.00 477.8

For any result > 350 ft, the driver will not even get his/her foot on the brake before colliding
with the truck. Thus, for all reaction times, t =2 4.0 s, the collision speed will be 65 mi/h.

Braking Distance

For all reaction times < 4.0 s, the driver will engage the brake before hitting the truck, and
therefore, will at least decelerate somewhat before a collision. How much deceleration
will take place depends upon how much braking distance is left when the brake is
engaged. In each case, this would be 350 ft — the reaction distance, d;. Once the braking
distance available is determined, the braking distance formula of Equation 3-5 is used:

" 30 (F+G)

4
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The braking distance will be determined as indicated. For example, for a reaction time of
2.0 s, the reaction distance (from Table 3) is 191.1 ft. The available braking distance is
then 350.0 — 191.1 = 158.9ft. The initial speed (Sj) is 65.0 mi/h in all cases. The grade
is given as level (G = 0.00), and the friction factor is found from the deceleration rate as:

F=2_10 _gag
g 2.2

The final speed (Sy) is the unknown. Then for the example with a 2.0 s reaction time:

65° - S?
d =158.9=
30(0.311+0.000)
S? =65 —(158.9*%30*0.311) = 2,739.5
S, =52.4mi/h

Table 4 summarizes the results for all reaction times.

Table 4: Collision Speed vs. Reaction Time for Problem 3-2

Reaction | Braking | Collision
Time Distance | Speed
(s) (ft) (mi/h)
0.5 302.2 375
1.0 254.5 43.0
1.5 206.7 47.9
2.0 158.9 52.4
2.5 111.1 56.5
3.0 63.4 60.3
3.5 15.6 63.9
4.0 NA 65.0
4.5 NA 65.0
5.0 NA 65.0

Figure 2 shows a plot of these results. Note that in no case is the driver able to stop the
vehicle before colliding with the truck.

5
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Figure 2: Reaction Time vs. Collision Speed, Problem 3-2

Problem 3-3

In this case, we are dealing with measured skid marks at an accident location. Because
skid marks only occur when the brakes are engaged, the reaction time and reaction
distance play no role in this solution.

The sketch below helps in the understanding of the solution:

Pavement Skid = 150 ft
F=0.348 Grass Skid = 200 ft
| F =0.250

Si S1

Collision with
Tree at 25 mi/h

The only know speed is at the collision point (at the end of the grass skid). The collision
speed is 25 mi/h. Using the grass skid, we can work backwards to find the initial speed
at the beginning of the grass skid (Si1). This is also the final speed at the end of the
pavement skid. Working backwards again, we can find the initial speed (Si) at the
beginning of the pavement skid.

Both solutions use the braking formula of Equation 3-5:
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§2-§2

d, = i e

30(F +G)

S7 —25°
d =200 = L
D.GRASS 30(0.250 +0.03)

S? = (200*30*0.280) + 25% = 2,305
S,=48.0mi/h

S? —48.0°
db,PAVE =150 =
30(0.348+0.03)
Si2 =(150*30*0.378) + 2,305 = 4,006
S,=63.3mi/h

In an accident investigation, this result would be compared to the speed limit to determine
whether excessive speed contributed to the accident.

Problem 3-4

This problem involves a reaction distance and a braking distance, as drivers must see a
sign and reduce their speed to navigate a hazard. Level terrain is assumed, and standard
values for t (2.5 s) F (0.348) and a (10.0 ft/s?) are used. The full distance to respond is
the sum of Equation 3-1 for reaction distance and Equation 3-5 or 3-6 for braking:

SHEH 602 — 40?
d=147St+—— " = (147*60*25)+ ————— =220.5+191.6 = 412.1 ft
30(0.348 £ G) 30*0.348

The sign must be seen a total of 412.1 ft from the hazard. Since the sign can be read
from 200 ft, it could be placed as close as 412.1-200.0 = 212.1 ft from the hazard. Other
considerations, however, would also enter a final decision on the placement of the sign.

Problem 3-5

The yellow interval of a traffic signal is designed to let any vehicle that cannot safely stop
before entering the intersection safely enter the intersection at the ambient speed, which
is generally taken to be an 85" percentile speed. First, the safe stopping distance must
be found for a vehicle traveling at 40 mi/h on a 0.02 downgrade, using Equation 3-10:

2 2
d, S147St4— > - (1.47*40*1.0)+ 40 =58.5+162.6 = 221.1 ft
30(0.348+ G) 30(0.348-0.02)

As the vehicle is traveling at a speed of 40 mi/h, the yellow must be long enough to allow
the vehicle to traverse 221.1 ft at 40 mi/h, or:

y= 2211 =3.76s
1.47*40

7
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Problem 3-6
The safe stopping distance is computed using Equation 3-10:

2 2
dq S14TSt4— O - (1.47*80*2.5)+ 80
30(0.348+G) 30(0.348-0.02)

=294.0+650.4=944.4 ft

Problem 3-7
The minimum radius of curvature is given by Equation 3-3:

S? 70°

R = - =2,041.7 ft
15(e+f) 15(0.06+0.10)

8
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Solutions to Problems in Chapter 4

Communicating With Drivers: Traffic Control Devices

Problem 4-1

A standard in the MUTCD is a mandatory condition, and is accompanied by the words
“shall” or “shall not.” Standards must be followed, and failure to do so leaves the agency
in charge with potential legal liability for accidents.

A guideline in the MUTCD is strongly suggested advice based upon national consensus
in the profession. While not legally binding, any deviation should be documented by an
engineering study that is kept on file. Legal liability may still exist, especially where no
documentation of the deviation is available. A guideline is accompanied by the words
“should” or “should not.”

An option in the MUTCD is just that — an option. It presents information that may be
implemented or not based upon the local judgment of the relevant traffic agency. No legal
liability is implied.

Support in the MUTCD is simply additional information for the manual user.

Problem 4-2

Human eyesight can identify color, then shape or pattern, and finally, specific text.
Because color and shape are discernible to most road users at great distances, they are
used to code types of information, and to draw the attention of road users requiring this
type of information. Thus, the STOP sign has a unique color, shape, and legend. The
word “STOP” could easily be omitted, and drivers would still know the meaning of the red
octagon. Guide signs are also color- and shape-coded. Directional information is on
rectangular signs (long dimension horizontal) with a green background. Services
information is on similar-shaped signs, but with a blue background. Cultural or historic
directional information is on rectangular signs too, but with a brown background. All
warning signs are diamond-shaped with a yellow background.

Problem 4-3

Overuse of warning signs is particularly dangerous. If drivers begin to suspect that
warning signs are not warning about things that are truly an imminent threat, they may
tend to ignore them — which would be a major problem in the case of a real imminent
threat. They should be used to bring drivers’ attention to an upcoming hazard that they
would not normally be able to discern in time to safely maneuver through it.

Regulatory signing should also be used only when needed to inform drivers about a
regulation that they would otherwise be unaware of. Overuse again tends to cause
drivers to not pay attention to them.

Guide signs are unigue in that only a small percentage of drivers actually use them:
familiar drivers by-and-large know where they are going and how to get there. For others,

9
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however, frequent guidance is a comfort, and avoids having confused drivers — who are,
by definition — dangerous drivers.

Problem 4-4
Table 4-1 is consulted to determine appropriate posting locations.

a) Fora STOP ahead sign, the advisory speed is an implied “0” mi/h. Using Condition
B with a speed limit of 50 mi/h and an advisory speed of O mi/h, the sign would be
placed 250 ft in advance of the location of the STOP sign.

b) For a curve ahead sign, Condition B is used with a speed limit of 45 mi/h and an
advisory speed of 30 mi/h. The sign would be placed 100 ft from the curve, which
is the minimum advance placement distance permitted. Signs are assumed to be
visible for 250 ft away.

c) A merge ahead sign may be viewed as a Condition A maneuver. For a speed limit
of 35 mi/h, the sign would be placed 565 ft from the merge point.

Problems 4-5 and 4-6

Both of these are local projects for students. They require field observation of the
students. Instructors should check to see whether students are insured (by the
University) for such activities.

10
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Solutions to Problems in Chapter 5

Traffic Stream Characteristics

Problem 5-1
a) The flow rate is computed as:

v:@:@:l,sssveh/h

av

b) The density is computed as:

5280 5,280
d 235

av

D =22.47 veh/mi

c) The average speed is computed as:

5= _1385 &1 6misn
D 2247

Problem 5-2
The peak hour factor is defined as:

PHF Y

v
where: \ = peak hour volume, vehs/h, and
v = peak rate of flow within the hour, vehs/h.
Therefore:
V =v*PHF

and:

a) V =5,600*0.85 = 4,760 veh/h
b) V =5,600*0.90 = 5,040 veh/h
c) V =5,600*0.95 = 5,320 veh/h

Problem 5-3

The solution is best carried out using a spreadsheet. The spreadsheet that follows finds
the desired results as:

11
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b)

The AADT is the total volume for the year (sum, Col. 4) divided by the total number
of days in the year (sum, Col. 3.)

1,486,000

AADT = = 4,071 vehs/day

The ADT for each month is the total volume for the month (Col. 4) divided by the
total number of days in each month (Col. 3).

c) The AAWT is the total weekday volume for the year (sum, Col. 5) divided by the
total number of weekdays in the year (sum, Col. 2).
AAWT = 860,000 = 3,308 vehs/day
260
d) The AWT for each month is the total weekday volume for the month (Col. 5) divided
by the number of weekdays in the month (Col. 2).
Month No. of Total Total Total ADT AWT
Weekdays Days Monthly Weekday
Vol Vol
Jan 22 31 120,000 70,000 3,871 3,182
Feb 20 28 115,000 60,000 4,107 3,000
Mar 22 31 125,000 75,000 4,032 3,409
Apr 22 30 130,000 78,000 4,333 3,545
May 21 31 135,000 85,000 4,355 4,048
Jun 22 30 140,000 85,000 4,667 3,864
Jul 23 31 150,000 88,000 4,839 3,826
Aug 21 31 135,000 80,000 4,355 3,810
Sep 22 30 120,000 72,000 4,000 3,273
Oct 22 31 112,000 62,000 3,613 2,818
Nov 21 30 105,000 55,000 3,500 2,619
Dec 22 31 99,000 50,000 3,194 2,273
260 365 1,486,000 860,000

The information reveals two things about this facility:

1.

Since the AADT > AAWT, and the monthly ADTs are generally larger than the
monthly AWTS, this is likely a recreational route attracting mostly weekend
travelers.

12
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2. Traffic peaks in the summer months, for both AWT and ADT. It suggests that
during the winter, many commuters may be away on vacation, and that the
recreational region served mostly consists of summer activities.

Problem 5-4
Density is computed from occupancy measured at a detector as:

o 5280*0 _5280%0.15 _ 792
L, + L, 6+20 26

=30.5 veh/mi/lIn

Problem 5-5

A spreadsheet is used to determine the total hourly volume for each available hour of four
consecutive 15-minute counts. This will identify the peak hour and the peak hour volume
of parts a) and b), and permit the computations required in parts ¢) and d). The
spreadsheet is shown below.

Time Volume Cumulative
Period (vehs) Volume
(vehs)

4:00-4:15 300

4:15-4:30 325

4:30-4:45 340

4:45-5:00 360 1325
5:00-5:15 330 1355
5:15-5:30 310 1340
5:30-5:45 280 1280
5:45-6:00 240 1160

Then:
a) The peak hour occurs between 4:15 and 5:15 PM.
b) The peak hour volume is 1,355 vehs/h.
c) The peak rate of flow within the peak hour is 4*360 =1,440 vehs/h
d) The peak hour factor (PHF) is computed as:

V. 1355 1355

PHF = = = =
A%V, 4*360 1,440

0.941

13
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Problem 5-6
The trick is that the volume must be divided into two lanes, or 1,800/2 = 900 veh/h/In.
Then, the density is computed as:

D =! :ﬂ =22.5vehs/mi/ln
S 400

Problem 5-7
An estimate of the directional design hour volume (DDHV) is found as:

DDHV = AADT *K*D

From Table 6-2 of the textbook, the range of K-factors applying to urban radial facilities
is 0.07 — 0.12. The range of D-factors applying to urban radial facilities is 0.55 —0.60.
Then:

DDHV,,, =150,000*0.07 *0.55 =5,775 veh/ h.
DDHV,, ., =150,000*0.12*0.60 =10,800 veh/h

Problem 5-8

The time mean speed (TMS) is the arithmetic average of individual vehicle speeds
observed. Each speed is the distance (2,000 ft) divided by the travel time (s). This gives
a result in ft/s, which should be converted to mi/h. The space mean speed (SMS) is the
distance (2,000 ft) divided by the average of the individual travel times. The spreadsheet
below helps illustrate these computations:

Veh Length (ft) t(s) S (ft/s) S (mi/h)
1 2,000 40.50 49.38 33.59
2 2,000 44.20 45.25 30.78
3 2,000 41.70 47.96 32.63
4 2,000 47.30 42.28 28.76
5 2,000 46.50 43.01 29.26
6 2,000 41.90 47.73 32.47
7 2,000 43.00 46.51 31.64
8 2,000 47.00 42.55 28.95
9 2,000 42.60 46.95 31.94

10 2,000 43.30 46.19 31.42
SUM 438.00 457.82 311.44
AVG 43.8 45.8 31.1
14
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Then:

457.82

TMS = =458 ft/s

™s = 28 _31 5 misn
147

and:
SMS :M:%.? ft/s
43.8
SMS =27 _31 1 mi/h
1.47
Problem 5-9
The peak flow rate on the freeway lane is:
V:L:@:LWQ veh/h/In
PHF 0.87

Problem 5-10
The density on the freeway lane is found as:

v=S*D
_v/ _1300/ _ ;
D_A_ 45_37.1veh/mllln
Problem 5-11

a) The free-flow speed is 71.2 mi/h, the speed when density is “0.”
The jam density is 122 pc/mi/ln, the density when speed is “0.”

b) To derive the speed-flow curve, substitute D=V/S in the equation:

s=71201- D2 o711 VS| 710112V
122 122 1225

71.2v
122S
71.2v = (122*71.2)S —122S?

v=122S5 —-1.71352

=712-S

To derive the flow-density curve, substitute S=v/D in the equation:

15
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s=7121- 2 |-V
122) D

Voo 71.2D
D 122
v=71.2D-0.584D*

c) Capacity occurs when both the speed-flow and flow-density curves are at their
peak, or when the first derivative of each is 0.0:

v=1225 -1.713S?

N 0-122_3.4265

ds

s= 12 _ssemirn
3.426

v=71.2D-0.584D?

& 0-712-1158D

dD

D:E:m.o pc/mi/ln
1.168

The capacity is the product of the speed and density at capacity, or:

€c=35.6*61.0=2172 pc/h/In

16
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Solutions to Problems in Chapter 6

Concepts of Demand, Volume, and Capacity

Problem 6-1

To construct the graph, a spreadsheet is used. It is convenient to use a scale of time in
minutes. Therefore, key times are converted to this scale as follows: 7:00 = 0 min, 8:00
= 60 min, 8:30 = 90 min, 9:30 = 150 min, 10:00 = 180 min, and 11:00 = 240 min. Time
will be plotted on the X-axis. The Y-axis is the demand or capacity flow rate in veh/h.
Capacity is a constant 5,000 veh/h throughout the study period. Demand varies with time,
as stated. The plot follows.

Plot of Demand and Capacity vs. Time

7000 | |
6500

6000 *
_ 5500
£ 5m ¢ 0
£ 1500
$ 4000
= 3500
£ 3000
3 2500
5 2000
> 1500

1000

500

— '

0 30 60 90 120 150 180 210 240 270 300
Minutes (from 7:00 AM)

=¥—Capacity (veh/h)  ==Demand Flow (veh/h)

a) Atany given time, the size of the queue is measured as the area between demand
and capacity lines. Queues are forming when the demand line is above the
capacity line. When the demand line is below the capacity line, either there is no
gueue, or a previously formed queue is being dissipated. Note that the time scale
is in minutes, and the flow scale is in veh/h. Queue computations must convert
time in minutes to hours, or (conversely), demand and capacity to veh/min.

Therefore, the size of the queue at various times is found as:

Q=Q, {H" j*(v—c)

60

where: Q size of queue at time t, vehs,

size of queue at previous time check, vehs,

17
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t = time, h,

tp = time at previous check, h,

Y = demand flow rate, veh/h, and
C = capacity flow rate, veh/h.

8:00 AM (t = 60 min) Q =0vehs

8:30 AM (t = 90 min) Q =0 + 0.5 h*(5400-5000) = 200 vehs

9:30 AM (t=150 min)  Q =200+1.0 h*(6000-5000) = 1,200 vehs
10:00 AM (t=180 min)  Q = 1,200 + 0.5h*(5000-5000) = 1,200 vehs
11:00 AM (t=240 min) Q= 1,200 + 1.0h*(4500-5000) = 700 vehs

b) At 11:00 AM, the queue stands at 700 vehicles. After 11:00 AM, the demand flow
rate is 4,000 veh/h, while the capacity is 5,000 veh/h. Therefore, the queue will
dissipate at a rate of 5,000-4,000 = 1,000 veh/h. Thus, the queue clears at
700/1,000 = 0.7 h after 11:00 AM. The queue, therefore, clears 0.7*60 = 42
minutes after 11:00 AM, or 11:42 AM.

Problem 6-2

To construct a plot of cumulative arrivals vs. cumulative departures, a table of such
arrivals and departures vs. time must be created. The key to doing this is the realization
that until the time that the demand flow rate exceeds the capacity flow rate, arrivals will
equal departures. Thereafter, departures are limited to the capacity flow rate, while
arrivals will be dictated by the demand flow rate. When the queue is fully dissipated (at
11:42 AM in this case), subsequent arrivals will equal departures.

The table of cumulative arrivals and departures is shown below, and will be used to create
the plot.

Time t (min) Cumulative Arrivals (vehs) Cumulative Departures (vehs)
7:00 AM 0 0 0
8:00 AM 60 4,500 4,500
8:30 AM 90 4,500+(5,400/2) = 7,200 4,500+(5,000/2) = 7,000
9:30 AM 150 7,200+6,000 = 13,200 7,000 + 5,000 = 12,000
10:00 AM 180 13,200+(5,000/2) = 15,700 12,000+(5,000/2) = 14,500
11:00 AM 240 15,700+4,500= 20,200 14,500+5,000 = 19,500
11:42 AM 282 20,200+(4,000*0.7) = 23,000 19,500+(5,000*0.7) = 23,000
12:00 Nn 300 23,000+(4,000*0.3) = 24,200 24,200
1:00 PM 360 24,200+4,000 = 28,200 28,200

The plot of these follows.
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a) The queue size at any given time is the cumulative arrivals minus the cumulative
departures. The queue reaches its maximum between 150 and 180 minutes. The
size of the queue during this period is 14,000 — 12,800 = 1,200 vehicles (See
graph, red lines)

b) The waiting time for any given vehicle is measured against the horizontal axis as
the time of departure minus the time of arrival. Again, the maximum wait occurs
between 150 and 180 minutes. The maximum wait time is about 175-150 = 125
min. (See graph, purple lines).
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Problem 6-3
The solutions are illustrated on the graph below:
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F 4 - 1- = 4 -1 - 4+ -l =-1- 4+ - —-1l=-+ - —1l=- = A4 —1= = 4+ =1 + —
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¢ - T =TT —-—

Vehicles

0O 30 60 90 120 150 180 210 240 270 300 330 360

Time (mins)

== Arrivals (vehs) ==l==Departures (vehs) ‘

a. The capacity of the facility is represented by the departure rate during the
period when demand exceeds capacity, i.e. anytime between 60 and 330
minutes. Using the hour between 240 and 300 minutes (blue lines), 19,500 —
15,500 = 4,000 vehicles are discharged (in one hour), or a rate of 4,000 veh/h.

b. Maximum queue size occurs anytime between 180 and 210 minutes. Using
the 180 minute point (red lines), the maximum queue size is measured as the
difference in vehicles arrived and departed at this time: 14,500 — 11,500 =
3,000 vehicles.

c. The maximum waiting time occurs to any vehicle arriving when the queue is at
its maximum size, i.e., anytime between 180 and 210 minutes. It is measured
as the difference between the arrival time and the departure time of any vehicle
arriving within this period. Illustrated by the green lines, this is: 225 — 180
minutes = 45 minutes.
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Problem 6-4

The two-lane blockage described exists for one hour, between 9AM and 10AM.
During this time, there are only 2 lanes available for movement. After 10AM, the
blockage is removed and there are 4 lanes available for movement.

A queue is established virtually immediately when the two lanes shut down (9AM).
Thereafter, departures are determined by the queue discharge rate as opposed to
stable capacity. Stable capacity returns only after the queue has been fully dissipated.

Thus, “capacity” during the first hour (with two lanes open) is 2*1800 = 3,600 veh/h.
From 10 AM through the time the queue is cleared, four lanes are open, and the
capacity is 4*1800 = 7,200 veh/h. The full capacity of 8,400 veh/h resumes only after
the queue has been cleared.

a. The table below illustrates queue buildup and clearance:

Table: Queuing for Problem 4

Hour Arrivals (veh/h) Departures (veh/h) Queue Size at End (veh)

9—-10 AM 8,400 3,600 8,400-3,600 = 4,800

10-11 AM 8,000 7,200 4,800+8,000-7,200 =
5,600

11 AM - 12 Nn 7,000 7,200 5,600+7,000-7,200 =
5,400

After Noon 6,000 7,200 Queue diminishes at a

rate of 1,200 veh/h

The maximum queue size is 5,600 vehicles, which occurs at 11 AM.

b. At 12 Noon, a queue of 5,400 vehicles continues to exist. From this point on, it will
dissipate at a rate of 7,200-6,000 = 1,200 veh/h. It will take 5,400/1,200 = 4.5 h to
fully dissipate. The queue will disappear at 4:30 PM in the afternoon.
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Solutions to Problems in Chapter 7

The Highway Capacity Manual: History and Basic Concepts

Problem 7-1

Capacity is defined as the maximum sustainable flow rate that can be accommodated by
a lane or roadway under prevailing roadway, traffic, and control conditions. The definition
of a service flow rate is the same, except that the “maximum sustainable flow rate” applies
to what can be accommodated while operating at a designated level of service. There is
one value of capacity for a lane or roadway, and five service flow rates for levels of service
A —E. LOS Fis unstable, and no service flow rate is defined for it. For uninterrupted flow
facilities or segments, capacity is the equivalent of the service flow rate for LOS E.

Problem 7-2

Capacity under “ideal” conditions refers to a capacity that could occur if all prevailing
conditions were equivalent to the base conditions for each segment type. Such “ideal”
conditions for uninterrupted flow segments include 12-ft lanes, 6-ft lateral clearances, and
all passenger cars in the traffic stream. For interrupted flow segments, there are many
“ideal” conditions to consider. Capacity under “prevailing” conditions refers to the impact
of all of the actual conditions that exist on the segment, which may or may not be ideal.

Problem 7-3

a) Capacity for a freeway is equivalent to the service flow rate for LOS E, or 6,300
veh/h in this case.

b) Service volumes are computed from the service flow rates and the peak hour
factor, as follows:

SVa = SFa*PHF = 3,000*0.90 = 2,700 veh/h
SVe = SFs*PHF = 4,000*0.90 = 3,600 veh/h
SVc = SFc*PHF = 4,800*0.90 = 4,320 veh/h
SVb = SFp*PHF = 5,600*0.90 = 5,040 veh/h
SVE = SFe*PHF = 6,300*0.90 = 5,670 veh/h

Problem 7-4
Freeways have multiple lanes for the exclusive use of traffic in each direction and full
control of access using on-ramps and off-ramps.

Multilane highways have multiple lanes for the exclusive use of traffic in each direction,
but do not have full control of access. There are unsignalized intersections at grade and
unsignalized driveway entrances.

Two-lane rural highways have one lane for use in each direction and no control of access.
Their primary unique feature is that passing maneuvers are accomplished through the
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use of the opposing lane, requiring long sight distances and clear controls on where
passing is permitted.

Problem 7-5
The capacity of the approach, per lane, is computed as:

c= s*(%) ~1200%(40/ ) 686 pe/h

Because there are three lanes on the approach, the capacity of the approach in total is:

c = 686*3 = 2,058 pc/h
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SOLUTIONS TO PROBLEMS IN CHAPTER 8

INTELLIGENT TRANSPORTATION SYSTEMS AND THEIR USE

Problem 8-1

The authors have taken the view that there are many resources now available on the
web, and they should be used to supplement the textbook for at least two reasons: (1)
more depth and detail than can be abstracted into a textbook, (2) knowledge that
becomes available on the web, by additional links or by updates, between publication
dates of the textbook’s editions.

An ideal example is the 56-page report “History of Intelligent Transportation Systems”.
Yes, the instructor has to be aware that assigning Problem 8-1 means the student must
read a 56-page document, so a little guidance should go with the assignment:

> Read it completely, for in-class review and discussion. The document can be
downloaded in PDF and other formats;

» Scan the table of contents and the document, focusing on the sidebars that
emphasize key points and also looking for the history of themes that are
newsworthy at the time of the assignment.

As a bit of history, the “ITS” effort began as the “IVHS” effort ----- Intelligent Vehicle
Highway Systems. Indeed, ITS America was once IVHS America. One of the authors
introduced a special topics graduate course based upon “IVHS” that evolved to “ITS”. As
the years passed and a formal ITS Architecture was developed, additional courses were
established.

The reference being read says on its Page 15 (page 25 of the PDF), “In 1994, the USDOT
officially sanctioned the term ‘ITS’ as a replacement for IVHS, recognizing the multimodal
nature of the activity and de-emphasizing the focus on technologies for vehicle guidance”.

The student should be aware that many ITS themes pre-existed what has become the
unifying umbrella called ITS. Ramp metering, freeway surveillance and control, and
computer control of traffic signals date back to the 1960’s. But the ITS framework has
certainly helped focus continuing attention, and advancement.

Problem 8-2

Reference [3] is https://www.pcb.its.dot.gov/ePrimer.aspx

Module 8 is “Electronic Toll Collection and Pricing” and “considers both the application
and integration challenges and technologies available”.

Two thoughts for the course instructor:
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1) Each of these problems can place a very heavy reading challenge on the student,
in terms of pages and time required. Assignments should be made with this in
mind,;

2) The set of references in Chapter 8 can provide the basis for an entire course
devoted to ITS and ITS-related topics. The instructor might consider this, for
special topics or readings courses, or for a permanent addition to the curriculum.

The most relevant portion of Module 8 begins at its Figure 10, “Pricing Strategies”.

Before any class discussion, it is good to remember that in a broad conversation, some
topics will cascade onto each other:

» What is the real, relative subsidy of different modes, particularly public
transportation and roads used by private vehicles, goods movers, and for-hire
vehicles?

» When does certain transportation become an essential feature of the community,
such that its cost is part of the baseline existence of the community and not just an
“add-on” or optional feature? In a dense urban area, isn’t public transportation
essential, just as water and electricity and sewers? If so, why not include the basic
infrastructure costs as part of the general obligation? But how about the use
portion: individuals still pay for electricity consumed, water used, and such.

» So are roads an essential feature? If they are, then dense development can
require so much roadway that it strangles the original concept of the area. Still,
some level of access for some purposes --- goods, waste, and so forth --- is
essential. In a competitive economy, so is access to business. But in what
balance?

> |If there is congestion pricing --- by any variation of its title --- does it fall equitably
on the population, or are there groups that are trapped into autos and into fixed
hours, and disproportionately affected?

All of these issues are valid from an overall planning view. It may be necessary to
acknowledge these, but still try to focus the discussion on “We have today’s infrastructure,
little additional space for construction, and long lead times. Faced with that, can pricing
strategies (note that we just avoided the “congestion pricing” label) aid in fostering the
economic well-being of the area and its people?”

Complicating the discussion is a related topic, cited in the problem statement ---- a
significant source of revenue is the gasoline tax, as a fixed amount per gallon of fuel. But
vehicle miles per gallon now varies widely, and the historic tax practice does not take into
account vehicle occupancy — nor time of day of fuel usage. And with the growing
presence of hybrid and electric vehicles, there are segments of the vehicle population
that may not experience this tax at all.
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Discussion point: perhaps current technology (electronic toll collection readers,
connected vehicles, etc.) allow road use by time of day, local congestion levels, even
occupancy to replace fuel taxation.

Problem 8-3

It will quickly be found that:

V2V = vehicle to vehicle communication
V2| = vehicle to infrastructure communication
12V = infrastructure to vehicle communication

But as time goes on, it is likely that the literature will blend these into discussions of truly
“autonomous vehicles” and make distinctions between those and “driver assistance
systems” that require driver presence and awareness and even action. Market forces,
public and legislative confidence, and safety results will influence these topics at a pace
that writing a “right” answer to this question in a static “Solutions Manual” is not
meaningful. But the rapid evolution of connected vehicles, truly autonomous vehicles,
and related variants will certainly dominate the careers of the current students.

Problem 8-4

Reference [6] is https://www.fhwa.dot.gov/cadiv/segh

The first time we entered it (without the “s”), we ended up at the wrong site and had to
search for “Systems Engineering Guidebook for ITS” and got to the right place.

Once the V Diagram is reached, clicking on each step provides much information,
including “Objective” and “Description” of the step.

Students will have to be reminded that plagiarism is to be avoided ----- one of the ways is
to clearly put quotes around text that is transposed into their homework, and to cite the
source.

The purpose of assigning this problem is to force the students to remember the V
Diagram, which will probably come up repeatedly in their professional practice.

Problem 8-5
The starting points are

» The web search on “probe vehicles”, and
> A keyword search of Reference [1] for “probe” and “probe vehicle”

The concept that will be revealed to the student is the idea that a finite number of vehicles
(say 500 or 1,000) are equipped with transponders and their travels recorded as they
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traverse the network --- a history of time and location stamps, often transmitted wirelessly
to a central location. From that information, congestion can be profiled, path selections
(and path selection differences, from day to day), travel time can be estimated, and so
forth.

A variation on this theme is to use on-board devices such as ETC units or phone or (as
connected vehicle technology becomes more pervasive) vehicle ID information to garner
the same sort of information from “scrubbed” data to preserve privacy, with a larger
number of de facto probe vehicles.

Truck and bus fleets increasingly use GPS location in real time, and thus become a
source of probe data information. The same is true of taxi fleets in some locations. If
anything, the trend is to more and more “probe” vehicles being sampled, to the point that
the term may get overused or fall into disuse.

If every vehicle is made into a de facto probe vehicle, what is the meaning of the term?

As path selection information become more available, it may be possible to construct O/D
paths within a network, take note of the path changes in response to traffic conditions
(assuming that information is available concurrently, or deduced from travel times), and
build O/D information and related path selection into simulation models.

Problem 8-6
There are two distinct paths to be discussed:

1) The traditional means of distributing mailback questionnaires or conducting
interviews on-site (toll booths, inspection stations, truck stops);

2) Advanced methods that depend upon automated collection of license plates, ETC
information, and/or USDOT numbers on the sides of trucks.

The first path is plagued by small sample sizes, due to number of on-site interviews or
due to mail-back response rates. As toll plazas move to cashless toll collection and higher
speed passage, the very opportunity to hand out questionnaires is ceasing to exist.

At the same time, reaching drivers or owners through using their ETC information is often
viewed negatively, because the issuing authority does not want to encounter privacy and
trust issues with those who register for ETC.

The ETC numbers are certainly attractive --- in principle --- for O/D, if there is a fairly
dense network of ETC readers and a limited number of major paths to the destination
zones (for instance, counties), as well as origin zones. But at its best, this still does not
address the specific cargo being carried, or whether the truck was empty (deadheading).
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One authority has used the USDOT number on the truck, identified the owner through the
SAFER data base (more, in the next paragraph), and done phone interviews based upon
that information. Response rates were higher than earlier means.

The Federal Motor Carrier Safety Administration (FMCSA) is one of the administrations
of the USDOT. As part of its work, it maintains the Safety and Fitness Electronic Records
(SAFER) System, often referred to as the “SAFER database”. For information, see

https://safer.fmcsa.dot.gov/about.aspx

https://safer.fmcsa.dot.gov/saferhelp.aspx

Truckers can obtain a USDOT number for their vehicles through the SAFER data base.
These numbers are displayed on the side of the truck. The database contains information
on the trucker, the number of power units (single body trucks, tractors, etc.) owned, and
other information including cargos carried. But the USDOT number is assigned to
multiple vehicles owned by that registered trucker, so it is not unique to the vehicle. And
“cargos carried” can be a range, and not reflect the cargo carried on a specific day.

But the SAFER database is good for certain descriptive statistics (fleet sizes, range of
cargos, etc.) and as a source of owner information, which can be used in a follow-up
survey. The authors are of the opinion that surveys that once focused on a facility (or set
of facilities, such as river crossings in an area) can be re-cast as a survey of owners that
use those facilities, and perhaps be structured so that it focuses on the characteristic uses
of the facility or facilities by those owners --- types of cargo, O/D, time of day, empty or
not, and so forth.

Does ITS technology provide the path to improved surveys of this sort? Yes, and the
potential may be best realized by fusion of different data bases (ETC, USDOT numbers,
etc.) and some outreach for things not yet known by the technology (full, partial load,

empty).
Problem 8-7

Section 8.6 addresses “Connected Vehicle Pilot Studies” as of late 2017. The intent of
this question is simply to have the student update the information to the year of the
assignment, from the web and perhaps from published USDOT reports, TRB papers, and
other sources.

Problem 8-8

At the time of the 5" edition, inductive loops cut into the pavement were still a very
common way of detecting traffic presence, passage, and even estimating speed. Smaller
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magnetic units were becoming more common, as was wireless transmission of traffic data
from such detectors.

But the concept of using strategically mounted cameras to view a larger area (an
intersection approach, a freeway section, or several intersection approaches), combined
with software that allowed the user to place multiple “virtual” detectors on top of the screen
image was becoming a powerful alternative. The defined virtual detectors could mimic
loops near the stopline or upstream, include some “area” detector by lane or other, and
achieve rather intense detectorization with one instrument and with no pavement cuts.
Regular or infrared cameras could be used, and algorithms to deal with sun glare were
being reported and/or used.

The intent of this question is simply to have the student update the information to the year
of the assignment, because the technology is evolving. Class discussions on cost-
effectiveness, user-friendliness of the drag-and-drop detector locations, and “Why still
use loops?” can be takeoffs from their results.
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Solutions to Problems in Chapter 9

Traffic Data Collection and Reduction Methodologies

Problem 9-1

The counting period is 15 minutes, but actual counts are for 12 out of 15 minutes. Thus,
all counts must be expanded by 15/12 = 1.25, rounded, of course, to the nearest whole
vehicle. Since counts in each lane are for alternate period, the missing counts must be
interpolated from the counts in adjacent periods, except for blank first and last periods,
which must be extrapolations, not interpolations. The table below illustrates these
computations.

Table: Expanded and Interpolated/Extrapolated Counts

Time of Eastbound Westbound Total
Count Lane 1 Lane 2 Total Lane 1 Lane 2 Total

4:00-4:15 423 450 873 346 388 734 1607
4:15-4:30 438 463 900 356 401 757 1657
4:30-4:45 451 475 926 366 413 778 1704
4:45-5:00 463 469 932 375 419 794 1726
5:00-5:15 447 463 910 363 425 788 1697
5:15-5:30 431 444 875 350 407 757 1632
5:30-5:45 416 425 841 338 388 725 1566
5:45-6:00 400 406 806 325 368 693 1499

Notes: In lane counts: italics = interpolated counts; bold=extrapolated counts.

Note that a spreadsheet was used for computations. Thus, “round-offs” may result in
what appears to be an error of “1” in a sum for both lanes in a direction, or for the total
volume in both directions.
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Problem 9-2

X Y Z=(X)(Y)
# Axles per Number of Axles | Number of Axles

Vehicle Per Vehicle Observed
2 157 314
3 55 165
4 50 200
5 33 165

6 8 48
Total # Axles Observed = 892
#vehicles = 303

average # axles per vehicle = 2.94

11,250 actuations on road tube, 24 hours
2.94 average # axles per vehicle
I 3,821 estimated vehicles, 24 hours I

Problem 9-3

From Figure 9.7, the trigonometric relationships are defined by Equations 9-3. The
effective distance over which travel times are actually observed is computed as:

d,, =d, Tan(70) =50*2.7475 =137.38 ft

The speed of a vehicle with a travel time of 2.15 s is found as:

S :@:63.9 ﬁ/S:@:43.5mi/h
1.47

2.15

Knowing the exact parallax error is difficult at best, and requires some additional field
measurements. When an observation position is established and the exit boundary is
marked, test observations are made to establish what viewing angle must be used to
observe exiting vehicles. Thus, that actual marked trap (d) is measured and marked, then
a viewing angle is established, from which the distance det can be computed. The exact
parallax error is then d — def. That is why it is difficult to measure speeds manually in this
manner. Radar or other meters are far easier to use.

Problem 9-4

This problem has its own merits, but is also a good “teaching moment” for the instructor
on the subject of transitioning from an older method to a newer method.
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On the surface, this issue can be viewed simply as “We always did it this way, and it was
always good enough” followed by “How do we know the new method is equally good?”

While resistance to change is normal, there is also a substantial issue imbedded in
accepted practices, and the reports that are generated from them, and submitted to
various authorities and to the public. For instance, the annual Fall ATR Cordon Count
may have become institutionalized, and used by the commissioner’s office in setting
priorities, by the mayor’s office in allocating or authorizing budgets, and by the media. A
shift to a new method can look at abandoning decades of history.

We are going to digress for a moment, to provide the
instructor with some history and perhaps perspective: the
TRB Committee responsible for the Highway Capacity
Manual once discussed to changing levels of service from
“A” to “F” to a continuum of numbers, say “0” to “10” with
“10” as level of service A, and facilities assigned numbers to
one decimal place, such as 7.4.

The discussion ended with the resistance of experienced
persons who pointed out that (1) it had taken decades to
educate elected officials and others to the “A” through “F”
system, and (2) people were relating to it, based upon
grades from their school days. It was not simply inertia, but
a hard-won acceptance of a system that communicated
effectively.

People do talk about “the middle of LOS C” and such these
days, but there has been no movement to “+” and “-“ grades.
If such a movement began, it would have to be remembered
that the present levels of service are defined by boundaries,
so a logical question is whether C+, C, and C- should all fit
within the existing LOS C. And that would have very
practical implications, because the commissioner may have
to explain to a legislative committee how --- despite funding
provided in recent years --- the quality of the system
suddenly slipped to a lower grade

One more digression:

» Early drafts of the 1965 HCM did not use the letter
grade convention, but rather assigned numbers.
And there was some discussion on which number
represented the best condition and which the
Worst.
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» The answer to “How many levels of service are
there?” depends upon the year. The 1965 HCM
defined five levels of service “A” to “E”; “F” was
not a level of service but rather a failure to provide
a level of service. Inthe 1985 HCM and beyond,
there are six levels of service, including the all-
too-common level of service F.

Back to the subject at hand: moving away from an accepted method often has intrinsic
problems, beyond simple technical accuracy. But it also has sound and realistic
guestions of comparable technical accuracy.

One of the authors was involved in such a deliberation, that sometimes took on the nature
of a debate. Some participants started with the position that “The new method has to
give the same answers as the old” and that slowly evolved to “The new method has to
have at least equal precision as the old, and be indistinguishable from it”.

A *“bake-off” comparison was then designed, with several methods to be used
concurrently at the same location(s) over a range of conditions (that is, traffic volumes).
The methods were:

» Method 1: ATR’s, with road tubes laid down and checked as traditional,

» Method 2: permanent installation of 1 or 2 side-fire microwave detectors, with
the number dependent upon the local geometry;

» Method 3A: manual counts, by an experienced observer;

» Methods 3B: manual counts, by a second experienced observer.

It would have also been good to take a video recording of the traffic, but this was not
done. “Method 2” should be considered as whatever the proposed alternative might be,
perhaps automated counting via cameras.

It was fortuitous that there were two people at the scene, assigned to counting (rather
than have one on standby). As it turned out, the results showed that the three methods
gave comparable results and that the two manual counts were not identical. Indeed, they
differed from each other as much as they each differed from the ATR’s and Method 2.

The expectation for the student would be that he/she touch on some of the above and be
introduced to more in any class discussion of the problem. It would also be valid for the
student to raise as relevant points

» The range of traffic and geometries to be considered as test sites, given the
conditions stated at the end of the problem description;

» Raise the question of how much data is enough, with the better answers
addressing the need to test the hypothesis that there is no difference between
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two regression lines or that one method can be used to make adjustments to
the other (if necessary; the better result would be to not reject the hypothesis
of “no difference” at a level of significance of 0.05 or even better. But this
expectation has to be tempered by how much statistics students should have
learned in prior courses.

Problem 9-5

This problem is straight-forward, and the information cited is now common on agency
websites. If that is not the case locally at the course location, the instructor may wish to
refer the students to illustrative sites for the State DOT.

Problem 9-6

The web site for Miovision is https://miovision.com/

The authors chose this company because it is the highest visibility vendor of this product
class at the time the 5" edition of the text was prepared. Further, the web site has some
very fine educational materials for the student, describing a range of devices and
solutions. But significant competitors tend to emerge, and the instructor may suggest
alternatives to also look at. Attention should not be limited to the United States.

Given the wording of the question, the student is expected to be providing an update in
some future year. We cannot be more specific than the guidance below in this solution
manual, which is being written concurrent with the 5™ edition of the textbook.

To begin a Google search, the authors used “traffic cameras for traffic counts” and came
up with a good number of sites, in January of 2018.

Regarding literature, the authors began with “transportation literature search” but also
knew that the Transportation Research Board (TRB) site at https://trid.trb.org/ would be
of use, USDOT at https://rosap.ntl.bts.gov/ and https://ntl.bts.gov/ would be of use, and
that the articles and advertisements in such places as the ITE Journal and
ITS/International would be good sources.

TRB Transportation Research Circular E-C194 (March 2015) is titled “Literature Searches
and Literature Reviews for Transportation Research Projects” and subtitled “How to
Search, Where to Search, and How to Put It All Together: Current Practices”. It can be
downloaded by the student.

The student should be expected to make distinctions between automated traffic counting
for reports and analysis (such as signal retiming, traffic impact work, and such) and for
real-time control of traffic.
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https://rosap.ntl.bts.gov/
https://ntl.bts.gov/

Another aspect for the student to comment upon might be whether the camera can collect
in all weather conditions, how accurate it has been found to be, and how cost-effective
the solution is deemed to be.

As of this writing, some systems are sold, with the vendor also offering data processing
services for a fee. Rental is another option, also with data processing services available
for a fee. Third-party vendors that provide just the data processing service (camera files
to Excel, for instance) are emerging.

36

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Solutions to Problems in Chapter 10

Volume Studies and Characteristics

Problem 10-1

The problem calls for estimating a total 12-hour volume for the study data shown. There
is one control-count station (Station A) and 9 coverage-count stations (Stations 1-9).
There are several issues that must be addressed in the estimation process:

e Data was taken in three four-hour periods: 8 AM to 12 Noon, 12 Noon to 4 PM,
and 4 PM to 8PM. To allow for movement of data crews, however, actual counts
were taken for 3.75 hours out of each 4-hour period. All counts, therefore, must
be multiplied by 4.00/3.75 = 1.067 to estimate the actual 4-hr counts.

e Counts were taken using road tubes, and thus represent axle-counts, not vehicle-
counts. Sample data on traffic composition must be used to estimate the average
number of axles per vehicle, which can than be used to convert axle-counts to
vehicle-counts.

e Counts taken during one 4-hour period must be expanded to estimate counts for
the 12-hour target period.

e Counts were taken across three days. All counts must, therefore, be adjusted to
reflect the average day of the count.

These conversions can be done in almost any order, and are best done using a
spreadsheet. As all results must be rounded to the nearest vehicle, the order of
computations and the rounding mechanism used may cause small discrepancies in final
answers. In this solution, rounding is done only in the final step, although most of the
spreadsheet tables will appear to be rounded at each step.
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Table 1, which follows, computes the average number of axles per vehicle from the
sample data given in the problem statement. The total number of axles observed is
divided by the total number of vehicles observed to determine the conversion factor.

Table 1. Computing the Average Number of Axles Per Vehicle

Vehicle Vehicles Axles
Class Observed Observed
2-axle 1,100 2,200
3-axle 130 390
4-axle 40 160
5-axle 6 30
Total 1,276 2,780

Average Axles/Vehicle = 2,780/1,276 = 2.18

The data from the Control Count Station A must now be manipulated to produce
conversion values for coverage counts. Two conversions must be conducted: a) from 4-
hr counts to 12-hr counts, and b) from 12-hr counts on a particular day to 12-hr counts
representing the average of the three days of the study.

The first is accomplished by calibrating the percentage of 12-hour volume that occurs in
each 4-hour period. For each day of the study, the percentage is computed as
(V4/V12)*100. There will be different values for each day of the study. These can be
applied separately to coverage counts on the same day, or the average percentages can
be applied to all three days.

The second conversion is accomplished by calibrating “daily variation factors” for each of
the three days of the study. These factors are defined as Vave/Vbay. The calibration of
these values can be based directly on the 3.75-hr axle-counts given in the problem
statement. These values could be converted to 4-hr vehicle-counts and used, but the
conversions would affect every number equally, and none of the conversion values would
be changed. Table 2 illustrates the computation of these conversion values in
spreadsheet form.

In terms of expanding counts from 4 hours to 12 hours, the percentages do not vary
greatly for each day of the study. Therefore, percentages based upon the average data
will be used.

Coverage counts are now expanded to full 12-hour vehicle counts in Table 3, using the
following equation:
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1.067V,.; * DF,

J

. Py
Where: Vizi = 12-hour vehicle count for Station i, vehs
V375 = 3.75-hour axle count for Station i, axles
1.067 = expansion factor, 3.75 hrs to 4 hrs
DF, = daily adjustment factor for day |
Pk = percentage of volume occurring during time period K,

expressed as a decimal

Table 2: Calibration of Conversion Values from Control-Count Data

Day Time Period Daily Adj
8:00-11:45 | 12:00-3:45 | 4:00-7:45 | Total Factor
Axle Counts
Monday 3,000 2,800 4,100 9,900 1.118
Tuesday 3,300 3,000 4,400 10,700 1.034
Wednesday 4,000 3,600 5,000 12,600 0.878
Total 10,300 9,400 13,500 33,200 11,067
Percent of 12-Hour Total
Monday 30.30% 28.28% 41.41% 100.00% NA
Tuesday 30.84% 28.04% 41.12% 100.00% NA
Wednesday 31.75% 28.57% 39.68% 100.00% NA
Total 31.02% 28.31% 40.66% 100.00% NA

Table 3: Expansion and Adjustment of Coverage Counts to 12-Hour Vehicle-

Counts
Station Day Time Axle Count Exp to 4 Hr | Exp to 12-Hr Daily Adj 12-Hr Vehs
1 Monday 8:00-11:45 1,900 1.067 0.3102 1.118 7,307
2 Monday 12:00-3:45 2,600 1.067 0.2831 1.118 10,956
3 Monday 4:00-7:45 1,500 1.067 0.4066 1.118 4,401
4 Tuesday 8:00-11:45 3,000 1.067 0.3102 1.034 10,670
5 Tuesday 12:00-3:45 3,600 1.067 0.2831 1.034 14,030
6 Tuesday 4:00-7:45 4,800 1.067 0.4066 1.034 13,024
7 Wednesday 8:00-11:45 3,500 1.067 0.3102 0.878 10,570
8 Wednesday 12:00-3:45 3,200 1.067 0.2831 0.878 10,589
9 Wednesday 4:00-7:45 4,400 1.067 0.4066 0.978 11,292
Problem 10-2

Daily variation factors may be computed as:
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Where: Vave = average daily count for all days of the week, vehs
Vpay = average daily count for each day of the week, vehs
These computations are carried out in Table 4.

Table 4: Calibration of Daily Adjustment Factors

Day Ave Vol Daily Factor
Sunday 3,500 1.155
Monday 4,400 0.919
Tuesday 4,200 0.963

Wednesday 4,300 0.940
Thursday 3,900 1.037
Friday 4,900 0.825
Saturday 3,100 1.304
TOTAL 28,300
AVERAGE 4,043

Problem 10-3

a) 5 minutes or 15 minutes. Count 4 of 5 or 13 of 15.
The counting period and the actual count time must be multiples of 1 minute.

b) 6 minutes or 18 minutes. Count 4.5 of 6 or 15 of 18. The counting period and
the actual count time must be multiples of 90 seconds or 1.5 minutes.

C) 6 minutes or 18 minutes. Count 4 of 6 or 16 of 18. The counting period and
the actual count time must be multiples of 2 minutes.

Problem 10-4
Daily adjustment factors are based upon the data in the problem statement. The factors,

which use the same equation noted in Problem 10-2, are based upon the average of the
4 weeks of data provided.

Monthly adjustment factors are based upon the data in the problem statement, and are
computed using the following equation:

M, = AADT
ADT,
Where: MF;i = monthly adjustment factor month i
AADT = average annual daily traffic , vehs/day
(estimated as the average of 12 monthly ADTSs)
ADT;i = average daily traffic for month I, vehs/day
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Daily adjustment factors are calibrated in Table 5. Monthly adjustment factors are
calibrated in Table 6. Monthly variation factors must be themselves “adjusted” to reflect
the middle of each month. This is done graphically in Figure 1.

Table 5. Daily Adjustment Factors Calibrated

First Week Day of the Week
In: Monday Tuesday Wednesday Thursday Friday Saturday Sunday TOTAL
January 2,000 2,200 2,250 2,000 1,800 1,500 950 12,700
April 1,900 2,080 2,110 1,890 1,750 1,400 890 12,020
July 1,700 1,850 1,900 1,710 1,580 1,150 800 10,690
October 2,100 2,270 2,300 2,050 1,800 1,550 1,010 13,080
TOTAL 7,700 8,400 8,560 7,650 6,930 5,600 3,650
AVERAGE 1,925 2,100 2,140 1,913 1,733 1,400 913 12,123
DF 0.900 0.825 0.809 0.906 1.000 1.237 1.898 1,732
Table 6: Monthly Adjustment Factors Calibrated
Third Ave 24-Hr Monthly
Week In Count Factor
January 2,250 0.904
February 2,200 0.924
March 2,000 1.017
April 2,100 0.968
May 1,950 1.043
June 1,850 1.099
July 1,800 1.130
August 1,700 1.196
September 2,000 1.017
October 2,100 0.968
November 2,150 0.946
December 2,300 0.884
TOTAL 24,400
AVERAGE 2,033
Figure 1. Monthly Adjustment Factors “Adjusted”
1.300
1.200 -«
‘0\\
L < —
O 1.100 g \
§ <«
3] <
[
w <
> <
T 1000 : N S
< =
_ & N
0.900 < =
0.800
0 1 2 3 4 5 6 8 9 10 11 12
Third Week in Month No.

41

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



In Figure 1, Monthly Factors are plotted at the end of the 3™ week of each month, when
the counts were taken. ldeally, factors should represent the “middle” of the month, which
is usually at the end of the 2" week. The graph approximates four weeks per month
(except for Feb, there are actually 4 + a fraction). The end of the 2" week can, therefore,
be approximated as one week earlier than the actual count. The factors for the “middle”
of the month are read from the graph, and are entered in Table 7.

Table 7: Monthly Factors Adjusted for the Middle of the Month

Month Adjusted Monthly Factor MF
January 0.900
February 0.920
March 1.005
April 0.975
May 1.020
June 1.090
July 1.120
August 1.200
September 1.060
October 0.975
November 0.955
December 0.900

Problem 10-5
The four control count stations shown in the problem statement are proposed to form a

single “group” for the purpose of calibrating Daily Adjustment Factors DF. To be an
appropriate grouping, the “average” factor for each day of the week cannot differ from the
factors at each station by more than + 0.10. The grouping is evaluated in Table 8.

Table 8: Average Daily Factors for Group and Assessment

Station Monday Tuesday Wednesday Thursday Friday Saturday Sunday
1 1.04 1.00 0.96 1.08 1.17 0.90 0.80
2 1.12 1.07 0.97 1.06 1.02 0.87 0.82
3 0.97 0.99 0.89 1.01 0.86 1.01 1.06
4 1.01 1.00 1.01 1.09 1.10 0.85 0.86
Total 4.14 4.06 3.83 4.24 4.15 3.63 3.54
Average 1.035 1.015 0.9575 1.06 1.0375 0.9075 0.885
OK Range | 0.935-1.135 | 0.915-1.115 |0.8575-1.0575[ 0.96-1.16 ]0.9375-1.1375]0.8075-1.0075| 0.785-0.985

Obviously, three of the factors lie outside the acceptable range. It appears that Station 3
should be eliminated. Assuming that they are still spatially contiguous, Stations 1, 2, and
4 may be grouped, and must again be tested, as shown in Table 9.
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Table 9: Re-Grouped Stations Tested

Station Monday Tuesday Wednesday Thursday Friday Saturday Sunday
1 1.04 1.00 0.96 1.08 1.17 0.90 0.80
2 1.12 1.07 0.97 1.06 1.02 0.87 0.82
4 1.01 1.00 1.01 1.09 1.10 0.85 0.86
Total 3.17 3.07 2.94 3.23 3.29 2.62 2.48
Average 1.057 1.023 0.980 1.077 1.097 0.873 0.827
OK Range 0.957-1.157 | 0.923-1.123 | 0.880-1.080 | 0.977-1.177 [ 0.997-1.197 [ 0.773-0.973 | 0.727-0.927

The re-grouping meets the acceptability criteria, and would be used.

Problem 10-6
Data from coverage counts within the control area depicted in text Table 10-11 are given.

We are asked to estimate the annual VMT for each section counted. To do this, the AADT
at each location must be estimated. The following equations are used:

AADT =V, ; *DF, *MF;
Annual VMT = AADT *L

Where: AADT = average annual daily traffic, vehs/day
Vij = count taken on day i in month j, vehs/day
DFi = daily factor for day i
MF; = daily factor for month j
L = length of the study segment, mi

These computations are illustrated in Table 10.

Table 10: Estimated AADT and VMT for Stations in Problem 8-6

Station Length Day Month DF MF Daily Vol AADT Veh Miles
(mi) (Table 9.11) | (Table 9.11) (vehs/day) (vehs/day)
1 3.0 Wed March 1.108 1.100 9,120 11,115 33,346
2 2.7 Tue September 1.121 0.884 10,255 10,162 27,438
3 2.5 Fri August 1.015 0.882 16,060 14,377 35,943
4 4.6 Sun May 0.789 0.949 21,858 16,366 75,286
5 1.8 Thu December 1.098 1.114 9,508 11,630 20,934
6 1.6 Fri January 1.015 1.215 11,344 13,990 22,384
Problem 10-7

The problem statement gives the data from an origin and destination study. Only sample
measurements are made, and an estimate of the actual O-D counts for the period of the
study is needed. The O-D matches can be adjusted so that the row totals (origins) are
correct, or so that the column totals (destinations) are correct. The accepted methodology
is to average these two approaches until all row and column totals are within £10% of the
observed volumes at each origin and destination. This is an iterative process.
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Each row and each column has an adjustment factor that will resolve the row or column
totals. The actual adjustment of the O-D matches (cells of the table) are computed as
follows:

OD,,, =OD, *(—Fm . Fa j

Where: ODit1 = OD volume for the i+1 iteration, vehs
OoDi = OD volume for the ith iteration, vehs
Foi = adjustment factors based upon resolving origin totals,
ith iteration
Fai = adjustment factors based upon resolving destination

totals, ith iteration

In each iteration, the adjustment factors are re-computed as follows:

I:oi = v °
ZiODij
o Ve
Z_OD”
J
Where: Vo = total observed volume at origin “0” (vehs)
Vd = total observed volume at destination “d” (vehs)
OD; = OD matches for origin “i” and destination “j”, vehs

These computations are shown in Table 11. Iterations are continued until all origin and
destination totals are resolved to +10%.
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Table 10: Origin and Destination Adjustments

Destination Origin Station Destination | Destination Fq
Station 1 2 3 4 5 Sum Vol
1 50 120 125 210 75 580 1,200 2.069
2 105 80 143 305 100 733 2,040 2.783
3 125 100 128 328 98 779 1,500 1.926
4 82 70 100 125 101 478 985 2.061
5 201 215 180 208 210 1,014 2,690 2.653
Origin Sum 563 585 676 1,176 584 3,584
Origin Vol 1,820 1,225 1,750 2,510 1,110 8,415
Fo 3.233 2.094 2.589 2.134 1.901
FIRST ITERATION
Destination Origin Station Destination | Destination Fqy
Station 1 2 3 4 5 Sum Vol
1 133 250 291 441 149 1,264 1,200 0.950
2 316 195 384 750 234 1,879 2,040 1.086
3 322 201 289 666 187 1,666 1,500 0.901
4 217 145 232 262 200 1,057 985 0.932
5 591 510 472 498 478 2,550 2,690 1.055
Origin Sum 1,579 1,302 1,668 2,617 1,249 8,415
Origin Vol 1,820 1,225 1,750 2,510 1,110 8,415
Fo 1.152 0.941 1.049 0.959 0.889
SECOND ITERATION
Destination Origin Station Destination | Destination Fq
Station 1 2 3 4 5 Sum Vol
1 139 236 291 421 137 1,224 1,200 0.980
2 353 198 410 767 231 1,959 2,040 1.041
3 331 185 282 619 168 1,584 1,500 0.947
4 226 136 230 248 182 1,023 985 0.963
5 653 509 496 501 465 2,625 2,690 1.025
Origin Sum 1,703 1,264 1,709 2,556 1,183 8,415
Origin Vol 1,820 1,225 1,750 2,510 1,110 8,415
Fo 1.069 0.969 1.024 0.982 0.939

Note that in each iteration, any origin or destination adjustment factor that is less than
0.900 or more than 1.100 indicates that there is still a discrepancy greater than 10% in
origin or destination totals. Iterations are continued until the adjustment factors for both
origins and destinations all lie within a range of 0.900 to 1.100.
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Solutions to Problems in Chapter 11

Speed, Travel Time, and Delay Studies

Problem 11-1
Parts a and b:

To plot a frequency distribution curve and a cumulative frequency distribution curve, a frequency
distribution table must be constructed from the data given. Table 1 provides this. Then:

e The Frequency Distribution Curve (FDC) is plotted as the % Vehicles in Group vs. the
Middle Speed of the group.

e The Cumulative Frequency Distribution Curve (CFDC) is plotted as the Cum % Vehicles
in Group vs. the Upper Speed of the speed group.

e The median speed is the 50" percentile speed from the CFDC.
¢ The modal speed is estimated as the peak of the FDC.

e The pace is the 10-mi/h increment in speed that captures the highest percentage of
observed speeds compared to any other 10-mi/h increment.

o The percent vehicles in the pace are found by finding the percentile speed representing
the boundaries of the pace, and subtracting their values.

Figure 1 shows the two curves, and the solution for the values called for in Part b of the question.

From Figure 1: Mode = 42.0 mi/h
Median = 42.0 mi/h
Pace = 37.5-47.5 mi/h
% Veh in Pace = 72% - 24% = 48%
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Table 1: Frequency Distribution Table for Speed Data

Speed Group (mi/h) Middle Observed Percent Cum %
Low High Speed, S Freq Freq Freq n*S n*s?
Speed Speed (mi/h) n (%) (%)
15 20 17.5 0 0.00% 0.00% 0.00 0.00
20 25 225 4 2.37% 2.37% 90.00 2,025.00
25 30 27.5 9 5.33% 7.69% 247.50 6,806.25
30 35 325 18 10.65% 18.34% 585.00 19,012.50
35 40 37.5 35 20.71% 39.05% 1,312.50 49,218.75
40 45 425 42 24.85% 63.91% 1,785.00 75,862.50
45 50 47.5 32 18.93% 82.84% 1,520.00 72,200.00
50 55 525 20 11.83% 94.67% 1,050.00 55,125.00
55 60 57.5 9 5.33% 100.00% 517.50 29,756.25
60 65 62.5 0 0.00% 100.00% 0.00 0.00
169 100.00% 7,107.50 | 310,006.25
30.00%
25.00% /,.\\
3 20.00% /F/ N\
[
o
T 15.00% // ! r\
§ 10.00% / I l
o WU7 I |
5.00% // ! !
0.00% /r I l \
' 16 20 30 | a0 4 | 50 60 7
i Midiile Speed, mi/h | i
i i
wome| | T
. ”
2 80.00% I | /}/
$ 7R% L _y
S 7000% EF T T = mmm e e e e e = =3
(3}
T 60.00% I
g |
S 50.00% }
& |
2 40.00% !
< 30.00% ]
E PR I 7, N S I o I
3 20.00% /
10.00% ~
-
0.00% < -
10 20 30 a0 * 50 60 70
Upper Speed of Group, mi/h

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

Figure 1: Frequency and Cumulative Frequency Distribution Curves

48




Part c:

The mean speed of the distribution is computed using Equation 11-3; the standard deviation is
computed using Equation 11-5. Both use column totals from the Frequency Distribution Table.

S 2MS 14780
X = | = —— =42.06 mi/h
N 169
nS2 — Nx? —169* 2
S:\/Z S, =\/310,006.25 169*42.06° _ 1103788 _ fez= g1y v
N -1 169-1 168
Part d:

The standard error of the mean, E, is computed as:

s 811 811
JN 4169 13

Then:

=0.624

95% Confidence: p=x+1.96E =42.06+ (1.96*0.624) = 42.06+1.22 (40.84 to 43.28 mi/h)
99.7% Confidence: p=x +3E =42.06+ (3*0.624) = 42.06+1.87 (40.19 to 43.93 mi/h)

Part e:

Sample size is estimated using Equation 11-10 for 95% confidence:

384 s°  3.84*8.11

=38.9, say 40 samples
e 0.8 Y P

Part f:

This question is answered by conducting a Chi-Squared Goodness of Fit test. In this test, actual
observed frequency values are compared to theoretical frequencies that would have been
observed if the distribution were “Normal.” Table 2 shows the test computations.

49

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Table 2: Chi-Square Goodness of Fit Test

Speed Group (mi/h) Observed Upper Prob Prob of Theoretical Combined Group Group
High Low Freq Limit <24 of Being in Freq X
Speed Speed n "z4" Tab 7.3 Group f f n
« 60 0 ° 1.0000 0.0136 2.2984
60 55 9 2.21208385| 0.9864 0.0432 7.3008 9.5992 9 0.0374
55 50 20 1.59556104| 0.9432 0.1354 22.8826 22.8826 20 0.3631
50 45 32 0.86806412| 0.8078 0.1672 28.2568 28.2568 32 0.4959
45 40 42 0.36251541| 0.6406 0.2393 40.4417 40.4417 42 0.0600
40 35 35 -0.2540074| 0.4013 0.2091 35.3379 35.3379 35 0.0032
35 30 18 -0.8705302| 0.1922 0.1241 20.9729 20.9729 18 0.4214
30 25 9 -1.487053 0.0681 0.0493 8.3317 11.5089 13 0.1932
25 20 4 -2.1035758| 0.0188 0.0155 2.6195
20 15 0 -2.7200986 |  0.0033 0.0033 0.5577
TOTAL 169 1.0000 169 169 169 1.5743

After all speed groups are combined to insure that all values of f = 5, the result is a Chi-Square
value of 1.5743, with 7 — 3 = 4 degrees of freedom. From text Table 9-7, the probability of a value
this high or higher is between 0.75 (for X? = 1.923) and 0.90 (for X? = 1.064). Interpolating:

Xd? Prob (X2 2 X4%)
1.064 0.90

1.574 ?

1.923 0.75

1.923-1.574

J =0.75+(0.15*0.406) = 0.811 or 81.1%

In order to reject the hypothesis that the data and the Normal Distribution are the same, the Prob
(X2 2 X4%) would have to be less than 5%. Therefore, the hypothesis is confirmed. The data may
be considered to be normally distributed.

Problem 11-2

a. To determine whether or not the observed reduction in speeds was significant, a Normal
Approximation Test must be conducted:

b.
2 2 2 2
5, = |4 = \/4'8 +23 _ J0192+ 0260 = 0,452 = 0.672
N, N, V120 108
_(-x)-0_435-208_ 27 _,
‘ s, 0.672  0.672

From text Table 11-2, the Prob (z¢ < 4.02) = 0.9999. Thus, the difference is highly
significant.

c. The standard error of the mean for the after sample is:

_ s/ _523 _53 _
E_/\/W_ il 40.39_0.515
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Therefore, it is 95% probable that the true mean speed of the distribution lies between
40.8 + (1.96*0.515) and 40.8 — (1.96*0.515) or 39.8 to 41.8 mi/h. As the target speed of
40 mi/h is in this range, it may be considered to have been achieved.

Problem 11-3
Note: This solution assumes that there is one lane being observed.

Table 3: Summary of Queue Counts

Clock Cycle No. of Vehicles in Queue at:
Time Number +0s +15s +30 s +45 s
9:00 1 3 4 2 4
9:01 2 1 2 3 3
9:02 3 4 3 3 4
9:03 4 2 3 3 4
9.04 5 0 1 2 3
9:05 6 2 1 1 2
9:06 7 4 3 3 3
9.07 8 5 5 6 4
9:08 9 2 3 4 3
9:09 10 0 3 2 2
9:10 11 1 2 3 1
9:11 12 1 0 1 0
9:12 13 2 2 1 2
9:13 14 2 3 2 2
9:14 15 4 3 3 3
Sum 33 38 39 40
Total for All Time Periods: 150
DV, =150
Then:
2V
i 150
TQ =|1.* *0.90 = [15*——|*0.90 = 4.66 s/veh
Vv, 435
V
Vo =—3% = 305 _ 20.3 vehs/cycle
N,*N, 15*1
Fvs = Ysroe 395 _ g 709
V, 435

d =T, +(FVS*CF)

Where:CF = +2 (Text Table 11-11, FFS = 35 mi/h, Vs.c = 20.3)

Then: d =4.66+(0.701*2) =6.062 s/veh
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Problem 11-4

For 95% confidence:

3.845?
n=

eZ

Table 4 executes this equation for tolerance levels (e) of 2 min, 5 min, and 10 min with base
standard deviations (s) of 5 min, 10 min, and 15 min.

Table 4: Required Number of Samples

Tolerance Standard Deviations (min)
(min) 5 10 15
2 24 96 216

5 4 15 35

10 1 4 9

Problem 11-5

Table 5 uses the problem data to determine the average travel time and average running time in
each section shown. These values are used to compute the average travel speed and the
average running speed.

Note that data for the 1 segment must be added as follows: Cumulative Section Length = 0.50
mi; Cumulative Travel Time = 1.0 min; Delay = 0 s; No. of Stops = 0.

Then, using the data, Segment Lengths must be established, as well as travel times in each
segment (converted to seconds). As an example, select the segment between checkpoints 3 and
4.

Section Length (mi) = 3.50 — 2.25 =1.25 mi

Travel Time =7 min, 30 s —4 min, 50 s =450s—-290 s = 160 s.
Running Time = 160 — 25 = 135 s.

Average Travel Speed = (1.25/160)*3600 = 28.1 mi/h.

Average Running Speed = (1.25/135)*3600 = 33.3 mi/h
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Table 5: Average Travel Speed and Average Running Speed

Section Length Travel Running Travel Running
Time Time Speed Speed
(mi) (s) (s) (mi/h) (mi/h)
1 0.50 60 60 30.0 30.0
2 0.50 65 55 27.7 32.7
3 1.25 165 135 27.3 33.3
4 1.25 160 135 28.1 33.3
5 0.50 100 58 18.0 31.0
6 0.25 77 30 11.7 30.0
7 0.75 87 73 31.0 37.0
40
35 [
= 30 7 M
g« 25 A M
§ 20 | | | |®Travel Speed
z% O Running Speed
% 15 u
20 -
5 | |
0 4 -
1 2 3 4 5 6 7
Section Number

Figure 2: Average Travel Speed and Average Running Speed

The answer to Part b depends upon which measure is to have a tolerance of 3 mi/h — average
travel speed or average running speed? We also need an estimate of the standard deviation of
travel speed and/or running speed. The standard deviations are computed in Table 6 as:

5= Z(Xi _;)2
I N2
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Table 6: Computation of Standard Deviations

Travel Running
Segment Speed Speed (TS-Mean)2 (RS-Mean)2
(mi/h) (mi/h)
1 30 30 26.72 6.19
2 27.7 32.7 8.19 0.06
3 27.3 33.3 5.96 0.71
4 28.1 33.3 10.85 0.71
5 18.0 31.0 46.65 211
6 11.7 30.0 172.71 6.19
7 31.0 37.0 38.49 20.24
Total 173.8 227.4
Mean 24.8 32.5
STD 6.42 3.37
Then:
3.845?
n= 2
S
* 2
ATS :wzﬂﬁ, say 18 runs
* 2
Nars :% =4.8, say 5 runs

If each car makes 5 runs, 3 cars would be needed to estimate ATS; only 1 would be needed to
estimate ARS.
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Solutions to Problems in Chapter 12

Highway Traffic Safety — An Overview

Problem 12-1

A larger scale version of Figure 12-2 is attached at the end of this solution set, marked
simply as “Figure 2”. Rather than go to source documents for the exact information, we
chose to read the graph and construct the Table 12-1 on the next page:

» The first three columns show the year, fatality rate (per 100 million VMT), and
actual fatality record (annual number);

» The next three columns show what would have happened if the progress in
decreasing the fatality rate had stopped at the rates observed in 1967, 1977, and
1987 and scaling the number of fatalities up by a factor of {hypothetical stopped
progress rate / actual rate from the 2" column}.

The result is spectacular:

200,000

180,000

e Actual Fatality Record

160,000 —...... Fatality Record if Progress Stopped at 1967 Rate

------ Fatality Record if Progress Stopped at 1977 Rate

140,000 [ == == Fatality Record if Progress Stopped at 1987 Rate

120,000

100,000

80,000

60,000 1o e -t

NUMBER OF FATALITIES (ANNUAL)

40,000

20,000

1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

A response from students, or anyone, that “But this would never be allowed to happen!”
would be very understandable. Without the improvements shown in the rates, the number
of fatalities would be 400% higher (at the 1966 rate) or 190% higher (at the 1976 rate) or
123% higher (at the 1986 rate).

It is “almost obvious” that if the rates had climbed as they could have, aggressive action
would have been mandated. VMT trends could have led to the above.
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Retrospectively, the number of fatalities in the 50,000 range circa 1965 did lead to a great
emphasis on improved safety in vehicle design, infrastructure, and other elements. The
above curves are simply indicative of what could have happened if change did not occur,
or if it were not so persistent over the decades. So, it should be a tribute to those involved

that we have a less grim present.
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Table 12-1, for Solution re Problem 12-1

Fatality Rates
5.60] 3.25] 2.50
From Figure 12-2
A A i
per100  fActual Fatality|progress Progress Progress
MVMT Record Stopped at Stopped at Stopped at
1965 5.3 47,089 47,089 47,089 47,089
1966 5.6 51,000 51,000 51,000 51,000
1967 5.25 51,000 54,400 51,000 51,000
1968 5.25 52,800 56,320 52,800 52,800
1969 5.1 53,500 58,745 53,500 53,500
1970 4.7 52,800 62,911 52,800 52,800
1971 4.35 52,400 67,457 52,400 52,400
1972 4.3 54,800 71,367 54,800 54,800
1973 4.15 54,000 72,867 54,000 54,000
1974 3.55 45,500 71,775 45,500 45,500
1975 3.3 44,700 75,855 44,700 44,700
1976 3.25 45,800 78,917 45,800 45,800
1977 3.25 48,000 82,708 48,000 48,000
1978 3.25 50,200 86,498 50,200 50,200
1979 3.35 51,000 85,254 49,478 51,000
1980 3.35 51,000 85,254 49,478 51,000
1981 3.25 49,700 85,637 49,700 49,700
1982 2.7 44,000 91,259 52,963 44,000
1983 2.55 42,500 93,333 54,167 42,500
1984 2.55 44,300 97,286 56,461 44,300
1985 2.4 44,000 102,667 59,583 44,000
1986 2.5 46,200 103,488 60,060 46,200
1987, 2.4 46,500 108,500 62,969 48,438
1988 228 47,100 114,678 66,554 51,196
1989 2.15 45,900 119,553 69,384 53,372
1990 2.05 44,800 122,380 71,024 54,634
1991 1.9 41,500 122,316 70,987 54,605
1992 1.7 39,000 128,471 74,559 57,353
1993 1.7 40,200 132,424 76,853 59,118
1994 1.7 40,800 134,400 78,000 60,000
1995 1.7 41,800 137,694 79,912 61,471
1996 1.65 42,100 142,885 82,924 63,788
1997 1.65 42,100 142,885 82,924 63,788
1998 1.6 41,500 145,250 84,297 64,844
1999 1.55 41,800 151,019 87,645 67,419
2000 1.55 42,100 152,103 88,274 67,903
2001 1.55 42,300 152,826 88,694 68,226
2002 1.55 43,100 155,716 90,371 69,516
2003 1.55 43,000 155,355 90,161 69,355
2004 1.45 43,000 166,069 96,379 74,138
2005 1.55 43,300 156,439 90,790 69,839
2006 15 42,500 158,667 92,083 70,833
2007 1.4 41,000 164,000 95,179 73,214
2008| 13 37,300 160,677 93,250 71,731
2009 1.2 34,000 158,667 92,083 70,833
2010 1.15 32,800 159,722 92,696 71,304
2011 1.15 32,000 155,826 90,435 69,565
2012 1.15 33,500 163,130 94,674 72,826
2013 1.15 32,200 156,800 91,000 70,000
2014 1.1 31,900 162,400 94,250 72,500
2015 1.12 35,092 175,460 101,829 78,330
% GREATER THAN ACTUAL 400% 190% 123%
FACTOR, USING ACTUAL AS BASELINE| 5.00 2.90 2.23
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The student can continue the exercise, for “what if progress had stopped at the rates
for” 1996 and 2006. Clearly, from Figure 12-2 of the text, there were major gains over
several decades, with further improvements beyond 1992 — while still impressive (1.7 to
approximately 1.1, a 35% decrease in rate) — saw years of plateauing:

Fatality Rate per 100 MVMT
6
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‘ \
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\'\,—h~
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2
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1
0
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Problem 12-2

In the year the 5™ edition of the textbook was being prepared, there was an “uptick” of
some 10% in the number of fatalities. Speculation immediately focused on distracted
driving, which had been receiving much attention due to texting and use of smartphones
--- by drivers and pedestrians, both.

We cannot offer a “right answer” for this assigned problem, because more data and more
analysis is needed. Is the underlying root cause:

a) Distracted driving, as some postulated, or

b) A simple increase in VMT from 2014 to 2015%, as the economy improved (note
that the fatality rate did not substantially change in 2010 to 2015; see the chart
immediately above), or

c) A random fluctuation with no causality, or

d) A combination of these factors?

The authors note that 10% is indeed an unusual bounce in this data, but the VMT question
needs to be answered --- the fatality rate did not change. Distracted driving is a reality
and a real problem. But that labeling can be speculation rather than analysis. The student

! This can be fact-checked by the student, as to whether there was a 10% increase in VMT in the same period.
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assigned this problem will have better sources of data, from later years, and access to
analyses not yet done.

Problem 12-3

Figure 12-4 is reproduced below for convenience. Clearly, the percentages for the single
vehicle case add to substantially more than 100%, as do the percentages for the multiple
vehicle case.

7y JPercent Aleohol-Impired*

W Multiple Vehicle [ Single Vehicle

1: 1

9amto Noonto 3pmte 6Gpmto  9pmte Midnightto 3amte famto
Noa 3 pm 6 pm 4 pm idnig| 3 am fam 9am

Figure 12.4: Percent of Persons Killed in Alcohol-Impaired Driving Crashes
By Time of Day

(Source: Traffic Safety Facts 2015, National Highway Traffic Safety Administration, U.S.
Department of Transportation, Washington, D.C.. 2017, Pg 111.)

So, it seems clear that these are not the distributions of persons killed in alcohol-impaired
driving crashes by time of day.

Let us focus on the single vehicle case from midnight to 3am: about 58% of persons killed
in this time period were part of a crash that was designated as an alcohol-impaired event.

Think of it this way, even if it sounds like an over-simplification: traffic is light during
those hours, almost everywhere; the bars are emptying, parties are ending, and
people are going home; given the concentration of such people in the midnight to
3am time slot, and given the (increased) probability of a crash when alcohol is
involved, is it a surprise that 58% of the fatalities are in alcohol-related crashes,
and (only) 42% in crashes that do not involve alcohol?

Note that this does not say the dead person was necessarily impaired.
Look at it as conditional probabilities:

o Given the time slot, is it more likely that alcohol is involved in any random
vehicle on the road at that time?

o0 Given alcohol involved, isn't it true that the probability of a crash has
increased?

o0 Given such a crash, is it more likely or less likely that a fatality will occur
(vehicle speed, etc.)?
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Actually, the last point can be answered “no” and the stage is still set for a 58%-
42% split of which types of accidents that fatalities are concentrated in.

So, is Figure 12.4 now moreso a profile of when people are drinking? Add to that a greater
propensity for their vehicles be involved in accidents (this should be easy to fact-check)
and have more serious accidents, Figure 12.4 then becomes the drinking profile skewed
by the frequency and severity of crashes involving that segment of the population?

The authors believe that this line of reasoning is quite adequate for responding to Part “a”
of the problem statement.

Indeed, it essentially addresses Part “b” also, except for parsing the underlying data in
different ways. But the data is in the FARS (FARS = Fatality Analysis Reporting System?,
USDOT/NHTSA) data base and in reports based upon it. The data is easily parsed to
show crash fatalities by time of day, fatality rates by time of day (with information on VMT
by time of day retrieved), and so forth.

Problem 12-4

A web search on “graduated licensing” results in a number of related topics on the list as
one types, and even with those two words, provides an extensive set of references on
definitions of the concept, state laws, assessments of effectiveness, and much more. The
student has a rich set of material to address this problem.

The National Institutes of Health (NIH) funded a number of studies of graduated licensing,
and reported in 2011 that

“Programs that grant privileges to new drivers in phases — known as
graduated licensing programs — dramatically reduce the rate of teen
driver fatal crashes, according to three studies funded by the National
Institutes of Health.

“Such graduated licensing laws were adopted by all 50 states and the
District of Columbia between 1996 and 2011. The NIH-supported
research effort shows that such programs reduced the rate of fatal
crashes among 16- 17-year-olds by 8 to 14 percent.

“Reductions in fatal crashes were greatest in states that had enacted
other restrictions on young drivers. The greatest reductions in young
driver crashes were seen in states that had adopted graduated driver
licensing laws in combination with mandatory seat belt laws or laws

2 Once named the “Fatal Accident Reporting System”, but the word “crash” has replaced “accident” in our
terminology: the word “accident” tends to have a connotation of something random and rather unavoidable; “crash”
is a statement of fact without a connotation.
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requiring a loss of the driver’s license as a penalty for possession or
use of alcohol by youth aged 20 or younger.

“In addition, limiting driving at night or with teenaged passengers, in
combination with graduated licensing laws, had greater reductions in
overall crash rates involving teen drivers than graduated licensing laws
alone”.

Refer to https://www.nih.gov/news-events/news-releases/graduated-drivers-licensing-

programs-reduce-fatal-teen-crashes

Problem 12-5

Deaths and Accidents Per 100,000 Population:

Deaths /100,000 Pop = 15*(

Acc /100,000 Pop = 360*(

100,000
50,000
100,000
50,000

J = 30 per100K Population

] = 720 per 100K Population

Deaths and Accidents Per 10,000 Reqgistered Vehicles

Deaths/10,000Re g Veh =15 *[

Acc/10,000Re g Veh = 360*(

10,000
35,000

10’088 =102.9 per10K Re gVeh

j =4.28 per10K RegVeh

Deaths and Accidents Per 100,000,000 Vehicle-Miles Travelled

100,000,000

Deaths/100MVM =15*
12,000,000

j =125 per100MVM

100,000,000

Acc/100MVM = 360*
12,000,000

j = 3,000 per100MVM

National statistics were addressed in the text of the chapter. The rates in this locality are
very high compared to national statistics, and merit a thorough investigation.

Problem 12-6

Observation

Remedy to Consider

Sideswipe and turning accidents may be | Install a 3-phase signal with a fully
due to the off-set intersection geometry, protected LT phase for the NS street.
which has vehicle paths intersection at
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unexpected positions within the
intersection.

Some of the rear-end collisions may be Use overhead signal heads on span wire.
related to signal visibility problems. This
should be checked, as there are only two
pole-mounted signal heads.

Some sideswipe accidents may be Better lane-use control markings and
related to vehicles approaching in the signing.

wrong lane for their movement.
Pedestrian accidents may be due to the Place Pedestrian Signals at proper
awkward location of the crosswalks or locations; check signal timing for

related reasons. pedestrians.

The revised condition diagram can be constructed from the remedies cited in each of the

above 4 observations.

Problem 12-7

The number of accidents at the 4 leg signalized intersection must be predicted in four
categories: Multivehicle Crashes, Single-Vehicle Crashes, Vehicle-Pedestrian Crashes,
and Vehicle-Bicycle Crashes. Note that separate predictions for crashes involving
fatalities and/or injuries and property damage only in each category can be done, but are
not necessary to answer the question. These are, therefore, not shown in this solution.

Equation 12-3 is used with Table 12.4 for multivehicle crashes:

Ny = €xpla+bIN(AADT, ) +cIn(AADT,,,)]
Where: AADTmaj = 60,000 (given)
AADTmin = 25,000 (given)
a = -10.99 (Table 12.4, total)
b = 1.08 (Table 12.4, total)
Cc = 0.23 (Table 12.4, total)
Then:

N, =exp[-10.99+1.081n (60,000) + 0.23In(25,000)] = exp[-10.99 + (11.882) + (2.329) | = exp[3.221] = 25.05

Equation 12-6 and Table 12-4 are used for single-vehicle crashes:

N, =exp [a+ bin(AADT

maj

)+cln(AADT, )]

bsv
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Where: AADTmaj and AADTmin as above
a = -10.21 (Table 12.5, total)

b

0.68 (Table 12.5, total)

c 0.27 (Table 12.5, total)
Then:

N,,, = exp[-10.21+0.681n(60,000) +0.271In (25,000)| = exp[-10.21+ 7.4814 + 2.7342] = exp[0.0056] = 1.00

bsv
Equation 12-7 and Table 12-6 are used for vehicle-pedestrian crashes.

AADT,,,
N pedbase — EXp| a+ b In(AADTtotal ) +C In(m} +d Manesxi :|

maj

Where: AADTmin and AADTmaj as previously.
AADTtotal = 60,000+25,000 = 85,000
Nianesxl = 6 (given)
a = -9.53 (Table 12.6)
b = 0.40 (Table 12.6)
C = 0.26 (Table 12.6)
d = 0.04 (Table 12.6)
Then:

N ... —exp|—9.53+0.401n(85,000) + 0.26In| 2222 | . 0 046
P 60,000

N pagpase = EXP[—9.53+4.540 —0.228 +0.240] = exp[- 4.978] = 0.60

The last category of accidents is vehicle-bicycle crashes. The prediction of the number
of such accidents depends upon the predictions for multivehicle and single-vehicle
crashes — AFTER any Crash Modification Factors have been applied. Thus, the next step
is to apply all applicable CMFs to the predictions for multivehicle and single-vehicle
crashes. These factors identified in Table 12.8, and found in Tables 12.9 and 12.10,
along with several equations (12-9, 12-10, 12-11). The applicable CMFs are listed below,
along with their source or computation.
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CMFLt = 0.66 (Table 12-9, 4 LT lanes)

CMFrt = 0.92 (Table 12-9, 2 RT lanes)

CMFL = 1-(0.38*0.235) = 0.91 (Equation 12-9)
CMFsp = 0.78 (Table 12.10, 4 protected LTs)

An additional CMF for the existence of red-light cameras requires knowledge of the
proportion of multivehicle crashes that are right-angle (pra) and rear-end (pre). These must
be known, but are not specified for the problem. This adjustment would only apply to
multivehicle accidents. Since the information is not given, we will assume a value of 1.00
for this adjustment. There are no prohibitions on RTOR, so the CMF for this condition is
1.00 by definition (it is the base condition). Predicted multivehicle and single-vehicle
accidents may now be adjusted:

N
N

=25.05*0.66*0.92*0.91*0.78 =10.80
=1.00*0.66*0.92*0.91*0.78 =0.43

pred,mv

pred,sv

Crash modification factors (CMF) also apply to pedestrian-vehicle crashes. These are
found in Table 12.11:

CMFss = 1.00 (Table 12.11, no bus stops)

CMFscH

1.35 (Table 12.11, 1 school within 1,000 ft)

CMFaLc

1.12 (Table 12.11, 2 liquor stores within 1,000 ft)
Then:

N =0.60*1.00*1.35*1.12=0.91

pred, ped

The number of bicycle-vehicle crashes may now be estimated using Equation 12-8:

— *
N pred,bike (N pred,mv N pred,sv) fbike

Where: Npred,mv = 10.80 (computed above)
Nopred,sv = 0.43 (computed above)
fbike = 0.015 for all 4SG intersections
Then:

N =(10.80+0.43)*0.015=0.17

pred ,bike
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The total number of crashes per year can now be estimated using Equation 12-1, which
can be expressed as:

N pred,int = Ci (N pred,mv + N pred,sv + N pred, ped + N pred,bike)

Where the calibration coefficient (ci) is given as 1.04, and all other values are as
previously computed. Then:

N =1.04*[10.80 +0.43+0.91+0.17]=12.80 crashes/ yr

pred,int

The HSM predicts that this very busy intersection will experience 12.80 crashes per year,
the vast majority of which will be multivehicle crashes. While not asked for in this problem,
the number of fatal and injury accidents could have been separately predicted to obtain
a general indication of crash severity at this location.
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Solutions to Problems in Chapter 13

Parking — Characteristics, Studies, Programs, and Design

Problem 13-1
From text Table 13-1, for a high-rise apartment complex without significant transit access,
the expected peak parking demand is given by:

P=1.04X +130
where X is the number of dwelling units. Thus:
P =(1.04*600) +130 = 754 parking spaces

Problem 13-2

From text Table 13-5, for a shopping center with 600,000 ft? of gross leasable area (GLA),
with 10% of the space occupied by theaters and restaurants, the parking ratio is expected
to be 4.5 spaces/1,000 ft? GLA. Thus:

P =4.5*600= 2,700 parking spaces

Problem 13-3

Text Table 13-6 gives typical zoning regulations for parking. The categories, however,
are not entirely consistent with Tables 13-1 and 13-5, used to estimate parking demand
for the situations described in Problems 13-1 and 13-2.

Three zoning criteria are given for “multi-unit dwellings:” 1.25 per dwelling unit for studio
apartments, 1.50 per dwelling unit for one-bedroom apartments, and 2.00 per dwelling
unit for two- or more bedrooms per apartment. The details are not given in Problem 13-
1, so an assumption must be made. If the building is a mix of all of the above, then the
rate for a one-bedroom apartment should be sufficient. Thus, zoning would require, for
Problem 13-1, 1.50*600 or 900 parking spaces. This is more than the estimated peak
parking demand, demonstrating the difficulty in using national averages based upon
different studies in setting zoning requirements.

For the shopping center of Problem 13-2, the recommended zoning requirement is shown
in text Table 13-7. For the shopping center as described, the recommended zoning
requirement is 4.5 spaces per 1,000 ft> of GLA. This is the same as the estimate of
parking demand, or 2,700 parking spaces.

Problem 13-4
With the information given, the number of parking spaces needed is best estimated using
Equation 13-1:

~ N*K*R*A*pr
@)

P
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where: 2,000 employees

0.85 of trips expected in peak hour

1.00 person-destinations per day per employee
0.93 of trips arrive by automobile

1.00 of trips have primary destination at the location

1.3 persons/auto

OT>IUXRZ

Then:

~2,000*0.85*1.00*0.93*1.00
1.3

P

=1,216 parking spaces

Problem 13-5
Equation 13-2 is used to estimate the number of vehicles that may be parked in the 14-
hour time period described in the study:

D ONT

D

P *F

Then:

_ (100*14) + (150*8) +(200*6) + (300*10) , o oy 6800011 407 12tced vehicles
35/60 0.583

P

Obviously, not all of these would be parked at one time, given the short average duration
of 35 minutes (0.583 hrs).

Problem 13-6

The parking study sheet included in the problem statement has all of the information
needed to solve this problem. Parking totals for each time period are summed (each
column). For each parking space (row), the number of vehicles parked for one, two, three,
four, etc 30-minute parking periods is noted.

A vehicle noted as parked in one % hour interval is assumed to be parked for the full %2
hour.
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Number of Periods Parked
Parking Space | 7:00 7:30 8:00 8:30 9:00 9:30 10:00 | 10:30 | 11:00 | 11:30 | 12:00 [ 1230 | 1:00 1:30 2:00 1Per | 2Per | 3Per | aPer | 5Per | 6Per | 7Per | 8Per
1hrmeter 100 v 150 v v 246 385 691 v v 810 v 2 2 2
1hr 468 v 630 v 485 711 888 927 v v 108 v 4 4
1hr 848 911 v v 221 747 922 v 787 v 452 v 289 5 3 1
1hr 206 v 242 v v 899 v 205 603 812 v v 2 2 2
1hr 566 665 v 333 848 v 999 720 802 v 4 3
1hr 690 551 v v 347 v 265 835 486 v 721 855 B 2 1
Hydrant 777 1
2 hr meter 940 v v 505 608 v v v 121 123 v 880 3 1 1 1
2hr 636 v v v v 582 v v 811 919 v 711 v v 1 1 2 1
2hr 399 v v 401 904, v v 789 v 556 v v v 232 2 1 1 1
2hr 416 v v v v v 658 v 292 844 493 v v 2 1 1 1
2hr 188 v v 655 558 v v v 213 v 779 v v 1 1 2 1
2hr 277 v 336 409 v v 884 v v 713 895 431 a 1 2
2hr 837 v v 418 575 v 952 v v v v 762 2 1 1 1
2hr 506 v v 786 v v v 527 606 v 385 v v 1 1 2 1
Hydrant 518 758 2
3hr meter 079 v v v v v v v 441 v 611 v v 1 1 1
3hr 256 v v v v 295 v v 338 v 499 v v 1 2 1
3hr 848 v v v v v 933 v v v v v 2
Bus Stop 740 142 2
Bus Stop 915 1
Bus Stop
Bus Stop 818 1
Bus Stop 888 175 755 397 4
Total Parkers| 5 11 14 16 16 19 18 16 14 16 17 14 15 15 15 a1 34 21 4 3 3 0 1
Legal Spaces: 17

Legal Parking Space

Illegally Parked Vehicle

Note that there are 17 legal parking spaces, and that 11 illegal parkers have been
identified. The sum of data columns (shown in red) is 221 — meaning that 221 vehicles
parked for %2 hour have been noted. Many are the same vehicle parked for more than
one ¥z hour observation period. The total number of vehicles observed is the sum of the
vehicles in “number of periods parked” columns — or 76 vehicles.

(a) The duration distribution is given by the sums of the “number periods parked” columns
of the table, with each period indicating %2 hour of parking. The distribution is shown
as a bar chart below.

Number of Vehicles Parked vs Duration (h)

45

40
35
30
25
20
15
10
5
o | m m —
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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(b) The accumulation pattern is defined by the column totals for each %2 hour period
observed. Itis shown in the figure below.

Observed Accumulation
20
18
16

14
12
10
8
6
4
3
0
A /\“’Qi & qggv&gvo’@vo‘?’gv»‘&vx‘?’yﬁ&i”& N@i@i@*
N Y N N N N

(c) 76 vehicles were observed parked for 221 ¥2-hour periods. The average parking
duration is therefore:

221*30

D= =87.2min=145h

(d) 11 out of 76 parkers were in illegal spaces. The parking violation rate was:

PVR = % =0.145 of 14.5%

To obtain the overtime rate, the number of parkers exceeding the maximum limit of
their meters would have to be observed. The table contains this information. For a
1 hr meter, any vehicle remaining for 3 or more time periods is overtime; for a 2 hr
meter, any vehicle remaining for 5 or more time periods is overtime; for a 3 hr meter,
any vehicle remaining for 7 or more time periods is overtime.

For 1 hr meters, there are 6 overtime parkers.
For 2 hr meters, there are 3 overtime parkers.
For 3 hr meters, there is 1 overtime parker.
The overflow rate is, therefore:
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OR = % =0.1310r 13.1%

(e) The parking turnover rate is given by Equation 13-4:

(f)

where: Nt number of observed parkers (76)

Ps = number of legal parking stalls (17)
Ts = duration of parking study, h, (7)
Then:
76 :
TR = =0.263 vehicle/h/stall
17*7

There is obviously a supply problem here, given that the maximum accumulation of 19
vehicles exceeds the number of legal spaces (17), and that the violation and overtime
rates are significant.
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Solutions to Problems in Chapter 14

Traffic Impact Studies and Analyses

Preface

This one chapter (supplemented by the required purchase of Reference [6]) has been
used as the basis for an entire 3-credit course by one of the authors, so the instructor
must temper his/her expectations of the class with regard to this chapter and its problems.
Full use of this problem set, with Reference [6] as a support document plus one small
project on writing the proposal for (and cost estimating) a modest traffic study proved to
be an intense experience for the students involved, and served as a capstone design
course.

But every student should have some exposure to the subject of traffic impact due to
development, and to related mitigation efforts.

At the same time, use of this chapter has to be tailored to both (1) the instructor’s actual
knowledge and experience with traffic impact studies, and (2) the student’s command of
such tools as Synchro & SimTraffic, VISSIM or AIMSUN, and/or TruTraffic. The authors
express no preference amongst these tools, and have had them all used on projects in
professional practice. Above all, the authors remind both instructor and students that it
is the local jurisdiction that will likely specify the tool that must be used.

If one were going to limit attention to two lectures on traffic impact in a course (due to
competing needs), the recommendation is that

» Sections 14.1 to 14.3 be gone over, in overview form;

» Section 14.4 (Case Study 1) be treated by indicating the problem as stated,
focusing on Figure 14.3 and then Figure 14.4, reducing the problem at hand to
simply an issue of where to locate the driveway so that it does not mess up the
time-space diagrams in Figure 14.4 too much (its placement should allow it to be
serviced in the blank parts of the time-space diagram, when main street traffic is

not flowing);
> In preparing for Case Study 2, alert the students to 3 key points in this abbreviated
treatment:
o0 Any traffic impact analysis will look at and compare three or four traffic
conditions:

= The existing condition;

= The future no-build, which assumes normal growth but without the
project at hand;

= The future build, which assumes both normal growth and the project
at hand being implemented;
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= The future build, with mitigation to meet local requirements, to the
extent feasible;

o The key comparison is almost always the future build, compared to the
future no-build. The baseline for comparison is the future no build, not the
existing condition. The impact assessment should be an “apples-to-apples”
comparison in the relevant future year;

o While itis highly desirable to fully mitigate any impact (and it leads to easier
approvals), it is not generally a legal requirement that there be “no impact”.
Rather than a requirement for “no impact’” after mitigation, the true
requirement of the environmental laws is that the decision-maker (e.g.
transportation commissioner) be full informed when the decision is
rendered, even if there is a negative impact.

= Challenges arise out of representations of incomplete analysis or
things not studied; they do not arise out of the decision-maker’s right
to decide, but rather whether they were fully informed at the time;

= Of course, the process does generally move more smoothly if
impacts are fully mitigated.

» Figure 14.5 be used as the basis for “talking through” the steps in the process,
applied to Case Study 2. Table 14.4 be used to illustrate some local requirements
adapted from an actual local ordinance. Note that considering the property as two
distinct projects requires internal buffer zones between them, and can inhibit
internal circulation;

> If time permits, assign one intersection for analysis: existing condition, future no
build, future build.

If one is covering Chapter 14 in only one lecture, then the above can be treated in less
detail and the actual problem solution can be skipped.

Note that Case Study 2 has twenty “Discussion Points”, shown in bold italicized
titles on paragraphs in the text. The purpose is to guide the work when Case Study
2is donein its entirety, and to provide insights for the students and in some cases
for the instructor.

Again, a word of caution: unless more than two lectures are devoted to this chapter, it
may be totally unrealistic to assign any problems from the end of this Chapter. They are
almost all of the variety of “execute and submit” the case study work.

So, the overview is very valuable to someone entering the field, but the actual work
IS quite time-intensive. Students should at least be exposed to the jargon used and
the issues raised in this chapter.

“Solution” material to follow is more in the spirit of guidance to be provided by the
instructor to the students.
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The authors have found that these problems are best addressed by groups of students,
generally 3 per group but with 4 per group in larger classes.

Problem 14-1

This problem requires the use of Synchro for the signal optimization and assumes
SIMTraffic for the visualization, although the text also allows the use of VISSIM or
AIMSUN (local availability of tools will determine which is used, in this student exercise).

The comment in the text is that the metrics produced by the simulation model may differ
from that produced by Synchro. Historically, this has been true even if the simulation
model used is SIMTraffic, which many people have thought is the same model as
Synchro.

As commented above, the best solution is likely the one that disrupts the time-space
rendering (Figure 14.4) the least. But the simulation models handle queueing differently
than Synchro, so one may encounter some different results. Which rendering is better?
In general, the authors have preferred the simulator output over the Synchro output. In
some short course work, one of the authors helped produce cases that showed radical
differences at the time between even Synchro and SIMTraffic, because of their imbedded
mechanisms and assumptions and defaults.

In using the simulation models, one does have to be aware of the default settings --- some
may not be valid for the local area. Think of discharge headways and lane merging rules
as prime examples. So, using the simulation boxes “out of the box” without reviewing the
defaults is not good practice.

Problem 14-2

The two prime measures to look at are arterial travel time and delay by approach for each
link on the arterial. Both lead to assessments of the level of service.

The mitigation may be as simple as improved signal timing and coordination. Given the
magnitude of the SB volumes, this might well not be the case.

Given 100 or 200 vph added to each of the SB and NR flows that turn into the driveway
and a like number exiting the driveway, a few immediate questions come to mind:

> Is a signal required at the driveway? Given the volumes specified and the existing
traffic, the answer is probably “yes” but the traffic signal warrants must be checked;

» How many lanes are needed in/out on the driveway? Is a Main Street NB right
turn lane needed at the driveway?

> Will the left turn bays on Main Street suffice for the new left turning volume into the
development, from the SB flow?
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» Can one SB left turning lane suffice? At 200 vph, it is about 3.3 vehicles per
minute. Allowing for a cycle length of 90 seconds, think 5 vehicles per cycle length.
If one allowed for random arrivals during a given cycle, this could mean up to 10
vehicles of storage.

» Given how heavy the SB thru traffic is in Figure 14.3 and adding 100 or 200 vph
due to the development (part of the SB flow north of Avenue B, then turning into
the new driveway, but with the new volume levels kept due to exiting traffic), do
the existing number of lanes suffice? Even with small cross street volumes, it may
well be that a third SB thru lane is needed along the entire arterial;

» The initial wisdom of “fit the driveway traffic into the gaps shown in Figure 14.4"
may be totally superceded by the need to assure that traffic at the new signal does
not back up across Avenue B --- so placing the driveway further south may work
best (but then, SB queues at Avenue C may contra-indicate this, particularly when
part of that queue comes from the driveway;

» Multi-phase operation has to be considered, at least at the driveway. And for the
purposes of coordinated signal operation, the driveway need may dictate the cycle
length for the entire arterial shown.

Further, while the above cited approach delay and the related level of service (LOS),
some jurisdictions will emphasize changes in the (v/c) ratio in their criteria.

If the instructor does not have simulation tools available, a good part of this analysis can
be done by looking at a critical movement analysis and the sum of critical lane volumes,
at the driveway and each existing intersection. It is likely that any need for additional
lanes or phases will be revealed by such an analysis.

Problem 14-3

The driveway will have 400 vph in and 400 vph out. It is a busy activity, and internal
circulation can be a major problem. Think in terms of one vehicle arriving every 9
seconds, but then allow that all those entering from the north will be platooned and those
from the south will be more spread out --- if there is a NB right turn lane. But still, things
can be very hectic immediately inside the site, particularly for any pedestrian traffic.

Now we come to a difficult but very realistic scenario --- the “sketch planning”
concept of one driveway may not hold up under the reality of the traffic loads, once
we look closely. Indeed, this may already have happened in addressing Problem 14-2,
because the SB left turn lane into the driveway probably introduced significant major
problems in signal timing, and pushed the limit for a single turning lane.

If so, it may be getting to be time to consider the problem statement as well-intentioned,
but naive. Two immediate thoughts come to mind:
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1) Split the driveway into two, such as in Figure 14.2.b. Perhaps that can suffice, for
both mainline and internal circulation issues;

2) Consider having a driveway on Avenue B, EB of Main Street. Oops, no — Avenue
B is westbound, so the challenging SB left turn traffic can’t use it. So, consider a
Driveway on Avenue C, and adding protected turns to the Main Street SB at
Avenue C.

Clearly, we are now talking about some lively discussion with the class. The instructor
should forewarn the class to never take a design problem statement at face value:
they must be ready to think of alternatives and to support them with sound arguments,
especially if someone’s “pet concept” is involved.

As to the internal circulation, much depends upon whether an approach like Figure 14.2.b
is used, or a side-street driveway, or other. But the dissipation or routing of the arriving
and departing flows in order to have reasonable parking-to-facility pedestrian traffic is
quite important.

Another aspect is the required storage at the driveway exit (or exits, at more than one
location). To maximize parking within the site, as well as the footprint of the actual
building(s), shorter storage areas for queueing are often sought. But 200 vph exiting NB
and 200 vph exiting SB can be a challenge, viewed on a per-cycle basis.

Problem 14-4

If the free flow speed were to be 60 fps, then L/v = C/2 would yield C/2 = 1800/60 = 30,
or C=60 seconds for a very nice alternate progression, with the bandwidth fully used in
both directions.

Some of the Table 14.3 volumes are in the range of 1100-1200 vph in the AM and PM,
thru + right turn traffic, over 2 lanes. Allowing for the PHF = 0.85, it is unlikely that C=60
seconds will work very well when a critical movement analysis is done. But nonetheless,
it would have been very nice, from the view of progressing traffic in both directions. Of
course, Table 14.3 does show that the NB/SB flow is not equally balanced, so equal
progression quality is not a necessity.

Cycle lengths of 80 or 90 seconds might fit well with this case, and with the overall
network. A cycle length of 120 seconds might require needless waiting. Even if local
practice is protected left turns, the volumes shown in Table 14.3 will not lead to very long
turn phases.

The actual submitted work should look at all intersections, using critical movement
analysis, HCM, or Synchro.
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Problem 14-5

This is a not uncommon issue for the traffic engineer to address --- a favored design that
has real operational problems. Despite the symmetry, the need for two heavily used 5-
leg intersections will present problems with required cycle lengths, queueing and space
for queueing, and delays. Thru traffic on the arterial will be caught up in the needed
servicing of the site(s) in this favored design.

It is also likely to induce operational problems within the site.

Alert for the instructor: the authors did not introduce limits on geometry or available
land that would preclude consideration of roundabouts at the 5-leg locations or even along
the arterial, particularly as mitigation needs appear. Indeed, some jurisdictions may
require explicit consideration of roundabouts and require justification for not using them.
For this set of notes and discussions, the authors have assumed that local conditions
(primarily space) will preclude roundabouts. But the topic should be mentioned.

Returning to the favored design, if it indeed creates more severe impacts than other
designs, there will be an education process to move the developer and/or developer’s
architect away from the concept. In general, designs that respect certain preferences can
find easier acceptance:

» Thru traffic that will bypass the site in any case should have be minimally
impacted, if at all;

» Access management by use of side street entrances and such would preserve
the original arterial function;

» Roundabouts can be an asset in some design concepts, although not presently
anticipated by the authors;

» Local regulations in this particular problem statement greatly favor future transit
needs and use, so embracing that as a reality is simply ...... realistic.

The local requirements specify design for a much higher level of transit use than is
currently common at such sites. The authors simply accept this as a given, and do not
suggest trying to contest it: it may well be part of a long-term plan that will only be realized
over an extended period, and the pieces must be put in place, step by step, to enable the
future to be realized.

At least one of the authors can remember back to the early days of building accessible
features into the infrastructure, apparently piecemeal. Consider:

» Curb cuts required, before any other feature;

» Door widths in buildings specified in new construction and in upgrades;
» Accessible restrooms;

» Ramps to access buildings;
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» Buses that can accommodate wheelchairs;
» Elevators in transit stations;
» All other aspects of a total trip addressed, over time.

At one time, only fragments existed, from this list --- and it took decades. But without the
effort, the barriers to the total trip would still exist. Indeed, still do exist in some ways.
But today’s undergraduates grew up in a world in which every one of the features listed
above are a routine part of life, and of design.

Further, the reminder back then that “there is a spectrum of disabilities and infirmities,
experienced by a wide range of people” is without question valid. Curb cuts are not just
for wheelchairs but are used by people with strollers, shopping goods, walkers, and
increasing caution with reliably stepping up the required distance at a curb.

We did an apparent digression, but not really: the argument that a need is not immediate,
and is merely an aspiration, has been around for a very long time. Planning for major
long-term shifts is valid, despite some inconveniences introduced today. The authors put
what they view as an aggressive transit goal into Case Study 2 in order to focus the
students on this concept of long-term planning and long-term benefit, by building a system
over time.

Problem 14-6

Element 3 of Case Study 2 is somewhat mechanical, given the proper tools. But it has
five discussion points listed for the student’s attention. Every one of them needs attention
in class.

This is an excellent point at which to remind the students that the process involves early
meetings at which the scope of the project is agreed upon with the reviewing agency
and a formal written agreement is reached on that scope, issued by the appropriate
authority. It can be disastrous for everyone to proceed with an “implicit” understanding
of the spatial extent of the project area is ---- how far away does it extend, which
intersections and routes are involved, and so forth. The same is true of temporal extent
--- traditional peak hours and mid-day, peak hours imposed by the construction or new
site, future year(s) for analysis. In some cases, it is both a future build year and a peak
construction year. None of this can be taken for granted, or left to implicit and/or oral
agreements: reviewing officials change, new rules and regulations come into existence,
one agency or even unit within an agency claims jurisdiction of being the “lead agency”
for review (even after a long period of working with a different unit), central office points
to limits on district offices that were never mentioned, and so forth. Even the client
sometimes wants to move ahead without the “formality” because they seem to be making
headway and can “iron out the details later”. The traffic professional has to guide,
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sometimes bluntly, and sometimes by documenting the error of not having a formally
accepted scope --- spatially, and temporally.

Problem 14-7

Element 4 of Case Study 2 is also mechanical on some level, but does include four
discussion points for the student’s attention.

References [6] and [7] were specified for trip generation rates, but the instructor may have
to specify rates or direct the students to another site, if these references are not available
locally.

It is expected that parking layout will be a challenge. As a result, considering the site as
two distinct parcels with two different uses --- and thus buffer zones between the parcels,
and possibly separate access points --- may be infeasible.

In dealing with parking and access, the students will also have to remember truck
deliveries, waste removal, and such.

The point was made that the construction phase may require detailed attention in some
cases, even beyond the future build case. One of the authors was involved in a few such
projects, in which the construction phase was 4 to 5 years, and the construction workforce
peaked at about 5,000 workers. The actual facilities (that is, the future build scenario)
had a permanent workforce of less than 500, with biannual refueling of the power plant
that added additional staff for a short period.

Problem 14-8

Element 5 of Case Study 2 overlaps with both Elements 4 and 6, because trips generated
comes from the Section 14.5.2 specification that “The multiplex is to have eight theaters,
of which four will have 400 seats and four will have 200 seats. The shopping mall is to
be built out to the limits of the local code”.

The last sentence above means that parking can be a limiting factor, or even site access
capacity can be a limiting factor. people can’'t use the mall, if they can’'t get to it.
Complicating matters is that space has to be reserved as if there were 20% transit access,
and parking space has to be allocated for today’s 5% transit.

The instructor should remind the students that the specification for the parking related to
the mall is based upon gross floor area (GFA), not gross leasable area (GLA) and not
gross usable area or any other term. GFA generally is measured as all of the square
footage inside the building envelope to the outside of the walls but not including the roof.
It includes “common areas” such as walkways, atriums, and other interior spaces. But
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» In some jurisdictions, local codes define GFA as excluding areas for waste storage,
enclosed maintenance vehicle parking, other interior parking, and loading dock
work areas. But absent such a clear local code, the default is “all” as just cited.

» Some realtors use the terms GLA and GFA interchangeably, but leases are
(hopefully) more precise.

To an objection that “But why assign parking spaces to the ‘ambience’ common areas of
a mall?”, the common answer is that if the code were rewritten in terms of GLA, it would
simply have a larger number of parking spaces required per 1,000 square feet. Similar
responses are often made to the distinction between “anchor” tenants that attract trips
and secondary tenants that draw mainly from the anchor tenant traffic. This would then
lead to a chicken-and-egg discussion (e.g. which came first?), but the bottom line is that
the local code prevails as written.

The students may also need to be reminded that the peak loads of a multiplex and of a
shopping mall do not necessarily occur at the same time, or even on the same days.
Given local code requirements (parking based upon number of seats for the multiplex,
GFA for the mall; see Table 14.4), it may take some discussion (hypothetically, with the
local review agency; in this class setting, with the instructor playing that role) to argue that
some parking spaces are dual-use, given the loading patterns.

The authors have seen some student solutions that included roof-top parking.

Yes, there is a bit of “simultaneous equation” solving involved: more GFA space means
more parking space needed, means hitting capacity of the parcel(s) and/or less GFA, and
so forth.

It also means more space for internal circulation, for access roads, for storage of exiting
vehicles, and so forth.

And the need for attractive, integrated transit space at 20% as specified in the local code
cannot be forgotten.

Which does remind one of the discussions that can be had about (vehicle) trips vis-a-vis
persons visiting, and thus to vehicle occupancy --- assumptions, literature, and data-
based estimates.

Problem 14-9

Element 6 relates to driveway locations, special arterial design features, and special
intersection design features. It flows from, and is intertwined with, Element 5.

The student should be encouraged to think of preferred paths for goods vehicles, transit,
and personal cars. Are they distinct, and to what extent? How can transit service be
thought of as part of overall local routes (now, and of the future)? Should proximity to the
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facilities be given to transit (the reviewer’s expectation will likely be “yes”) but how does
this affect walking times from personal vehicles, and safe pedestrian paths?

In a large project of this sort, in real practice there may be other professional specialists
involved, including architects, site planners, corporate marketing, and of course the client
with their own experience base. In this exercise, the instructor may have to provide the
other, distinct views that challenge the transportation solutions put forth.

Future editions of the textbook may be able to deal with self-parking semi-autonomous
cars and/or need to. But not necessarily for this 5™ edition. However, during the careers
of today’s students, such vehicles may be a reality: with this in mind, some radical
rethinking of parking, parking space, and distances is already being done ----- self-parking
cars do not need to open their doors at the storage end of the internal trip; self-parking
cars do need to un-park with sufficient notice to arrive at the meeting point with the
owners; and so forth. While it is not necessary to address these aspects in this
assignment, it is probably appropriate for the course to contain some “think of a different
future, with different opportunities and solutions” moments.

Problem 14-10

Element 7 is mitigation. The text lists three discussion points. For present purposes, we
now emphasize two related thoughts:

1) The authors have seen some site developers focus too much on “how do we get
the approvals, and move ahead” and less on “Will this plan help make my site an
attractive destination for the future customers, and thereby a success?” The traffic
professional may sometimes have to remind the client of this other perspective.
This can be a challenge when the client’'s management structure appoints a client
team charged with great emphasis to “Get it done, by the deadline.”

2) Mitigation can be the driver for good design.

Of course, reality is also that the developer likely has to pay for the improvements,
including those that go beyond the site boundaries. A continual focus on the differences
between “future build” and “future no build” has to be re-iterated ---- despite the direction
that some meetings will take, comparing “existing” and “future build” conditions places an
unreasonable burden on what is expected of the developer.

Problem 14-11

The authors have found that two presentations are sometimes of most value to the
students.

The first is with the instructor only, playing the role of a mildly disbelieving reviewer or

even a cantankerous one. It is an “in the family” review. Assumptions are challenged,
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and the student needs to be ready to cite standard references and their use. Students
tend to use “I” too much (I did this, | did that); they have to be moved away from that to
“we” and “the team”. There will be nervousness, and lame humor. Eye contact, volume
and speed of speaking, and such are likely to be issues. The authors have found it useful
to remind students that this first draft presentation is to better prepare for the real show,
with outsiders. The first presentation, even if challenging, is “within the family”.

The second presentation would best involve some outside professionals, perhaps from
an agency or from a consultant experienced in this work. But those visitors have to
remember that they are helping beginners, by their role-playing. Expectations cannot be
for flawless results. At the same time, the ability to respond to the outsiders is part of the
evaluation, and the grade. We have limited the visitors to one or two; after that, it gets
lengthy and even disruptive.
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Solutions to Problems in Chapter 15

The Hierarchy of Intersection Control

Problem 15-1

Open Open
Field Field
N
-7=? 40 mi/h 45 ft

125 ft

25 mifh

T

The solution begins by assuming that the minor street vehicle, the NB vehicle in this
case, is located one safe stopping distance from the collision point:

2
Ay =147 S5t + Sne
30(0.348+0.01G)
2
dyg = (LA47*25%2.5) + 30
30*(0.348+0.01*0)

dys =91.88+ (ﬂj =91.88+86.21=178.09 ft
10.44

There are two sight triangles that must be checked: (a) the sight triangle between the NB
and WB vehicle, and (b) the sight triangle between the NB and EB vehicle. Sight triangles
involving the SB vehicle have no obstructions, and may be assumed to be acceptable.

(a) Sight Triangle Between NB and WB Vehicles

Using the geometry of the sight triangle, the distance of the WB vehicle from the
collision point when the two drivers first see each other may be established:

*
0, (act)= 2% _ 20¥178.00 35618

- - = 26.76 ft
de—b 178.09-45 133.09
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What this means is that when a NB vehicle is 178.09 ft away from the collision point,
the drivers of the NB and WB vehicles can first see each other when the WB vehicle
is 26.76 ft away from the collision point.

There are two potential safety rules. Rule 1 requires that the WB vehicle also be one
safe stopping distance from the collision point when the two drivers can first see each
other:

: 40°
dyg (Min,Rulel) = (1.47*40*2.5) + ————
s )= ) (30*0.348}

dyg (mMin,Rulel) =147.00 + (:1[’06%} =147.00+153.26 = 300.26 ft

The second safety rule requires that the vehicles be able to safely pass, one behind
the other, over the collision point. It uses Equation 15-3 of the textbook:

dys (Min, Rule2) = (d, +18)2—B+12

A

d (Min, Rule 2) = (178.09 +18):—g+12 =325.74 ft

As both of the minima required by Rules 1 and 2 are considerable larger than the
actual distance of the WB vehicle from the collision point, this situation must be
deemed unsafe. Basic rules-of-the-road may not be applied.

Since all sight triangles must be safe in order to allow imposition of basic rules-of-the-
road, no further computations are necessary. For illustrative purposes, the analysis
of the sight triangle between the NB and EB vehicles will be done.

(b) Sight Triangle Between the NB and EB Vehicles

Once again, computations begin with the NB vehicle assumed to be one safe stopping
distance from the collision point, or 178.09 ft. The actual distance of the EB vehicle
from the collision point when the two drivers can first see each other is now
established:

*
d,, (act) = ad, 35%178.09 6,233.15

= = = 40.72 ft
ds-b 178.09-25 153.09

The minimum distance that the EB vehicle should be from the collision point is
determined using either Rule 1 (safe stopping distance) or Rule 2. The Rule 1
minimum distance is the same as for the WB vehicle, as they have the same safe
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stopping distances: 300.26 ft. The Rule 2 distance is computed using Equation 15-3
of the textbook, and is also the same as for the WB vehicle: 325.74 ft.

Again, both minimum distances are much larger than the actual distance of 40.72 ft.
Therefore, this sight triangle is also deemed to be unsafe, and basic rules-of-the-road
may not be implemented.

It should be noted that there is little chance that vehicles that are approximately 178 ft
from the collision point will actually hit vehicles that are approximately 40 ft from the
collision point. What the analysis of the sight triangle shows, however, is that there could
be vehicles on a collision path with each other when they cannot see each other. That is
what is unsafe. Drivers cannot be expected to use judgment alone to avoid an unsafe
situation if they cannot see it.

Problem 15-2

Z

45 mi/h ¢ [ ]

l_l— 45 mi/h

30 ft somizh @ 50Tt

3% ft

1 Building

Building

The analysis of sight distance when a STOP sign is in place differs from the analysis of
the sight triangle for basic rules-of-the-road. Vehicles are stopped when they look for a
gap in conflicting traffic through which to pass.

The driver in the STOP-controlled vehicle is assumed to be stopped at a location that is
18 ft from the intersection curb line. This consists of an assumed 10 ft between the STOP
line and the curb line, and an assumed 8 ft for the distance between the driver's eye and
the end of his/her vehicle.

The distance between the driver’'s eye and the conflicting driver’s line of sight is computed
as:

d A-STOP = 18+ dcl

where dci is the distance between the curb line and the centerline of the nearest conflicting
vehicle lane. With 12-ft lanes on the E-W street, this would be 6 ft for the EB vehicle and
12+6 = 18 ft for the WB vehicle. Thus:

A, srop s =18+6=24 ft
A, sropws =18+18=36 ft
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This becomes the assumed distance of the NB vehicle from the possible collision points.

The minimum distance for conflicting vehicles on the through street is based upon gap
acceptance theory, according to the following equation:

g =L147%S,, *t,

B min
For typical situations, a passenger car turning left from the STOP-controlled approach will
require a gap of 7.5 s. Therefore:

dgm, =1.47*45*7.5=165.38 ft

Bmin
This must be compared to the actual distance of EB and WB vehicles from the collision
point(s) when sight lines are first established. As in the case of a basic rules-of-the-road
analysis, the geometry of the sight triangles is used to determine this:

*
d.., (act) = ady _ 35 24:8402_140 ft
dez-b 24-30 -6
28*36 1,008
d,(act) = == =-252 ft
we (86D 36-50 -4

The negative answers in both cases indicate that sight lines are actually unobstructed.
The installation is safe, and no changes need to be made.

Problem 15-3

In this intersection, there are only two sight triangles, both of which are obstructed. The
one that appears to be most restricted is to the left of the vehicle approaching on the one-
way street. It will be analyzed first.

The vehicle on the one-way street is Vehicle A. It will be placed one safe-stopping
distance from the collision point:

2
d, = (L.47*30*2.5) + 30 =110.3+76.3=186.6 ft
30(0.348 + 0.045)

From the sight triangle, the actual distance of Vehicle B from the collision point when
both drivers can see each other is:

d. (act) = 2271806 _ oo 4
186.6 - 20

This must now be compared to the two minimum conditions:
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2
d, (Rulel)= (LA7T*45%2.5)+ —> __ _1654+194.0=359.4 ft
30*0.348

d, .., (Rule 2) = (186.6 +18) (%) +12=318.9 ft
Neither rule for safe operation is met. Therefore, operation under basic rules of the road
is not safe. In most cases, a STOP-sign would be recommended.

As in Problem 15-1, the second sight triangle could be analyzed, but it is not necessary,
as the intersection has already failed the safety test for one sight triangle.

|

525 | 150
800¢———

Problem 15-4

200 175

—» 700

Min veh 40 8
volumes for Area Population: 30,000 Min ped
10-hr period ‘ I Approach Speeds: 30 mi/h volumes for
(veh/h) Annual Accidents: 10-hr period
6 right angle (peds/h)
6 left-turn
3 pedestrian
4 rear-end

The data for this problem are in an interesting form: minimum volumes that apply over
a 10-hour period. Because of this, the single volume point provided covers 10 hours.
However, because they are minimum volumes, some of the hours may (in fact, probably
do) have Aigher volumes. Thus, if the volumes given meet a warrant criteria, that will
hold for 10 hours. If, however, the volumes given do not meet a specific warrant, we
cannot say definitively that the hour(s) in question do not meet the warrant. They may,
but we have insufficient data to make the determination.

Note that neither the area population nor approach speeds qualify the intersection for
consideration of warrants at the 70% level. All analyses for this intersection will refer to
the 100% criteria given for each warrant.

Warrant 1: Eight-Hour Volumes

The hourly criteria use the total 2-way volume on the main street vs. the high directional
volume (1 direction) on the minor street. Because of the higher volumes, the E-W street
will be treated as the major street in this analysis. The 100% volume criteria for this
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warrant has two volumes: (1) Condition A — Crossing Volumes, and (2) Condition B —
Interruption of Continuous Traffic. The 100% criteria are:

(Main street 2-way, Minor street 1-way)
Condition A: (500, 150)
Condition B: (750, 75)

The actual volumes are (700+800,525) or (1500,600). Both Conditions A and B are
satisfied for at least 10 hours, and the warrant may be deemed to be MET.

Warrant 2: Four-Hour Volumes
The actual volume (1500,525) is plotted on Figure 15.5(a) as shown below, and compared
to the 1 lane x 1 lane decision line:

A

500

T I I T I T T
_~ 20RMORE LANES & 2 OR MORE LANES

I Y A R I

h 20ORMORE LANES & 1 LANE

| | I
SN N | LANE & 1 LANE
! \

100 e = S0

N
™~
\\

[/

MINOR STREET
HIGH VOLUME APPROACH -VPH

300 400 500 e0DO 700 800 900 1000 1100 1200 1300 1400
MAJOR STREET-TOTAL OF BOTH APPROACHES - VPH

*Note: 115 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 80 vph applies as the lower
threshold volume for a minor street approach with one lane.

(a) Normal Conditions

The point, which represents 10 hours of data, is off the chart, and obviously above the
decision line. The warrant may be deemed to be MET.

Warrant 3: Peak Hour
This warrant has two parts. The delay criteria do not apply for two reasons: No delay
data is given, and there is no STOP sign already in place.

The peak hour volume criteria is checked by plotting the volume point on Figure 15-6(a)
and comparing it to the 1 lane x 1 lane decision line.
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*Note: 150 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 100 vph applies as the lower
threshold volume for a minor street approach with one lane.

(a) Normal Conditions

The point is obviously over the decision line, so the warrant may be deemed to be MET.

Warrant 4: Pedestrian Volumes

The volume point consisting of (total veh. volume on major street, peds xing major
street.) must be plotted on Figures 15-7(a) — the four-hour pedestrian criteria, and 15-
8(a) — the one-hour pedestrian criteria and compared to the respective decision lines on
these curves. The point is (1500,200+175) or (1500,375), which represents minima for
10 hours of the day.

500
400 ‘\ A
TOTAL OF ALL N
PEDASTRIANS 309
CROSSING N
MAJOR STREET-
PEDASTRIANS 200
PER HOUR (PPH) ~—
100 107+

300 400 500 600 700 80O 900 1000 1100 1200 1300 1400

MAIJOR STREET -TOTAL OF BOTH APPROACHES -
VEHICLES PER HOUR (VPH)

*Note: 107 pph applies as the lower threshold volume.

(a) Normal Criteria.

4-Hour Criteria
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700

600 AN

TOTAL OF ALL 300

PEDASTRIANS Y
CROSSING 400 ~ ‘
MAJOR STREET- N
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PER HOUR (PPH) ~
— 133+

100

300 400 500 600 700 800 900 1000 11001200 1300 1400 1500 1600 1700 1800

MAJOR STREET -TOTAL OF BOTH APPROACHES -
VEHICLES PER HOUR (VPH)

*Note: 133 pph applies as the lower threshold volume.

One-Hour Criteria

Obviously, both the 4-hour and 1-hour criteria are met. This warrant may be deemed
to be MET.

Warrant 5: School Crossing
This warrant does not apply, as this is not a school crossing.

Warrant 6: Coordinated Signal System
No system information is given, so this warrant cannot be assessed.

Warrant 7: Crash Experience

While the accident data would normally meet this warrant (there are 15 total accidents
susceptible to correction through signalization), and the volume requirements are met at
100%, there has been no trial of alternative measures (STOP, YIELD control). In the
absence of such a trial, this warrant must be deemed to be NOT MET.

Warrant 8: Roadway Network
Warrant 8 deals with projected volumes. None are given. This warrant does not apply.

Warrant 9: Railroad Crossing
This is not a railroad crossing location. This warrant does not apply.

Recommendation

A signal should clearly be installed, as several warrants are met with much room to spare.
Because the geometry has only one lane on each approach, a two-phase signal would be
implemented. It could be actuated or pretimed, based upon system information not given
here. Because the pedestrian warrant was triggered, use of pedestrian signals is clearly
indicated.
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Problem 15-5

FIRST STREET

Approach Speeds:
45 mi/h on Broadway
30 mi/h on First Street

BROADWAY

5 Right Angle w injuries
3 Left Turn w injuries

6 Rear End, PDO

4 Pedestrian w injuries

Annual Accidents: ‘

Peak Hour
Delay:
100 s/veh

Volume Data

Volume on Broadway Volume on First Street

(veh/h) (veh/h) Peds Xing

Time Broadway

EB WB Total NB SB High Vol (Peds/h)
10-11 AM 730 700 1430 300 400 400 140
11-12 AM 775 700 1475 300 400 400 150
12-01 PM 800 710 1510 315 410 410 190
01-02 PM 800 715 1515 325 420 420 210
02-03 PM 820 720 1540 350 450 450 220
03-04 PM 830 725 1555 360 450 450 220
04-05 PM 900 780 1680 400 480 480 200
05-06 PM 925 790 1715 410 520 520 200
06-07 PM 950 800 1750 375 510 510 230
07-08 PM 950 800 1750 350 480 480 250
08-09 PM 940 750 1690 320 420 420 220
09-10 PM 880 700 1580 306 400 400 190
10-11 PM 750 690 1440 295 390 390 140
11-12 PM 650 630 1280 260 380 380 100

It is obvious in this case that Broadway is the major street, and First Street is the minor
street. The data is already organized with that in mind, and the necessary subtotals are

already provided.
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Because of the 45-mi/h speeds on Broadway, the 70% criteria for all warrants (where they
are available) should be used.

Warrant 1: Eight-Hour Volumes

Using the 70% criteria, Warrant 1 had two requirements (Condition A, Condition B).
Meeting one of these is sufficient to meet warrant. The criteria, in the form of (major street
2-way volume, minor street 1-way high volume) for a 2 x 1 intersection are:

Condition A: (420,105)
Condition B: (630,53)

In the volume table provided, all 14 hours meet the major street volume criteria for both
conditions. All 14 hours also meet the minor street volume criteria for both conditions.
Both conditions are met, and the warrant may be deemed to be MET.

Warrant 2: Four-Hour Volumes

Each hourly data must be plotted on Figure 15-5(b) and compared to the decision line for
a 2 lane x 1 lane intersection. Four points must lie above the decision line for the warrant
to be met. Rather than plotting all 14 hours, the worst 4 hours are plotted. If the worst 4
do not all lie above the decision line, then none of the others will either.

Unfortunately, the worst 4 hours are not clear, because the major and minor street traffic
do not peak at the same time. It is clear, however, that the worst 4 hours occur between
4 PM and 9 PM, a period covering five hours. These will be plotted.

400 ‘
z & 2 OR MORE LANES & 2 OR MORE LANES
5300 4 i i
-
s ~ +2 OR MORE LANES & 1 LANE
:/: 200 \\\\ - I LANE & | LANE
=
; 100
T 0
E #fil)
200 300 400 S00 600 700 800 900 1000

MAJOR STREET - TOTAL OF BOTH APPROACHES - VPH
*Note: 80 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 60 vph applies as the lower
threshold volume for a minor street approach with one lane.

(b} Criteria for Small Communities {pop <10,000) or High Major Street Approach Speed (=40 mi/h)

Obviously, all five points (not shown due to the scale) fall well off the curve and above
the 2 x 1 decision line. The warrant may be deemed to be MET.

Warrant 3: Peak Hour
The peak hour warrant has two parts, both of which may be evaluated in this case.
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Peak Hour Delay: During the highest minor street volume hour, there are 520 veh/h in
one direction on a STOP-controlled approach, each of which is delayed by 100 s. The
total delay experienced by these vehicles is, therefore:

52,000

delay =520*100 =52,000 veh—s = =14.4 veh—hrs

)

This is in excess of the criteria of 4 veh-h of delay to trigger the warrant. The volume
requirements for use of the delay criteria are also met. The delay criteria are, therefore,
met.

Peak Hour Volume: The worst hour of the day is either 5-6 PM or 6-7 PM. These volumes
are plotted on Figure 15-6(b) and compared to the 2 x 1 decision line.

400 \\ —2 OR MORE LANES & 2 OR MORE LANES —
| | | | |
N ,
N 2 OR MORE LANES & 1 LAII\IE

(o]

300 NN i i |
~ 1 LANE & 1 LANE
200 “‘:Q\
100 ——— 100
*75

////‘
L/

MINOR STREET
HIGH VOLUME APPROACH-VPH

300 400 500 600 700 8OO 900 1000 1100 1200 1300
MAJOR STREET-TOTAL OF BOTH APPROACHES-VPH

*Note: 100 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 75 vph applies as the lower
threshold volume for a minor street approach with one lane.

(b) Criteria for Small Communities (Pop <10,000) or High Major Street Approach Speed (240 mi/h)

Again, both points, if plotted, would be well off the chart and above the 2 x 1 decision
line. The volume criteria are met.

Because both criteria are met, this warrant may be deemed to be MET.

Warrant 4: Pedestrian Volumes

Volume points are compared to the criteria in Figures 15-7(b) — four hours, and 15-8(b) —
one hour. The points are plotted as (total major street vol, peds xing major street).
Attention will be focused on the worst four hours, which appear to be between 5 PM and
9 PM (in terms of the vehicular-pedestrian conflict).

95

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



400

300
TOTAL OF ALL ~

PEDASTRIANS \
CROSSING L
MAJOR STREET-
PEDASTRIANS
PER HOUR (PPH)

100 —— ~—

200 300 400 500 600 700 800 900 1000

MAJOR STREET - TOTAL OF BOTH APPROACHES -
VEHICLES PER HOUR (VPH)

*Note: 75 pph applies as the lower threshold volume.

(b) Criteria for Small Communities (Pop <10,000) or High Major Street Approach Speed (> 35 mi/h)

4-Hour Criteria
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(b) Criteria for Small Communities (Pop <10,000) or High Major Street Approach Speed (> 35 mi‘h)

1-Hour Criteria

Once again, the points, if plotted, would lie well off of the charts, and clearly over the
decision lines. Both criteria are met. This warrant may be deemed to be MET.

Warrant 5: School Crossing
This location is not a school crossing. The warrant does not apply.

Warrant 6: Coordinated Signal System
No signal system information is provided. This warrant may not be assessed.

Warrant 7: Crash Experience
There are 18 accidents per year at this location. Of these, only the 6 rear-end collisions
would not be susceptible to correction through signalization. Further, there is a STOP-
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sign already in place, and the volume requirements of this warrant are all met at 100%.
This warrant may be deemed to be MET.

Warrant 8: Roadway Network
This warrant deals with forecast future volumes, none of which are provided. It does not

apply.

Warrant 9: Railroad Crossing
This is not a railroad crossing. The warrant does not apply.

Recommendation:

Once again, several warrants are met with room to spare. A traffic signal should be
placed at this intersection. As the pedestrian warrants are triggered, and there are
pedestrian accidents, pedestrian signals should be used. Depending upon system
considerations not given here, the signal could be pretimed or actuated.

Problem 15-6

Once again, only vehicular volumes are given. Non-volume-based warrants cannot be
evaluated. Only Warrants 1 — 3 may be evaluated with the information given. Note that
neither the population nor the approach speeds engage a reduction in criteria, so warrants
must be met at 100% in this case. To assist in making this evaluation, the table should
be re-arranged to show total 2-way volume on the major street (N-S) and the highest
single-direction volume on the minor street (E-W). The table that follows shows this.

Table: Volumes for Warrant Analysis

Hour Major Street Vol Minor Street Vol
(2-Way) (High Dir)
1 50 30
2 100 30
3 175 50
4 300 50
5 450 100
6 700 250
7 850 400
8 850 450
9 750 375
10 400 300
11 300 300
12 300 150
13 300 100
14 350 100
15 350 100
16 450 250
17 600 325
18 700 375
19 800 400
20 800 425
21 400 325
22 200 150
23 100 100
24 100 50
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Warrant1 Warrant 1, Condition A requires minimum volumes of 600 veh/h on the major
street (2 ways) and 150 veh/h (one way) of the minor street. Condition B requires 900
veh/h and 75 veh/h respectively.

Hours 6, 7, 8, 9, 17, 18, 19, 20 meet Condition A (8 hours). No hours meet Condition B.
The warrant is met.

Warrant 2 While all 24 hourly points could be plotted against the 4-hour volume criteria,
if the top 4 don’t meet the warrant, no other set will meet the warrant. Hours 7, 8, 19 and
20 appear to be the worst periods. These four points are plotted on the figure below:
[850,400], [850,450], [800,400], and [800, 425].
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*Note: 115 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 80 vph applies as the lower
threshold volume for a minor street approach with one lane.

As all four points are clearly above the decision line, this warrant is met.

Warrant 3 Warrant 3 has two parts: peak hour delay, and peak hour volume. There is
no delay information given, so the first part cannot be evaluated. The second can be
evaluated. The highest volume point [850,450] is plotted. If this hour does not meet the
criteria, no other hourly volume pair will.
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“Note: 150 vph applies as the lower threshold volume for a minor street

approach with two or more lanes and 100 vph applies as the lower
threshold volume for a minor street approach with one lane.

As the intersection has 2 lanes (each direction) on the major street and 1 lane (in each
direction) on the minor street, the middle decision line is applicable. The warrant is met.

A signal is warranted by all three of the volume criteria. No particular form of signalization
is recommended without additional information.

Problem 15-7

Because of the 45-mi/h speeds on the major street (E-W), the 70% criteria of the volume
warrants apply. Because the minor street is a one-way street, the “total” volume is the
“highest directional volume.”

Warrant 1 Condition A requires minimum volumes of [420, 105]. Condition B requires
[630, 53].

Condition A is met by the following hours: 3-4 PM, 4-5 PM, 5-6 PM, and 6-7 PM. This
is only 4 hours, while 8 are required. Condition A is not met.

Condition B is met by the following hours: all hours between 1 PM and 11 PM. This is
10 hours. Condition B is met.

The warrant is met.

Warrant 2 The highest four-hour volume period is between 3 PM and 7 PM. These four
hours are plotted against the 4-hour vehicular volume warrant criteria. As all of these
points are off the volume scale on the 70% criteria for Warrant 2, and the minor street
volumes are above the minimums required, the warrant is met.

Warrant 3  The potential highest volume hours [1150, 160] or [1200, 135] are plotted
against the peak hour vehicular volume warrant criteria (70% level).
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“Note: 100 vph applies as the lower threshold volume for a minor street
approach with two or more lanes and 75 vph applies as the lower
threshold volume for a minor street approach with one lane.

As both points lie above the decision line, the warrant is met.

The delay portion of Warrant 3 can also be evaluated for vehicles on the STOP-controlled
approach. Inthe peak hour, 160 vehicle experience 72 s/veh of delay for a total of 72*160
= 11,520 veh-sec, or 3.2 hours of aggregate delay. The warrant requires a minimum of
4.0 hours, so this part of Warrant 3 is not met.

The warrant is met, as the volume criterion is met.

Warrant 4 The highest four hours of pedestrian activity occur between 1 and 4 PM, and
between 8 and 9 PM. During these four hours, the major street vehicular volume and
pedestrian volumes (crossing the major street) are [800, 200], [855, 210], [1025, 205] and
[975,200]. These are plotted against the four-hour pedestrian warrant (70% level). The
highest period [1025, 205] is plotted against the one-hour pedestrian warrant (70% level).
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As both criteria are met, this warrant is met.
Warrant 5 The School Crossing Warrant is not applicable.
Warrant 6 The Coordinated Signal Warrant is not applicable.

Warrant 7 The Crash Experience Warrant can be evaluated. All relevant criteria are met:
There is STOP-control in place, there are 8 right turn, 3 left turn, and 4 pedestrian
accidents that can be corrected by signalization, and Warrant 1B is met at 100%. The
warrant is met.

Warrant 8 The Roadway Network Warrant is not applicable.
Warrant 9 The RR Grade Crossing Warrant is not applicable.

A signal is clearly warranted at this location. Given the high pedestrian volumes, use of
pedestrian signals is suggested for crossing the major street. If an actuated controller is
used, a pedestrian actuator should be provided.

Problem 15-8

The first part of the solution is to determine the “equivalent” volume crossing the tracks.
There are no buses, but there are tractor-trailers. There is also an adjustment for train
frequency. For 20 trains per day, from Table 15-11, an adjustment of 1.33 is applied.
For 20% tractor-trailers, from Table 15-13, an adjustment of 1.35 is applied. Thus, the
equivalent volume crossing the tracks is 150*1.33*1.35 = 269 veh/h. This is plotted
against 300 veh/h on the major street on the Figure 15-9 criteria curve:

101

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



350

e Major
B Street
300 ==
T  Minor Street
250 .
o 0\\
MINOR STREET, 500 | “s3, %,
CROSSING 05 25 211f %0, H
APPROACH - | 5 (o5, = :
EQUIVALENT VPH N Sy i \
i 91, \\\\ T 1.8 m (6 ft)
100 \\7.5‘ i T
o, "o, T~ :
Lo So ,
50 ”&7{
@ o5*
0 100 200 300 400 500 600 700 800

MAJOR STREET—TOTAL OF BOTH APPROACHES—VEHICLES PER HOUR (VPH)

* Note: 25 vph applies as the lower threshold volume.

The warrant is clearly met, and a signal should be placed. It should be coordinated with
the RR crossing signals and gates.
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Solutions to Problems in Chapter 16

Traffic Signal Hardware

Problem 16-1

This question is straightforward, but for many students (and others) it is confusing as to
why there is not a single, national MUTCD. It seems so logical.

But the relationship between the individual states and the Federal Government is codified
in the 10" Amendment of the US Constitution:

“The powers not delegated to the United States by the Constitution, nor prohibited
by it to the states, are reserved to the states respectively, or to the people”.

This applies to things big and small. And over time, there have been lively discussions
and debate over the limits of Federal power. But the underlying principle is as quoted
above. The US is a federation of the individual states.

So, there are “model ordinances” written by national committees, for guidance of
individual local governments. And there is a national committee that creates the Highway
Capacity Manual, but it is the jurisdiction of the state governments to decide to adopt it
(or not). In many states, state law assigns this decision to the state transportation
commissioner, so that new legislation is not required every time key specialty references
are updated. And so it is true with the MUTCD, also. As one example, in NYS the state
law authorizes the State DOT commissioner --- except that cities with populations of over
one million can make their own decision. So, NYS can adopt the national model with
some modifications but NYC can decide to follow the national model exactly.

It is true that the Federal Government has sometimes tied its funding to the state having
a rule or adoption that “is in substantial compliance with” the national model. Given that
none of the authors are attorneys, we will leave the discussion of this requirement vis-a-
vis the 10" Amendment to others.

So, the student’s responsibility is to seek information on whether a specific state has
simply adopted the national model of an MUTCD, or modified it, and in what way. The
easiest way to address the problem is to go the State DOT web site, and search for
information on the MUTCD. At one time, NYS (as an example) had a totally different
printing of its MUTCD (8 Y2 x 11 paper, and some differences) but moved to a shorter
“Supplement” to the national model.
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Problem 16-2

The problem statement clearly says “there is divided opinion in the profession on this
assertion”. Over the time between the 5" and 6™ editions of this textbook, there will
probably be another edition of Reference [1], and there will be additional reports on the
subject of this problem.

To start the student on the way, some words on the two views are relevant:

On one hand, it is true that signal plans are generally not updated as often as
changing traffic demand and/or path selections might dictate; this is usually related
to budget availability and prioritization. So, if the traffic signal system is designed
to be adaptive or even “self-learning”, wouldn't it follow that such responsiveness
will systematically push the system to always seek certain adaptations on a
regular, persistent basis.

One can acknowledge that this is logical but at the same time acknowledge
that the traffic control system has to be driven to these settings each and
every day. That is, the system must detect the need and respond to it,
incurring delay during that time.

But still, the argument would go, that is better than a static plan, isn't it?
That leads to the question of how many truly static plans still exist. As of
this writing, the answer is “many”. And it is also true as of this writing that
many adaptive systems are built upon a default time of day plan, or even
use a library of alternative plans --- so the adaptation is choosing amongst
them, and allowing some further adaptation on top of that selection.

Still, there are limits to the range of adaptation usually allowed, whether it is
by g/C ratios or cycle length or phasing.

And there is a school of thought that would seek to have the adaptive
system to be “self-reporting”: if it is pushed to certain limits regularly (to be
defined) or to certain patterns (again, to be defined), then it could trigger an
alert that would result in the de facto settings becoming a new base plan,
or in a re-evaluation of the default starting point.

On the other hand, some would argue that a truly adaptive system would not
encounter any of these problems and might not be tied to any progressive or other
underlying plan — including the use of a common cycle length.

At the time of this writing, there are some highly adaptive designs that
proponents would say address this well. And there are those who are
concerned such systems do not make enough use of underlying patterns

104

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



and/or totally ignore them and/or optimize local performance at the expense
of the system performance.

Those who actually operate traffic control systems are often very aware that the public
and the media are very focused and very vocal. Systems and designs that are perceived
as creating localized problems, or being insensitive to changing demand, cause
headaches for the system operator. One very experienced sage in real operations took
the view that the ultimate metric is the public --- if there is no clamor because of perceived
chaos or excessive delay/stops, then the system is working.

While the above material provides background, it is the student who will have to sort out
the successes and failures, and the progress (or lack thereof) toward self-learning
systems that can cope with infrequent retiming. But the caution has to be that not all
representations can be taken at face value.

Problem 16-3

Three dedicated left turns are allowed, and a web search on “triple left turn lanes” will
yield many results, generally divided into specific installations (with some states
appearing often), underlying policy discussions, and requirements.

One source of information is
https://www.fhwa.dot.gov/publications/research/safety/04091/12.cfm#c1212, which
observes in part that

“As a rule of thumb, dual left-turn lanes are generally considered when left-turn
volumes exceed 300 vehicles per hour (assuming moderate levels of opposing
through traffic and adjacent street traffic). A left-turn demand exceeding 600
vehicles per hour indicates a triple left-turn may be appropriate”.

“A study of double and triple left-turn lanes in Las Vegas, NV, showed that about
8 percent of intersection-related sideswipes occur at double lefts, and 50 percent
at triple lefts .... These sideswipes are 1.4 and 9.2 percent of all crashes at the
intersections with double and triple lefts, respectively. Turn path geometry and
elimination of downstream bottlenecks are important considerations for reducing
sideswipes”.

With regard to Part “a” of the assigned problem, the answer is that triple left turns are
allowed in a number of jurisdictions and are cited in FHWA and other documents.

With regard to Part “b” of the assigned problem, the literature from the web search will
provide many examples of installations and experience. The student is to be cautioned
that some of the material is quite old (e.g. circa 1995) and will not have the benefit of the
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intervening decades of field experience. Better that the student focus on the last 5-10
years.

With regard to capacity of the 3" lane, there is presently no unambiguous statement or
rule of thumb that indicates that the 3" lane adds “X” vehicles per hour, compared to the
2"d Jane having added “Y” vehicles per hour of capacity, and so forth. Rather,

» The spirit of the literature current at the time of this writing is that “if the left turn
demand cannot be handled in two left turn lanes, the 3 lane will allow more
vehicles in a shorter time, allowing more g/C for other phases”.

» There are some simulation-based results of the capacity of triple left turn lanes,
but there is also the wise observation that “existing traffic models do not treat triple
left turns explicitly and can therefore only offer an approximation of their
operation”3

The authors concur with that observation: simulation models are excellent tools, but do
depend upon the “internal rules” that are built into them. Some of these rules are based
upon empiric results, and some on modeling of specific aspects of traffic operations (car-
following, discharge headways, allocation across lanes, gap acceptance, etc.). But the
authors know of no specific rules built in for the rather special case of the 3™ left turn lane.

With regard to Part “c” of the assigned problem, guidelines do exist in some states and
will be identified in the web search related to Part “a”.

Before leaving the subject, the authors would ask the question, “Why?”. That is, why is
a triple left turn needed, even if it can exist? It would seem that

» There is a concentration of demand at a single intersection (or major driveway that
is signalized) that cannot be moved elsewhere, despite best efforts;

» But moving some of it elsewhere --- for instance, a second entrance or driveway -
-- would seem to be a preferred choice, if at all feasible;

» And concentrating the demand into fewer vehicles --- higher occupancy autos,
some bus traffic --- or moving some of it to other hours (peak spreading) would
also seem to be a preferred choice, given triple left turns are still unfamiliar to many
drivers and do consume space.

But it may well be that the receiving location does not have the alternative entrances,
cannot impose higher occupancy policies, and needs the arrivals in a limited time window.
That ultimately is a matter of professional judgment, but deserves consideration.

3 http://www.fdot.gov/research/completed proj/summary te/fdot bc131rpt.pdf
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Problem 16-4

With regard to Part “a”, the authors find the argument very plausible. While one can hope
that intersections stay clear and there is no spillback that affects cross street traffic, that
is not often the case without intensive on-the-ground enforcement. And spillback does
cause congestion and oversaturation to spread like wildfire.

Consider the figure shown below, with the dashed area defining “the box” in which flow is
to be maintained and with the thickness of the lines indicating relative traffic volumes:

Street1 Street 3 Street5
Street 7 T Street9 ‘r Street 11
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( 1
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Let us assume that on a good day, traffic moves without excessive numbers of stops,
spillback, or delay .... but that a few intersections approach v/c of 0.90. In short, things
are fragile.

We could consider a number of hypothetical events: (1) the intersection of Avenue A &
Street 10 appears to be a critical intersection, and a likely source of problems; (2) Street
6 traffic must have a significant turning movement onto Avenue A, given the relative
volumes along Street 6; (3) both Streets 10 and 6 can block Avenue B if there is spillback
due to problems their traffic has at Avenue A; (4) Streets 5 and 2 have significant flows,
even if they are outside the defined box; (5) an incident or event at Streets 11 or 12 &
Avenue A can cause backups on Avenue A.

As we say, fragile:

> If problems occur inside the box, traffic can quickly start backing up, blocking or
impeding some cross streets; in turn, at least two streets can soon affect Avenue
B;

» The Avenue A backup can easily spread to upstream, affecting both its own
upstream and the Street 5 cross traffic; problems can cascade west of the box,
and be no respecter of our definition of “the box”;

» For totally unknown reasons elsewhere in the network, Street 10 traffic demand
may increase, affecting the most critical intersection. The same is true of other
arriving demand, and of Avenue A capacity even east of Street 12;
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» Or it can rain, reducing capacity everywhere by 5% or 10% and thereby driving up
the v/c ratios everywhere;
» And we could go on.

But the key point is that while servicing the box as a priority, it is also quite important to
not let the box fail, lest traffic congestion spread outside the box, notably upstream on
Avenue A and then along Streets 5 and 2.

So, the authors accept that modest problems on Avenue A, upstream (that is, west) of
the box, are acceptable to avoid a cascading effect that will affect this area much more
significantly. One measure might be access management into the box, which means
using the Avenue A upstream as “moving storage” --- greater queues, perhaps more
stops, certainly more delay, and perhaps less g/C (and perhaps even more g/C for the
streets west of the box.

Still, it is likely that the community and even drivers will notice the effects, and probably
perceive that “we” are being impacted so that “they” inside the box can be served.

So, how creditable is the line that “Trust me, if we did not do that, it would have been even
worse for you?”. How do we show the effects of something that did not happen? Aside
from letting it happen some of the time (which has practical and even ethical issues),
perhaps simulation and public information --- starting with the media and local community
boards or groups --- can help.

But the measured traffic is under the condition that something has been done. It will be
a challenge to reconstruct the traffic pattern that did not happen. A starting point would
be (a) documenting existing problems inside the box, even with the lower demand that is
allowed in, because the capacity has been adversely affected?, (b) using the extent of the
“moving storage” upstream so that the performance of the box with lower capacity and
original demand can be estimated --- as can its breakdown and promulgation upstream,
with consequent adverse effects.

Of course, simulation sometimes is not as credible as real-world results, and constructing
the “what if” traffic flows tends to look at circular (or self-serving) reasoning. Therefore,
building trust with such groups by advance education and openness is quite important.

4 That is, the v/c might have been 0.85 but a 10% decrease in capacity means it is 0.85/0.90 = 0.94. A reduction in
arriving traffic by 10% would return the v/c to 0.85. But we did not say a reduction in true demand --- we said a
reduction in arriving traffic, because the difference is placed in moving storage along Avenue A upstream of the
box.
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Problem 16-5

Regarding Part “a”, the MUTCD can be downloaded by the student at no cost and stored
as a PDF. The textbook encourages it, and it should have been done. But if not, it can
be done now.

A simple search on “flashing yellow” just within the MUTCD PDF provides two full screens
of results. Some are not germane to this problem assignment, but many are. In addition
to the words, MUTCD Figures 4D-7, -12, and -14 show field configurations.

Regarding Part “b”, the student should go to https://mutcd.fhwa.dot.gov/, look at the
sidebar, and go to such topics as

> Interim Approvals
» Official Rulings
> Interpretations Issued by FHWA

It needs to be remembered that an “interim approval’ can cease to exist for different
reasons, including it is no longer interim but rather included in an official revision. The
student will have to consider this, in years beyond the time of this writing.

Problem 16-6
Another good web search.

It should be emphasized to the students that this is not merely a performance goal --- it
has implications for liability on the part of the state or local jurisdiction, if there is a crash
that falls outside the allowed time window for remedy, following notification.

Two of the authors were involved in a training course for a group of state engineers, and
the introductory remarks and welcoming was to be by the state traffic engineering chief.
He welcomed them on that Monday morning by pointing out that a signal outage was
reported on the prior Friday, nothing was done as of Sunday, and a person was killed in
a crash at that intersection. He suggested that they had better pay attention in the short
course, and then handed the group over to us.
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Solutions to Problems in Chapter 17

Fundamentals of Intersection Design

Problem 17-1

The demands shown are clearly for a T-intersection. Some general observations for this
intersection include:

e Given the high turning flow rates, it would be desirable to provide an exclusive
turning lane for all turning movement.

e Given the demand flow rates, it is likely that the intersection will be signalized, and
that a 3-phase signal plan would be used.

e From Table 17-2, for a 3-phase signal, the through movements across the T will
required 3 lanes each, and a cycle length of 90 s or more.

e Ifthe 1200 veh/h movement can be permitted to move continuously, and extensive
channelization used, it might be possible to use a 2-phase signal plan. There
would have to be no pedestrians for this to be a viable option.

A design assuming a 3-phase signal plan is illustrated below.

Signal Phasing: Phase A: WB TH/LT
Phase B: EB/WB TH
Phase C: NB LT

Note: EB RT may run continuously with no control.
NB RT may run continuously; merge controlled by YIELD.

If it is possible to run the WB TH movement continuously, without pedestrians in the
intersection, then a design similar to that in Figure 17-13 would be adopted, although the
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channelized right turns would be retained, and there would be three through lanes EB
and WB.

Problem 17-2

Again, any design should start by considering the pattern and size of movements to be
served. If we assume NB is the upward direction in the problem statement, the following
observations can be made:

e This will doubtless be a signalized intersection.

e There are two very heavy LTs — EB and NB. The SB LT is sizeable, but much
lower, and the WB LT is small.

e The SB and WB RTs are also very heavy.

The EB RT and NB LT are reciprocal movements, as are the SB RT and WB LT. All of
these are very large movements. If right-of-way is available, strong consideration should
be given to providing separate roadways for these movements, which will create a
secondary intersection, which may itself have to be signalized. Removing these
movements from the primary intersection will greatly simplify the primary intersection.

Given the size of the other movements, with hopefully two-phase signalization at the
primary and secondary intersections, Table 17-2 suggests that three through lanes would
be required for the E-W artery, while one might suffice for the N-S artery (two might be
preferable, particularly if it could be dropped further downstream.

The figure at the end of this solution set illustrates a potential design for this situation.

Problem 17-3
A continuous green across the top of a signalized T-intersection is possible only if there
are no pedestrians crossing the artery, or overpasses/underpasses provided for their use.

Problem 17-4

Offset intersections most often occur because developments on two sides of an arterial
occurred at different times. Builders, in trying to optimize their use of lane, place streets
to their advantage. Absent strong zoning laws and oversight, intersections on both sides
of the street may not “line up” as traditional intersections, resulting in offsets.

Many techniques may be applied to help control such intersections:

e Where land is available, re-alignment to eliminate the offset at the intersection is
the most desirable approach. Unfortunately, it is often not possible.

e Exclusive LT phasing for the non-aligned arterial can minimize LT conflicts with
opposing through vehicles. Room for exclusive LT lanes must be available.

e Trajectory markings through the intersection are used to help vehicles navigate a
safe path across the offset.
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e Pedestrian paths must be clearly marked by crosswalks, with accompanying
pedestrian signals and signs.

¢ Signal heads should be properly arranged so that vehicles (and pedestrians) can
see them and clearly interpret which movements and lanes they control.
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Drawing for Solution to Problems 17-2

<

|

: Signalization Plan

: Main Intersection (Yellow):

| Ph. A: E-W  Ph. B: N-S No turns permitted.

|

0 Green Intersection:
L Ph. A: EBTH/LT PhB:EB/WBTH Ph.C:NB/SBLT
I
| | Purple Intersection:
I Ph. A: NBTH/LT Ph.B: NBTH,SB Ph.C:EBLT
I
: | Blue Intersection:
I : Ph A: NBTH/LT Ph.B: NBTH, SB Ph. C: EB RT*
I I *might be handled with a YIELD sign if a merge lane
Il were provided.
Iy
| | Note: WB LT goes through the intersection, makes RT
: : into the transfer roadway, and another RT at its end.
|
I : All signals must be carefully coordinated to avoid queue
| | spillbacks. Extensive signing must be used to guide
' ’ drivers to proper path to their desired destination.
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Problem 18-1
For each queue position (1-10), a spreadsheet is used to compute the average headway.
Note that in computing the average headway, the number of observations differs

depending upon the number of queues that had a vehicle in that position.

Principles of Intersection Signalization

Solutions to Problems in Chapter 18

For positions

1-8, there are 10 headways each. Position 9 has 5 headways, and Position 10 has only

4 headways.

A plot of average headway vs. queue

headway can be extracted as shown.

position

is plotted, from which the saturation

QPosition| C1 Q2 c3 c4 c5 C6 c7 c8 C9 c10 [ToT No of Hdws | Avg Hdwy
1 3.6 3.7 3.5 3.6 3.4 3.3 3.6 3.7 3.5 3.7 35.6 10 3.6
2 2.6 3.0 2.4 2.6 2.2 2.2 2.7 2.8 2.7 2.8 26.0 10 2.6
3 2.0 2.4 2.0 2.1 1.8 2.0 2.4 2.4 2.3 2.4 21.8 10 2.2
4 1.7 2.0 2.0 2.0 1.7 2.0 2.0 2.0 2.0 2.0 19.4 10 1.9
5 1.6 1.9 2.0 1.9 1.7 1.8 1.9 2.1 2.0 1.8 18.7 10 1.9
6 1.7 1.8 1.9 1.9 1.6 1.7 18 18 1.8 1.7 17.7 10 18
7 1.7 1.8 1.8 1,8 1.7 17 1.9 1.9 1.9 1.9 16.3 10 1.6
8 1.6 1.7 1.8 18 1.7 1.7 1.9 1.8 1.9 1.9 17.8 10 1.8
9 1.8 1.6 1.7 1.7 1.7 8.5 5 1.7
10 1.7 1.8 1.7 1.7 6.9 4 1.7

4
<_ -
3.5 \
v 3
>
O A KL mdboeo o
2 25 <
;. $
T ‘< >__ 1o =
° 4 4
%15
S
g
1
0.5
0
0 1 3 4 5 6 7 8 9 10
Queue Position

Fitting the curve by eye is something of an art. In general, it is assumed that headways
after the 4™ position tend to level out. Thus, a horizontal line that best fits the average
headway of positions 4 through 10 is first drawn. Then, a smooth curve that connects
with this straight portion of the curve is fit. Distances of points above and below the fit
lines should more or less balance.
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(a) From the curve, the following values may be determined:

The saturation headway, h, is read as the extension of the flat portion of the
curve, or 1.8 s/veh.

The start-up lost time, 7, , is the difference between the actual headways (as

defined by the curve, not the points) and the saturation headway for the first
three headways, or:

3.8-1.8 = 2.0
26-138 = 0.8
20-1.8 = 0.2
TOTAL 3.0 s/phase

(b) The saturation flow rate is computed as:

S:M:@:Z,OOO veh/hg/In
h 1.8

Problem 18-2
The capacity of a signalized intersection approach is computed as:

(%)

where: S = 3600/h = 3600/2.25 = 1,600 veh/hg/In
g = G+Y-/¢,—¢, =50+4.0-2.0-1.5=50.5 s
C = 90 s (given)

Then:

¢ =1600*(50.5/ =898 ven/h/In

90

As the approach has 2 lanes, the approach capacity is 2 x 898 = 1,796 veh/h.
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Problem 18-3
The maximum sum of critical lane volumes is computed as:

v, =11 3600-N tL[Mj
h C

1

V 25{3600—3*4*( =1,418 veh/h

c

3600) 3600480
90 2.2

Problem 18-4
The solution begins by determining the maximum sum of critical lane volumes that can

be accommodated by the signalization described:

v.-1 3600—NtL(@j
h C

v 1

= =1,400 veh/h
2.4

{3600_2*4*(36%)} _ 3600240

120 2.4

The existing critical volumes are 1,000 tvu/h NB and 2,000 tvu/h WB.
The listing below shows the sum of critical lane volumes for various lane scenarios:

NB Lanes SB lLanes Sum of Critical Lane Volumes

1000 + 2000 = 3,000 tvu/h > 1400 NG
1000 + 2000/2 = 2,000 tvu/h > 1400 NG
1000/2 + 2000/2 = 1,500 tvu/h > 1400 NG
1000/2 + 2000/3 = 1,167 tvu/h < 1400 OK
1000/3 + 2000/3 = 1,000 tvu/h < 1400 OK

WNN R
WWNN B

The minimum design would call for 3 lanes EB and WB, and two lanes NB and SB.

Problem 18-5
For the case cited, the sum of critical lane volumes (V¢) is 1,000 tvu/h. Then:

(a) The absolute minimum cycle length that could be used is computed as:

*
C.in= Nt = 2*4 8 _ 8 =24.0s, SAY 30s
1_( V, ) L 1000 j 1-0.667 0.333
3600/h 3600/2.4

The absolute minimum cycle length, however, provides for no unused green time,
and assumes no variation of traffic within the analysis hour.

(b) The desirable cycle length accounts for the PHF and for some unused green time
in the cycle:
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*
Cles = Nt = 274 = 8 =30.65 SAY 35
739

L v, L 1000 1-0
(3600/h)* PHF *(v/c) (3600/2.4)*0.98*0.92

Problem 18-6
(a) The through-vehicle equivalent is found as:

40=10+20E,
40-10

E .= 1.5
LT 20

(b) For the case described, 20 out of 40+10+20 = 70 vehicles, or 20/70 = 0.2857 of
the vehicles are turning left. Then:

1 1 1
f = = =
" 1+P.(E;-1) 1+0.2857(1.5-1) 1.14285

=0.875

Problem 18-7
Left-turns: 800*0.20*2.5 = 400 tvu’s
Through & RTs: 800*0.80*1.0 = 640 tvu’s
Total 1,040 tvu’s
Problem 18-8

(a) The start-up lost time in the equation is the first term, or 2.04 s/phase.

(b) The saturation headway suggested by the equation is 2.35 s/veh, which
produces a saturation flow rate of 3600/2.35 = 1,531.9, say 1,532 veh/hg.

Problem 18-9
Left turns: 1350*0.08*2.7 = 292 tvu’'s
Through & RTs: 1350*0.92*1.0 = 1,242 tvu/s
Total: 1,534 tvu’s
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Problem 18-10
The capacity of the approach is:

Cc= s*(%j =1,45O*(5%0)= 906 veh/h

The v/c ratio is, therefore, 500/906 = 0.552. This value is quite low. For a v/c ratio this
low, Webster’'s Delay Equation is appropriate for use in predicting delay:

B 0'5O*C*[1_(%)T ~ 0.50*80*[1—(50/80)]°
_ 1_[(%)*4 ~ 1-[(50/80)*0.552]

ubD =8.6 s/veh

Problem 18-11
Operating with a v/c ratio of 1.05, this intersection experiences both uniform and overflow delay.
In this v/c range, the vi/c ratio is best estimated using Akcelik’s equation.

In order to make these computations, the capacity and saturation flow rate for the
intersection must be computed. This is done using the given demand flow rate, and the
known v/c ratio:

v/c:1.05:?

€ =800/1.05=762 veh/h

_ _ 9/ 1=
c_762_s*(£)—s*0.60
s=762/0.60=1,270 veh/hg
Uniform delay is estimated using Webster's Delay Equation for the simplified case in

which v/c = 1.00. Remember that the maximum v/c ratio that can be used in Webster's
Equation is 1.00:

UD =0.50C[1-(g/C)] = 0.50*75* (1—0.60) =15.0s/veh

This delay applies to any time period for which the demand situation is as stated.
Akcelik’'s equation can be used to estimate the overflow delay that occurs over the ¥
hour, or over the first 5 minutes of the hour. Note that the saturation flow rate is expressed
as veh/s in Akcelik’'s equation:
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op="°T {(x —1)+\/(x _1y +(12(X—X)ﬂ

4 cT
X =067 +(ng — 067+ ((1270/3600)*(75*0'60)j — 0.6965
o 600 ' 600 '
* * _
oD, =190"080 1 4 o5 1), Ja.05-1) 412705 05965) 159 s/veh
4 760*0.50
* * —
oD, _ 76070.0833 (1.05-1)+ [(1.05-1) +(12 (L.05 05965) =5.0 s/veh
4 760%0.0833

The total delay is the sum of the uniform delay and the overflow delay:

d,, =15.0+15.9=30.9 s/veh
d; =15.0+5.0=20.0 s/veh

Even though there is an overflow situation, the delays are not very high because of two
reasons: (a) the demand is only 5% higher than the capacity, and (b) the condition exists
for only ¥2 hour. Delay in the first five minutes of overflow is obviously less than the
average over ¥z hour, as the queue has not yet fully developed.

Problem 18-12
To determine the most appropriate equation for use in predicting delay, the v/c ratio for
the hour should be considered:

c= s*(%j = 3250*(5%OO ~1,788 veh/hg)

2000/
vic= 4788 ~1.12

This value is significantly higher than 1.00. In this case, the simple theoretical equations
for overflow delay may be employed. As in the previous example (18-11), the simplified
equation for Uniform Delay (Webster's Equation) can be used. This value applies to all
time periods during which the stated conditions exist:

uD = O.SOC[l—(%H =0.50*100* (1—-0.55) = 22.5 s/veh

(a) Overflow delay for the full hour is computed as:
OD = TE(X —1):%00(1.12—1): 216/ veh
where X =v/c = 1.12, and 3600 is the number of seconds in an hour.
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(b) The same formula is used to estimate the overflow delay during the first 15
minutes of the hour. In this case, T = 60*15 = 900 s:

900
-9

oD 1.12-1)=54s/veh

(c) The overflow delay in the last 15 minutes of the hour is estimated as:

T +T,
=4 (

oD X -1)

where T1 =45*60 = 2,700 s, and T2 = 60*60 = 3,600 s:

2700+ 3600 (

oD 1.12-1)=378s/veh

Total delays must add the UD to OD to obtain:

Ay, = 22.5+216.0 = 238.5 s/veh
0oy = 22.5+54.0 = 76.5 s/veh
O\ps = 22.5+378.0 = 400.4 s/veh

Obviously, delay during the first 15 minutes is less severe than delay in the last 15
minutes, as there is no residual queue at T = 0, and there is a substantial residual queue
at T = 45 minutes.
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Solution to Problems in Chapter 19

Fundamentals of Signal Timing and Design — Pretimed Signals

Problem 19-1

All of the left turns require protection, for the following reasons:

Intersection 1, EB: Opposing Sss = 50 + 5 = 55 mi/h > 45 mi/h (Table 19-1)
Intersection 1, WB: Opposing Sgs =50 + 5 =55 mi/h > 45 mi/h (Table 19-1)
Intersection 2, EB: Vit = 250 veh/h > 200 veh/h (Egn 19-1)

xprod = 250*1800/3 = 150,000 > 50,000 (Egn 19-2)

No. of LT lanes =2 =2 (Table 19-1)

LT crashes = 18 (both directions)/3 yrs > 13 (Table 19-2)
Intersection 2, WB: Vit = 250 veh/h > 200 veh/h (Egn 19-1)

xprod = 250*1800/3 = 150,000 > 50,000 (Egn 19-2)

No. of LT lanes =2 =2 (Table 19-1)

LT crashes = 18 (both directions)/3 yrs > 13 (Table 19-2)

Intersection 3, EB: Opposing Sgs = 50 + 5 =55 mi/h > 45 mi/h (Table 19-1)
Intersection 3, WB: Opposing Sgs = 50 + 5 = 55 mi/h > 45 mi/h (Table 19-1)
Problem 19-2

The change interval is computed using Equation 19-3:

i+ 1.47 S,
2(a+32.2G)
where: Sgs = 35+ 5 =40 mi/h

t = 1.0s

a = 10 ft/s?

G = -2/100 = -0.02

*
y=1.0 147740 10+288 _41a5~415

+ =1.0+
2[10+(32.2*—0.02)] 18.712

The clearance interval is given by Eqn 19-5 for significant pedestrian movements:

P+L
ar =
1.47 S
where: Sis = 35 -5 =30 mi/h
P = 50+ 10+ 2 =62 ft
L = 20 ft
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62420

= =1.865~1.9s
1.47*30

ar

Problem 19-3
The analysis of this situation depends upon which pedestrian crossing policy is in effect.
To summarize:

Option 1: pedestrians may be in crosswalk during G, y, and ar intervals.
Option 2: pedestrians may be in crosswalk during G and y intervals.
Option 3: pedestrians may be in crosswalk during G interval only.

Each phase is tested vs. each of these options:

Phase A: Option 1 — G+y+ar=21.5+3.0+1.5=26.05s<30.0s NG
Option2 -G +y=21.5+3.0=24.5s<30.0s NG
Option 3—- G =21.5<30.0s NG

Phase B: Option 1 — G+y+ar=60.0+ 3.0+ 1.0=64.0>15.0s OK
Option 2 - G+y =60.0 + 3.0 =63.0 > 15.0 s OK
Option 3—- G =60.0 >15.0 s OK

Phase A is not safe for pedestrians under any of the three policies, while Phase B is safe
for any of the three policies.

To insure that pedestrians on both phases are safely accommodated in every signal
cycle, the green interval (G) for Phase A must be increased to:

Option 1: 30.L0-3.0-15=255s
Option 2: 30.0-3.0=27.0s
Option 3: 30.0s

This must be done in a way that keeps the current balance of green times between the
two vehicular phases. Note that the current cycle length is 90s (the sum of all G, y, and
ar intervals). The cycle length would be increased to:

Option 1: 90*(25.5/21.5) = 106.7 s, say 110 s
Option 2: 90*(27.0/21.5) = 113.0 s, say 120 s
Option 3: 90*(30.0/21.5) = 125.6 s, say 130 s

For a pretimed signal, Option 3 results in an unreasonably high cycle length. Options 1
and 2 result in cycle lengths in the acceptable range of normal use. The green times for
Phases A and B would be allocated in the same ratio as the exiting timing: 21.5 (Phase
A) to 60 (Phase B). Asthey and ar intervals total 8.5 s for the two phases, the remaining
time is green. The retimed green times would be:
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Option 1:
G, =(10-85)*(218, 0 )=268s
G, = (110—8.5)*(60-%1.5+ 60'0)= 7475

Option 2:
G, =(120-85)*[2154, 0 )=29.45
G, = (120—8.5)*(60-%1.5+60.0)=82.1 s

These re-timings would provide safety for pedestrians under Options 1 and 2. Option 3
would not normally be considered, as it yields a cycle length outside the normal range of
use.

Problem 19-4

The intersection for Problem 19-4 is quite simple: two one-way streets. There are no
opposed turns, but each of the legal turns has an exclusive lane that must be taken into
account.

Step 1. Develop a Phase Plan

The phase plan in this case is quite simple, as there are no opposed turns to consider. A
simple two-phase plan will be adopted, with Phase A assigned to the NB approach and
Phase B assigned to the WB approach. (These could be reversed, as the order does not
matter.)

Step 2. Convert Volumes to tvu’s

Equivalents are given in Tables 19-4 for LTs and 19-5 for RTs. In this case, we have a
unique situation: the NB LT is unopposed. It could be treated as a protected LT with an
equivalent value of 1.05, a permitted LT with an equivalent of 1.10, or a right turn through
a low pedestrian flow, with an equivalent of 1.21 (from Table 19-5). The latter approach
will be taken here, as the interaction between the LT and pedestrians in the crosswalk is
virtually analogous to a RT.

Movement Approach Volume Equivalent Volume Lane Group No. of Volume/Ln
(veh/h) (T 19-4/5) (tvu/h) Vol (tvu/h) Lanes (tvu/h)
LT NB 300 1.21 363 363 1 363
TH 2105 1.00 2105 2105 4 526
TH WB 1200 1.00 1200 1200 3 400
RT 375 1.21 454 454 1 454

Step 3: Determine the Sum of Critical Lane Volumes

A ring diagram for the proposed signal timing is shown below, with the critical lane
volumes (tvu/h) shown in the appropriate cells. Note that due to the existence of exclusive
turn lanes on each approach, both rings are used in the signalization.
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Ring 1 Ring 2

363 526
Phase A I Vea = 363 or 526 = 526 tvu/h
T Vee = 454 or 400 = 400 tvu/h

Phase B

Ve =526 + 400 = 926 tvu/h

Step 4: Determine Yellow and All-Red Intervals
The length of the yellow intervals is computed using Equation 19-3. Note that the Sgs for
the NB approach is 40 + 5 = 45 mi/h, and for the WB approach is 35 + 5 = 40 mi/h. Then:

L 1478
2(a+32.2G)
,_ 147*45
2(10+32.2%0)
. 147*40
2(10+32.2%0)

365

y,=1.0

yp =1.0

The length of the all-red intervals is computed using Equation 19-4 (for low pedestrian
volumes). Note that the Si5is 40 — 5 = 35 mi/h for the NB approach and 35 -5 = 30 mi/h
for the WB approach. Then:

w+ L

ar =
1.47S,,

60+18

arA =——=1.

1.47*35
rB :ﬂ: 20s

1.47*30

Step 5. Determine the Lost Time Per Cycle
Because the usual default values for /,and e (both 2.0 s) are in place, the total lost time

per cycle is the sum of the yellow and all-red intervals in the cycle:
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L=(3.6+1.9)+(3.3+2.0)=10.8s

Step 6: Determine the Desirable Cycle Length
The desirable cycle length is computed using Equation 19-11:

L
\Y

c

- | 1700 PHF (v/ c))}

10.8 108
des I 926 1-0.637
| 1700*0.90*0.95

=29.75s, say 30 s

Step 7: Splitting the Green
Equation 19-13 is used to split the effective green time in the cycle. The amount of
effective green time in the cycle (gror) is 30-10.8 =19.2 s. Then:

9i = Oror (V%j
On =19.2(52%26)=10.9 s
O :19.2(40%26)= 8.3

Note that due to the use of standard default values for 7, and e, actual green times are
equal to effective green times.

Step 8: Check Pedestrian Requirements
The minimum crossing time required by pedestrians is given by Equation 19-15:

G, =PW,+PC,
From Table 19-6, for low pedestrian volumes, the minimum PW is 4.0 s.

The required pedestrian clearance time (PC) is given by Equation 19-16:

L
e~
SP
PC, =60/ ,=150s
PC, =59 ;=138
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Thus:

G, =4.0+15.0=19.0s
G =4.0+13.8=17.8s

If Option 1 is in effect, allowing pedestrians to be in the crosswalk during green, yellow,
and all-red intervals, then the actual time provided for pedestrians is:

Phase A: 109+3.6+1.9=16.4s<19.0s NG
PhaseB: 83+3.3+20=135s5<17.8s NG

Obviously, if Option 1 does not work, then Options 2 and 3 would be worse. The cycle
length would have to be increased to provide for vehicular green times that are adequate
for pedestrians during every signal cycle. This could be done for every option, but a
solution is shown here only for Option 1.

The Phase A green time of 10.9 s would have to be increased to 19.0 - 3.6 — 1.9 =13.5
s, an increase of 13.5/10.9 = 1.24. The Phase B green time of 8.3 s would have to be
increased to 17.8 - 3.3 -2.0 =12.55, anincrease of 12.5/8.3 = 1.51. Phase B requires
the larger increase. Therefore, the new cycle length would have to be:

C,ew =30.0%1.51=45.3s, say 50 s.

Green times are now reallocated using Equation 19-13. In a 50-s cycle, there is 50.0-
10.8 = 39.2 s of effective green time to allocate (gror). Then:

0,=392(528(,.)=222'5

ge = 39.2(40%26)=17.Os

Note that gs was increased by 0.1 s to account for round-off errors. The total (22.2+17.2)
must equal 39.2 s. As in the original solution, actual green times are equal to effective
green times in this case.

Problem 19-5
The subject intersection shows a major arterial with left-turn lanes intersecting with a
collector/arterial with one lane in each direction.

Step 1: Develop a Phase Plan
The phase plan depends upon whether or not any or all of the left turn movements at the
intersection require protection. Each of the left turns is considered in sequence:

EBLT: Vit =200 veh/h 2 200 veh/h
(protection needed)

128

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



WB LT: Vit = 160 veh/h < 200 veh/h
xprod = 160*(800/3) = 42,667 < 50,000
Sgs = 40 + 5 = 45 mi/h = 45 mi/h
No accident information given.
(protection not needed)

NB LT: Vit = 10 veh/h < 200 veh/h
xprod = 10*(400/1) = 4,000 < 50,000
Sgs = 30 + 5 = 35 mi/h < 45 mi/h
No accident information given.
(protection not needed)

SBLT: Vit =12 veh/h < 200 veh/h
xprod = 12*(420/1) = 5,040 < 50,000
Ses = 30 + 5 = 35 mi/h < 45 mi/h
(protection not needed)

According to the analysis of general guidelines, only the EB LT needs a protected phase.
There is, however, a separate LT lane for WB LTs, and there appears to be no apparent
need for a EB TH/RT phase that is significantly longer than the WB TH/RT. Therefore,
since 160 LTs/h is not an insignificant volume, and because we will be providing an EB
LT phase, we will provide a simultaneous LT phase for the WB LTs. As the EB and WB
LTs are not significantly different, an exclusive LT phase will suffice.

Step 2. Convert Volumes to tvu’s
Through vehicle equivalent values are found in Tables 19-4 and 19-5. The conversions
are shown in the table that follows:

Approach Mvt Volume Equiv. Volume Lane Grp Volume No. of Vol/Ln
(veh/h) (T19-4/5) (tvu/h) (tvu/h) Lanes (tvu/h)
L 200 1.05 210 210 1 210
EB T 800 1.00 800 958 3 329
R 120 1.32 158
L 160 1.05 168 168 1 168
WB T 1050 1.00 1050 1182 3 394
R 100 1.32 132
L 10 2.50 25
NB T 420 1.00 420 458 1 458
R 10 1.32 13
L 12 2.70 32
SB T 400 1.00 400 443 1 443
R 8 1.32 11

Italics indicate a value interpolated in Table 19-4.

Step 3: Determine the Sum of Critical Lane Volumes

A ring diagram for the signal phase plan is shown below with all of the lane volumes
entered. The critical path is determined as the one which yields the highest sum of critical
lane volumes.
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Ring 1 Ring 2

210 Vea =210 or 168 = 210 tvu/h

Phase A _f ) 168

39:‘_ 229 Ves = 394 or 229 => 394 tvu/h

‘\%' 4\4 Vec = 458 or 443 —> 458 tvu/h

Phase B

Phase C

Step 4: Determine Yellow and All-Red Intervals
The yellow interval is determined by Equation 16-3, while the all-red will be determined
using Equation 19-5, as there are moderate pedestrian flows at the intersection. Then:

1.47S,
+—
2(a+32.2G)
1.47(40+5) _43s
2(10+32.2%0)
yo =10+ L47(30+5) _ 4,
2(10+32.2%0)
_ P+L
1.47S,,
— (30+10+2)+18 _
A8 1.47(40-5)
- (85+10+2)+18 _31s
1.47(30-5)

Yap =10+

1.2s

Step 5: Determine the Lost Time Per Cycle (L)
Note that because the usual defaults for ¢, and e are in place (both 2.0 s), that the lost
time per cycle is equal to the sum of the yellow and all-red intervals. This is three-phase
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signal, with three sets of yellow and all-red intervals, two associated with the E-W artery,
and one with the N-S cross street.

L=(43+12)+(43+12)+(3.6+3.1)=17.7 s

Step 6: Determine the Desirable Cycle Length
The desirable cycle length is given by Equation 19-11:

L

des B r Vc
| 1700 PHF (v/c)

17.7 17.7
- = =62.1s= 65s
des 1062 } 1-0.715

11700*0.92*0.95

Step 7. Split the Greens
The total amount of green time to be split is 65.0-17.7 = 47.3 s. Using Equation 19-13:

g, =47. 3(21%062)= 9.4s
~ 47303 4062)=17.5 s
~ 47.3(45 4062)= 20.43

Due to the use of the usual defaults, actual green times are equal to effective green times.

Step 8: Check Pedestrian Requirements
Note that pedestrians cross the N-S street during Phase B, and the E-W street during
Phase C. Minimum pedestrian requirements are computed using Equation 19-15:

Gy, = PW, +PC,

From Table 19-6, using the “typical” pedestrian volume category, the recommended
minimum pedestrian WALK interval (PW) is between 7 and 10 s. Because the cycle
length is close to the 60-sec boundary, we will use 7.0 s. Pedestrian clearance intervals
(PC) are found using Equation 19-16:
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PC= 1
SP

PC, = =2 _g6s
35

PC. = _ 2435
3.5

Thus:

G, =7.0+86=1565
G, =7.0+243=313s

The actual green time for Phase B is 17.5 s > 15.6 s. Therefore, Phase B is safe for
pedestrians under any pedestrian policy. The actual green time for Phase C is 20.4 s <
31.3 s. Even if the yellow and all-red intervals are added (Option 1), the amount of
pedestrian time provided is 20.4 + 3.6 + 3.1 = 26.8s < 31.3 s.

Therefore, to accommodate pedestrians crossing the E-W street during Phase C, the
cycle length must be increased. The retiming will assume that Policy 2 is in place, i.e.,
pedestrians may use the yellow interval, but NOT the all-red interval. The Phase C green
must, therefore, be increased to 31.3 — 3.6 = 27.7 s, a ratio of 27.7/20.4 = 1.36. The new
cycle length would, therefore, be 65*1.36 =88.4s =90 s. There are 90.0 - 17.7 =72.3
s of effective green time within the 90-sec cycle to allocate using Equation 19-13:

0,=723(10/ . )-1435
Os = 72.3(39%062): 26.8's
gc = 72.3(45%062)= 31.2s

As previously, the actual green times are the same as the effective green times. This
timing is safe for all pedestrians on all phases under the Option 2 policy.

To accomplish this requires that the vehicular cycle length be increased by almost a third
from what vehicles needed. Delays to vehicles will increase somewhat. On the other
hand, with moderate pedestrian volumes (approximately 200 peds/h/xwalk), a pedestrian
actuator could not be considered, as it would be pushed on virtually every cycle, fully
disrupting the vehicular timing plan.

The actual WALK phases (PW) will be larger than the minimum of 7.0 s needed. The
pedestrian clearance ends (under Option 2) at the end of the yellow interval. Working
backwards, the PW covers any remaining vehicular green time. Specifically:
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PW, =G, +y, - PC,
PW, =26.8+4.3-8.6=225s
PW, =31.2+3.6-24.3=10.55s

Problem 19-6

The intersection has a distinctive geometry that must play a major role in developing a
signal timing and design. The Y-intersection provides some unique vehicular conflicts,
and presents a significant challenge for pedestrians. Note that there is no crosswalk on
Main Street. This is because no matter what signalization is adopted, there will be a major
flow at relatively high speed crossing the normal pedestrian path across Main Street in
every phase. The only way to provide for safe passage (other than including a pedestrian-
only phase) is to restrict crossings to First Street and Church Road. This may be
inconvenient for pedestrians, but (fortunately) in this case the level of pedestrian activity
is low.

Step 1. Develop a Phase Plan
There are really only two options for phasing.

A two-phase plan would be comprised of:

Phase A: Main Street NB Left and First Street SB; pedestrians may cross
Church Road.

Phase B: Main Street NB Right and Church Road SB; pedestrians may cross
First Street.

A three-phase plan would be comprised of:

Phase A: Main Street NB, all movements. No pedestrian movements

permitted.
Phase B: First Street SB, all movements. Pedestrians may cross Church Rd.
Phase C: Church Road SB, all movements. Pedestrians may cross First
Street.

The two-phase plan would allow some opposed left turns from First Street, but the volume
of these is low. It would be more efficient than the three-phase plan.

The three-phase plan would be easier to comprehend for drivers, and there would be no
opposed left turns. It would be less efficient, as it would involve more lost time and a
longer cycle length.

The ultimate choice is between efficiency and clarity for drivers with some safety benefits.
Either approach is reasonable given the demand volumes. The three-phase option is
illustrated in this solution.
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Step 2: Convert Volumes to tvu’s

The unique geometry of the Y-intersection also influences this step of the process. There
are no true “through” movements, but “turns” are also not those normally encountered.
The NB movements, the First Street RT, and the Church Street LT are high-speed
movements that can effectively be considered to be “through” movements, with an
equivalent of 1.0.

The First Street LT and Church Road RT are true turns that are even more difficult
because they involve turning more than 90°. Neither has an opposing flow, so both will
be treated as right turns with a conflicting pedestrian flow. From Table 19-5, with low
pedestrian flows, the equivalent is 1.21.

Conversions are shown in the table that follows:

Approach Movement Volume Equivalent Volume Lane Group No. of Vol/Ln
(veh/h) (T 19-5) (tvu/h) Vol (tvu/h) Lanes (tvu/h)
NB L 380 1.00 380 380 1 380
R 360 1.00 360 360 1 360
SB L 20 1.21 24 324 1 324
(First St) R 300 1.00 300
SB L 310 1.00 310 334 1 334
(Church Rd) R 20 1.21 24

Step 3: Determine Sum of Critical Lane Volumes
The figure below shows the ring diagram for the signal, with demand volumes in tvu/h/In
included as appropriate.

Ring 1 Ring 2
380 360

Vea = 380 or 360 = 380 tvu/h

Phase A

Phase B 324 j__j Ve = 324 tvu/h
Ve = 334 tvu/h

Phase C 334
Vc = 380 + 324 + 334 = 1,038 tvu/h/In
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Note that in Phases B and C, there is only one ring begin used.

Step 4: Determine Yellow and All-Red Intervals

The yellow interval is computed using Equation 19-3. Note that as the approach speed
is the same for all three approaches, the yellow interval will be the same for all three
phases.

L 1475
2(a+32.2G)
1.47 (30 +5)
Yapc =10+ =3
2(10+32.2%0)

With few pedestrians, the all-red intervals will be computed using Equation 19-4. The
intersection diagram, however, does not make it clear what street widths (w) vehicles
would be crossing during the all-red intervals. Obviously, some estimate must be made.
In any event, the highest possible width would be the width of Main Street, which is 48 ft.
In the absence of exact measurements, this is the value that would be used. Again, since
the same street width and speed will be used for all approaches, the all-red interval for all
phases will be the same.

w+ L
ar =

1.47S,,
ar _48+20
ABC T 1.47*(30-5)

1.9s

Step 5: Determine the Total Lost Time in the Cycle
The lost time will be the sum of the yellow and all-red intervals, as the standard default
values for 7, and e are being used. Therefore:

L=3*(3.6+1.9)=16.5s

Step 6: Determine the Desirable Cycle Length
The desirable cycle length is given by Equation 19-11:

C:_L

des 1_ Vc
| 1700 PHF (v/c)

16.5 165
des I 1038 1-0.798
| 1700*0.85*0.90

=81.7 say 85s
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Step 7: Split the Green Time
Green times are split using Equation 19-13. The total green time to be allocated in the
85-sec cycle is 85.0-16.5 = 68.5s. Then:

0i = Oror [V%:)
g, = 68. 5(38%)38)= 25.0s

=68.5(3 /038) 20,55

[
~68.5(3 34038)= 22.0s

Note that 0.1 was arbitrarily deducted from Phase A to insure that the total of allocated
green time is 68.5 s. This discrepancy occurred due to the rounding of values to the
nearest 0.1 s.

Because the usual default values are in use, actual green times are the same as effective
green times.

Step 8: Pedestrian Safety

With a low pedestrian volume, Table 19-6 suggests that a minimum pedestrian WALK
interval would be 4.0 s (PW). Pedestrians are permitted to cross one street during Phases
B and C. The width being crossed in both cases is 24 ft at a walking speed of 3.5 s.
Thus, the pedestrian clearance interval for both Phases B and C is 24/3.5 =6.9s. The
minimum time for pedestrians is, therefore:

G, =PW,, +PC=4.0+6.9=109s

As the green intervals for Phases B and C are both well in excess of what is needed, the
signal is safe for pedestrians no matter what pedestrian safety policy is in use.

Note that pedestrians still have a difficult time at this intersection, as they can cross
Church Road during Phase B and First Street during Phase C. To cross fully across the
intersection, therefore, involves making half the trip in each phase. Special pedestrian
signing should be used to alert pedestrians that they cannot cross both streets during one
phase, and pedestrian signals should definitely be employed.

Problem 19-7

This intersection is in an urban area, and presents a case of a one-street intersection with
a two-way street. There is one opposed LT (the EB LT), which is not insignificant, but
there are no exclusive turning lanes provided, which would make providing protection
somewhat difficult if it is needed.
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Step 1: Develop a Phase Plan
The phase plan will depend entirely on whether the EB LT requires protection or not.
There is no LT accident data given, so there are only three criteria that can be checked:

Vir = 80 veh/h < 200 veh/h
xprod = 80*700/2 = 28,000 < 50,000
Sgs = 30 + 5 =35 mi/h < 45 mi/h (Table 19-1)

It appears that no LT protection will be needed for this turn, although the moderately high
LT volume may still cause a problem in the timing. A simple two-phase signal will be
used for this intersection.

Step 2: Convert Volumes to tvu’s
Conversions are shown in the table that follows. Note that left turns from the one-way
street are treated as if they were right turns, with pedestrian interference.

Approach Movement Volume Equivalent Volume Lane Group No. of Vol/Lane
(veh/h) (T 16-4/5) (tvu/h) Vol (tvu/h) Lanes (tvu/h)
EB L 80 6.50 520 1270 2 635
T 750 1.00 750
wB T 700 1.00 700 832 2 416
R 100 1.32 132
L 100 1.32 132
NB T 1200 1.00 1200 1530 3 510
R 150 1.32 198

Italics indicates a value interpolated in Table 19-4.

Step 3: Determine the Sum of Critical Lane Volumes
A ring diagram depicting the phasing and critical lane volumes moving in each is shown
in the figure that follows.
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Ring 1 Ring 2

635 416

Phase A z 5
Vea = 635 or 416 = 635 tvu/h

Phase B
Veg =510 tvu/h

Step 4: Determine Yellow and All-Red Intervals
The length of the yellow intervals are computed using Equation 19-3. As the approach
speed is the same for all approaches, the yellow time will be the same for both phases:

L 1478,
2(a+32.2G)
LAT*(30+5) o,

2(10+32.2*0)

Yag =1.0+

Because there are a moderate number of pedestrians present, all-red times will be
determined using Equation 19-6:

_ P+L
1.47S,
rA:(36+10+2)+18=1.85
1.47*(30-5)
. :(48+10+2)+18=2.ls

® 1.47%(30-5)

Step 5: Determine the Lost Time Per Cycle
Because 7, and e are both 2.0 s, the lost time per cycle is equal to the sum of the yellow
and all-red intervals, or:

L=(3.6+18)+(3.6+2.1)=11.1s
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Step 6: Determine the Desirable Cycle Length
The desirable cycle length is computed using Equation 19-11:

Cdes = B :
1- Ve
| 1700 PHF (v.c)
Chos =—F 11.1 L 52.4 s say 55s
1- 1145 1-0.788
1 1700*0.95*0.90

Some agencies might prefer to use a 60-sec cycle. The solution will proceed using a
55-sec cycle length.

Step 7: Split the Green Times
The green time will be allocated using Equation 19-13. The total amount of effective
green time in the cycle to be allocated is 55.0-11.1 = 43.9s. Then:

9 = Gror (V%Vc)
gA=439@%%&4J=243s
gB=4&9@Q%14J=196s

Because standard defaults are in use, the actual green times are equal to the effective
green times.

Step 8: Check Pedestrian Requirements
If moderate pedestrian volumes are equated to “typical,” Table 19-6 suggests that the
minimum pedestrian WALK time (for a 55-sec cycle) would be 7.0 s.

The required pedestrian clearance times are computed using Equation 19-16:

PC:ib/
SP
PC, =36/ .=103s
PC, =48/ =137 s

Therefore:

G,,=70+103=173s
Gp=70+13.7=20.7s
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Phase A will work under any pedestrian safety policy, as the actual green is larger than
the minimum pedestrian requirement. Phase B, however, would not work under Option
3, which requires that pedestrians be out of the crosswalk by the end of the vehicular
green. The actual green (19.6 s) is 1.1 s less than the minimum pedestrian time required
(20.7 s). Under Option 2, the yellow interval of 3.6 s could also be used, which would
then satisfy the requirement (19.6+3.6 = 23.6 s > 20.7 s). Option 1, which also adds the
all-red interval would also be acceptable. If Option 3 is required by local policy, the cycle
length would have to be increased by 20.7/19.6 = 1.06. A new cycle length of 55*1.06 =
58.3 s, which would be rounded to a 60-sec cycle, would have to be employed. Green
times would be re-allocated using Equation 19-13.

Problem 19-8
This intersection is clearly a major one dealing with high volumes of vehicles, moderate
pedestrian activity, high turning activity, and high approach speeds.

Step 1: Develop a Phase Plan
Phasing, as always, depends upon whether or not left turns need to be protected. In this
case, one criteria alone — an 85" percentile speed of 45 + 5 = 50 mi/h — essentially means
that all left turns will have to be protected (Table 19-1). Many other criteria for protection
are also exceeded. Suffice it to say that we will be dealing with a 4-phase signal with
protected turns for both arteries.

In the N-S street, the LT volumes are nearly equal, and an exclusive LT phase will be
provided. In the E-W street, however, LT volumes are very different, and a phasing that
allows for different lengths in the protected phases for EB and WB left turns should be the
approach. As it is the more standard approach, the solution will use a NEMA phasing
with an exclusive LT phase followed by a leading green for the EB (larger) direction.

Note that the very large RT movement from the WB approach may be ignored in the
signalization. This is because it has an exclusive lane that does not require merging into
the NB departure lanes. The WB RT may move at all times. Therefore, for the sign
timing, this volume will be set at “0 veh/h.”

Step 2: Convert Volumes to tvu’s

Tables 19-4 and 16-5 are used to determine equivalents. All of the LTs are protected,
and therefore have an equivalent of 1.05. All of the RTs face moderate pedestrian
conflicts, and their equivalent is 1.32. Conversions are shown in the table that follows.
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Approach Movement Volume Equivalent Volume Lane Group No. of Volume/Ln
(veh/h) (T 19-4/5) (tvu/h) Vol (tvu/h) Lanes (tvu/h)

L 500 1.05 525 525 2 263
EB T 1600 1.00 1600 1699 4 425

R 75 1.32 99

L 120 1.05 126 126 1 126
wB T 1200 1.00 1200 1200 4 400

R 0 1.32 0

L 100 1.05 105 105 1 105
NB T 1000 1.00 1000 1046 2 523

R 35 1.32 46

L 90 1.05 95 95 1 95
SB T 900 1.00 900 953 2 477

R 40 1.32 53

Step 3: Determine the Sum of Critical Lane Volumes
A ring diagram for the proposed signal timing is shown below, with the critical volumes
included as appropriate.
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263 126 = =
Phase Al Vea = 263 + 400 = 663 tvu/h
_____________________ f y or
425 - -
Phase A2 Vea = 126 + 425 = 551 tvu/h
400 _L, Ver = 663 tvu/h
Phase A3
Ves = 105 or 95 = 105 tvu/h
Phase B
~a
105 95
Phase C Ve =523 tvu/h
477 523

V=663 + 105 + 523 =1291 tvu/h

Note that this is a 4-phase signal plan, as the critical path goes through four separate
phases. The cycle will, therefore, include four sets of yellow and all-red intervals.

Step 4. Determine Yellow and All-Red Intervals
The length of the yellow interval is given by Equation 19-3. As the approach speeds are
45 mi/h (average) on all approaches, all phases will have the same yellow time.

L 1478,
2(a+32.2G)
*
L LAT*(45+5) _,
2(10+32.2*0)

Yaur =4

The all-red interval is given by Equation 19-5 where moderate pedestrian volumes are in
place. Note that turning vehicles are assumed to traverse the same distance as through
vehicles, for simplicity.
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P+L

ar=
1.47S,
~(72+10+2)+18
alai/a2ia3 = 1.47*(45—-5) =17s
_ (120+10+2)+18 265

arl,
8¢ 1.47*(45-5)

Step 5. Determine the Sum of the Lost Times
Because the standard default values for ¢, and e are in use, the lost time will be equal to

the sum of the yellow and all-red intervals. Note that in this 4-phase signals, the yellow
and all-red for Phases Al, A2, and A3 occur twice. The yellow and all-red times for
Phases B and C occur once for each phase. Therefore:

L=(46+17)+(46+17)+(4.6+2.6)+(4.6+2.6)=27.0s

Step 6: Determine a Desirable Cycle Length
The desirable cycle length is determined using Equation 16-11:

L
des 1_ B VC }
| 1700 PHF (v/c)
27.0 27.0

des I 1291 ~1-0.841
| 1700%0.95*0.95

=169.9 s say 170s

This is an unusually long cycle length, outside the normal range for pretimed signals of
30 - 120 s. Given the parameters of the intersection, unless lanes can be added to some
of the approaches, there is almost no way to mitigate it.

Major design alternatives might include banning some left turns, provided there is a

reasonable alternative route for these turns to be made, adding lanes — particularly on the
N-S artery, and/or considering an overpass for selected through movements.

This solution will proceed with a timing using the large 170-sec cycle length.
Step 7: Splitting the Green

The green is split using Equation 19-13. The total amount of effective green time to be
allocated is 170.0 — 27.0 =143.0 s. Then:
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0i = Oror (VCi Vc)

Iniopp = 143(26%291)= 29.1s
9ps = 143(40%291)= 44.4 5
gg = 143(10%291): 1165

gc = 143(52%291)= 57.9s

Note that 0.1 was added to Phase A3 to insure that the total green time allocated added
up to 143.0 s.

This does not complete the timing, however. The split between Phases Al and A2, which
occurs only on the non-critical path, must still be determined. The total length of Phase

Ais 29.1+44.4 = 73.5s. This time is now split in the ratio of the lane volumes in each of
these phases on the non-critical path:

O, = 73.5(12%26 . 495)=1685

By definition, the length of Phase A2 is now:

O, =735-44.4-16.8=14.15

All actual green times are equal to the effective green times.

Step 8: Check Pedestrian Safety

Note that in this signal plan, pedestrians will cross the N-S street during Phase A3, and
will cross the E-W street during Phase C. From Table 19-6, assuming that moderate
pedestrian activity equates to “typical,” the recommended minimum pedestrian WALK
interval (PW) is 7 — 10 s. Given the length of the signal cycle, a value of 10 s adopted.

The pedestrian clearance (PC) times are computed using Equation 19-16:

_L
PC = AD
PCh =72 ,=180s
PC. =120/ /=30.0s

The minimum green times for pedestrians are computed using Equation 19-15:
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9, = PWini + PC

G, =10.0+18.0=28.0s
G,c =10.0+30.0=40.0s

As the actual vehicular green times for Phases A3 and C exceed these minima (by quite
a bit), the intersection is safe for pedestrians.

Pedestrians, however, are always a problem at such intersections as this — with high
speeds, lots of turns, and very wide streets to cross. As there is plenty of green time, the
most cautious policy for pedestrians — Option 3 — should be adopted. Pedestrian signals
are virtually a must, and design features such as raised crosswalks might also be
considered. Should pedestrian accidents become a problem in the future, the option of

pedestrian overpasses would be seriously considered, either at the intersection, or at
nearby mid-block locations.
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Solutions to Problems in Chapter 20

Fundamentals of Signal Timing and Design: Actuated Signals

The following default values are used in both actuated signal timing problems:

e Driver reactiontime,t=1.0s

e Vehicle deceleration rate, a = 10 ft/s?
Length of a vehicle = L = 20 ft
Start-Up Lost Time, ¢, =2.0s.

e Encroachmenttime, e = 2.0 s.
o Levelterrain
o Low pedestrian activity at all locations (50 peds/h each cross walk)
e PHF=0.90
e Target v/c ratio for actuated signals = 0.95
e Lane widths = 12 ft
o Crosswalk widths = 10 ft with a 2-ft setback
o Pedestrian crossing speed = 4.0 ft/s.
e All volumes in veh/h
Problem 20-1

Note that this is a semi-actuated signal.

(a) Detector Placement
The placement of detectors is related to the desired minimum green time for the side

street. Note that for a semi-actuated signal, detectors are only located on the side
street. The equation for minimum green time, which (in this case) is fixed at 6.0 s, is:

Gmin,side = El +2.0 Int [%}

6.0=2.0+20 Int {i}
25

w8 ]-80-20_,
25 2.0

Any value of “d” between 25.1 and 50.0 ft will yield Int (d/25) = 2. The exact placement
of the detector would be based upon local conditions, including driveway and parking
place locations.

(b) Passage Time
The recommended passage time for point detectors is the minimum allowable

headway, which is 3.0 s.
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(c) Yellow and All-Red Times
Note that all semi-actuated signals are two-phase signals. We will assign Phase A to

the minor street (N-S) and Phase B to the major street (E-W). Then:

1.47*S,,
+—
2(a+32.2G)
*
Yo =104+ 2477254 44 00 305
2(10+32.2%0)
1.47*(45+5)

2(10 +32.2*0)

=1.0+3.7=4.7s

Y =1.0+

Given low levels of pedestrian activity, the all-red time will be based on clearing a
vehicle through a distance of w + L, where w is the width of the street being crossed.
Then:

e w+L
1.47%S,
arA — M =23s
1.47*(25-5)
24+ 20 07s

ar,=————————=
1.47* (45 -5)

(d) Maximum Side-Street Green, Minimum Main Street Green
For a semi-actuated signal, the detector placement determines the minimum side-

street green. As there are no detectors on the main street, the minimum main street
green is set through signal timing. A critical cycle consists of the maximum side-street
green, the minimum main street green, and lost times. To obtain the maximum side-
street green and minimum main street green, the signal is treated as if it were pre-
timed. First, however, all volumes must be converted to through car equivalents, as
shown in the table below.

Movement Volume Equivalent Volume No. of Volume

(veh/h) (Tables 19-4/5) (tvu/h) Lanes (tvu/h/In)

EBLT 5 6.50* 33 (33+650+12)/2=

EB TH 650 1.00 650 2 348

EB RT 10 1.21 12

WB LT 5 7.25* 36 (36+700+13)/2=

WB TH 700 1.00 700 2 375

WB RT 11 1.21 13

NB LT 12 2.50 30 30+150+12=

NB TH 150 1.00 150 1 192

NB RT 10 1.21 12

SBLT 15 2.15* 32 32+200+18=

SBTH 200 1.00 200 1 250

SB RT 15 1.21 18

*Interpolation required.
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Because this is a simple 2-phase signal, the critical volumes are 375 tvu/h/In (WB) and
250 tvu/h/In (SB). The sum of critical lane volumes is 375+250 = 625 tvu/h/In.

Because the start-up lost time and encroachment times are equal (2.0 s each), the lost
time per cycle is equal to the sum of the yellow and all-red intervals:

L=(3.2+2.3)+(4.7+0.7) =109 s

The initial cycle length used to allocate green will be:

C=—n- -
1- Ve
| 1700* PHF *(v/c)
c._ 109 _ 109 g4
1 625 } 1-0.430
| 1700*0.90*0.95

For an actuated signal, this value is used directly without rounding. Unfortunately, this
is a very small cycle length. When the lost time of 10.9 s is accounted for, only 19.1
—10.9 = 8.2 s is left to allocate to the two green times. While we know the results will not be
workable, we will continue the solution for illustrative purposes:

Jamax =8-2 (25%25)= 3.3s*1.5=50s
Jgmn =82 (37%25)= 49s*15=74s

Note that as an actuated signal, both times are multiplied by a factor of 1.5 to insure that there
is flex in the cycle even during periods of peak loading.

Clearly, this is not adequate, as the maximum for Phase A is 5.0 s, with a minimum of 6.0 s!
Obviously, the maximum must be more than the minimum. The minimum will allow for 2
vehicles to proceed through the minor street green. A reasonable maximum must now be
assumed that allows some greater number of vehicles to proceed. Given the low volumes on
the side street, a maximum allowing 3 or 4 vehicles to proceed would be expected. Working
with 2 additional vehicles (for a maximum of 4), 2 seconds of green must be added for each
vehicles, making a reasonable gamax = 6.0+2*2 =10.0 s.

The minimum green for Phase B must now be increased to keep the proportioning of green
equal to the original ratio, or:
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E _ gB,min
5.0 10.0

*
_7.4*10.0 148
5.0

B,min

Therefore, the following timing would be implemented. Note that as the start-up lost
time and encroachment time are equal, the actual green times equal the effective

green times:
Phase Minimum Green Maximum Green Yellow All-Red
(Gmin) (Gmax)
A (Side Street, N-S) 6.0s 10.0s 3.2s 2.3s
B (Main Street, E-W) 14.8 s NA 4.7s 0.7s

(e) Critical Cycle Length

(f)

The critical cycle length for a semi-actuated signal is the sum of maximum green time
for the side street, the minimum green time for the main street, plus all yellow and all
red times. For this signal:

C,=10.0+148+3.2+4.7+23+0.7=357s

Pedestrians

Pedestrians Crossing the Minor Street

Pedestrians crossing the minor (or side) street will do so during Phase B, during which
they have a minimum of 14.8 s of green time. This must be compared to the minimum
pedestrian crossing time required:

Gy = PWni + PG =PW, "(% j
p

From text Table 19-6, the minimum PW interval for low (or negligible) pedestrian
activity is 4.0 s. Then:

G,y =4.0+(24/)=100s

Pedestrians crossing the minor (or side) street are safely accommodated by the signal
timing.
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Pedestrians Crossing the Major Street

Pedestrians crossing the major street do so during Phase A, during which only 6 s of
green time is assured. Further, if there are no vehicles present on the side street,
Phase A will never be implemented. The minimum pedestrian green time for Phase
Ais:

Gy =4.0+(48)=16.0s

Obviously, pedestrians cannot safely cross the street during the minimum green time
for Phase A. A pedestrian push-button is required in any case, so that a pedestrian
can get green phase when there are no vehicles present. Now, pedestrian signals
will have to be added (for pedestrians crossing the major street). Unless the
pedestrian button is pushed, they will show “DON'T WALK” at all other times. When
the pedestrian button is pushed, the pedestrian crossing time of 16.0 s will have to
be provided. Local policy now enters the picture: are pedestrians allowed to be
crossing during yellow and all-red intervals (Option 1)? Depending upon local policy,
the 16.0 s can be made up of green only (Option 3), green plus yellow (Option 2), or
green plus yellow plus all-red (Option 1). In all cases, the WALK interval will be 4.0
s. The remaining time will be the pedestrian clearance, or Flashing DON'T WALK.
The table below shows how the signal would react when the pedestrian push-button
is activated (on the NEXT green phase), depending upon local policy:

Policy G (s) y (s) ar (s) WALK (s) Flashing
DON'T WALK (s)
Green Only 16.0 3.2 2.3 4.0 48/4 = 12.0
Green+Yellow 16.0-3.2=12.8 3.2 2.3 4.0 12.0
Green+Yellow+ 16.0-3.2-2.3= 3.2 2.3 4.0 12.0
All Red 105s

As a semi-actuated signal, the dual entry and simultaneous force off switches will
both be “on” for both phases. There is no recall on Phase A, but a maximum recall
would be in effect for Phase B.
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Problem 20-2

Note that this is a full-actuated signal.

(a) Phase Plan
The selection of an appropriate phase plan depends upon whether or not any left-turn
movements require protection. The three criteria for initial consideration of left-turn
protection are considered in the table below.

Left Turn Movement Is vir =2 200 veh/h? Is xprod = 50,000 ? Criteria of
Table 19-1

EB No 7*(850/2)=2,975 No No

WB No 5*(800/2)= 2,000 No No

NB No 10*(750/2)=3,750 No No

SB No 10*(700/2)=3,500 No No

It is clear from the criteria that all left turns may be handled on a permitted basis.
Further, none of the LT volumes are significant enough to warrant considering
protection at a lower threshold and no LT lanes exist. Therefore, this will be a simple
two-phase signal. Phase A will be for the E-W street and Phase B for the N-S street.

(b) Minimum Green Times
As the point detector locations are fixed, the minimum green times are based upon
the distance between the detector and the STOP line:

Guin=¢,+2.0 In{i}
25

G = 2.0+2.0 Int[%} =2.0+(2.0*3)=80s
Gy min = 2.0+2.0 Int [2—(5)} =2.0+(20%2)=6.0s

(c) Passage Time
For point detectors, the passage time, PT, is equal to the minimum allowable headway
(MAH), which is a standard 3.0 s.

(d) Yellow and All-Red Times
Because in this case, all average approach speeds are equal, and the width of both
streets are the same (48 ft), the yellow and all-red intervals for both phases will be the
same. Note that the 85" percentile speed is estimated as 5 mi/h more than the
average approach speed, and that the 15" percentile speed is estimated as 5 mi/h
less than the average approach speed. Because there is low pedestrian activity, the
all-red interval is timed to allow vehicles to clear a distance of w + L ft. Then:
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1.47S,,

=1T+—
2(a+32.2G)
Ve _1.04+ 2AT(A+D) 14197 475
: 2(10 +32.2%)
W+ L
ar=———
1475,
48+ 20

ar, ,=——————=
A8 1.47(45-5)

(e) Maximum Green Times
Maximum green times are found by considering the signal timing as if it were pretimed
— then multiplying the results by 1.5. To determine a cycle length for these
computations, all demand volumes must be converted to tvu/h/In, as shown in the
table below:

Movement Volume Equivalent Volume No. of Volume
(veh/h) (Tables 16-5 and 16- (tvu/h) Lanes (tvu/h/In)
6)

EBLT 7 9.25* 65 (65+800+12)/2=
EB TH 800 1.00 800 2 439

EB RT 10 1.21 12

WB LT 5 8.0 40 (40+850+18)/2=
WB TH 850 1.00 850 2 454

WB RT 15 1.21 18

NB LT 10 7.25* 73 (73+700+18)/2=
NB TH 700 1.00 700 2 396

NB RT 15 1.21 18

SBLT 10 6.50* 65 (65+750+18)/2=
SBTH 750 1.00 750 2 417

SB RT 15 1.21 18

*Interpolation required.

The critical lane volumes in this case are clear. For a two phase signal, the largest E-
W volume and the largest N-S volume are critical, in this case WB and SB. The sum
of critical lane volumes is 454+417 = 871 tvu/h/In.

Because start-up lost time and encroachment time are equal (2.0 s each), the lost time
per cycle is the sum of the yellow and all-red intervals, or:

L=(47+12)+(4.7+1.2)=11.8s

Then:
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L

C=—
a L
| 1700* PHF *(v/c)
o us _ 118 o,
L 871 1-0.599
| 1700*0.90*0.95

The amount of effective green time to allocate 29.4-11.8 = 17.6 s, which is allocated
in the ratio of critical lane volumes (then multiplied by 1.5):

O =17.6 (4547 )=025 x1.5=13.8 5

Yar1
Og.mex =176 (41%71)=8.4 sXx15=12.8's

Because the start-up lost time and encroachment time are equal, the actual maximum
green times and the effective maximum green times are the same.

Both maximum green times are in excess of the minimum green times (8.0 s for Phase
A, and 6.0 s for Phase B), although not greatly. These are reasonable values unless
other related conditions suggest a need for a higher maximum greens.

(f) Critical Cycle Length
The critical cycle length for a full-actuated signal is the sum of the maximum green
times plus all yellow and all-red intervals, or:

C, =13.8+12.8+(4.7+1.2)+(4.7+1.2)=37.4s

(9) Pedestrians
In this case, because both streets are of equal width, the minimum pedestrian crossing
time is the same for both phases:

Gpi = PWini + PC; = PW ., +(% j
P

Gopp =40+ (48 4_0)=16.o s

Whether or not this is safe depends upon the pedestrian policy in place. Obviously, if
pedestrians are only permitted in the crosswalk during green, neither phase provides
sufficient time.

If pedestrians may complete crossing during yellow, the minimum crossing time
provided is the minimum green plus yellow. For Phase A, this is 8.0+4.7 = 12.7 s; for
Phase B, itis 6.0+4.7 = 10.7 s, neither of which is sufficient. If the all red is also added,
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the crossing time becomes 8.0+4.7+1.2 = 13.9 s for Phase A, and 6.0+4.7+1.2 =11.9
s, neither of which is sufficient.

Thus, none of the policies would provide for safe crossings, and pedestrian push-
buttons and signals would be required on both streets. The following table indicates
the timing that would result from pedestrian actuation.

Policy G (s) y (s) ar (s) WALK (s) Flashing
DON'T WALK (s)
Green Only 16.0 4.7 1.2 4.0 48/4 = 12.0
Green+Yellow 16.0-4.7=11.3 4.7 1.2 4.0 12.0
Green+Yellow+ 16.0-4.7-1.2 4.7 1.2 3.5 12.0
All Red =10.0 s

With a full-actuated two-phase signal, the dual entry and simultaneous force off
features would be “on” in both phases. A minimum or soft recall could be placed on
the street considered to be the major street.

Problem 20-3

(a) Signal Phasing
This is a case in which none of the left turns meet any of the criteria for left-turn

protection in the strict sense. However, the EB and WB LTs are not insignificant, and
the cross-products, while not exceeding 50,000, are high. Given that this is an
actuated signal, and that EB and WB LT lanes are provided, it is likely that provision
of protected turns for these movements would be implemented.

Because the opposing EB and WB left turns have quite different volumes, one would
normally opt for an overlapping phase plan, usually a NEMA-type phasing. For an
actuated signal, this is provided for using the “Dual Entry” and “Simultaneous Force-
Off” settings. The timing, however, is approached assuming an exclusive left-turn
phase for EB and WB left-turns, as this would yield the longest critical cycle length.

(b) Minimum Green Times
All detectors are 40-ft area detectors. Thus, the minimum green time will vary

according to the equation:

gmin :£l +2n

where 7, is 2.0 s, and n may vary from 1 to 2 vehicles. Thus, the minimum green time
may vary between 4 s and 6 s.

(c) Passage Time: Passage time for area detectors is given by Equation 20-5, with a
maximum allowable headway of 3 s:
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o _ man byt Le :3_0_( 20+ 40

——— |=3.0-09=21s
1.47S 1.47*45

a

(d) Yellow and All-Red Times: Because there are three phases in the signal, there will
be three sets of yellow and all-red times — two associated with the E-W street, and
one associated with the N-S street. Because the phasing will ultimately NOT involve
three discrete phases, we will label the three phases as EWLT, EWTH/RT, and NS.

(e) Yellow times are computed using Equation 20-6 of the textbook. For low pedestrian
flows, w+L will be used in Equation 20-7 to determine all-red times:

1.47*(40+5)
Yewor ewrh /et ns = 1 "{2 (10_'_32.2*0)} =1.0+3.35=4.35
48+ 20
AlewLt eWTH /RT :m=1.3 S

60+ 20

ang=————=165
1.47*(40-5)

Because the approach speeds are the same on both streets, all of the yellow intervals
(there are three of them) are the same.

() Maximum Green Times
Maximum green times are obtained by assuming the signal is pretimed, and then

multiplying the final green times by 1.5, to allow for flexibility in even the worst 15
minutes of the peak hour. To do this, the critical path through the signal phasing must
be found. First, all demand volumes must be converted to tvu/h/In.

Through vehicle units for all demand volumes are estimated using Tables 19-4 and 19-
5 of the textbook:
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Approach Mvt Vol (veh/h) Equiv Vol (tvu/h) Lane Grp Ln Grp Vol
Vol (tvu/h) (tvu/h/In)
L 180 1.05 189 189 189
EB TH 400 1.00 400 461 461/2=
R 50 1.21 61 231
L 80 1.05 84 84 84
WwB TH 500 1.00 500 536 536/2=
R 30 1.21 36 268
L 10 4.80* 48 718/2=
NB TH 650 1.00 650 718 349
R 15 1.21 18
L 10 5.75* 58 650/2=
SB TH 580 1.00 580 650 325
R 10 1.21 12

*interpolation required

As we are treating the timing as if this were a simple three-phase signal, the sum of
the critical lane volumes consists of:

- Maximum of the EBLT or WBLT
- Maximum of the EBTH/RT or WBTH/RT
- Maximum of the NB (all) or SB (all)

Thus:

V, =189+ 268+349 =806 tvu/h/In

The total lost time per cycle is also needed to find the cycle length and allocate green
time. Because standard default values of 2.0 s each are used for both 7, and e, the
lost time/cycle is equal to the sum of the three yellow plus all-red times:

L = (4.3+1.3) + (4.3+1.3) + (4.3+1.6) = 17.1 s/cycle

The desirable cycle length may now be computed as:

17.1 17.1
C= = =38.4s
B 806 1-0.555
1700*0.90*0.95

Once again, maximum green times are set by splitting the green within the desirable
cycle length, and multiplying the results by 1.5 to assure flexibility even in peak
periods:
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Gror =C—L=384-17.1= 2135
Gewr = 21.3*(18%06)= 505 x 15=755s
I 21_3*(26%06)= 71x15=10.7 s

Ons = 21-3*(34%06)2 9.3sx15=140s

As all of the maximum greens are higher than the minimum greens, this would be an
acceptable timing, although the LT phase would have very little flexibility.

(g9) Critical Cycle Length
The critical cycle length is the sum of the maximum green times plus lost times, or

7.5+10.7+14.0+17.1 =49.3 s.

(h) Dual Entry and Simultaneous Force-Off Settings
This issue must be very carefully considered. We wish to allow overlaps to occur,

using a NEMA phasing sequence for the E-W street (N-S is a single combined phase).
Consider the following ring diagram which shows an expected cycle with more EB left
turns than WB left turns:

Ring 1 Ring 2

dAl K
__________________ Y
b
dA2 ‘¢
v\
¢A3 —

EB and WB left turns would normally start on Rings 1 and 2 at the same time, but do
not have to. When one or both left turns have no demand, one LT could be initiated
without the other. The WB TH/RT movements begin when the EB left-turn phase
terminated. The EB TH/RT movements begin when the WB left-turn phase is
terminated. Clearly, they do not have to start at the same time, but they MUST end at
the same time, as the green will be handed off to conflicting N-S movements. The NB
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and SB movements both begin and end at the same time. Thus, the following Dual
Entry and Simultaneous Force-Off settings are necessary:

Movement Dual Entry Setting Simultaneous Force-Off Setting
EBLT & WB LT Off Off
EBTH/RT & WBTH/RT Off On
NB & SB On On

A minimum or soft recall could be placed on the through phase for the major street,
although this designation is not clear from the volumes and other information
presented.

(i) Pedestrians
Obviously, none of the minimum crossing times would be satisfied by the minimum

green times, which range between 4 and 6 s. Pedestrians will cross the N-S street
during the EBTH/RT & WBTH/RT phase. Pedestrians will cross the E-W street during
the NB/SB phase. Then:

Gpi = I:>\Nmini +PC = P\Nmini +(% j
p
Gﬁwm=:40+@§20}4505

Gms=40+@04&=1903
Pedestrian signals and push-buttons would be used on both streets. The WALK +
Flashing DON'T WALK interval would be increased to 16.0 s during the EBTH/RT and
WBTH/RT phases and 19.0 s would be implemented during the NB/SB phase, when
the pedestrian push-button is activated. Local policy on pedestrian use of yellow and
all-red intervals would also be in effect.
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Solutions to Problems in Chapter 21

Signal Coordination for Arterials and Networks

Problem 21-1

(a) Offset, with a Moving Platoon upstream:

S 40*1.47

(b) Offset, with a Standing Platoon upstream:
L
t=1/, +§ =2.0+17.0=19.0s

(c) Offset with Queue of 3 Vehicles Downstream:

t=§—(Qh+zl)=17.o—(3*2+2)=9.o s

(d) Offset in the opposite direction:

The sum of the offsets in each direction must be equal to an even multiple of the
cycle length. In this case, vehicles can make a “round trip” within one cycle. Thus,
the offset in the opposite direction is 60.0 — 17.0 = 43.0 s. This would result in
platoons arriving most likely during the red interval, and high delays would occur.

(e) Effect of a Poor Speed Estimate:

If the actual desired speed were 45 mi/h, the ideal offset should have been
1000/(45*1.47) = 15.1 s. The lead vehicle of the platoon would, therefore, arrive
17.0-15.1 = 1.9 s “early,” i.e., before the green is initiated. This would add 1.9 s of
delay to each vehicle in the platoon.
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Problem 21-2

Distance (ft)

Progression

Speed =

3,000 ft/60 s =

50 ft/s or 34.0 mi/h

‘,.BYV =10s
SIG4 3000
SIG3 2500 ;
I

2000

1500
SIG2 1000 4

500 i\
SIG 1 0

0 30 60 90 120

Time-Space Diagram for Problem 21-2
(b) NB bandwidth is 30 seconds, NB bandwidth capacity is:
NB bandwidth capacity = 3,600 * 30/(60 * 2) = 900 vphpl
(c) SB bandwidth is 10 seconds

SB bandwidth capacity = 3,600 * 30/(10*2) = 300 vphpl

Time (secs)

(d)  You place the driveway where it will not reduce the bandwidth in either direction.
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Problem 20-3
The travel time would be 750 ft / (30*1.47) = 17 s. Thus for an alternate progression the

cycle length needed would be 17*2=34 (rounded to 35 s). For a double alternate
progression, the cycle length needed would be twice this or 70 sec.

Although the bandwidth is larger with an alternate progression, is a 35 second cycle length
practical? Will a 35-sec cycle have adequate capacity for all movements? Thus the
engineer must look at the entire system and make a judgement.

Problem 21-4
N
Vir = VS.'? =50 fps
T 0 20 40 60 80 100 120 140
R ) g LS En e e ] ] o i) e per e ey -
o B : '
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o i
N g 18 ;
._‘ .. L !
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Time-Space Diagram for Problem 21-4

Northbound Vehicle
At 50 ft/s, the lead NB vehicle will arrive at the first signal (700 ft) in 700/50 = 14 s. It will

stop, and will leave when the green begins at 30 s, compiling 16 s of delay plus 2 seconds
start-up lost time. It stops again at the second signal (1400 ft) at 32 + 14 = 46 s, and
departs on the green at 55 s, compiling another 11 s plus 2 seconds start-up lost time of
delay. The vehicle will not have to stop at the third signal. Result: 2 Stops; 29 s of delay.

Southbound Vehicle

At 50 ft/s, the lead SB vehicle does not stop at the third signal nor at the second. It does
stop at the first signal, however. Since the green at signal 3 starts at 5 s, and it takes the
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SB vehicle 2000/50 = 40 s to get to the first signal, it will stop at 45 s, and leave at the
green, which begins at 60 s. Result: 1 stop; 15+2 =17 s of delay.

These answers assume that the lead vehicle is moving when it hits the initial green phase.

Problem 21-5
The network is 2000 feet, at 50 fps it will take 40 seconds to travel the entire arterial.

Northbound:

The intersection at 500 feet limits the first vehicle to get through the system. It takes ten
seconds to get to that second intersection, so the first vehicle could not pass through the
second intersection, which is red at time=10 seconds. That first vehicle moving through
intersection one to not stop at intersection two starts at 10 seconds and will arrive at the
last intersection at 50 seconds. The last vehicle can pass the first intersection at 20
seconds, and make it through to the last intersection at 60 seconds, without stopping.
Thus the Northbound bandwidth is 10 seconds, with an efficiency of 10/60 = 16.6%

Southbound:
The southbound bandwidth is five seconds, with an efficiency of 8.3%
NB capacity = [3600*10*3]/[60*2] = 900 vph.

SB capacity = 450 vph

Problem 21-6

(a) First check “natural” spacings.

An alternate progression requires L/V = C/2; and C = (2,400/60) * 2 = 80 seconds.
Thus use 80 seconds with an alternate progression

(b) Refer to the plot of an alternate system. At the midpoint, first passes the NB
platoon, and then the SB platoon. Thus, with heavy flows in both directions, there
may never be a significant time without activity for vehicles at the unsignalized
intersection to find gaps. Thus these vehicles will experience high delay.

If the intersection could be placed at 600 feet, it could be “hidden” in the shadow
of the platoon movements where gaps would be found.
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r=40s

1,200 ft

g = 40s C=80s Time,s
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Problem 21-7

(ft) I P I I

6000 —_i__—_HH_—_I

4800 ——_——i——717l/——

36,00 —— N—— Hf /Jf :_ _ _

| | |
L4 ) | |
L /1 / ' '
717 | |
2400 _XI /'f e —— : I :
/1) ' '
L ! !
AT : :
1200 /I ;/f | | | |
[/ i i i
iV [ [ [ [
[/ ! ! ! !
/71 | ; ;
fi A ﬁ ﬁ ﬁ ﬁ
60 120 180 240 (s)

(b) From the time-space diagram above we can see that the northbound bandwidth is
14 sec. This gives us an efficiency of:

grF = 100 = 23.3 %
~ 60 T el

The nonstop northbound capacity (assuming 2.0 of saturation headway) is:
3,600-BW -1 3,600-14-2
= = = 840 veh/h

BW — C-h T 602
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From the time-space diagram we can see that there cannot be nonstop
southbound movement. Southbound bandwidth is O sec.

Problem 21-8
Start at the intersection of Avenue A and 3™ Street moving northbound, and travel around

the network finding starts of green. (See Table A below) Then find the missing offsets
that are predetermined because it is a closed network (See Table B.)

Table A: Start of Green Times

On At Start of Green

3rd Street Avenue J 0
3rd Street Avenue | 0+10 =10
3rd Street Avenue H 10+10 = 20
3rd Street Avenue G 30
3rd Street Avenue F 40
3rd Street Avenue E 50
3rd Street Avenue D 60=0
3rd Street Avenue C 10
3rd Street Avenue B 20
3rd Street Avenue A 30

Ave A 3" Street 30+36 = 66 = 6

Ave A 2" Street 6+20 = 26
2" Street Avenue A 26 + 24 =50
2" Street Avenue B 50+15=65=5
2" Street Avenue C 5+15 =20
2" Street Avenue D 20+15 =35
2" Street Avenue E 35+15 = 50
2" Street Avenue F 50+15=65 =5
2" Street Avenue G 5+15 = 20
2" Street Avenue H 20+15 =35
2" Street Avenue | 35+15 = 50
2" Street Avenue J 50+15=65 =5

Ave J 2" Street 5+36 = 41
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Table B: Missing Offsets

Intersection Relative to Intersection Offset = X
Ave J and 3™ St Ave J and 2™ St 41+ X+24=0
5+ X =60
X =55
Ave | and 2™ St Ave | and 3" St 10+36+X+24= 50
X =40
Ave H and 3 St Ave H and 2™ St 35+ X =20
X =45
Ave G and 2™ St Ave G and 3 St 30+ X =20
X =50
Ave F and 3" St Ave F and 2™ St 5+ X =40
X =235
Ave E and 2 St Ave E and 3 St 50 + X =50
X=0
Ave D and 3™ St Ave D and 2™ St 35+X=0
X =25
Ave C and 2™ St Ave C and 3™ St 10+ X=20
X =10
Ave B and 3™ St Ave B and 2™ St 5+X=20
X =15

Problem 21-9

~—
S~

Int1;

Start at Intersection one, t = 0; Intersection 2, t =0+ 30 = 30
Intersection 2, opposite direction green starts att =30 + 40 =70
Intersection 3,t=70+20=90=10s

Intersection 3, opposite direction green starts att =10 + 40 = 50
Intersection 1, 50 + X +40 =0; 10 + X =80; X = 70 sec
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SOLUTIONS TO PROBLEMS IN CHAPTER 22

CAPACITY AND LEVEL OF SERVICE ANALYSIS: SIGNALIZED INTERSECTIONS

Problem 22-1

The intersection described has three lane groups: a single exclusive left-turn lane, a
single exclusive right-turn lane, and two through-only lanes.
The saturation flow rate for a lane group is given by Eqn 22-12:

S=S, wa fHVg fp fbb fa fLU fRT fLT prb fiof

Lpb "wz
where: So = 1,900 pc/hg/in (default value)

The factors for lane width, heavy vehicles, grade, and area
type will be the same for all the three lane groups and are computed as follows:

f,=1
_100-0.78P,, —0.31G? _100-0.78*10-0.31*3

Hve ™ 100 100
f, =0.90 (CBD location)

f =0.894

The remainder of the adjustment factors vary by lane group. The parking and bus
blockage will be 1.000 for the left-only and through-only lane groups and will be calculated
for the right-only lane group as follows:

*
N —0.10—(1386'(\)'8) 1-0.10-(%)
= _ 0,993
N 1
\ _(14.4NBJ 1—[14'4*20)
- 3600 )\ 3600 ) _ g0
N 1

The lane utilization factor will be 1.00 for the single left-only and right-only lane groups.
From Table 22-7, the through lane group lane utilization factor is:

fLu = 0.952 (default value, Table 22-7)
The adjustment factor for right turns will be applied only the exclusive right-turn lane
group, as follows:
f.r =0.85

The adjustment for left turns will only be applied to the exclusive left-turn lane:

f|_T =0.95
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The estimation of frpp and fLpp iNvolves several steps as follows. The effective flow rate
for pedestrians in both crosswalks (inferfering with right and left turns respectively) is
given by:

vpedg = Vped (% pj = 100*(10%0)= 166.7 peds/ hg

The occupancy of both crosswalks may then be determined as:

\Y
OocC_, =P —@=0.0834

P97 2000 2000

The conflict zone occupancy rate for both movements is:

OCC, =0CC,,,, =0.0834

pedg

Assuming that more than one lane is available for left- and right-turning vehicles to turn
into, then the adjustment factor during the permitted portion of the phase is given by:

A, =1-0.60CC, =1-(0.6%0.0834)=0.950

This value holds for both left- and right-turns. Then:

f=A,=0950
f, =A, =0950

The saturation flow rate may now be estimated using Eqgn 22-11:

So N fw fhvg fo fob fa flu frr fur frpb fipb fwz s
pc/hg/In vph
L 1900 1] 1.00 | 0.894 1.00 1.00 0.90 1.00 1.00 | 0.95 | 1.00 | 0.95 | 1.00 1380
1900 1.00 | 0.894 1.00 1.00 0.90 | 0.952 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 2911
R 1900 1/1.00]0.894 | 0.825 ] 0.920 | 0.90 | 1.00 | 0.85 | 1.00 | 0.95 ] 1.00 | 1.00 1127

—
N

The capacity of each lane group is found using Equation 22-2:

Lane Group s g c c
(vph) (s) (s) (vph)
L 1380 60 100 828
T 2911 60 100 1747
R 1127 60 100 676
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Problem 22-2
All relevant parameters for the Inputs are specified in the problem statement.

Convert Demand Volumes to Demand Flow Rates

To adjust the volume, hourly demand volumes are adjusted to reflect peak flow rates
using the Peak Hour Factor. Lane groups for analysis are established.

In this case, there will be six lane groups for analysis. EB traffic is in two lane groups.
There is a EB right-turn lane, which must be treated as a separate lane group and two
through lanes, which will be analyzed as one lane group. There is a WB left-turn lane,
and a through lane, each of which must be treated as a separate lane group. On the NB
stem of the T-intersection, there are exclusive LT and RT lanes that must also be treated
separately. Hourly volumes are adjusted to peak flow rates as follows:

Vv
V=——
PHF

The computations for peak flow rate are shown in Table A.

Table A: Computations for the Volume Adjustment Module

Lane Group
Vol Flow Rate
Approach | Mvt | (veh/h) | PHF (veh/h)
EB T 525 0.92 571
R 40 0.92 43
WB L 200 0.92 217
T 600 0.92 652
NB L 400 0.92 435
R 330 0.92 359

Saturation Flow Analysis

Saturation flow rates are given in the problem statement.

Capacity Analysis

The results of volume and saturation flow rate computations are combined to determine

v/s ratios, critical phases and the sum of critical lane v/s ratios, v/c ratios, and the critical
v/c ratio. Capacities are computed as:

171

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



where effective green times are equal to actual green times using the default values for
¢, and e (2.0 s each).

The g/C ratios may be computed from the phase timings given in the problem statement

as follows:

39
IC === =0.557
(g )EB/WB 70

225
IC) g = =2 =0.321
(9/C)e 0

Saturation flow rates are provided in the problem. Capacity analysis computations are
carried out in the table that follows.

Table B: Capacity Analysis Computations

Lane Vol Sat Flow v/s g/C Capacity v/c
Group (veh/h) Rate Ratio Ratio © Ratio
(veh/hg/In) (veh/h) X)
EB TH 571 1680 0.170 0.557 1872 0.305
EB RT 43 1500 0.029 0.557 836 0.052
WB LT 217 774 0.269 0.557 431 0.483
WB TH 652 1697 0.384 0.557 945 0.690
NB LT 435 1676 0.259 0.321 539 0.807
NB RT 359 1500 0.239 0.321 482 0.744

As there are only two phases, the critical movement in Phase A is the WB through, with
a v/s ratio of 0.384. In Phase B, the critical movement is the NB left, with v/s ratio of 0.259
The sum of the critical v/s ratios is 0.384 + 0.259 = 0.643

The critical v/c ratio, Xc, is computed as:
J C
XC_Z(V/S)ci [C_Lj

Lost times are computed as:
t,=¢,+(Y —e)

t,=20+40-20=40s
t,,=20+45-20=45s

L=4.0+45=85s.

70

X, = 0.643*( ): 0.733
70-85
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Problem 22-3
The WB approach has two lane groups: a through-only lane group and an exclusive left-
turn lane group.

1. The delay for the through lane may be found using Webster’'s equation.
From Problem 22-2, g/C = 0.557; v/s = 0.384; X = 0.69

For arrival type 5, P = (5/3)*(0.557) = 0.93
Find progression factor, PF

PF

_1-P , 1y {Hyl—PC/ﬂ
1-g/C 1-min(, X)P 1-g/C
~1-093, 1-0.384 1-0.93*70/39
~1-0.557 1-0.69*0.93 1-39/70

PF *{1+ 0.384 }:0.11

_ 05C[L- %]2 «pE = 05*70(1-0557)°
- =
. x9 1-0.69*0.557
1—[min(, X)] é

d, =900T [(x —1)+\/(x -1y +[8:'TXH =4.12sec/ veh

d=d1+d2=1.27 +4.12 = 5.39 s/veh

*0.11=1.27s/veh

LOS = A for WB through lane

2. The delay for the left-turn lane group moves in permitted mode and must be found
using the IQA method.

The QAP for the westbound left-turn lane group is shown below. Notice that
because it is an exclusive left-turn lane, there is no gr period; the first vehicle is
always a left-turning vehicle, so gi=0

_‘

\ 4
SQ

v

'y
v

Q

| p

[

0 =0 (1+ B |
Ti

C me,s
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1.
2.
3.

4.

5.

The proportion of vehicles that arrive on green with an arrival type of 5 is found
using Equation 22-8:

P = (5/3)*(39/70) = 0.928
The arrival rate on red and green, respectively, are found:

_(1-PNC (1-0.928)217*70
" r 31
, _PVC _0.928*217*70
’ g 39

=35veh/h

=362veh/h

Starting at the beginning of effective red, set the initial queue to zero, q: = 0.
Find the queue at the end of effective red:

V. —S
=q, +| = *r
04, =0, (3600)

3
Qr=0+ 3600

* 31 = 0.30 vehs

Note that you would expect a very small queue at the end of red, given that your
arrival type is excellent (AT=5) and most vehicles are arriving on green.

Incremental delay during effective red is

' 2

0+ 0.30
dy =31%——— =468

Calculate the time until the opposing queue clears, gq,opp

P (for arrival type 2) = (2/3) * 0.56 = 0.37

(L-P)V,,C (1-0.37)285*70

Vv, opp — = =405veh/h
’ r 31
* *
_PVC_037*285*70 100,00
’ g 39
V.. *r *
gq opp = r.opp = 405 31 = 8438
P S, —V, . 1680-190
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6. Calculate subject queue (WB left-lane queue) at the end of gq,opp

Vg —S
3600

362 —0
) =030 + (—) = 2.1 vehs

Qyaomn = 0+ 3600

7. Find delay during gq,0pp

+ 0.30+ 2.1
dgq,0pp = 9gq,0pp * (M) = 8.43 * <—> = 10.2veh —s

8. Find Unsaturated green time, gu

gy =39—-843 =30.57s
9. Find the left-turn thru-car equivalency, E.1

so 1697 )19
s, 774 T
10. Saturation Flow rate during gu
! 1697 ! 774
= ¥ — = E 3 =
Sou = STH T g 1) 2.19

11.Calculate queue at end of gu

362—-774

Vg—Sgu
Qgu = Qgaopp + (2o2) « g, = 2.1+ 22724 30,57 =-1.38

12.Since the number is negative, we find the time during the green phase when the
gueue clears, At; :

3600 * Qgqopp 3600 % 2.1
2 vy — S 774 — 362 °
13.Find delay during gu

+0
dgy = Az * ng% = 19.5veh — s

14.Find number of vehicles arriving on green

v, 362

- - 39 = 3.93 veh
3600 9 T 3600 vens

na
15. Find uniform delay, d1

_dr+dggopp + gy 4.68+10.2+19.5
te Q, +ng ~ 0.30+3.93

= 8.14 sec/veh
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16.Find Incremental delay, d2

d, =900T [(x —1)+\/(x —1y +(8k'Txﬂ =2.4sec/veh

c

The value of T was set at 0.25 h (15 m), the standard analysis period. The value
of “k” for pretimed signals is 0.50, and the value of “I” for isolated signal analysis
is always 1.0. Values for X and c are found from Problem 22-2.

d=d; +d>=8.14 + 2.4 = 10.54 s/veh

Since the cutoff for LOS A = 10 s; this lane group LOS =B

Problem 22-4
Lane Group Delay Computations
Item Lane Group
EBT EB R WB LT WB TH NB LT NB RT
5 80 80 80 80 80 80
X 0.941 0.159 0.359 0.627 0.960 0.886
ds 17.3 13.4 0.6 0 4.35 4.21
A 0.25 0.25 0.25 0.25 0.25 0.25
607 271 605 1040 453 405
dz 24.5 1.2 1.7 2.9 33.5 23.7
ds 0 0 0 (0] 0 0
d 41.8 14.6 2.2 2.9 37.8 27.9
Volumes per lane group may be calculated using X = v/c and solving for v
Item Lane Group
EBT EB R WB LT WB TH NB LT NB RT
c 607 271 605 1040 453 405
X 0.941 0.159 0.359 0.627 0.960 0.886
v 571 43 217 652 435 359

The approach weighted average delays are:

(571*41.8)+(43*14.6)

deg = =39.9 s/veh
= (571+43) SIVe
o (217*2.2)+(652*2.9) _ 27 s/veh
(217 +652)
4o (435*37.8)+(359*27.9) _ 233 s/veh
N (435+359)
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The overall intersection delay is:

614*39.9)+ (869*2.7)+ (854*33.3)

=23.4 s/veh
(614 +869 +854)

d, =

From the LOS Table 22-1, the following levels of service apply:

e EBT LOS D
e EBR LOS B
e WBLT LOS A
e WBTH LOS A
e NBLT LOS D
e NBRT LOS C
e EB Approach LOS D
e WB Approach LOS A
e NB Approach LOSC
e Intersection LOS C

While the intersection delay of 23.4 s/veh is acceptable, there is considerable variation in
the lane group v/c and delay values which might be improved by retiming the signal.

Problem 22-5
Vehicle in Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Sum of No. of Sat
queue Sat Hdwys [ hdwys
1 2.8 2.9 3.0 3.1 2.7 0
2 2.6 2.6 2.5 3.5H 2.6 0
3 3.9L 2.3 2.2 2.9 25 0
4 10.2H 2.1 2.0 25 2.0 0
5 8.7 4.0L 1.9 2.2 1.9 18.7 5
6 3.0 9.9L 2.2 2.0 1.9 19 5
7 2.9 9.8 2.9H 1.9 3.6H 21.1 5
8 5.0 3.3 2.6 1.8 9.0 16.7 4
9 7.1 2.8 2.1 7.0 4.0 8.9 3
10 9.0 2.2 4.0 8.0 4.9 2.2 1
11 1.9 5.0 9.0 1.9 1
12 5.5 0 0
13 4.0 0 0
SUM 88.5 24
Prevailing saturation headway:
88.5 37 S
24 " veh
3609 973 vphgpl
S=———m= 1%
3.7 pngp
Base saturation headway:
b 7.9
4 veh
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3600
s = — = 1800 vphgpl
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Solutions to Problems in Chapter 23

Planning Level Analysis of Signalized Intersections

Problem 23-1
The left-turn check is only needed for the westbound lefts. There are no EB left turns. The NB

lefts are not opposed, and thus behave as protected lefts. The check for the WB lefts results in
the WB left turns needing a protected phase.

Left-turn Check for WB Lefts

Left-Turn Check Westbound

Number
Check #1 No
Check #2 No

Cross-Product 210*510=107,100
Threshold > 90,000
Check #3 Yes

Final Decision Protected

Adjustment of Demand Volumes

Eastbound Westbound Northbound
Left Thru Right Left Thru Right Left Thru Right
Demand 0 510 45 210 500 0 400 380
Volume,vph
Env 1.05 1.05 1.05 1.05 1.05 1.05
Epnr 1.14 1.14 1.14 1.14 1.14 1.14
Err 1 1.3 1 1 1 15
Eir 1 1 1.05 1 1.05 1
Ep 1 1 1 1 1 1
Ew 1.1 1.1 1.1 1.1 1 1.05
Eother 1 1 1 1 1 1
Adjusted Flow 669 77 263 626 501 680
Rate, tcu/hr
Lane Group Flow 746 263 626 501 680
Rate, tcu/hr
Lane Group Flow 373 263 626 501 680
Rate per Lane,
tcu/hr/In
Critical Lanes X X X
Number of Critical Phases 3
Sum of Critical Lane Flow Rates 1570
Cycle Length 80
Intersection Capacity 1615
Xe 0.97
Intersection Sufficiency Status NEAR
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EB WB NB
Lane Group TR L TR L R
Lane Group Flow 373 | 263 626 501 680
Rate per Lane,

tpc/hr/in
Critical Lanes X X X
g/C 0.25 §| 0.31 0.25 0.29 0.29
Lane Group 950 §| 593 475 546 546
Capacity
v/c ratio 0.79 §| 0.44 1.32 0.92 1.25

Uniform Delay, d: | 28.0 §| 21.9 | 30.0 }§jf 27.6 | 28.5
Progression Factor 0.7 §l1.25 | 1.25 1.0 1.0
Incremental Delay, 6.5 2.4 | 157.7 jf 22.7 | 125.0

d2
Control Delay, 26.1 [ 29.8 | 195.2 §f 50.3 | 153.5
s/veh
Lane Group LOS C C F D F
Approach Delay 26.1 146.3 109.7
Approach LOS C F F

Intersection Delay 91.5

Intersection LOS F

Intersection 1615 Intersection v/c 0.97
Capacity, tcu/hr/In

Obviously this intersection is not performing well with the given splits of green times. The
intersection v/c is less than one, so with retiming of the phases, improvement should be seen. If
the green times are divided in proportion to the critical phases, the following results.

EB WB NB
Lane Group TR L TR L R
Lane Group Flow 373 || 263 | 626 501 680
Rate per Lane,

tcu/hr/In

Critical Lanes X X X
g/C 0.34 §{0.14 | 0.34 §| 0.72 | 0.97
Lane Group 1289 ff 270 645 700 700
Capacity

v/c ratio 0.58 §{ 0.97 | 0.97 §| 0.92 | 1.25

Uniform Delay, d: 21.7 §( 34.1 | 26.1 § 21.7 | 24.9
Progression Factor 0.7 1.25 | 1.25 1.0 1.0
Incremental Delay, 19 §l 478 | 29.2 6.2 27.8

d2

Control Delay, 17.1 §( 90.7 | 61.8 | 27.9 | 52.7
s/veh

Lane Group LOS B F E C D
Approach Delay 17.1 70.3 42.2
Approach LOS B E D

Intersection Delay 46.0

Intersection LOS D

Intersection 1615 Intersection v/c 0.97
Capacity, tpc/hr/In
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Problem 23-2

Left-turn Check Results

Left-Turn Check Eastbound Westbound Northbound Southbound
Number
Check #1 No No No No
Check #2 No No No Yes
Cross-Product 45*500=22,500 40*450=18,000 125*700=87,500 250*%900=225,000
Threshold > 90,000 > 90,000 > 110,000 > 110,000
Check #3 No No No Yes
Final Decision Permitted Permitted Protected Protected
Adjustment of Demand Volumes
Eastbound Westbound Northbound Southbound
Left | Thru | Right | Left | Thru | Right | Left | Thru | Right | Left | Thru | Right
Demand 99 1850 50 40 | 1100 | 120 125 | 950 95 200 | 1350 | 100
Volume,vph
Env 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03 | 1.03
Epue 1.09 [ 1.09 | 1.09 |1.09] 109 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09 | 1.09
Err 1 1 1.2 1 1 1.2 1 1 1.2 1 1 1.2
Eir 5 1 1 5 1 1 1.05 1 1 1.05 1 1
Ep 1 1 1 1 1 1 1 1 1 1 1 1
=) 1.1 1.1 1.1 1.1 1.1 1.1 1 1.1 1.1 1 1.1 1.1
Eother 1 1 1 1 1 1 1 1 1 1 1 1
Adjusted Flow 610 | 2278 74 246 | 1355 | 177 147 | 1170 | 140 235 | 1663 | 148
Rate, tpc/hr
Lane Group Flow 2962 1778 147 | 1310 235 | 1810
Rate, tpc/hr
Lane Group Flow 987 593 147 | 437 235 | 603
Rate per Lane,
tpc/hr/in
Critical Lanes X X X
Number of Critical Phases 3
Sum of Critical Lane Flow Rates 1826
Cycle Length 90
Intersection Capacity 1647
Xe 1.109
Intersection Sufficiency Status OVER
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Solutions to Problems in Chapter 24

Urban Streets and Arterials — Complete Streets Approaches

Problem 24-1

Urban street design has changed from almost exclusively designing for automobiles to
move efficiently through the facility to designing for all modes to have equal importance
in the planning and design of the facility. With this type of design comes many benefits.
The streets are safer because vehicles are moving slower, pedestrians and bicycles are
given defined areas on the street, often separated from the vehicles. Because of the
separation and increased feeling of safety, more pedestrians and bicycles are
encouraged, which leads to better health and improved air quality. The savings to
individuals by switching to transit, bicycle riding, and walking gives them more money to
spend in other ways, which can then be used in the local economy. Businesses get the
benefit of better access for bicycles and pedestrians. Adding improved access to
communities leads to more building and private investment in that area, which in turn
leads to more jobs and increased property values.

Problem 24-2
The factors that affect level of service for pedestrians and why each is important include:

a. the width of the sidewalk for more comfort and increased walking speed,

b. the existence of a bicycle lane and the width of the shoulder and any buffers, which
by adding more separation from the moving vehicles provide more safety and thus
comfort for the pedestrian

c. Average vehicle speed because the faster the vehicles move, the less safe
pedestrians feel

d. At the intersection, the delay experienced by the pedestrian affects their quality of
service, as well as the vehicle demand and speed, which affect their crossing
comfort

Problem 24-3
The factors that affect level of service for bicycles and why each is important include:

a. Isthere a bike lane, which gives dedicated space to bicycles

b. Vehicle demand and speed, which affects the comfort of bicycles sharing the same
street

c. Percent heavy vehicles because heavy vehicles are wider

d. Shoulder width, outside lane width and other buffer widths that separate the
bicycles from the moving vehicles providing more safety for the bicyclists
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e. Unsignalized intersections and access points, which cause more conflicts for the
bicycles

Problem 24-4

The factors that affect level of service for public transit and why each is important are:

a. The speed of the transit vehicles

b. Delay at the intersection

c. Perceived travel time

d. Perceived waiting time at the transit stop
The first two factors (speed and delay) measure the time that the trip takes. The
perceived travel time represents how the passenger experiences this travel time,
that includes how many times the vehicle must stop and for how long each stop is.
The perceived waiting time takes into account how long they must wait for the
vehicle, but also how comfortable is that wait: are there benches and is there
shelter.

Problem 24-5

Level of service for automobiles is defined by the average travel speed on the facility.
The level of service thresholds are different for different types of arterials, such as major
versus minor arterials. The type of arterial is characterized by its base free flow speed.

Drivers however do not perceive their quality of service by average travel speed. For
instance, on a facility with a based free flow speed of 40 mph, level of service A is defined
as speeds greater than 32 mph, LOS B is greater than 27 mph, LOS C is greater than 20
mph. These differences in speed are not as important to drivers as the number of stops
they experience or having a separate left-turn bay, for example. Thus a separate LOS
score is defined for automobile quality of service.
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Solutions to Problems in Chapter 25

Unsignalized Intersections and Roundabouts

Problem 25-1

The intersection under study is a T-intersection with an exclusive LT lane on the major
street. These two factors will simplify the analysis, as several movements at a typical
four-leg TWSC intersection do not exist. The computational steps outlined in the text will
be followed.

Step 1 — Express Demand as Flow Rate During a Peak 15-Minute Analysis Period
This step is not necessary, as all of the demands are stated as peak 15-minute flow rates.
Note that all computations are carried out in vehicles per hour. There are no conversions
to passenger car equivalents.

Step 2 — Determine the Conflicting Flow Rates for Each Movement
There are only six vehicular movements at the T-intersection. Using the movement

numbering scheme of Figure 25-1, they are Mvts 2, 3, 4, 5, 7, and 9. Pedestrian flows
13, 14, and 15 also exist.

Major street through flows (2, 5) do not face any conflicting movements, nor does the
major street right turn (3). Using the equations given in Table 25-2, the following
conflicting flow rates are computed for the three conflicted movements (4,7,9). Note that
Mvt 7 is a one-stage movements, and the total conflicting flow rate is the sum of the
conflicting flow rates for Stages | and II.

Vy, =V, +V, +V,; =250+ 25+30 =305 conflicts/h

Vo =V, +0.5v; + Vv, +V;; =250+ (0.5*25) + 40+ 30 = 332.5 = 333 conflicts/ h

Ve, =2V, +V, +0.5v; + v, = (2*0) + 250 + (0.5* 25) + 30 = 292.5 = 293 conflict/h

Vg, =2V, + Vg +0.5v5 +0.5v;, + 0.5v;, +v,; = (2*20) + 200+ (0.5*0) + (0.5*0) + (0.5*0) + 45 = 285 conflicts/h
V,; =V, + Ve =293+ 285 =578 conflicts/h

Step 3 — Determine the Critical Gaps (Headways) and Follow-Up Times
Critical gaps (headways) are computed using Equation 25-2:

ti = tcbase + chv PHV + chG - f3LT

Note that there are 5% trucks in all movements, and that the NB grade is +2%. The WB
grade may be assumed to be level. Base critical gaps are selected from Table 25-1 for
a 4-lane major street. Adjustment factors are taken from Table 25-2. Note also that Pnv
is expressed as a decimal (0.05), while G is expressed as a percent.
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t, =4.1+(2.0%0.05)+ (0*0)—0=4.2's
t,=75+(2.0%0.05)+(0.2%2)~0.7=7.3 5
t, =6.9+(2.0%0.05)+(0.1*0)—0=7.0's

Follow-up times are computed using Equation 25-3:

i =tiase T Frv Pav

Base follow-up times are taken from Table 25-1, and adjustments are taken from Table
25-2.

t,, =2.2+(1.0%0.05)=2.25s
t,, =3.5+(1.0*0.05) =3.55 s
t,o =3.3+(1.0%0.05) =3.35 5

Step 4 — Compute Potential Capacities
Potential capacities are computed using Equation 25-4.

g ~Veila /3600
Cpi =V 1 efvcitﬁ/3600
~305+4.2/3600

Cp4 = 305|:1_e305mj| :1,231 veh/h

-578*7.3/3600
e

Cpr = 578|:1_e—578*3.55/3600:| = 412 veh/h

e
—333*3.35/3600
l-e

Cpo =333 [ = 654 veh/h

—333*7.0/3600 }

Step 5 — Determine Movement Capacities

Movement capacities involve determining the impeding effects of other vehicular and
pedestrian flows that may consume some of the available gaps for the subject movement.
These impedances are summarized in Table 25-4:

¢ Movement 4 is impeded by pedestrian movement 15.

e Movement 9 is impeded by pedestrian movements 14 and 15.

e Movement 7 is impeded by vehicular movements 1, 4, 11, and 12, and by
pedestrian movements 13 and 15. Because this is a T-intersection, vehicular
movements 1, 11, and 12 do not exist, so only vehicular movement 4 impedes
movement 7.

Because of the sequence of priorities, movement capacities are determined in the
following sequence: 4,9, 7.
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Movement Capacity of Movement 4
Pedestrian movement 15 is the only one that impedes vehicular movement 4. The
impedance factor for pedestrian movement 15 is given by Equation 25-6:

) 3600
30 (10
35=1———£—§£Q=0976
3600

Then, the movement capacity of Movement 4 is:

Cne = Cpq Py =1231*0.976 =1,201 veh/h

Movement Capacity of Movement 9

Movement 9 is impeded by pedestrian movements 14 and 15. The impedance factor for
pedestrian movement 15 has already been computed (0.976). The impedance factor for
pedestrian movement 14 is found using Equation 25-6:

40 {10
ﬂ4:1———£—§£Q:0968
3600

The movement capacity for Movement 9 is:

Co = Cpo * Py * Py = 654*0.9680.976 = 618 veh/ h

Movement Capacity of Movement 7
Movement 7 is impeded by vehicular movement 4 and pedestrian movements 13 and 15.
P1s has already been computed (0.976).

The impedance factor for vehicular movement 4 is given by Equation 25-5:

\'
P =1-—r —1- 20 _09g3
c 1201

my

The impedance factor for pedestrian movement 13 is given by Equation 25-6:

45(10
P, =1—(—3'5)=0.964
3600

Then, the movement capacity for Movement 7 is:
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Coy = Cp7 Py Py P = 412%0.983%0.964*0.976 = 381 veh/ h

Step 6 — Determine Shared-Lane Capacities
Movements 7 and 9 share a single lane on the STOP-controlled approach. The shared-

lane capacity for this lane is found using Equation 25-16:

o DV, 100+125 225
SHx— Z(V‘ ) B (10%81)+ (12%19) ~0.262+0.202
Cmi

Step 7 — Estimate Delays and Determine LOS
Delays must be computed for Movement 4, which has an exclusive lane, and for the
shared lane serving Movements 7 and 9. The delay is computed using Equation 25-17:

=485veh/h

(%OOJ[VX]

, 2099 Ve

d = 3% ) g0t || Y g |4q| Y o1 42 A | g
C C 450T

mx mx mx

(3600)( 20 )
_ (3600 20
d4=(@j+9oo*0.25 (A—lj+ (ﬂ—lj AL20LAI20L) 5 g 1 5 veh
1201 1201 450%0.25
(3600)(225]
_(3600)(225
dsmz(@}goo*o.zs (%—1} (%—q (A48 N485) | 5187 s/veh
¢~ | 485 485 485 450%0.25

Levels of service are defined in Table 25-7. Movement 4 (major street LT) operates at
LOS A, while the shared lane for Movements 7 and 9 operates at LOS C. Both are these
are acceptable for this type of control. While an average delay for the intersection as a
whole could be computed, it would have little meaning, given that many vehicles
experience no delay. The LOS for the shared lane, which is the one controlled by a STOP
sign, is the most important indicator of how well the situation is working.

Problem 25-2
This is a very simple situation, which it must be to allow a hand-based (aided with

spreadsheets) solution.
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There are two single-lane STOP-controlled approaches: EB and NB. Each will be
considered as a “subject” approach. In each case, there are only two possible scenarios
for vehicles on the other approach: either a vehicle is present, or no vehicle is present.
These scenarios are detailed in the table that follows:

Scenarios for Problem 25-2

Subject Approach Scenario Vehicles in Geometry Group DOC
Conflicting Lane (Table 25-9)
EB 1 0 1 1
2 1 1 3
NB 1 0 1 1
2 1 1 3

Note that Degree of Conflict (DOC) 1 exists when the only vehicle present is on the
subject approach lane. DOC 3 exists when there is a vehicle on the subject approach
lane and one conflicting approach lane.

Step 1 — Convert Volumes to Flow Rates
This step is not needed, as demand are already expressed as flow rates.

Step 2 - Determine the Intersection Geometry Group
Table 25-9 indicates that this intersection may be classified in Geometry Group 1.

Step 3 - Determine Saturation Headways for Each Scenario
For the two subject approaches, there are a total of 4 scenarios, two for each subject
approach. Saturation headways for each scenario are estimated using Equation 25-19
and 25-20:

h, =h

h dj = hLT PLT + hRT PLT + th PLT

al

+ hadj

basei

Base saturation headways (hbasei) are found in Table 25-10. Adjustment factors (h;) are
taken from Table 25-11. Values for P.t, Prt, and Pry are given in the problem statement,
but must be expressed as a decimal for use.

From Table 25-10, base saturation headways for Scenario 1 (for both approaches) is 3.9
s/veh (DOC 1, Group 1). For both Scenarios 2, the value is 5.8 s/veh (DOC 3, Group 1,
1 vehicle present on conflicting approach). From Table 25-11, h.t = 0.2, hgrr =-0.6, and
hnv = 1.7. From the problem statement, P.t = 0.00 (NB) and 0.05 (EB), Prt = 0.10 (NB)
and 0.00 (EB). The proportion of heavy vehicles, Pnv = 0.05 (NB) and 0.08 (EB). Then:

189

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



s = (0.2%0.00) — (0.6%0.10) + (1.7*0.05) = 0.025
ies = (0.2%0.05) — (0.6*0.00) + (L.7*0.08) = 0.146
es = 3.9+0.025 =3.925 s/veh
g =5.8+0.025=5.825 5/veh
ey =3.9+0.146 = 4.046 s/ veh

h
h
h
h
h
N, =5.8+0.146 =5.946 s/veh

Step 4: Determine the Departure Headway for Each Approach
There are two scenarios for each subject approach (NB, EB). The departure headways
depend upon the degree of saturation (X) for the conflicting approach in each case. The
process is iterative, but starts with an assumption that all values of hq are 3.2 s/veh. Then,
using Equation 25-22:
_ Vg
' 3600
_325*3.2
" 3600
~300*3.2

% 3600

=0.289

=0.267

These values set the probabilities that the conflicting lane is empty or occupied. For the
NB approach, it 0.267 probable that the lane is occupied, and (1-0.267) = 0.733 probable
that it is empty. For the EB approach, it is 0.289 probable that the lane is occupied, and
(1-0.289) = 0.711 probable that it is empty. The “empty” states exist for both Scenarios
1, while the “occupied” states exist for both Scenarios 2. Since there is only one
conflicting lane to consider in each case, there are no multiple probabilities to multiply.
Thus, the probabilities that each scenario exists are as follows:

P, =0.733
P, =0.267
P, =0.711
Pys, =0.289

Note that the EB approach is the “conflicting approach” for the NB subject approach, and
vice-versa.

Equations 25-25 must be used to adjust these computations. The probability that DOC 1
exists is the probability of each Scenario 1 — the conflicting lane is empty. The probability
that DOC 3 exists is the probability of each Scenario 2 — one conflicting lane is occupied.
The probability of all other DOC'’s (2, 4, and 5) is 0.0, as none of these can occur.

The adjustment to initial scenario probabilities is estimated using Equations 25-25:
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AdjPoocy = 0.01[Pooc, +2Ppocs +3Poocs]/1

AdjP,ocy s = 0.01[0.0+ (2%0.267) + (3*0)] /1= 0.0053s/ veh
AdjPoocy s = 0.01[0.0+ (2*0.289) + (3*0)]/1=0.0058 s/veh
AdjPoocs = 0.01[Pooes +2Po0cs —3Ppocs]/ 6

AdjP,ocs s = 0.01[0.0+ (2*0.0) — (3*0.267)]/6 = —0.0013 s/ veh
AdjP,ocq e = 0.01[0.0+ (2*0.0) — (3%0.289)]/6 = —0.0014s / veh

Adjustments for DOC 1 are applied to Scenarios 1, while adjustments for DOC 3 are
applied to Scenarios 2. Then:

P =P+ AdjP,

Pys; =0.733+0.0053=0.7383

P, =0.267-0.0013 = 0.2657

Pes; =0.711+0.0058 = 0.7168

P.,, =0.289-0.0014 = 0.2876

Departure headways may now be computed using Equation 25-21:

hd = Z P. hsi
hy = (0.7383*3.925) + (0.2657 *5.825) = 2.898 +1.548 = 4.446 = 4.4 5/ veh
heg = (0.7168*4.046) + (0.2876*5.946) = 2.900 +1.710 = 4.61= 4.6s/veh

This, however, is not the final result. The computed values (4.4 and 4.6 s/veh) are quite
different from the initial assumed value of hq (3.2 s/veh). The result must now be iterated
until the assumed and computed values agree to within £0.1. Each successive iteration
begins with the results from the previous iteration. For the NB and EB subject
approaches, the results of these iterations (each of which follows the same steps as the
initial computation) are shown in table that follows.

As can be seen, in each case, three iterations closes the equations, and the departure
headways are 4.7 s/veh for the NB approach and 4.1 s/veh for the EB approach.
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Iterated Solutions for Departure Headway for the Sample AWSC Intersection

Northbound Solution Westbound Solution

Iteration No: 1 2 3 Iteration No.: 1 2 3
Demand Flow, NB 325 325 325 Demand Flow, NB 325 325 325
Demand Flow, EB 300 300 300 Demand Flow, EB 300 300 300
Initial h 4 3.2 4.4 4.8 Initial h 4 3.2 4.6 4.1
h pase (Scenario 1) 3.9 3.9 3.9 h pase (Scenario 1) 3.9 3.9 3.9
h pose (SCenario 2) 5.8 5.8 5.8 h pose (Scenario 2) 5.8 5.8 5.8
hor 0.20 0.20 0.20 hr 0.20 0.20 0.20
h ar -0.60 -0.60 -0.60 h ar -0.60 -0.60 -0.60
h vy 1.70 1.70 1.70 h v 1.70 1.70 1.70
P.r 0.00 0.10 0.10 Pir 0.05 0.00 0.00
P ar 0.10 0.00 0.00 Par 0.00 0.05 0.05
Py 0.05 0.08 0.08 Py 0.08 0.10 0.10
h oo 0.025 0.156 0.156 h o 0.146 0.140 0.140
h ¢ (Scenario 1) 3.925 4.056 4.056 h ¢ (Scenario 1) 4.046 4.040 4.040
h s (Scenario 2) 5.825 5.956 5.956 h s (Scenario 2) 5.946 5.940 5.940
X 0.267 0.384 0.343 X 0.289 0.401 0.430
P (Scenario 1) 0.733 0.616 0.657 P (Scenario 1) 0.711 0.599 0.570
P (Scenario 2) 0.267 0.384 0.343 P (Scenario 2) 0.289 0.401 0.430
P (DOC 1) 0.733 0.616 0.657 P (DOC 1) 0.711 0.599 0.570
P (DOC 3) 0.267 0.384 0.343 P (DOC 3) 0.289 0.401 0.430
AdjP (DOC 1) 0.005 0.012 0.013 AdjP (DOC 1) 0.006 0.008 0.009
AdjP (DOC 3) -0.001 | -0.012 | -0.010 AdjP (DOC 3) -0.001 | -0.120 | -0.129
P'(Scenario 1) 0.739 0.628 0.670 P'(Scenario 1) 0.717 0.607 0.578
P'(Scenario 2) 0.265 0.373 0.333 P'(Scenario 2) 0.287 0.281 0.301
h g4 4.4 4.8 4.7 h 4 4.6 4.1 4.1

Step 5: Determine the Capacity of Controlled Approaches

The tables above show the results of the three iterations required to determine the
departure headways for the two approaches. Now, the demand flow rate in each
approach (separately) is incrementally increased — while keeping the demand on the
conflicting approach constant. For each demand flow rate, a new set of iterations are
needed to produce a departure headway. The demand flow rate on the subject approach
is increased until the resulting degree of saturation (vha/3600) becomes 1.000. This is
now an iteration of individual solutions, each of which is itself iterative. Obviously, we
cannot show all of these computations. Suffice it to say that each iteration produces a
table like the tables above, and iterations continue until the degree of saturation reaches
1.000.

For the sample problem, the following capacities are determined in this way:

764 veh/h
868 veh/h

CNB
CEB

Step 6: Determine Control Delay and LOS for Each Approach
Equation 25-27 is used to estimate the average control delay on each approach:

hdx X X
450T

d, =t +900T (xx—1)+\/(xx—1)2+ +5
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In each case, values are taken from the 3" iteration of the solution shown in the previous
tables. Remember that the service time, tsx, for each case is the departure headway
minus the move-up time, which has a default value of 2.0 s/veh for Geometry Group 1.
Then:

tsne = 45-20 = 2.5 s/veh
tses = 45-20 = 2.5 s/veh
T = 0.25h

XNB = 325*4.7/3600= 0.424
XeB = 300*4.1/3600 = 0.342
hang = 4.7 s/veh

haes = 4.1 s/veh

and:

dys =2.5+900*0.25 (o.424-1)+\/(o.424—1)2 +

4.7*0.424

+5=10.8 s/veh
450*0.25

deg = 2.5+900*0.25 (0.342—1)+\/(o.342—1)2 +

4.1*0.342
450*0.25

}+5:9.9 s/veh

From Table 25-7, both approaches operate right near the LOS A/B boundary (10 s/veh).
The NB approach is technically at LOS B, while the WB approach is at LOS A. Both
approaches are operating very well under current demands.

Problem 25-3
The problem as stated is an analysis of a simple one-lane roundabout with all one-lane
entry and exit roadways.

Steps 1 and 2: Convert Demand Volumes to Flow Rates in pc/h
These conversions are computed using Equations 25-1 and 25-28, which are combined
for convenience:

Vi
Vi, =————
PHF * f,,,
1
-
A -

The peak hour factor for all movements is 0.90 (given), and there are 5% trucks (0.05)
in all volumes. Then:

1

f. =
V14005
PHF * f,, =0.90*0.952 = 0.857

v
V_/857

=0.952
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These computations are summarized in the table that follows:

Demand Flow Rates in pc/h

Approach LT (pc/h) TH (pc/h) RT (pc/h)
NB 38/0.857 = 44 200/0.857 = 233 35/0.857 = 41
SB 35/0.857 = 41 220/0.857 = 257 45/0.857 = 53
EB 27/0.857 = 32 185/0.857 = 216 30/0.857 = 35
WB 27/0.857 = 32 175/0.857 = 204 20/0.857 = 23

Note: all flow rates rounded to the nearest whole number.

Step 3: Determine Circulating and Exiting Flow Rates
Table 25-16 shows equations for the computation of circulating and exiting flow rates at
each approach to the roundabout. The table below summarizes these computations.

Approach Circulating Flow Rate, v Exiting Flow Rate, Vex
NB — —
VcNB - VWBU + VSBL + VSBU + VEBT + VEBL + VEBU VexNB - VEBR +VSBT +VWBL + VNBU
Vog =0+41+0+216+32+0=289 Vg =39+257+32+0=324
SB — —
VCSB - VEBU + VNBL + VNBU + VWBT + VWBL + VWBU VexSB - VWBR + VNBT + VEBL + VSBU
Vg =0+44+0+204+32+0=280 Vs =23+233+32+0=288
EB — —
VCEB - VNBU + VWBL + VWBU + VSBT + VSBL + VSBU VexEB - VSBR + VWBT + VNBL + VEBU
Vg =0+32+0+257+41+0=330 Vs =93+204+44+0=301
WB — —
VCWB - VSBU + VEBL + VEBU + VNBT + VNBL + VNBU VexWB - VNBR + VEBT + VSBL + VWBU
Vog =0+32+0+233+44+0=309 Vs =41+216+41+0=298

Step 4: Determine Entry Flow Rates by Lane
As there is only one entry lane on each approach, this step is not necessary.

Step 5: Determine the Capacity of Each Entry and Bypass Lane

There are no bypass lanes in the proposed roundabout. The capacity of each entry
lane is given by the equations in Table 25-17. As all of the entries are one-lane entries
onto a one-lane roundabout, the following equation is used:

c=1130e %%

Cys =1,130e %" =846 pc/h
Ces =1,130e7 %% =854 pc/h
Cep =1,130e C%") =812 pc/h

Ces =1,130e %™ =830 pc/h

As there are a negligible number of pedestrians and bicycles present, there are no
adjustments needed to these values.
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The capacity of exit roadways is roughly estimated (by the methodology) as 1,200 pc/h,
which is well above any of the projected exit flow rates.

Step 6: Estimate the Control Delay and LOS for Each Entering Roadway

Equation 25-30 is used to estimate control delay in each entering lane — we have only
one lane per approach. It uses the computed capacities of each entry lane, the total flow
rate (in pc/h) on each entry lane, and the v/c ratio that results from these. These are

summarized in the table below:

Approach Flow Rate, v (pc/h) Capacity, c (pc/h) X =v/c
NB 44+4+233+41 = 318 846 0.376
SB 41+4+257+53 = 351 854 0.411
EB 32+216+35=283 812 0.349
WB 32+204+23 = 259 830 0.312

Then, using Equation 25-30:

3600
3600 , L )S
d= +900T | (X —1)+1/(X =1f +~——Z— [+[5*min (X 1
) (X DX ~1F +2S 2 | + [5min (X )]
3600 (3864060jo 376
dys = +900*0.25| (0.376 -1)+1/(0.376 —1)’ +~——~—— |+[5*min (0.376,1)|=8.4 s/veh
450*0.25
3600 (386504())0 Al
deg = +900*0.25( (0.411-1)+1/(0.411-1) + -2 | +[5*min(0.411,1)]=8.7 s/veh
854 450*0.25
3600 (386020J0 A
deg = +900%0.25| (0.411-1)+1/(0.411 1) +~===2—— | +[5*min (0.4111)] =8.4s/veh
812 450*0.25

Note that the standard analysis period of 15 minutes (0.25h) is used. All of the delays
are below 10 s/veh, which places all approaches in LOS A. The single-lane roundabout
as proposed is expected to work extremely well under current demands.
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The typical markings and signing for a one-lane roundabout is illustrated in the figure
below, which is taken from the MUTCD:

Notes:

1. Signs shown for only one leg

2.See Section 20.38 for guide
signs at roundabouts

3. See Chapter 3C for markings
al roundabouts.
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Solutions to Problems in Chapter 26

Interchanges and Alternative Intersections

Problem 26-1

In general, the interchange form that consumes the least land is the single-point urban
interchanges, or SPUI. Itis particularly well-suited to a situation with a high degree of left
turns exiting the freeway. It also handles heavy left turning movements onto the freeway,
although those are not mentioned in the problem statement. The most significant benefit
of this type of interchange is that connections with the surface street are handled through
a single signalized intersection.

Problem 26-2

A split diamond interchange with two one-way arterials creates four intersections, all of
which may or may not be signalized. With a split diamond interchange the number and
complexity of movements at each of the intersections is reduced when compared to the
standard diamond interchange with a two-way arterial. At each intersection, the following
movements exist (split diamond):

Through movement from or to a ramp.

A left turn or right turn from the ramp to the arterial.
Through movement on the arterial.

A left turn or right turn from the arterial to the ramp.

In the split diamond, all of the left turns would be unopposed, coming from one-way
roadways (either the ramp or the arterial).

In a standard diamond interchange, each of the two intersections formed would be a one-
way ramp with left and right turns, and a two-way arterial with left, through, and/or right
turn movements in each direction.

Problem 26-3

The question asks for the determination of the level of service for Movements O1 to Da
and O1to Ds. The level of service is based upon the parameter “experienced travel time,”
or ETT. Itis computed as:

ETT =) d,+> EDTT

Movement Oi to D4

For Movement O1 to D4, the path through the interchange is 12-10-6-5-4-3. Ifa
typical 4-leg surface intersection were present, the path would be 12 -9-5-4-3. A
portion of this path is the same: the time taken to travel the distance 5 — 4 — 3 may be
ignored. The *“extra distance travel time,” (EDTT) is the difference between the
interchange path 12 — 10 — 6 — 5, and the hypothetical alternative for a surface
intersection, 12 — 9 — 5.
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Interchange Path
With the interchange path, vehicles must go through two signalized intersections at points
10 and 6. The delay experienced at each is 24.6 s (given). Therefore:

D d; =24.6+24.6=49.2 s/veh

The travel time for each segment of the interchange path is as follows, given that ramp
speeds are 30 mi/h, and arterial speeds are 45 mi/h. It is assumed that the connecting
link 10 — 6 has a 30 mi/h speed. Then:

e TT(12-10) =1,000/1.47*30 =22.7 s/veh
e TT (10-6) =1,200/1.47*30 = 27.2 s/veh
e TT (6-5) = 200/1.47*45 = 3.0 s/veh
e Total TT = =52.9 s/veh

Note that distances 5 — 4 — 3 are ignored, because they are same in the hypothetical
alternative.

Surface Intersection Path

If this were a surface intersection, the OD path would be 12 — 9 — 5, again ignoring
distances 5 — 4 — 3. Assuming that the freeway was replaced with a surface arterial with
a free-flow speed of 45 mi/h, the travel time would be:

e TT(12-9) = 980/1.47*45 = 14.8 s/veh

e TT(9-5) = 1,200/1.47*45 = 18.1 s/veh

e Total TT = =32.9 s/veh
EDTT

The extra-distance travel time for this movement is 52.9 — 32.9 = 20.0 s/veh.

ETT and LOS
The experienced travel time for this movement is 49.2 + 20.0 = 69.2 s/veh.

The level of service for this movement is D, from Table 26-1.

Movement O1 to Ds

Because this is essentially a right turn movement, it is much simpler than other
movements. The interchange path is 12 — 10. The hypothetical path for a surface
intersection is 12 — 5 — 10.

Interchange Path
The OD movement goes through one signalized intersection. Therefore:

D d =246
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The travel time for link 12 — 10 is 1,000/1.47*30 = 22.7 s/veh

Surface Intersection Path
The travel time for segments of the hypothetical intersection path is:

e TT(12-9) = 980/1,47*45=14.8s

e TT(9-10) = 200/1.47*45= 3.0s

e Total = =178s
EDTT

The extra distance travel time in this case is 22.7 —17.8=4.9 s.

Note that in this case, while the physical distance in the interchange is less than that on
the hypothetical intersection, the slower speeds prevalent on the ramp create a positive
EDTT.

ETT and LOS
The ETT for this movement is 22.7 + 4.9 = 27.6 s/veh. This is LOS B from Table 26-1.

NOTE: Neither movement includes the delay at the hypothetical signalized intersection
of two arterials, or its comparison to the sum of the delays of the individual intersections
through which the movements follow. This may be considered a flaw in the methodology.

Problem 26-4

Given the design of the RCUT intersection, both through movements and left-turn
movements from First Street will have the same characteristics and level of service.
Therefore, only one set is examined for this problem.

Through Movement

Through vehicles on First Street must turn right onto Main Road, execute a U-Turn using
the provided lanes, return to First Street and execute another right turn, back onto First
Street. The hypothetical alternative path through a standard intersection would be
straight across Main Road.

In making this maneuver, through vehicles go through two signals, one in each direction
at the primary intersection. They turn right from First Street, experiencing 22.0 s/veh of
delay, and then right from Main Road, experiencing 15.5 s/veh (after executing the U-
turn). Thus:

> d, =12.0+11.5=23.5s/veh

The time spent getting to the U-turn lane, making the U-turn, and returning to First Street
is:

425 425

———+824+———-=49+82+49=180s
1.47*45 1.47*45
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In the hypothetical case of a standard intersection, through vehicles would simply cross
Main Road (a distance of 112 ft) at a speed of 30 mi/h. This maneuver would take:

12 L5
1.47*30
Thus, for the through movement on First Street:

EDTT =18.0-2.5=15.5 s/veh

and:

ETT =23.5+15.5=39.0 s

From Table 26-1, this is LOS D.

Left-Turn Movement
The left turn movement is similar to the through movement, except that vehicles travel
through the signal at First Street after their U-Turn.

The delay these vehicles experience at the two intersections is:

> d, =12.0+10.0=22.0 s/veh

The travel time experienced by left-turners as they get to the U-Turn, make the U-Turn,
and return to the primary intersection is the same as that for through vehicles:15.5 s/veh.
This assumes that the hypothetical time to traverse a standard intersection would be
similar to that for through vehicles (this is a simplification).

Then:

ETT =22.0+15.5=37.5s/veh

From Table 26-1, this is LOS D.

For First Street vehicles, the LOS is not great. An overall evaluation of the intersection,
however, would have to look at delays to Main Road vehicles under the RCUT case, with
simpler signal timing (and most likely a shorter cycle length), and the more complex
multiphase signal timing that would have to exist to signalize a standard intersection
design.

Problem 26-5
An external approach to a PARCLO interchange with two signalized intersections has
the following characteristics:
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Demand Flow Rate = 1,300 veh/h.

2-lane arterial approach.

Distance between two intersections = 850 ft.

At the second intersection, 25% of the approach flow will turn right, 57% will go
through, and 18% will turn right.

The lane utilization factor is computed as:

1 Ve v, (D*VLJ
Pi=—+a|———|[+a,| ———— |+3, s
N V| +V; +V, vV +V; +V, 10

where:
N = 2 (given)
VR = 1,300*0.00 = 0 veh/h
VT = 1,300*0.60 = 780 veh/h
VL = 1,300*0.40 = 520 veh/h
D = 850 ft (given)
ai = 0.387 (Table 26-2, PARCLO B-2Q, 2 lanes)
az = -0.344 (Table 26-2, PARCLO B-2Q, 2 lanes)
asz = 0.000 (Table 26-2, PARCLO B-2Q, 2 lanes)

Note that the coefficients ai are for the leftmost lane. No values are provided for the
rightmost lane. Then:

*
P,=2+0387) O —0.344(&}0.00 Mj:o.%z
2 520+780+0 520+780+0 10

Thus, the leftmost lane will carry 0.362*1,300 = 471 veh/h, and the rightmost lane will carry
1,300 — 471 or 829 veh/h. Thus, the value of Pumax is 829/1300 = 0.638.

The lane utilization factor is given by Equation 26-5:

1 1

= =0.784
N 0.638*2

=5

L max

Problem 26-6

A DDI has three lanes approaching the external crossover, which is signalized. At the internal
crossover, the three lanes consist of one exclusive LT lane, and two through lanes. The lane
utilization factor for the external crossover approach is to be determined.

Lane distribution at the external crossover intersection is defined by Equation 34-8:
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Pioo =&, LTDR + 3,

where LTDR =1,200/2,800 = 0.429. Values of coefficients a; and a, are selected from Figure
22-17 for the 3-Lane Exclusive case. The Regime is Il, as LTDR >0.333. Then:

Coefficient Leftmost Lane
a1 0.9695
az 0.0096

and:
P spp = 0.9695*0.429 +0.0096 = 0.426

The leftmost lane is considered to be the peak lane in this case, and:

1 1

i - - -0.782
WPl B oo *N 0.426*3

Problem 26-7
For an exclusive LT lane, the left-turn adjustment factor is equal to the factor for turning radius
given in Equation 26-9:
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Solutions to Problems in Chapter 27

Overview of the Geometric Design of Roadways

Problem 27-1
Information: Horizontal curve, P.l. = 11,500 + 66
Radius = 1,000 ft
Angle of deflection = 60°
Find: All relevant characteristics of the curve. Stations of the P.C. and P.T.

The degree of curvature is computed using Equation 27-1:

572958 5,729.58
R 1,000

D =5.73°

Equations for key characteristics of the defined circular curve are found in Table 27-1. Then:

T =R Tan(84)=1,000 Tan(60) = 1,000 Tan (30) = 1,000%0.5773 = 577.3 ft

L= 100[%) = 1oo(%} =100*10.47 =1,047 ft
M = RfL- Cos (%)]: 1,000 fL - Cos (6%) =1,000%0.1340 =134 ft

1

1
E=R -1{=1,000 —-1[=1,000*%|0.1547|=154.7 ft
Cos‘% ) K COS(3O)J } | ]

LC =2R Sin(%): 2*1,000* Sin(30) = 2,000 *0.5000 = 1,000 ft

The stationing then becomes:

P.C. =(11,500+66)-577.3=10,988.7 = 11,900+88.7
P.T.=(11,900+88.7)+1,047=13,035.7=13,000+35.7

Problem 27-2
Information: 3.5° curve
60 mi/h design speed
Two 12-ft lanes
Use spiral transition curves
P.l. = 15,100+26
Angle of deflection =40Q°

Find: T.S.,S.C.,,C.S,, and S.T.

The design value of superelevation is given by Equation 27-3:
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SZ
e =100 | & |_f,
15R

From Table 27-2, the design friction factor (fges) = 0.12. Then:

572958 5,729.58
D 35

60°
e=100|| ———-=—=1-0.12|=2.6%
15*1,637

The length of the spiral is typically controlled by the minimum and maximum values, the equations
for which are found in Table 27-5, and the AASHTO-recommended value, which is found in Table
27-6:

R =1,637 ft

Lepn=v15.84R = /15.84*1,637 = /25,930 =161 ft
or

3 3
Lep iy = 0.7875% _0.7875-20 =104 ft

I-SPmin :104 ﬁ:
Lpmae =+ 79-2R =4/79.2%1,637 =,/129,650.4 = 360 ft
Lep,. =176 ft (Table 27 —6)

It may also be computed as the length of the spiral runoff, or the length of the spiral plus tangent
runoffs. These are estimated using Equations 27-4 and 27-5, using the following assumptions:
Superelevation is achieved by rotating both lanes around the centerline, and the normal drainage
cross-slope is 1%. Then:

L - wne, b,
A
vy
L e,
Where: w = 12 ft
n = 1 lanes rotated around centerline
enc = 1%
€q = 2.6%
bw = 1.00 (Table 27-3)
A = 0.45 (Table 27-4, 60 mi/h)
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Then:

L 12*1*2.6*1.00 593 ft
> 0.45 '

1
—| = |*69.3=26.7 ft
a (2.6)

L +L, =69.3+26.7=96.0 ft

The recommended value of 176 ft lies between the minimum and maximum allowable values, and
will be used in this case.

The central angle for the spiral is given by: (Table 27-5)

LD 176*35
200 200

o

=31

The central angle of deflection for the circular portion of the curve is given by: (Table 27-5)
Ay =A-26=40.0—(2*3.1) =33.8°

Then:

I A L2 ) (A .
T, = _RTan(EHJ{[RCosw)— R+ﬁj Tan[Eﬂ+[LSP RSin(5)]

TS:_1637Tan[4—20ﬂ+H1637Cos(3.1)—1637+( 1762 J]*(Tan(i:m +[176-1637Sin(3.1)]

6*1637

T, =[1637*0.3639]+[((1637*0.9985) 1637 + 3.2)*0.3639]+ [176 — (1637 *0.0541) ]
T, =595.7+0.7445+87.4 = 683.8 ft

and:

L, = 1oo(ﬁj :100(@j =965.7 ft
D 35

Then:

T.S.=P.I.-T, =(15100 + 26) — 683.8 =14,442.2 =14,400 + 42.2
SC.=T.S.+L =14,442.2+176 =14,618.2=14,600+18.2
C.S.=S8.C.+L, =14,618.2+965.7 =15,583.9 =15,500 + 83.9
ST.=C.S.+ L =15583.9+176 =15,760 =15,700 + 60.0
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Problem 27-3
Information: 5° curve
65 mi/h design speed
2% upgrade
t = 2.5 s (driver reaction time)

Find: Closest placement of roadside object.

Placement of roadside objects is based upon the severity of the curve and the safe-stopping
distance, computed as:

2 2
d —147St+—— > _(1L4T*65%2.5)+ 65
30(0.348+G) 30*(0.348+0.02)

d, =238.9+382.7=621.6 ft

Then: (Equation 27-6)

M = 5723.58 {1_ COS(dSDﬂ _ 5729.58 {1_ COS[ 621.6 5}}

200 5 200
M =11459%* [1— Cos(15.54)] =1145.9*0.036551=41.9 ft

Problem 27-4
Information: R =1,200 ft

60 mi/h design speed

6% maximum superelevation rate
Find: Appropriate superelevation rate

Using Equation 27-3:

2
€= h o fdes
15R

Where: fges = 0.12 (Table 27-2, 60 mi/h)

60°
g=|| ——— |-0.12 [|=0.08 or 8%
15*1200

As the resulting superelevation rate is higher than the maximum, this implies that a radius as short
as 1,200 ft cannot be used. Equation 27-2 would be used to compute the minimum radius that
could be used in this case:

S? 60°

R. = = =1333 ft
15(e+f) 15(0.06+0.12)
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The proposed curve would have to be re-designed with a radius of at least 1,333 ft.

Problem 27-5
Information: e =10%

70 mi/h design speed

Three 12-ft lanes

Rotation around pavement edge
Find: Length of superelevation runoff

Using Equation 27-4:

| _wne, b,
° A
Where: w = 12 ft (lane width)
N = 3 (lanes rotated)
eq = 10% (given)
bw = 0.67 (Table 27-4, 3 lanes rotated)
A = 0.40 (Table 27-3, 70 mi/h)
12*3*10*0.67
L = =603 ft
0.40
Problem 27-6
Information:
Category Grade 1 Grade 2 Grade 3
Facility Type Rural Freeway Rural Arterial Urban Arterial
Terrain Mountainous Rolling Level
Design Speed 60 mi/h 45 mi/h 40 mi/h

Find: Maximum grade and critical length of grade for each
From Table 27-7:
Grade 1 = 6%

Grade 2 =5.5%
Grade 3=7%

Maximum grades are:

Critical lengths of grades are found from Figure 27-12, as shown below. Because all design
speeds are less than 70 mi/h, a 10% reduction in speeds is used to determine the critical length.
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Problem 27-7
Information: Vertical curve
+4% grade to -5% grade
VPI = 1,500+55
Elevation of VPI = 500 ft
L =1,000 ft
Find: Stations of the VPC and VPT.

Elevations of the VPC and VPT.
Elevation points along the curve at 100-ft intervals
Location and elevation of the high point

Note that the curve described is a crest vertical curve.

An equation for this vertical curve can be constructed in the form of:

Y, =ax’ +bx+Y,

Where:
_G -G _ -5-4 =-0.000045
200L  200*1000
= i = i =0.04
100 100
L =1000 ft

Y, =Y,pc =500.00—(0.04*500) = 480.0 ft
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Thus:

Y, =-0.000045x* + 0.04x + 480.0

Stations: VPC = (1500+55)-500 = 1,000+55
VPT = (1500+55)+500 = 2,000+55

Elevations:

Y, =-0.000045x’ +0.04x + 480.0

Y, =Y,pc =480 ft

Y,00 = —0.000045(100%) +(0.04 *100) + 480 = 483.6 ft

Y, =-0.000045(2007) + (0.04* 200) + 480 = 486.2 ft

Y, = —0.000045(300%) + (0.04*300) + 480 = 488.0 ft

Y, =-0.000045(4007) + (0.04*400) + 480 = 488.8 ft

Y, = -0.000045(500%) + (0.04 *500) + 480 = 488.8 ft

Y, = Yp,; =—0.0045(6007) + (0.04*600) + 480 = 487.9 ft

The high point is found as:

— —4* —
_ -Gl _-4*1000 _-4000 _,,, .
G,-G, -5-4 -9

Y, 40 =—0.000045(444%) + (0.04* 444) + 480 = 488.9 ft

X

Problem 27-8
Information:
Grade Entry Grade Exit Grade Design Speed Reaction Time
1 3% 8% 45 mi/h 25s
2 -4% 2% 65 mi/h 25s
3 0% -3% 70 mi/h 25s
Find: Minimum lengths of the above vertical curves.

To find the minimum lengths of grade, the safe stopping distance for each curve must be
computed. To do this, the grade used in the computation will be grade which results in the worst
(or highest) safe stopping distance.
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SZ

d, =147St+——
30(0.348+G)
457
d, = (1.47*45*2.5) + =165.4+178.6 =344.0 ft
30*(0.348+0.03)
652
d,, = (1.47*65*2.5) + =238.9+457.3=696.2 ft
30*(0.348-0.04)
70°

dg, :(1.47*70*2.5%{ }:257.3+513.6:770.9 ft

30*(0.348—0.03)

It should be noted that Curve 1 is a SAG vertical curve; Curve 2 is a SAG vertical curve; Curve 3
is a CREST vertical curve.

We will start each computation assuming that the length of the curve is greater than the safe
stopping distance. Equations are from Table 27-8:

Curve 1
2 8 — 3 *344*
= Ad, = | | = 591,680 =368.9 ft >344 ft OK
400+3.5d, 400+(3.5%344) 1,604
Curve 2
2 —2—(-4)*696.2%
= Ad, :| ( )| = 2,908,166.6 =1,025.2 ft >696.2 ft OK
400+3.5d, 400+ (3.5*%696.2) 2,836.7

Curve 3

2 |0—(-3)[*770.9°

L= Ad, = |O ( 3)| 09 =1’782’860 =826.2 ft >770.9 ft OK
2,158 2,158 2,158

Problem 27-9
Information: Vertical curve

-4% to +1%

Minimum length curve

t=25s

70 mi/h design speed

VPl = 5100+22

Elevation of the VPI = 1,285 ft
Find: VPC and VPT

Elevation of points on 100-ft intervals
High point and station
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To begin, we must determine the minimum length of curve. Note that this is a SAG vertical curve.

2
d,=147St+ >
30*(0.348+G

702
30*(0.348-.04)

d, =(1.47*7O*2.5)J{ }:257.3+530.3=787.6 ft

Assuming that L > ds: (Table 27-8)

Ad?  |-4-1*787.6°  3101568.8

= = = ~082.6 ft >787.6 ft OK
400+3.5d, 400+(3.5%787.6)  3156.6

For convenience of construction, we will round off to L = 985 ft

Then:
_6 =G _ —4-1 _ 40000254
200L  200*985
=i=__4=_0.04
100 100

Y, =Yypc =1285+0.04(985/2) =1,304.7
Y, =-0.0000254x* — 4x +1,304.7
Elevations are now computed for intervals of x = 100 ft from “0” to 985 ft (which is the end of the

curve). The station of the VPC is (5100+22)-(985/2)=4600+29.4. The station of the VPT is
(5100+22)+(985/2) = 5,600+14.6. The spreadsheet table below shows the resulting elevations:

L Y

0 1304.7
100 1300.4
200 1295.7
300 1290.4
400 1284.6
500 1278.4
600 1271.6
700 1264.3
800 1256.4
900 1248.1
985 1240.7

Because of the two grades involved, the high point of this curve is at its beginning, or 1,304.7 ft.
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Solutions to Problems in Chapter 28

Capacity and Level of Service Analysis: Basic Freeway and Multilane Highway

Segments

Problem 28-1
The free-flow speed of a multilane highway is estimated using Equation 28-3:

FFS =BFFS— f,, — f.o — f,, — T,

Where: BFFS = 60 mi/h (given)
fw = 1.9 mi/h (Table 28-3, 11-ft lanes)
fLc = 0.65 mi/h (Table 28-5, 3 + 6 = 9 ft total lateral clearance,
interpolated)
fm = 1.6 mi/h (Table 28-6, undivided)
fa = 3.75 mi/h (Table 28-7, 15 access pts/mi, interpolated)
FFS =60.00-1.90-0.65-3.75=53.7 mi/h
Problem 28-2

The free-flow speed of a freeway is estimated using Equation 28-2:

FFS =75.4—f,, — f,. —3.22TRD**

Where: fiw = 0.0 mi/h (Table 28-3, 12-ft lanes)
fLc = 1.6 mi/h (Table 28-4, 2-ft clearance, 3-lanes)
TRD = 3.5 ramps/mi (given)

FFS =75.4-0.0-1.6-3.22(3.5°*)=75.4-0.0-1.6-9.2=64.6 mi/h

Problem 28-3
The average grade is based on the total rise divided by the horizontal length over which
the rise takes place:

Rise on 2% grade = 1,000*0.02 = 20 ft
Rise on 3% grade = 1,500*0.03 = 45 ft
Total Rise = 65 ft

65

G, =———*100=2.6%
1,000 +1,500
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Problem 28-4
From Table 28-17, for rolling terrain, Env = 3.0. Then:

PC Equivalents for Trucks: 3,200*0.15*3.0 = 1,440 pc/h

PC Equivalents for Cars: 3,200*0.85*1.0 = 2,720 pc/h

Total Equivalent Volume: 4,160 pc/h
Problem 28-5

The free-flow speed of the subject freeway is determined using Eqn 28-2:

FFS =75.4—f,, — f,. —3.22 TRD**

where: flw = 1.9 mi/h (Table 28-3, 11-ft lanes)
fLc = 0.6 mi/h (Table 28-4, 3-ft clearance, 4 lanes)
TRD = 4.2 ramps/mi (given)

FFS =75.4-1.9-0.6—-3.22(4.2°*)=61.8 mi/h

Service flow rates are computed using Egqn 28-13; service volumes are computed using
Eqgn 28-14:

SF = MSF *N * f,,, * f
SV = SF *PHF

p

Maximum service flow rates (MSF) are selected from Table 28-15 for a FFS of 61.8 mi/h
by interpolation:

MSFa = 678 pc/h/In
MSFs = 1,112 pc/h/In
MSFc = 1,585 pc/h/In
MSFp = 2,017 pc/h/In
MSFe = 2,318 pc/h/In

These could have also been determined by plotting the calibrated speed-flow curve for
the segment, and constructing density boundary lines. The scale of such graphics,
however, make interpolation in Table 28-15 a more accurate approach.

The heavy vehicle factor is based upon passenger car equivalents for trucks on a 3.5%
grade of 1.5 miles. The pce values are different for the upgrade and the downgrade.

Er (upgrade) = 6.050 (Table 28-18, 3.5% grade, 1.5 mi, 3% trucks, interpolated)
Er (dngrade) = 2.285 (Table 28-18, <0% grade, 3% trucks, interpolated)
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Then, using Eqn 28-16:

. 1
HV 1+ PHV (EHV _1)
1
¢ unarade) — —0.868
w (Upgrade) 1+0.03(6.05-1)
f, (dngrade) = > =063

1+0.03(2.285-1)

The PHF is given as 0.92, there are 4 lanes in each direction on the freeway. Equations
28-13 and 28-14 are implemented in the spreadsheet table shown below.

LOS MSF N fiv SF PHF sv
UPGRADE
A 678 4 0.868 2354 0.92 2166
B 1112 4 0.868 3861 0.92 3552
c 1585 4 0.868 5503 0.92 5063
D 2017 4 0.868 7003 0.92 6443
E 2318 a4 0.868 8048 0.92 7404
DOWNGRADE
A 678 4 0.963 2612 0.92 2403
B 1112 a4 0.963 4283 0.92 3941
c 1585 4 0.963 6105 0.92 5617
D 2017 4 0.963 7769 0.92 7148

Note that service flow rates and service volumes are in units of veh/h.

Problem 28-6
To determine the probable LOS for this existing 6-lane multilane highway with a measured
FES of 45 mi/h, the equivalent ideal lane flow must be determined using Eqn 28-11:

V
Vp: * N * *
PHE*N*f_, * f,

Where: \% = 4,000 veh/h (given)
PHF = 0.88 (given)
N = 3 lanes (given)
Env = 3.0 (Table 28-17, Rolling Terrain)
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Then:

. 1
"™ 1+0.10(3.0-1)
y 4000

P 0.88*3*0.833

=0.833

=1,601 pc/h/In

Note that because this is a general terrain segment, the mix of trucks does not affect the
value of Env. Also, because service flow rates for a 45-mi/h multilane highway are shown
in Table 28-15, there is no need to calibrate a specific equation to determine these values.
Comparing 1,601 pc/h/In to the criteria in Table 28-15, it is seen that the expected LOS
is E.

Problem 28-7

This is a design application for a section of freeway that goes from level terrain to a
sustained 5%, 2-mile grade. LOS C is the design target. The number of lanes needed
to provide this on the (a) upgrade, (b) downgrade, and (c) level terrain is needed.
Equation 28-12 is used:

_ DDHV
PHF * MSF * f,,,

The FFS of the facility must be estimated to begin:

FFS =75.4— f,, — f,. —3.22TRD"
FFS =75.4-0-0-3.22(1.0°*)=75.4-3.22=72.2 mi/h

DDHV = 2,500 veh/h (given),

MSFc = 1,954 pc/h/In (Table 28-8, LOS C, interpolated between 70 mi/h
and 75 mi/h), and

PHF = 0.92 (given).

There may be as many as three different heavy vehicle adjustment factors for the three
segments to be analyzed. They are based upon the appropriate passenger car
equivalents for trucks and RVs. Level terrain values are selected from Table 28-17;
upgrade (4.5%, 2 mi) values are selected from Table 28-18; downgrade values are also
selected from Table 28-18 (<0%, 2 mi). The resulting values are shown below:

e Env = 2.00 (level terrain)

e Env = 2.87 (4.5%, 2 mi, 15% trucks)

e Env = 1.89 (<0%, 2 mi, 15% trucks)
Then:
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1
1+0.15(2.0-1)
1 =0.781
1+0.15(2.87-1)
L =0
1+0.15(1.89-1)

f.y (level) = 0.870

f,v (upgrade) =

f, (downgrade) = 882

Then:

N - 2,500
el = 0.92%1,954*0.870

N ypgrade = 2,500 =1.78 lanes, SAY 2 lanes
0.92*1,954*0.781

N doungrade = 2,500 =1.58 lanes, SAY 2 lanes
0.92*1,954*0.882

=1.60 lanes, SAY 2 lanes

It appears that the provision of a 4-lane freeway will be sufficient to deliver LOS C on all
of the defined segments.

Problem 28-8

This question concerns an old freeway with projected traffic growth in the future. It asks
for an evaluation of LOS at various future time-points. The easiest way to approach this
problem is to create a table of service volumes for the freeway which can be matched
against future demand levels. To do this, we have to estimate the FFS of the freeway
using Eqn 28-2:

FFS =75.4- f,, — f,. —3.22TRD"*

where: fiw = 1.9 mi/h (Table 28-3, 11-ft lanes)
fLc = 3.6 mi/h (Table 28-4, O-ft clearance, 2 lanes)
TRD = 4.5 ramps/mi (given)

FFS =75.4-1.9-3.6-3.22(4.5®)=58.5mi/h
Then, using Equations 28-13 and 28-14:

SF = MSF*N* f,, *f_

SV = SF *PHF
where: N = 2 lanes (given)
PHF = 0.90 (given)
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Env
frv

3.0 (Table 28-17, rolling terrain)
1/[1+0.05(3.0-1)] = 0.909

and values of MSF are selected for each LOS from Table 28-15 for a FFS or 58.5 mi/h,
by interpolation:

MSFa = 642 pc/h/In

MSFg = 1053 pc/h/In
MSFc = 1522 pc/h/In
MSFb = 2026 pc/h/In
MSFe = 2285 pc/h/in.

Equations 28-13 and 28-14 are implemented in the spreadsheet table shown below:

LOS MSF N Ty SF PHF SV
A 642 2 0.909 1167 0.92 1074
B 1053 2 0.909 1914 0.92 1761
C 1522 2 0.909 2767 0.92 2546
D 2026 2 0.909 3683 0.92 3389

These values must be compared to the projected demand volumes over the next 20 years
to determine the likely LOS that will exist:

Current Volume
5-Year Forecast
10-Year Forecast
15-Year Forecast
20-Year Forecast

2,100
2,100*1.03°
2,100*1.03%0
2,100%1.03%°
2,100*1.03%°

2,100 veh/h (LOS C)
2,434 veh/h (LOS C)
2,822 veh/h (LOS D)
3,271 veh/h (LOS D)
3,792 veh/h (LOS E)

While the demand will not surpass the full-hour capacity (SVe) over the 20 years of the
forecast, by year 20, capacity is almost reached. It would be wise, given planning, design
and construction time lags, to begin serious planning for a solution in year 10 or earlier.

Problem 28-9

This problem concerns a rural recreational freeway, with the peak period of interest
occurring when light to moderate snow is falling (winter). Also, because of its recreational
nature, drivers are primarily unfamiliar with the route. Because of these two unique
features, the solution will involve both a speed adjustment factor (SAF) and a capacity
adjustment factor (CAF).

The free-flow speed of the facility must be estimated using Egn 28-2:

FFS =754 f,, — f,. —3.22TRD"*
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where: fuw

fLc
TRD

0.0 mi/h (Table 28-3, 12 ft lanes),
0.0 mi/h (Table 28-4, 6 ft clearances), and
2 ramps/mi (given).

Then:
FFS =75.4-0.0-0.0-3.22(2°*) =69.6 mi/h

However, because of the special circumstances, a speed adjustment factor (SAF) must
be applied to this value to account for two non-standard conditions: light to moderate
snow, and non-regular users of the facility.

From Table 28-11, the SAF for light-medium snow with a FFS of 69.6 mi/h is 0.86. While
the FFS must technically be interpolated, the value is close enough to 70 mi/h to use this
value directly. From Table 28-13, the SAF for “all unfamiliar drivers” is 0.863. Then:

SAF =0.86*0.863=0.742
FFS,; = FFS*SAF =69.6*0.742=51.6 mi/h

For this problem, we will have to calibrate a speed-flow curve for the segment in the form
of Equation 28-2:

S = FFS,, v, <BP

(FFSM - 2:_: j(vp ~BPY

(Cadj -B P)a

S =FFS,, -

vp>BP

Table 28-2 is used to compute key values in this equation. Capacity (c) is estimated as:
¢ =2,200+ (FFS —50) =2,200+10(69.6 —50) = 2,396 pc/h/In

However, this value too must be adjusted using capacity adjustment factors (CAF) to
account for light-medium snow and unfamiliar facility users. Note that Table 28-10 is
entered with the unadjusted value of FFS to avoid “double counting” the impact on speed.
From Table 28-10, the CAF for light-medium snow is 0.90. From Table 28-13, the CAF
for “all unfamiliar users” is 0.852. Then:

CAF =0.90*0.852 =0.7668
Caij =C*CAF =2,396*0.7668 =1,837 pc/h/In
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The breakpoint (BP) in the equation is estimated as:

BP =[1000 + 40 (75— FFS, )] * CAF?
BP = [1000 + 40 (75 -51.6)]*0.76682 =1,138 pc/h/In

From Table 28-2 directly, a = 2 for freeways. Then:

S=516 v, <1138
(51.6—fj(vp ~1138)
S =51.6- . v, >1138
(1837 -1138)
10.78(v, —1138)?
S=516—| —— 2 v, >1138
481,601 g

To find the expected speed of the traffic stream for the prevailing conditions described,
the demand volume of 4,000 veh/h must be adjusted to reflect a flow rate per lane in
pc/h/in. This is accomplished using Equation 28-11:

\Y
Vp: * N\| *
PHF *N * f,,

The value of V is given (4,000 veh/h), as is N (3 lanes in one direction) and PHF (0.95).
The value of fhv is based on the value of Env, obtained from Table 28-17 for level terrain
(2.0). Then:

1
va:
1+0.10(2.0—l)
L __ 4000
P 0.95*3*0.909

=0.909

=1544 pc/h/In

As 1,544 pc/h/In is greater than 1,138 pc/h/In (the breakpoint in the equation), the second
part of the speed-flow equation is used to determine the expect speed of the traffic stream:

10.78(1544 —1138)’
481,601

S:51.6—[ }=47.9 mi/h

The density of the traffic stream may now be computed as:

_Vo/ _1544/ _
D_%_ 47_9_32.2pc/h/|n
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From Table 28-1, this corresponds to LOS D, but is close to the LOS D/E boundary.
Operations are expected to be relatively poor, but stable. The base conditions of poor
weather combined with an unfamiliar driver population has a tremendous impact on the
situation.

Problem 28-10

The capacity of the work zone is estimated using Equations 28-6 and 28-7. The first
estimates the queue discharge rate from the work zone when congested, and the second
estimates the capacity from the discharge rate:

QDR,, =2,093— (154 LCSI) — (194 fop) — (179 T, )+ (9F oy ) — (59 foy)

where: LCSI = 0.75 (Table 28-14, 3 lanes to 2 lanes),
fer = 0 (concrete barrier),
faT = 1 (rural area),
flar = 0 ft (given), and
fon = 0 (daytime).
Then:

QDR,, = 2093 (154*0.75) — (194*0) — (179*1) + (9*0) — (59*0) =1,799 pc/h/In

and:

100 100
=QDR,, | ——— |=1799| —— |=2,077 pc/h/In
Gz =Q RNZ(lOO—aWZj (100—13.4] g

where 13.4% is the default value for awz.

Because there are two lanes open in the work zone, the capacity will be 2077*2 = 4,154
pc/h. Note that this is still expressed as a flow rate in pc/h.

The free-flow speed of the work zone is estimated using Equation 28-9:

FFS,, =9.95+(33.49 f) + (0.53SL,,,) — (5.60 LCSI) — (3.84 f,,) — (1715, ) — (8.7TRD)

where: fsR = 70/50 = 1.4,
SlLwz = 50 mi/h (given),
LCSI = 0.75 (as above),
fBr = 0 (as above),
fon = 0 (as above), and
TRD = 1 ramp/mi (given).
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Then:

FFS,, = 9.95+(33.49*1.40) + (0.53*50) — (5.60*0.75) — (3.84*0) — (1.71*0) — (8.7 *1)
FFS,, =70.4 mi/h

The predicted FFS of the work zone is high, especially when compared to the relative
speed limits of the freeway and the work zone. This suggests that drivers are not slowing
down very much in response to the work zone during periods of light flow.

A speed-flow equation for the work zone could be calibrated using the form of Equation

28-1. It would use the capacity (per lane) and the FFS of the work zone as inputs. This
is not required for this problem, and is not done in this case.
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Solutions to Problems in Chapter 29

Capacity and Level of Service Analysis: Weaving Segments on Freeways and
Multilane Highways

Problem 29-1

The weaving segment shown is a classic ramp-weave formed by a one-lane on-ramp
followed by a one-lane off-ramp. As shown in Figure 29-4 (a), for such a ramp-weave,
the following values quantify the configuration:

e |Crr=1
e |Cr=1
e NwL=2

Step 1 — Convert Demand Volumes to Flow Rates in pc/h

Each of the volumes in the segment diagram must be converted to a flow rate in pc/h,
based upon a PHF = 0.95, rolling terrain, and the percent trucks shown in the problem
statement. It is assumed that the standard mix of trucks applies. The conversion is
accomplished using Equation 29-1:

Vv
V —_
PHF * f,,,
where: Env = 2 (Table 28-1, Ch 28)
Puv = 0.07 (freeway), 0.03 (on-ramp), 0.05 (off-ramp)
Then:
1
fy =
1+ PHV (EHV _1)
fHV freeway :; =0.935
’ 1+0.07(2-1)
fHV on-ramp — ; =0.971
’ 1+0.03(2-1)
f —;— 0.952
V.orame =9 1 0.05(2-1)
and:
Vfreemay :ﬂ:3,828 pc/h
0.95*0.935
Von-ramp :&=867 pc/h
0.95*%0.971
700
Vv =———=774 pc/h
ofram 0.95%0.952 P
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Step 2: Construct the Weaving Diagram

In this problem, the demand flows are not given in the form of a weaving diagram. In this
format, it is important to note that the off-ramp demand volume is included in the entering
freeway volume. Then:

3,828-774 =3,828-774 =3,054 pc/h

867 pc/h

0 pc/h

Step 3: Compute Key Configuration Variables
The following values, some of which quantify the effects of configuration, are used
throughout the solution:

e Vvw=867+774=1,641pc/h

e vnw = 3,054 pc/h

e v=1641+ 3,054 =4,695 pc/h
e VR =1641/4695 = 0.350

e Ls=1,600 ft

The last configuration characteristic is LCmin, the minimum number of lane changes
needed for weaving vehicles to successfully complete their maneuvers. It is estimated
using Equation 29-2:

LCyp = (LCpg *Veg )+ (LC e *Vge )= (1*774)+ (1*867)=1,6411c/h

Step 4: Determine the Maximum Allowable Weaving Length
The maximum weaving length is given by Equation 29-4:

Lus = [5.728(1+VR)"* |- [L566 N,y ]
Ly = [5,728*1.35" |- [1,566* 2] =12,390 ft

As this is longer than the existing 1,600-ft length of the segment, it can be analyzed as a
weaving segment, and the computations will continue.

Step 5: Determine the Capacity of the Weaving Segment

The capacity of the weaving area can be estimated in two ways. The first is based on the
assumption that weaving areas will break down at a density of approximately 43 pc/h/In.
Equation 29-5 is used:

Con = Ciet — [438.2(1+VR)*® |+[0.0765 L ]+ [119.8 Ny, ]
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The value of cirL is taken from Table 29-2 for a FFS of 65 mi/h (given). For a 65-mi/h
freeway, cirL is 2,350 pc/h/In. Other values are as previously determined or given:

Coy = 2,350 [438.2(1+0.35)° |+ [0.0765*1,600]+ [119.8% 2]
Coy. = 2,350 708.8+122.4 + 239.6 = 2,003 pc/h/In

Given that there are 4 lanes in the weaving segment, its capacity is 4*2003 = 8,012
pc/h.

The second way to estimate capacity is based upon the limits of weaving segments to
accommodate weaving traffic. This is done using Equation 29-7, with NwL = 2:

c —w—w—GSSY pc/h
VR O 035

The smaller of the estimates holds, in this case 6,857 pc/h. As the controlling value is
weaving traffic, it is possible that when the weaving segment reaches capacity, there will
be unused capacity in the outer lanes of the freeway.

We must now check to insure that capacity is larger than the total demand. We can
convert the capacity to veh/h as a full-hour volume, and compare it to demand as stated,
in full-hour volume. In this case, we have already converted all the volume elements to
flow rates in pc/h, so they can be compared directly to the capacity stated on the same
basis:

v/ _4695/
v/ = A%? —0.685

Obviously, there is no capacity deficiency present, and the solution may continue to
determine the level of service.

Step 6: Determine Lane-Changing Rates for Weaving and Non-Weaving Vehicles

The minimum number of lane changes that weaving vehicles will have to make has
already been determined as LCwin. Weaving vehicles, may, however, make additional
optional lane changes. The total rate is estimated using Equation 29-12:

LC, = LCyyy +0.39|(L; —300)°° N2 (1+ ID)’* ]
LC,, =1641+0.39](1,600 ~300)°° 42 (1+1.6)°°]
LC, =1641+0.39%1239 = 2124 Ic/h

The number of lane changes made by non-weaving vehicles is estimated using Equations
29-13. The choice of which equation to use is based upon the lane-changing index, Inw,
which is computed using Equation 29-14:

225

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



_ LsIDvy, 1600*1.6*3,054 1600*1.6*3054

N = =781.8
10,000 10,000 10,000

As this is less than 1,300, the first equation is used:

LC,, =(0.206v,,, )+(0.542L,)-(192N)
LC,, =(0.206*3,054)+ (0.542*1,600)—(192*4)
LC,, =629.2+867.2—-768=728.4, say 728 Ic/h

The total lane-changing rate is the sum of the weaving and non-weaving vehicle lane
changes:

LC.or =2124+728=2,852Ic/h

Step 7: Determine the Speed of Weaving and Non-Weaving Vehicles
The average speed of weaving vehicles in the segment is estimated using Equations 29-
18 and 29-19:

S 1600
FFS*SAF —15 65*1-15
=154 — =2

1+W 1.357

Lc.. )} 2852\%7®
W =o.226(%] :0.226(—j = 0.357

Su :15+( j=51.8 mi/h

The average speed of non-weaving vehicles in the segment is estimated using Equation
29-20:

S\ = FFS*SAF —(0.0072LC,,, )—(0.0046*%\])
Sy =65%1—(0.0072*1641)— (0.0046*469%)
S,y =65.0-11.8-5.5=47.7 mi/h

The average speed of all vehicles is computed using Equation 29-21.:

o__ VytVy, _  1641+3054 4695

Vo ), (Vi (1641}{3054)=31.68+64.02
s, ) s, | \518) (477

Step 8: Determine the Density and Level of Service for the Segment
Density is estimated using Equation 29-22:

=49.1mi/h

226

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



V 469y
D=/N___/4_»39 pc/mi/ln

S 49.1
From Table 29-1, this represents LOS C.

Discussion

This segment operates at a desirable LOS. Densities are low, despite relatively low
speeds through the segment, which are considerably under the FFS of 65 mi/h. Thus,
drivers will experience the effects of congestion through reduced speeds. Nevertheless,
the operation is quite stable, and demands are well below capacity.

It should be noted that weaving vehicles are traveling faster than non-weaving vehicles.
This may reflect non-weaving vehicles crowding left lanes to avoid conflicts with weaving
vehicles.

Problem 29-2

(a) Basic Characteristics of the Weaving Segment
The basic characteristics of the weaving segment include geometric and lane-
changing characteristics that quantify the segment and its operation. It also includes
basic characteristics of the demand, most of which are given in the problem statement.

For key geometric and lane-changing characteristics, Figure 29-12 must be examined
in detail, as illustrated below:

—_
—
5 SN ——— e
_______________

For clarity, the right legs of both the entry and exit are designated as the “ramps” for
this analysis. The ramp-to-freeway flow (blue), shows that vehicles in this flow must
make at least one lane change. The freeway-to-ramp movement can be made without
any lane changes. Also, the freeway-to-ramp maneuver may be made with one lane
change from the middle freeway lane, and with no lane changes from the right-most
freeway lane. Therefore:

LCrr=1
LCrr=0
NwL = 3
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The following geometric variables are specified in the problem statement:

FFS = 70 mi/h
Ls= 2,500 ft
ID=0.9 int/mi

Note that there are no barrier lines in the weaving segment, so the short length is
equal to the base length in this case.

From the weaving diagram of Figure 29-12, the following demand flows are known:

Vo1 = 2,000 pc/h

Vo2 = 1,000 pc/h

vanw = 2,000 + 1,000 = 3,000 pc/h
vw1 = 1,600 pc/h

vwz = 800 pc/h

vw = 1,600 + 800 = 2,400 pc/h

v = 3,000 + 2,400 = 5,400 pc/h
VR = 2,400/5,400 = 0.444

(b) (c) Level of Service and Capacity of the Weaving Segment
Parts b and c of the problem must be addressed simultaneously, as determining the
LOS requires a prior determination of capacity.

Equation 29-2 is used to find the minimum number of lane-changes made by weaving
vehicles traversing the segment:

LCyn = (LCRF *Vge )"’ (LCFR *VFR)

LC, = (800*1)+(1,600*0)=800 Ic/h

Note that in this case, Vrr is Vw2 and Vrr iS Vwi.

Next, the maximum weaving length is computed to determine whether the segment is
indeed a weaving segment. Equation 29-4 is used:

L = [B.728(1+VR ) |- [1.566 Ny, ]
Ly = [5,728(1+0.444)° | [1,566*3]
L, =10,311— 4,698 = 5,614 ft

As this is greater than the existing length of 2,500 ft, the analysis continues as a
weaving segment.

The capacity of the weaving segment is now computed using Equations 26-5 through
29-8. Two possible results are obtained. The capacity when controlled by a maximum
density of 43 pc/mi/ln is given by Equations 29-5 and 29-6.
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Cua. = Cirt —[438.2(1+VR)® [+ [0.0765L, ]+ [119.8N,, |

The value of cirLis obtained from Table 29-2 as 2,400 pc/h/In. The weaving
segment capacity is computed as:

Cun = 2400 [438.2(1.444)* |+ [0.0765* 2500] + [119.8*3]
Coy. = 2400 —788.8+191.3+359.4 = 2,162 pc/h/In
C,y =3*2162 = 6,486 pc/h

If the capacity for weaving movements controls the situation, the capacity is
estimated using Equation 29-7 (for Nw. of 3):

c _ 3500 _ 3500 _ 7,883 pc/h
W VR 0444

The smaller value, 6,486 pc/h prevails. This is the answer to part (c), the capacity
under ideal conditions. It is also larger than the total demand flow rate of 5,400 pc/h.
LOS F does not exist, and the analysis may continue.

The total lane-changing rate for weaving vehicles is given by Equation 29-12:

LC, = LCyy +0.39|(Ls —300)°° N2(1+ ID)*?
LC,, =800+ 0.39](2500-300)’° 42(1+0.9)"°]
LC,, =800+ 0.39[46.9*16*1.67]=1,289 Ic/h

The total lane-changing rate for non-weaving vehicles is determined by Equations 29-
13. There are two equations. To select the appropriate equation, the value of the
lane-changing index must be determined using Equation 29-14:

* *
| _LsIDvy, 25007083000 _ 0, 40
10,000 10,000

Because the index is less than 1,300, the first Equation 29-12 is applicable:

LC,, =(0.206v,,, )+(0.542L,)—(192N)
LC,, =(0.206*3000)+ (0.542*2500)— (192*4)
LCy, =618+1,355-768=1,205Ic/h

The total lane-changing in the segment is, therefore:

LC,, =LC, +LC,, =1289+1205=2,494 Ic/h
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The average speed of weaving vehicles in the segment is estimated using Equations
29-18 and 29-19:

e, V' 2494\°™
W= 0.226(’*“} = o.zza(j =0.2256

S 2500
* _ *1 _

5, =154+ O SARZIS) g (T0%1715) 59 9 mish
1+W 1+0.2256

The average speed of non-weaving vehicles is estimated using Equation 29-20:

S\w = FFS*SAF —(0.0072LC,,,, )—(0.0048%\])
S = 70*1—(0.0072*800)—(0.0048*540%)= 57.8 mi/h

The average speed of all vehicles is then computed using Equation 29-21:

Vy +Vy  2400+3000
s, ) s, ) \59.9) (578
The density is then computed as:

V 540y
D=/N___/4_»39 pc/mi/ln
S 58.7

S = =58.7mi/h

From Table 29-1, this is LOS C. Operations are expected to be stable and good.

(d) Capacity Under Prevailing Conditions

The capacity of the segment was previously estimated as 6,486 pc/h. This value,
however, assumes “ideal” or base conditions, which include no trucks. To get the
capacity in mixed vehicles per hour, this value must be multiplied by the appropriate
heavy vehicle adjustment factor, fuv.

The demand includes 10% trucks (standard mix assumed) in rolling terrain. From
Table 28-10, for rolling terrain, Env = 3, and:

1 1

fo = = =0.833
" o 1+P,, (Ey 1) 1+0.10(3-1)

Capacity under prevailing conditions is, therefore, 6,486*0.833, or 5,403 vehicles per
hour.

Note that the PHF is not applied. Capacity, even under prevailing conditions, is always
stated as a flow rate. If the maximum full-hour volume that the segment could
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accommodate were desired, the capacity would be multiplied by the PHF, or
5,403*0.92 = 4,971 veh/h.

Problem 29-3

The configuration of this weaving segment is an interesting one. The first critical question
is to classify it as a one-sided or two-sided weaving segment. Then, the critical
configuration characteristics would have to be quantified. Close perusal of the segment
is required:

2,500 ft

PHF = 0.94
5% trucks in all mvts (standard mix)
Level Terrain

SAF = CAF = 1.00
FFS = 60 mi/h

At first glance, this might appear to be a two-sided weaving segment, with a right-side on-
ramp followed by a left-side off-ramp. However, a closer look reveals that the segment
does not meet either of the two criteria for two-sided weaving: a one-lane on-ramp
followed by a one-lane off-ramp on opposite sides of the roadway (one ramp has two
lanes), or one weaving movement requiring more the two lane changes. The right-to-left
weaving movement does require two lane changes, but does not require more than two
lane changes. Thus, this is still classified as a one-sided weaving segment.

The standard terminology of one-sided weaves, however, doesn’t quite fit either, as the
ramps are clearly on opposite sides of the freeway. The terminology fits a bit better if the
left entry leg is considered as the ramp; then, both “ramps” are on the left side of the
freeway. To avoid confusion with notation, that is what we will do for the remainder of the
problem.

From the figure, the following key variables can be noted:
LCrer (left entry, right exit) =0
LCrr (right entry, left exit) = 2
NwL = 3

Note that as there are no barrier markings in the segment, the base length and the short
length are the same, or 2,500 ft.
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Demand volumes must all be converted to equivalent flow rates in pc/h. The PHF is given
(0.94) and there are 5% trucks (standard mix) in level terrain. From Table 28-10, for level
terrain, Env = 2, and:

1 1

" 1+P, (E, 1) 1+0.05(2-1)

Then, using Equation 29-1:

B \Y
Vo ——
PHF * f,
2000
Vol(FF) = m = 2,235 pC/ h
800
Vo) = g gawo g5z oot PN
1300
VWl(RF) = m = 1,493 pC/ h
500
VWZ(FR) = m = 559 Veh/ h

From these values, the following additional key variables may be determined:

Vw = 1493 + 559 = 2,052 pc/h
vnw - = 2235 + 894 = 3,129 pc/h
v = 2052 + 3129 = 5,181 pc/h
VR  =2052/5181 = 0.396

Equation 29-2 is used to find the minimum number of lane changes needed for weaving
vehicles to complete their weaving maneuvers:

LCym = (LCre *Vie )+ (LCpg *Vir )= (0%1493) + (2*559)=1118 Ic/ h
The maximum weaving length is given by Equation 29-4:

Lus = [5,728(1+VR)* |- [1566 N, ]
Lusx = 5,728(1+0.396)° |- [1,566* 3] = 9768.3 - 4698.0 =5,070.3 ft

As this is longer than the actual length of 2,500 ft, the segment is operating as a weaving
segment, and the analysis on this basis may continue.
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The next key determination is the capacity of the weaving segment. The first possible
determinant of capacity is based upon the breakdown density of 43 pc/mi/ln being
reached. This capacity is estimated using Equations 29-5 and 29-6:

Cun. = Cre — [438.2(L+VRY® |+[0.0765(L )|+ [119.8N,,, ]

The value of cir is obtained from Table 29-2 for a FFS of 60 mi/h: 2,300 pc/h/In. Then:

Cou = 2,300 — [438.2%1.396'° |+ [0.0765* 2500]+ [119.8*3]
Cou = 2,300—747.3+191.3+357.9 = 2,102 pc/h/In
Gy = Cpy *N* f,,, = 2102%4%0.952 =8,004 veh/h

The second potential determinant of capacity is the limiting weaving flow rates, as
specified in Equations 29-7. The equation for Nwv = 3 is used:

c —@—ﬂ—%% pc/h
VR 0396

Gy =Cpy * froy =8838%0.952=8,414 veh/h

The smaller value, or 8,004 veh/h is the capacity of the weaving segment. This must be
compared to the total demand flow rate. The total demand volume in veh/h is 4,600
veh/h. To compare it to capacity directly, this has to be converted to a flow rate using the
PHF, or 4600/PHF = 4600/0.94 = 4,894 veh/h. This is significantly lower than the
capacity, so LOS F does not exist. The analysis may continue.

The total lane-changing rate for weaving vehicles is estimated using Equation 29-12:

LCy = LCypy +0.39)(L —300)° N1+ ID)*? |
LC, =1118+0.39[(2500-300)"° 4% (1+2)* |=1,823 Ic/h

The total lane-changing rate for non-weaving vehicles is estimated using Equations 29-
13, based upon the lane-changing index computed using Equation 29-14:

Ly IDv,, _2500*2*3129

= - =1564.5
10,000 10,000

Because this index is in the middle range of 1300 to 1950, the actual result is interpolated
between the two Equations 29-13, as indicated in Equation 29-15. Then:
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LCyy, = (0.206v,,, )+(0.542 L, )—(192.6 N )
LCyy: = (0.206*3129)+(0.542*2500)—(192.6*4)=1,229 Ic/h
LCyy, = 2135+0.223(v,,, —2,000) = 2135+ 0.223(3129 - 2000)= 2,387 Ic/h

w —1300 1564.5 —1300)

LCyw = LCy, +(LCy, - Lqu)('N 550 ):1229+(2387—1229)( 550

LC,, =1229 +1158(%) =1,700 Ic/h

The total lane-changing rate for the weaving segment is, therefore:

LC,, =LC, +LC,, =1823+1700=3523Ic/h

The average speed of weaving vehicles in the weaving segment is given by Equations
29-18 and 29-19:

e, )\ 3523\°"
W :0.226(LALLJ :0.226[) ~0.2023

S 2500
* _ *1_

5, =15+ FEOTSAR=15) 45 (8071151 g 6 misn
1+W 1+0.2923

The average speed of non-weaving vehicles is given by Equation 29-20:

Sw = FFS*SAF —(0.0072LC,, )~ (0.0048 4
Sy =60*1—(0.0072*1118) - (0.0048*518%)= 45.7 mi/h

The average speed for all vehicles may now be computed using Equation 29-21:

o VwtVw 2052 +3129 _472mi/h

s, ) s, ) l49.8) (457

The density may now be computed as:

Vv 5181
D—A——A=27.4 pc/mi/ln

S 47.2

From Table 29-1, this is LOS C, but very close to the LOS C/D boundary of 28 pc/mi/in.

Weaving vehicles travel faster than non-weaving vehicles in this segment. For the
geometry and flows shown, this is logical, as one of the “weaving” flows looks more like
a through freeway flow, much as in a two-sided weaving segment (even though this is still
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a one-sided weaving segment). A LOS C determination is usually acceptable, but the
closeness of this operation to the LOS D boundary means that growth potential must be
carefully monitored over the years.

Problem 29-4

The segment shown in Figure 29-14 is a ramp-weave located on a C-D (collector-
distributor) roadway as part of a freeway interchange. It can be analyzed as a weaving
segment, but several key determinations will have to be considered as broad
approximations, as the algorithms were all calibrated for mainline freeway weaving
segments. For the purposes of terminology, the “ramps” are the left entry and exit points,
and the “freeway” consists of the right entry and exit points. Because this is a ramp-
weave, key configuration characteristics include:

LCrr = 1
LCrr = 1
Nwv = 2

As there are no barrier markings shown, the basic length and the short length of the
weaving segment are equal, i.e. 1,200 ft.

Each of the component demand volumes must be converted to a flow rate in pc/h. The
PHF is given as 0.92. There are 10% trucks (standard mix) in level terrain. From Table
28-10, Env = 2, and:

1 1

= = =0.909
1+P,, (Ep -1) 1+0.10(2-1)

HV

Then, using Equation 29-1.:

v
Ve ———————
PHF * f,,
400
Voo =———— —483 pc/h
°UFF) ™ 0,92*0.909 P
300
Veze) = 910,909 ~ 00 PE/M
800
Voo =——— =967 pc/h
YAFR) 7 0.91*0.909 P
600 =725 pc/h

v =
"2(RF) " 0,91*0.909

Other key variables may now be computed:
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v, =967+725=1,692 pc/h
Vyy =483+363=846 pc/h
v=1692+846 = 2,538 pc/h
VR =1692/ 2538 = 0.667

The minimum number of lane changes that must be made by weaving vehicles to
successfully complete their desired maneuvers is given by Equation 29-2:

LCym = (LCpg *Vig )+ (LCre *Vie ) = (1%967) +(1*725)=1,692 Ic/h

The maximum length of for a weaving segment with this configuration and demand is
given by Equation 29-4:

Lus = [5.728(1+VR)* |- [1566 Ny, ]
Ly = [5.728(1+0.667)° |- [1.566 2]
Lyn =12.975-3132=9,843 ft >1,200 ft

Because the actual length is less than the maximum, this segment is operating as a
weaving segment, and the analysis continues.

The capacity of the segment can be estimated in two ways. The first is based upon
reaching the breakdown density of 43 pc/mi/ln, and is estimated using Equation 29-5:

Cun =G —[438.2(L+VR)® |+[0.0765 L, ]+ [119.8N,,, ]

The value of cirL is taken from Table 29-2 for a C-D roadway with a FFS of 55 mi/h. The
appropriate value is 2,100 pc/h/In. Then:

Gy = 2100 — [438.2%1.667"° |+ [0.0765*1200]+ [119.8*2]
C = 2100-992.6+91.8+239.6 =1,439 pc/h/In

With 2 lanes, the segment capacity (under ideal conditions) is 2*1449 = 2,878 pc/h.

The second estimate of capacity is based upon the maximum allowable weaving flow rate
in the segment, given by Equations 29-7. Choosing the equation for Nwv = 2, the estimate
becomes:

2,400 2,400

C = =3,598 pc/h
VR  0.667 P

Obviously, the minimum value, or 2,878 pc/h controls the result. As this is greater than
the demand flow rate of 2,538 pc/h, no breakdown is expected and the analysis continues.
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The total lane-changing rate for weaving vehicles is estimated using Equation 29-12:

LCy = LCyyy +0.39|(Ls —300/°° N> (1+ ID)*?|
LC,, =1692+0.39 [(1,200 —300)*°*2? *1.6670-8] =1762Ic/h

Note that the result is only slightly more than LCwmn, which is logical given the
configuration. There is not much opportunity for weaving vehicles to make optional lane
changes.

Total lane-changing by non-weaving vehicles is estimated using Equations 29-13. The
choice of which equation to use is based upon the lane-changing index, computed using
Equation 29-14:

*AN*
_LiIDvy, _1200%4%846 _ 00 ;40
10,000 10,000

As the index is less than 1,300, the first Equation 29-13 is used:

LC,, =(0.206v,,, )+(0.542L,)-(192.6N)
LC, = (0.206*846)+(0.542*1,200)—(192.6*2)=439 Ic/h

The result for non-weaving vehicle lane changes is low. Even the low value predicted,
however, might be too high. From the configuration diagram (Figure 29-14), non-weaving
vehicles would have little opportunity and little reason to make a lane change at all. The
equation, however, was calibrated for freeway mainlines, and may be a bit inaccurate for
the C-D case under study.

The total lane-changing rate, LCaLL = 1762+439=2,201 Ic/h.

The average speed of weaving vehicles traversing the segment is estimated using
Equations 29-18 and 29-19:

Lc,. ) 2201\
W = 0.226(¢J - 0.226[%j = 0.347

S
* _ *1 _
s, =15J{FFS SAF 15}215{55 1-15

=447 mi/h
1+W 1+0.347

The average speed of non-weaving vehicles traversing the weaving segment is estimated
using Equation 29-20:
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Sy = FFS *SAF —(0.0072LC,,, )~ (0.0048 Y4 )

S, =55*1(0.0072*1692)— (0.0048*253%)
S, =55.0~12.2—6.1=36.7 mi/h

Note that non-weaving vehicles travel at significantly lower speeds than weaving vehicles.
The dominant flows weave, and non-weaving flows have no option to avoid the turbulence
caused by weaving vehicles. Non-weaving vehicles must share lanes with weaving
vehicles, and are therefore affected by them.

The average speed of all vehicles is given by Equation 29-21.

o__ VMtV _  1692+846 2538

Vi | (Vo | (1692}( 846) ~ 37.85+23.05
Sw ) \ Sww 44.7 ) '\ 36.7
The density may now be computed as:

V 253%
D=/N___72_330pc/h/In
S 397

=39.7 mi/h

From Table 29-1, for a C-D roadway operating at a density of 32 pc/h/In, the LOS is C —
but barely. The density is right at the maximum value for LOS C.

The LOS is minimally acceptable, given that this is a C-D roadway, not a freeway
mainline. The speeds through the segment are relatively slow, as would be expected in
a C-D situation with the dominant flows weaving.
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Solutions to Problems in Chapter 30

Capacity and Level of Service Analysis:
Merging and Diverging Segments on Freeways and Multilane Highways

Problem 30-1

The ramp sequence shown is a one-lane on-ramp followed by a one-lane off-ramp, 2,000
ft apart. Consideration of the interaction between the two will be an important part of this
analysis.

Step 1: Convert Demand Volumes to Flow Rates in pc/h
Equation 30-1 is used to convert volumes to flow rates in pc/h:

v
Ve ——————
PHF * f,,

The peak hour factor (PHF) for all movements is given as 0.95. Rolling terrain prevalils.
From Chapter 28, the passenger-car equivalent for heavy vehicles in rolling terrain is 3.0.
The heavy-vehicle adjustment factor, fuv, depends upon the proportion of trucks in the
demand, which varies for each component:

(- 1
W 1+ PHV(EHV _l)
1

f =—————=0877
RV 140,07 (3-1)
1
i = = (.943
PR 40.03(3-)
1
f =—————=0.909
PR 1 40.05(3-2)
Then:
Ve, = 3800 _ 4,081 pc/h
0.95*0.877
Vi, =&=893 pc/h
0.95*0.943
Vg, =A=811 pc/h
0.95*0.909

Note that the freeway flow rate immediately upstream of the off-ramp is the sum of the
entering freeway flow plus the on-ramp flow. Thus:

Ve, = Vg, + Vg, = 4,081+893=4,974 pc/h
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Step 2: Determine the Flow Rate in Lanes 1 and 2 Immediately Upstream of Each
Ramp

The real issue involves determining which equation governs the value of vi2 for each
ramp.

Ramp 1

From Table 30-3, an on-ramp with a downstream off-ramp on a 6-lane freeway is
governed by either Equation 30-6 or 30-5 in Table 30-2. The determination of which one
is applicable depends upon the equivalence distance, Leg. From Table 30-4, Equation
30-15 is used to compute the equivalence distance:

Leq = 0.214 (v, +V,) +0.444 L, +53.32 RFFS - 2,400
Leo = 0.214(4081+893) + (0.444*500) + (53.32*35) — 2,400
Leo =1,064.4+222.0+1866.2—2,400.0 = 752.6 ft < 2,000 ft

Because the actual distance between the ramps (2,000 ft) is more than the equivalence
distance (752.6 ft), the on-ramp is not influenced by the downstream off-ramp, and the
general equation, 30-5, is used to determine vi2@). Then:

Py =0.5775+0.000028 L, = 0.5775+ (0.000028 *500) = 0.5915

Then, using Equation 30-2:

Vi, = Ve Pey
Vipay = 4,081*0.5915=2,414 pc/h

This value must be checked for reasonableness. The flow in Lane 3 (there is only one
outer lane on a 6-lane freeway) is 4081-2414 = 1,604 pc/h < 2,700 pc/h. It is also less
than 1.5 (2414/2) = 1,811. Therefore, the predicted value is considered reasonable, and
will be used.

Ramp 2:

From Table 30-3, for an off-ramp with an upstream on-ramp on a 6-lane freeway, vi2 may
be computed using either Equation 30-12 or 30-11. The choice of which is appropriate is
once again made by comparing the actual distance between the ramps to the equivalence
distance, Leq. From Table 30-4, the equivalence distance is estimated using Equation
30-17:

— Vu
beo = 0.071+0.000023v, —0.000076 v,
L 893
¥ 0.071+ (0.000023* 4974) — (0.000076 *811)
L 893 _ 8%
®0 7 0.071+0.1144-0.0616 0.1238

=7,213.2 ft> 2,000 ft
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Because the equivalence distance (7,213.2 ft) is larger than the actual distance between
the ramps (2,000 ft), the off-ramp is affected by the upstream on-ramp, and Equation 30-
12 is used. Then:

P, =0.717 - 0.000039v, + 0.604(‘%u ]
p

P, =0.717 — (0.000039 * 4974) + (0.604*893/ 2000)
P., =0.717-0.1940+0.2697 = 0.7927

Then, using Equation 30-3:

Vip =Vg t+ (VF _VR) PFD
Viga) = 811+ (4974-811)*0.7927=4111 pc/h

This value must be checked for reasonableness. The flow in the one outer lane (Lane 3)
is 4974-4111 = 863 pc/h. This is less than 2,700 pc/h. Itis also less than 1.5 (4111/2) =
3,018 pc/h. Therefore, the value is accepted as reasonable.

Some discussion is necessary here. The “reasonableness” check guards against
assigning too much traffic to the outer lane. In this case, itis likely that too few have been
assigned, given the far higher flows in lanes 1 and 2. We do not correct for this because
the resulting LOS will likely be worse than what actually occurs. Thus, any error is on the
“safe” side, and the computations continue.

Step 3: Check Capacity Limitations

Capacity limitations are given in Table 30-5. Absolute capacities are given for the freeway
and the ramp roadways. Limitations on traffic entering the ramp influence area (Lanes 1
and 2) are also given, but failure of one of these alone does not lead to LOS F. The
critical point for the freeway check is between the ramps (vr2), as freeway traffic is at its
maximum at this point. These checks are summarized in the table below.

Capacity Checks for Problem 30-1

Element Demand Flow Rate (pc/h) Capacity (pc/h) OK?

Freeway, Ve2 4,974 7,050 (Table 28-4, 3 lanes, FFS = 65) Yes

Ramp 1, vr1 893 2,000 (Table 28-4, RFFS = 35) Yes

Ramp 2, Vr2 811 2,100 (Table 28-4, RFFS = 50) Yes

Ramp 1 Influence Area, Vriz) 2414+893 = 3,307 4,600 (Table 28-4) Yes
Ramp 2 Influence Area, via) 4,111 4,400 (Table 28-4) Yes

All of the capacity checks are passed, so LOS F will not prevail, the solution continues
to find the Level of Service.

Step 4: Determine the Density in the Ramp Influence Areas and the Resulting LOS
The density in the merge area is computed using Equation 30-21. The density in the
diverge area is computed using Equation 30-22. Then:
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Dianps = 5:475+0.00734v,, +0.0078v,, —0.00627 L,

Dranpr = 5475+ (0.00734*893) + (0.0078 * 2414) - (0.0062*500)
Dy, =5.475 +6.555+18.829 —3.100 = 27.76 pc/mi/In

Dranp = 4:252+0.0086V,, —0.009L,

Dianpa = 4252 + (0.0086* 4111) — (0.009*300)

Dranp = 4:252+35.355-2.700 = 38.21 pc/mi/In

From Table 30-1, Ramp 1 is operating at LOS C (just barely, with a maximum of 28.0
pc/mi/in), while Ramp 2 is operating at LOS E.

Step 5: Speed Characteristics
Equations for the prediction of speed are given in Table 30-6 for merge segments, and
in Table 30-7 for diverge segments.

For Ramp 1 (merge segment):

M, =0.321+0.0039e"==""*? _0.002 (L, * RFFS /1000)
M, =0.321+ (0.0039 *e*7/1%%%) _ (0,002 *500*35/1000)
M, =0.321+0.1065-0.035 = 0.3925

Sg, = FFS*SAF — (FFS* SAF —42) M

Sg, = 65*1— (65*1—42)*0.3925 = 65.0 - 9.0275 =56.0 mi/h

S, = FFS*SAF —0.0036(v,, —500) = 65*1—0.0036(1667 —500) = 60.8 mi/h
5=V +VeN 3307 +1667*1 4974

oa "o

= = = =57.5mi/h
Ve |, [ VeaNo (3307}{1667*1] 59.05 + 27.42
Sk S, 56.0 60.8

For Ramp 2 (diverge segment)

D, = 0.883+0.00009V,, —0.013RFFS

D =0.833+(0.00009*4111) — (0.013*50)

D =0.833+0.3670—0.6500 = 0.550

S, =1.097 FFS * SAF — (FFS * SAF —42) D,

S, = (1.097*65*1) — (65*1— 42)*0.550

S, =71.31-12.65=58.7 mi/h

S, =1.097 FFS *SAF =1.097*65*1=71.3 mi/h

s_ Vi tVeN, _ 4111+863%1 4974

vy ) (VN (4111) (863*1) ~70.03+12.10
_dc + oa 0 . +
s, s, 587 ) \ 713

Analysis

For the ramp sequence as shown, the off-ramp is clearly the critical part of the operation.
Its density places it at LOS E. However, the speed behavior at the off-ramp seems to be
a bit better than that at the on-ramp. There are two possible reasons for this. Speeds at
off-ramps are generally higher than for on-ramps at similar demand flow rates. The outer
speed is also very high, based upon a very small allocation of demand to the outer flow.
It is likely that the actual distribution of vehicles will put more vehicles in the outer lane,

=60.4mi/h
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and reduce the predicted speed. Note that the influence areas of the ramps overlap, so
LOC E prevails for 1,500 ft upstream of the off-ramp.

Part (b) of the question asks to compare this to the solution to Problem 29-1, which was
fundamentally the same segment with a continuous auxiliary lane, creating a ramp-
weave. For that solution, the LOS was C (better than the ramps in this solution), but the
average speed was quite a bit lower (49.1 mi/h). The weaving segment essentially
spreads the turbulence throughout the 2,000 ft distance between ramps, whereas the
ramp configuration focuses more of it closer to the ramps. Given the overlap of the ramp
influence area in this case, that would not be expected to be a major factor, however.

In the final analysis, the methodologies take very different approaches, and direct
comparison is a bit difficult. Distribution of demand flows over the lanes of a weaving
segment is not a critical factor in weaving analysis, whereas it dominates ramp analysis.
It would be a difficult call to make, but one suspects that the continuous auxiliary lane
would improve operations somewhat.

Problem 30-2

Problem 30-2 is a simple isolated on-ramp on a 6-lane freeway. The analysis is relatively
straightforward, but two analyses will be necessary, as the question is asking for the
impact of an increase in the on-ramp traffic due to a new development. For simplicity, the
two analyses will be done simultaneously, so that intermediate computations may be
compared as well as the resulting LOS.

Step 1: Convert Demand Volumes to Flow Rates in pc/h

Equation 30-1 is used to convert the given demand volumes to flow rates in pc/h. The
PHF for both the ramp and freeway is 0.92 (given). Level terrain prevails: From Chapter
28, Env for level terrain is 2.0. Then:

1
foy =r—5——=
1+Py(Ew -1
1

f =— =092
HV, freeway 1+008(2—1)
1
f =~ =00952
AV T 40.05(2-1)
Converting the demand volumes:
%
Ve———
PHF* f,,
Ve =ﬂ=4,930 pc/h
0.92*0.926
700
Vo =———————=799 pc/h
f0.92%0.952 P
1000 =1142 pc/h

Vpy =
R270.92*%0.952
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Step 2: Determine the Flow in Lanes 1 and 2 Immediately Upstream of the Ramp
This is a simple isolated on-ramp on a 6-lane freeway. From Table 30-3, Equation 30-5
(from Table 30-2) is used to estimate Prm.

P-y =0.5775-0.000028 L, = 0.5775—(0.000028 *1000) = 0.5495

Note that the value of Prm does not depend on the ramp flow rate, so it is the same for
both demand scenarios presented. Then, using Equation 30-2:

— *
V12 - VF PFM

v, =4930*0.5495=2,709 pc/h

Likewise, this value does not change with the ramp flow rate.

Step 3: Check Capacity Values

Capacity values are given in Table 30-5. The critical capacity check is the flow rate on
the freeway downstream of the on-ramp. The table below illustrates the capacity checks
for this problem.

Capacity Checks for Problem 30-2

Component Demand Flow Rate (pc/h) Capacity (pc/h) OK?
Freeway (Ve + Vr) Scenario 1 4930+799 = 5,729 pc/h 7,050 (Table 28-5, 3 lanes, FFS = 65) Yes
Ramp (vry Scenario 1 799 pc/h 2,000 pc/h (Table 28-5, RFFS = 40) Yes
Flow Entering Influence 2709+799 = 3,508 4,600 (Table 28-5) Yes
Area (Vriz) Scenario 1
Freeway (vr + Vr) Scenario 2 4930+1152 = 6,072 7,050 (Table 28-5, 3 lanes, FFS = 65) Yes
Ramp (vry Scenario 2 1152 2,000 pc/h Yes
Flow Entering Influence 2709+1152 = 3,861 4,600 pc/h Yes
Area (Vri2) Scenario 2

All of the capacity checks for both demand scenarios, and no failures are expected. The
analysis may continue.

Step 4: Determine Density and LOS
Density for an on-ramp is estimated using Equation 30-21:

D, =5.475+0.00734v, +0.0078v,, — 0.00627 L,

= 5.475 +(0.00734* 799) + (0.0078 * 2709) — (0.00627 *1000)
=5.475+5.865+21.130 - 6.270 = 26.2 pc/mi/In

= 5.475 + (0.00734*1142) + (0.0078* 2709) — (0.00627 *1000)
=5.475+8.382+21.130—6.270 = 28.7 pc/h

R,Scenariol
R,Scenariol

R,Scenario 2

D
D
D
Dg scenario?

From Table 30-1, the LOS for Scenario 1 is C, while for Scenario 2, it is D — just over
the maximum for LOS C, which is 28 pc/mi/In.
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Step 5: Determine Speed Behavior
Table 30-6 gives equations for the determination of average speed in a merge segment.
The following equations are used:

M, =0.321+0.0039¢"/1%) _ 0,002 (L, * RFFS /1000)
S, = FFS *SAF — (FFS * SAF —42) M

S, = FFS * SAF —0.0036 (v, —500)

VR12 +V0a No

VR# + VoaN
Sk So

These speeds are computed as shown, and displayed in the table below.

S:

Speed Results for Problem 30-2

Scenario Average Speed in Ramp Average Speed in Outer Average of All
Influence Area, Sr Lane, So Speeds, S
Scenario 1 56.4 mi/h 58.8 mi/h 57.3 mi/h
Scenario 2 55.2 mi/h 58.8 mi/h 56.5 mi/h
Analysis

In this case, there is very little impact of changing the on-ramp demand volume from 700 veh/h to
1,000 veh/h. While the LOS technically changes from C to D, the change is small in density, but
happens to straddle the boundary between the two. The change in LOS looks larger than it really
is. Speed behavior also does not change very much, although there is minor slowing with the
additional 300 veh/h added to the demand.

Solution to Problem 30-3

This problem actually requires four separate analyses, because it asks the analyst to
evaluate existing operations, and then projects three different improvement scenarios.
The four scenarios are shown below.

Scenario 1: Existing Case
Scenario 1 is the existing situation with consecutive on- and off-ramps on a 4-lane
freeway, shown below:
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FFS = 60 mi/h
ID = 2 interchanges/mi

1200 ft

3,100 veh/h

600 veh/h
RFFS = 45 mi/h

700 veh/h

RFFS = 45 mi/h
All Movements

Level terrain
10% trucks
PHF = 0.94
CAF = SAF = 1.00

Scenario 2: Add a Continuous Auxiliary Lane Between the Ramps

In this scenario, the addition of an auxiliary lane creates a ramp-weave segment, which
must be analyzed using the methodology of Chapter 29.

FFS = 60 mi/h
ID = 2 interchanges/mi

1200 ft

3,100 veh/h

600 veh/h
RFFS = 45 mi/h

/

700 veh/h

RFFS = 45 mi/h
All Movements

Level terrain
10% trucks
PHF = 0.94
CAF = SAF = 1.00

Scenario 3: Add a Third Freeway Lane, Extend Acceleration and Deceleration Lanes
In this scenario, a third freeway lane is added, creating a 6-lane freeway, and the
acceleration and deceleration lanes are extended to 300 ft each.

246

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



FFS = 60 mi/h
ID = 2 interchanges/mi

1200 ft
3,100 veh/h
P e
// 300 ft 300 ft \
700 veh/h
600 veh/h RFFS = 45 mi/h
RFFS = 45 mi/h All Movements

Level terrain
10% trucks
PHF = 0.94
CAF = SAF = 1.00

Scenario 4: Provide a Lane Addition at the On-Ramp
In this scenario, a lane is added at the on-ramp and carries through past the off-ramp.

This also creates a weaving segment, and would be analyzed using the methodology of
Chapter 29.

FFS = 60 mi/h
ID = 2 interchanges/mi
1200 ft

3,100 veh/h

600 veh/h

RFES = 45 mi/h All Movements 700 veh/h .
Level terrain RFFS = 45 mi/h
10% trucks
PHF = 0.94

CAF = SAF = 1.00
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Each of these scenarios is analyzed in the sections that follow. In some cases, not all of
the details of computations are shown, to save space. All values are summarized,
however, for examination and discussion.

All computations have been demonstrated in Chapter 29 and 30 example problems, and
in solutions to previous homework questions.

Scenario 1: Existing Case

Step 1: Convert Demand Volumes to Flow Rates in pc/h
All demands have a PHF of 0.94 and include 10% trucks in level terrain. From Chapter
28, for level terrain, Env = 2. Then:

1 1

foy = = =0.909
1+P,, (Ey 1) 1+0.10(2-1)

Demand volumes may now be converted using Equation 30-1:

\

Ve———
PHF * f,,,
Ve =—X00___ 5698 perh
0.94*0.909

600

Vg =—————=702 pc/h

®0.94%0.909 P

700 =819 pc/h

VR2 = =7 hono
0.94*0.909
Note also that vr2 = vr1+vr1 = 3628+702 = 4,330 pc/h.

Step 2: Determine vi2 Immediately Upstream of Each Ramp
In this case, this is a trivial task, as there are only two lanes in each direction on the 4-
lane freeway. Thus, all demand is restricted to these lanes. Therefore:

e Vi) = Vr1 = 3,628 pc/h
e Vi22) = Vr2 = 4,330 pc/h

Step 3: Capacity Checks

All capacity values are found in Table 30-5. The critical checkpoints are the freeway flow
between the two ramps (vr2), the two ramp flows (vr1 and vr2), and flow entering the ramp
influence areas (vVri2) and viz)). These checks are carried out in the table below.

Capacity Checks for Problem 30-3, Scenario 1

Element Demand Flow Rate Capacity OK?
Freeway Flow Rate, vr2 4,330 pc/h 4,600 pc/h (Table 30-5, 2 lanes, FFS = 60) Yes
Ramp 1, vr1 702 pc/h 2,100 pc/h (Table 30-5, one lane, RFFS = 45) Yes
Ramp 2, vr2 819 pc/h 2,100 pc/h (Table 30-5, one lane, RFFS = 45) Yes
Flow Entering On-Ramp 3628+702=4,330 pc/h 4,600 pc/h (Table 30-5) Yes
Influence Area, Vrizq)
Flow Entering the Off-Ramp 4,330 pc/h 4,400 pc/h (Table 30-5) Yes
Influence Area, Vize)

248

© 2019 Pearson Education, Inc., Hoboken, NJ. All rights reserved. This material is protected under all copyright laws as they currently
exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Step 4: Estimate Density and LOS
Density in the merge segment (Ramp 1) is estimated using Equation 30-21. Density in
the diverge segment (Ramp 2) is estimated using Equation 30-22.

Dy =5.475+0.00734V,, +0.0078V,,, —0.00627 L,

Dy, = 5.475+(0.00734*702) + (0.0078*3628) — (0.00627 *100)

Dy, =5.475+5.153+28.298—0.627 = 38.3 pc/mi/In (LOS E,Table 30—1)
Dy, = 4.252 +0.0086V,,,, —0.009 L,

Dy, = 4.252+ (0.0086* 4330) — (0.009* 200)

Dg, =4.252+37.238—-1.800=39.7 pc/h/In (LOS E, Table 30-1)

The segment is expected to operate very poorly, in LOS E for both the on-ramp and off-
ramp influence areas (which covers the entire freeway in this case).

Step 5: Estimate Speed Behavior

Equations for the estimation of speed in the merge influence area are given in Table 30-
6, while equations for the diverge influence area are given in Table 30-7. The details of
speed computations are not shown, but the results are summarized below. Note that
there are no “outer lanes” in this case, and the speed within the ramp influence areas are
the same as the speed of all vehicles.

e Sr1=S51=52.6mi/h
e Sr2=52=49.2 mi/h

Speeds are relatively low, as expected. Because the distance between the ramps is only
1,200 ft, the two 1,500 ft influence areas extend across this entire length, and the poorer
operation prevails. Thus, the expected average speed between the ramps is expected to
be 49.2 mi/h, with LOS E conditions prevailing.

Scenario 2: Connect the Ramps with a Continuous Auxiliary Lane

In this case, a ramp-weave segment with three total lanes (including the auxiliary lane) is
created. Because it is a ramp weave, the following key configuration characteristics are
known (see Chapter 29):

e |Crr=1
e |Cr=1
e Nwv=2

It is also necessary to create a weaving diagram. The basic flows have already been
converted to pc/h under Scenario 1, and would be applied here. The problem statement,
however, indicates that there are 150 veh/h travelling from ramp to ramp. This would also
have to be converted to a flow rate in pc/h, using the same PHF and fuv used in Scenario
1. Thus:
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150

R 0.94*0.909 P

These 176 pc/h are part of the on-ramp flow rate. They become an outer flow in a weaving
segment. Note also that the off-ramp flow enters the segment as part of the entering
freeway flow. The weaving diagram for the segment may now be constructed:

v

3,628 — 819 = 2,809 pc/h

702 — 176 = 526 pc/h

819 pc/h

176 pc/h

v

Then:

vrr = 2,809 pc/h

VR = 819 pc/h

VRF = 526 pc/h

VRrR = 176 pc/h

vw =819 + 526 = 1,345 pc/h
vnw = 2,809 + 176 = 2,985 pc/h
v =1,345 + 2,985 = 4,330 pc/h
VR =1345/4330 = 0.3106

The length of the segment between ramps is given as 1,200 ft. For the purposes of this
computation, it will be assumed that there are no barrier markings restricting lane-
changing within the segment. Thus, Ls = 1,200 ft.

Determining Configuration Characteristics
Several key characteristics were discussed previously: LCrr, LCrr, and Nwv. The value
of LCwmin for a one-sided weaving segment is estimated using Equation 29-2:

LCyyy = (LCprg *Vig) + (LCpe * Ve ) = (1*819) + (1%526) =1,345 Ic/ h

Determine the Maximum Weaving Length
The maximum weaving length is estimated using Equation 29-4:
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Lus = [5,728(1+VR)* |- [1566 Ny, ]
Ly = [5.728+1.3106% |- [L566* 2] = 8,830 - 2,132 = 6,698 ft

As the actual length of the weaving segment is less than the maximum, the segment is
operating as a weaving segment, and the analysis continues.

Determine the Capacity of the Weaving Segment

The capacity of a weaving segment may be estimated in two ways. The first is based
upon capacity occurring when the density reaches 43 pc/mi/ln, and is estimated using
Equations 29-5 and 29-6:

Cun = Cire —[438.2(1+VR)® |+ [0.0765 L |+ [119.8 N,y |
The cirL for a freeway with a 60-mi/h FFS is 2,300 pc/h/In (Table 29-2). Then:

Con = 2,300 [438.2(1.3106" )]+ [0.0765*1,200]+ [119.8* 2]
Co. = 2,300~ 675.5+91.8+239.6 =1,956 pc/h/In

Since there are three lanes in the segment, the capacity of the segment is:
Cy =1956*3=5,868 pc/h

The second limitation on capacity is the maximum weaving flow. This capacity is
estimated using Equation 29-7:

_ 2400/ _ 2400 _
Cpy = AR - 53106 = 7727 pc/h

The lower value, 5,868 pc/h prevails. As this is larger than the total flow rate in the
segment (4,330 pc/h), no failure is expected, and the analysis continues.

Determine Lane-Changing Rates for Weaving and Non-Weaving Vehicles
The lane-changing rat for weaving vehicles is estimated using Equation 29-12:

LC, = LG,y +0.39](Ls —300° N2(1+ ID)*?]
LC,, =15345+0.39[(1,200 - 300)°° *3% * 1.+ 2)*]
LC, =1345+254=1599 Ic/h

The lane-changing rate for non-weaving vehicles is estimated using one of Equations
29-13. The choice depends upon the value of the non-weaving lane-changing index,
computed as:
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_ Ls IDvyy _1,200%2%2,986 _ 716.6 <1,300 Because of this value, the first Equation 29-

10,000 10,000

13 is used:

LC,,, = (0.206v,,, )+ (0.542L;) — (192.6 N)
LC,,, = (0.206*2,986) + (0.542*1,200) — (192.6*3)
LC,,, = 615.2+650.4-577.8=688 Ic/h

The total lane-changing rate is the sum of:
LC, =LC, +LC,, =1,599+688=2,287 Ic/h
Estimate Speeds in the Weaving Segment

The average speed of weaving vehicles in the weaving segment is given by Equations
29-18 and 29-19:

LC 0.789 5 28707
W= O.ZZG[LALLJ = 0.226( : j =0.3759

s 1,200
* _ *1—

S, :15+(FFS SAF 15J:15+(60 1 15}247.7 mi/h
1+W 1+0.3759

The average speed of non-weaving vehicles is estimated using Equation 29-20:

Sy = FFS *SAF —(0.0072LC,) - 0.0048(%4 )

S\ = 60*1—(0.0072*1,345) — (0.0048* 4,330/ 3)
S,y =60.0-9.7-6.9=43.4 mi/h

The average speed of all vehicles is computed using Equation 29-21.:

o__ VMtV _ 134542985 4330 4330

o ) [V | (1345){2985) T 28.20+68.78 96.98
S, 41.7) "\ 434

SNW

44.6 mi/h

Estimate the Density and LOS of the Weaving Segment
The density of the segment is estimated using Equation 29-22:

vy 4330
D=/N___/3_324pc/h/In
S 446

From Table 29-1, this represents LOS D. The result is a bit better than the LOS E that
resulted from the original configuration. Speeds, however, are a bit slower in the weaving
segment than the original ramp sequence. The greater spatial distribution of lane-
changing in the weaving configuration may account for this.
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Scenario 3: Add a Third Freeway Lane, Increase Accel-Decel Lanes to 300ft

This creates another ramp sequence with the same basic dimensions as Scenario 1.
The freeway is now a base 6-lane freeway, which will change the computations for viz,
and any subsequent computations depending on those results.

All volumes have already been converted to flow rates in pc/h. They are repeated here
for convenience:

vr1 = 3,628 pc/h
vr2 = 4,330 pc/h
VrR1 = 702 pc/h
VrRz = 819 pc/h

Recompute Flow Rates in Lanes 1 and 2 Immediately Upstream of the Ramps

The on-ramp (Ramp 1) has a downstream off-ramp. From Table 30-3, either Equation
30-5 or 30-7 could apply. The decision is based on the equivalence distance, Leo, which
is computed using Equation 30-16 in Table 30-4:

vy 819

Leg = = =4,855 ft >1,200ft
0.1096 +0.000107L, 0.1096+(0.000197*300)

As the actual downstream ramp falls within the influence range, the equation that
addresses the interaction — Equation 30-7 — is used to find vi2:

= v - 819/ -
Pey = 0.5487 + 0-2628( %DN ) =0.5487 + 0.2628( 4200)_ 0.7281
Vipay = Vg Pey =3,628%0.7281=2,642 pc/h

This must be checked for reasonableness. The outer lane flow is 3,628-2,642 = 986 pc/h,
which is less than 2,700 pc/h. Further, it is less than 1.5 (2642/2) = 1,982 pc/h. The
distribution is, therefore, reasonable, and the results will hold.

The off-ramp (Ramp 2) has an upstream on-ramp. From Table 30-3, either Equation 30-
11 or 30-12 might apply. Again, an equivalence distance must be computed and
compared to the actual distance between ramps. Equation 30-17 is used to do this:

V,
Lo = U
¢ 0.071+0.000023v,, —0.000076 v,
702
0.071+ (0.000023* 4330) — (0.000076 *819)

=36,947 ft >1,200 ft

Again, the ramp falls within the influence distance, and the equation considering the
interaction would be used — Equation 30-12:
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P., =0.717-0.000039v,, +0.604[V%U )
P

P., = 0.717 — (0.000039 * 4330) + (0.604* 702/1200) = 0.901
Vi = Vi + (Ve —Vez) ©0.901 =819 + (4330 ~819) *0.901 = 3,982 pc/h

Once again, this result must be checked for reasonableness. The flow in the outer lane
is only 4,330-3,982 = 348 pc/h. This is less than 2,700 pc/h, and less than 1.5 (3982/2)
= 2,987 pc/h. Thus, the result may be taken as reasonable. A word of caution is advised:
The HCM does not mandate a “reasonableness” test for underassigning vehicles to outer
lanes, which appears to be the case here. The analysis continues, however, with the
realization that the resulting LOS is a worst case that might be somewhat better with more
vehicles using the outer lane.

Check Capacity Values
Capacity values are given in Table 30-5. Comparisons to demand flow rates are
summarized in the table below.

Capacity Checks for Problem 30-3, Scenario 3

Element Demand Flow Rate Capacity OK?
Freeway Flow Rate, Ve 4,330 pc/h 4,600 pc/h (Table 30-5, 2 lanes, FFS = 60) Yes
Ramp 1, vr1 702 pc/h 2,100 pc/h (Table 30-5, one lane, RFFS = 45) Yes
Ramp 2, vr2 819 pc/h 2,100 pc/h (Table 30-5, one lane, RFFS = 45) Yes
Flow Entering On-Ramp 2642+702=3,344 pc/h 4,600 pc/h (Table 30-5) Yes
Influence Area, Vri2q)
Flow Entering the Off-Ramp 3,982 pc/h 4,400 pc/h (Table 30-5) Yes
Influence Area, Vize)

Determine the Density LOS for the Ramp Influence Areas
The density in the Ramp 1 influence area is estimated using Equation 30-21:

Dy, =5.475+0.00734v,, +0.0078V,,,,, —0.00627L,
D,, =5.475+ (0.00734* 702) + (0.0078 * 2642) — (0.00627 *300)
D,, =5.475+5.153+20.608—1.881=29.4 pc/h/In (LOS D, Table 30 1)

The density in the Ramp 2 influence areas is estimated using Equation 30-22:

Dy, = 4.252+0.0086V,,,, —0.009 L,
Dy, = 4.252+(0.0086*3982) — (0.009*300) = 35.8 pc/mi/In (LOS E, Table 30-1)

This still results in a LOS of E, the same as in the case of the 4-lane freeway, even
though the density is a bit lower. Because the influence areas fully overlap, LOS E
prevails throughout the segment.
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Estimate Speed Behavior
Speed computations are not shown, but result are summarized below:

Speed Results for Problem 30-3, Scenario 3

Element Ramp Influence Area Outer Lane All Lanes
Ramp 1 56.9 mi/h 63.3 mi/h 58.2 mi/h
Ramp 2 49.9 mi/h 65.5 mi/h 50.9 mi/h

Again, as the ramp influence areas completely overlap, the Ramp 2 speed (all lanes) of
50.9 mi/h controls the entire segment.

Scenario 4: Lane Addition at On-Ramp

The addition of a lane at the on-ramp creates a 6-lane freeway at that point. It also creates
a weaving segment of 3 total lanes — similar to Scenario 2. The difference, however, is
in the configuration of the weaving segment.

The configuration is neither a pure ramp-weave or a pure major weave. There is no
“auxiliary lane,” as the added lane continues after the second ramp. There are only two
legs with more than one lane. Neither strict definition applies.

The basic characteristics of the weaving configuration must still be determined, however,
to proceed.

As seen in the illustration, LCrr = 0, while LCrr = 1. In the latter case, it is important to
note that the existence of the short deceleration lane does not count as an additional lane
change from the point of view of weaving analysis. In fact, as a weaving analysis, the
deceleration lane will not even enter the computations. Lastly, there are only two lanes
from which a weave can be made with one or fewer lane changes, thus Nwv = 2.
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All of the computations from Scenario 2 are repeated. The key change is in lane-
changing, which significantly reduced in this configuration compared to the first. Note
that the weaving diagram for Scenario 2 does not change, and applies here as well.

Determining Configuration Characteristics
Several key characteristics have been determined: LCrr =1, LCrr =0, and Nwv = 2. The
value of LCwmin for a one-sided weaving segment is estimated using Equation 29-2:

LCyy = (LCpg *Veg) + (LCpe *Voe ) = (1*819) + (0*526) =819 Ic/h

Determine the Maximum Weaving Length
The maximum weaving length is estimated using Equation 29-4:

Lus = [5,728(1+VR)® |- [1566 Ny, ]
Lya = [5.728%1.3106™° |- [1,566* 2] = 8,830 - 2,132 = 6,698 ft

As the actual length of the weaving segment is less than the maximum, the segment is
operating as a weaving segment, and the analysis continues.

Determine the Capacity of the Weaving Segment

The capacity of a weaving segment may be estimated in two ways. The first is based
upon capacity occurring when the density reaches 43 pc/mi/ln, and is estimated using
Equations 29-5 and 29-6:

Cun = G — [438.2(L+VR)® |+[0.0765 L ]+ [119.8N,,, ]
The cirL for a freeway with a 60-mi/h FFS is 2,300 pc/h/In (Table 29-2). Then:

Con. = 2,300 — [438.2(1.3106"° )]+ [0.0765*1,200] + [119.8* 2]
Co = 2,300-675.5+91.8+239.6=1956 pc/h/In

Since there are three lanes in the segment, the capacity of the segment is:
Cw =1956*3=5,868 pc/h

The second limitation on capacity is the maximum weaving flow. This capacity is
estimated using Equation 29-7:

_ 2400/ _ 2400/ _
Cw = AR =7 0.3106 = 727 PE/

The lower value, 5,868 pc/h prevails. As this is larger than the total flow rate in the
segment (4,330 pc/h), no failure is expected, and the analysis continues.
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Determine Lane-Changing Rates for Weaving and Non-Weaving Vehicles
The lane-changing rat for weaving vehicles is estimated using Equation 29-12:

LC, =LCyy +0.39|(Ls —300)°° N? 1+ 1D)**]
LC,, =819-+0.39[(1,200-300)°° *32 *(1+2)"*|
LC, =819+ 254=1073Ic/h

The lane-changing rate for non-weaving vehicles is estimated using one of Equations
29-13. The choice depends upon the value of the non-weaving lane-changing index,
computed as:

* )%
_ Ls IDvyy 1200722986 _, 00 1309
10,000 10,000

NW

Because of this value, the first Equation 29-13 is used:

LC,,, = (0.206v,,, )+ (0.542L;) — (192.6 N)
LC,,, = (0.206*2,986) + (0.542*1,200) — (192.6*3)
LC,,, = 615.2+650.4—577.8=688 Ic/h

The total lane-changing rate is the sum of:

LC,, =LC, +LC,, =1073+688=1761lc/h

Estimate Speeds in the Weaving Segment
The average speed of weaving vehicles in the weaving segment is given by Equations
29-18 and 29-19:

LC 0.789 1 761 0.789
W= 0.226[LALL] = 0.226( : j =0.3059

S 1,200
* _ *1_—

5, =15+ O SARZIS) 15 (801715 g 5 misn
1+W 1+0.3059

The average speed of non-weaving vehicles is estimated using Equation 29-20:

S = FFS*SAF —(0.0072LC,,, ) —0.0048 (%\I)

S,y =60*1—(0.0072*819) — (0.0048*4,330/3)
S,y =60.0-5.9-6.9=47.2mi/h

The average speed of all vehicles is computed using Equation 29-21.:
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o__ VutVy, _ 1345+2085 4330 4330

v | (Vi | (13451 (2985 T 2717+6325 90.42
S, 495) 472

SNW

=47.9 mi/h

Estimate the Density and LOS of the Weaving Segment
The density of the segment is estimated using Equation 29-22:

v, 4330/
D=/N___/3_302 pc/h/In
S 479

From Table 29-1, this still represents LOS D.

Comparison of Scenarios
Fundamental results of the four different alternatives are summarized in the table below.

Comparison of Scenarios

Scenario Sr So S D LOS
Existing 49.2 mi/h - 49.2 mi/h 39.7 pc/mi/In E
Condition — 1
Ramp-Weave — - - 44.6 mi/h 32.4 pc/mi/in D
2
Add Freeway 49.9 mi/h 65.5 mi/h 50.9 mi/h 35.8 pc/mi/in E
Lane — 3
Add Lane at - - 47.9 mi/h 30.2 pc/mi/in D
Ramp — 4

The most obvious conclusion is that both weaving configurations produce a better LOS
than the ramp sequences. Looking more closely at the figures, however, the
improvement is not great. Densities are lower for the weaving segments, but speeds are
also slower. This may have more to do with the models for prediction, particularly the
predictions of outer lane speed for ramp configurations. In this case, the assignment of
flow to the outer lane of a ramp sequence seems too low for Scenario 3, which contributes
to a higher overall speed prediction.

In the final analysis, none of these scenarios will work “well.” Some congestion will be
present for any of them. Overall, Scenario 4 seems to produce the lowest densities, and
the speeds are reasonable.

The density comparisons are also difficult, as the ramp methodology produces a density
in the ramp influence area (lanes 1 and 2), whereas the weaving methodology produces
a density across all freeway lanes. The outer lane density in Scenario 3, for example,
would be quite low, given the small assignment of demand to that lane.

Comparing across different HCM methodologies is often difficult, as they were calibrated
at different times, and use different fundamental approaches.
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Solutions to Problems in Chapter 31

Operation of Freeways and Highways

Problem 31-1
The length of the taper transition, with a speed limit of 55 mi/h, is given by Equation 31-
1

L=WS

where: W = width of the middle lane (assumed to be 12 ft)
S =speed limit (55 mi/h)

L =12*55=660 ft

From Figure 31-4, the length of the buffer zone must be at least the sight distance in
either direction, and never less than 50 ft. From Table 31-1, for 55 mi/h, the passing
sight distance is 900 ft. Thus, the minimum length of the buffer zone is 900 ft.

Problem 31-2
There are two issues:

e The speed limit should never be more than the design speed of 65 mi/h.
e The 85™ percentile speed is 7 mi/h over the design speed.

As the existing speed limit is not stated, it is impossible to evaluate its impact on the
situation.

If the current speed limit is more than 65 mi/h, it should immediately be lowered to this
value. If the current speed limit is 65 mi/h or less, stepped up enforcement must be
considered. Lowering the speed limit to below 65 mi/h would probably be ineffective since
drivers are already driving well over that speed.

Problem 31-3
This is a class project that will differ for each student team, depending upon the section
of freeway they select for study.

Problem 31-4

¢ Ineach direction, advance interchange signs should be placed at 10 miles, 5 miles,
2 miles, 1 mile — and perhaps at %2 mile from each exit ramp. An advance sign at
20 miles would also be considered.

e Atthe diverge points (in both directions), a cantilevered overhead sign showing the
exit number (if one exists), the interchange with County Road 17, the destinations
in each direction of County Road 17, and an appropriate arrow showing the exit.
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e At the far side of each intersection (from the off ramp), a destination sign with
arrows showing which direction to turn for which destination(s) would be placed.

e On County Road 17, in both directions, advance guide signs showing the
upcoming interchange with State Route 70, and destinations served.

e At the intersections, overhead signs should direct drivers into the appropriate
lane(s) to access the direction of State Route 70 they desire.

Problem 31-5
There are three types of managed lanes in common use in the U.S.:

e High-Occupancy Vehicle (HOV) lanes: limited to car pools of x persons or more
during designated hours of the day; buses and taxis may or may not be included.

e High-Occupancy Toll (HOT) lanes: limited to car pools, but permitting others to
use the lane by paying a toll or fee; an appropriate readable tag is usually required
for all vehicles to use the lane.

e Express Toll lanes: open to all vehicles by paying a toll or fee; an appropriate
readable tag is usually required for all vehicles to use the lane.

Problem 31-6

Advanced Traffic and Demand Management Strategies (ATDM) involve a wide range of
traffic engineering measures applied to improve the performance and/or capacity of major
highway or street networks. These include:

Managed lanes.

Dynamic ramp metering.
Dynamic lane use controls.
Dynamic speed limits.
Dynamic pricing strategies.
Dynamic traveler information.

The key word in most of these is “dynamic.” Sensors and cameras monitor all aspects of
system operation, and controls are varied in real time to address identified congestion,
incidents, or accidents.

Managed lanes attempt to lure travelers to form car pools to access higher-speed HOV,
HOT, or express toll lanes. They also generate revenue to support the system. Pricing
(tolls) are often varied by time of day, or on the basis of current operating conditions in
the lane vs. general use lanes.
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Ramp metering limits the number of vehicles that can enter the freeway at each on-ramp
to maintain reasonable operating quality on the freeway. It must be done carefully, and
in a way that does not cause bigger problems elsewhere in the system as vehicles are
diverted from the freeway.

Dynamic speed limits attempt to smooth traffic flow by maintaining consistent operating
speeds, and may be assigned by lane.

Dynamic lane use comes in many forms. The most common is allowing vehicles to use
a paved shoulder as an active lane under certain conditions. Variable message lane use
control signs must be frequently placed to implement this, or change the limitations on
lane use for any lane or conditions.

Dynamic traveler information uses current information on conditions to direct travelers to
the most efficient routes to their intended destination.

Obviously, these systems must all be carefully developed, and involve much variable
signing, many sensors to detect current conditions, and software that uses sensor inputs
to control the message displayed on each sign.

Problem 31-7
The free-flow travel time through the 15-mile segment of highway is 15 mi/70 mi/h = 0.214
hours or 0.214*60 = 12.86 minutes. The traveler reliability indices would then be:

T, =3300/ =257
TTlg, = 2700/, 0n =210

T, =15.00/ o =117

Let us assume that all of these travel times reflect the three evening peak hours of a
typical weekday. The indices mean that for any random day, during the three hours
included in the study:

e 50% of the time, the travel time is more than 15.0 min, or 1.17 times the free-flow
travel time.

e 20% of the time, the travel time is more than 27.0 min, or 2.10 times the free-flow
travel time.

e 5% of the time, the travel time is more than 33.0 min, or 2.57 times the free-flow
travel time.

This would have to be compared to local expectations and criteria, as well as to other

facilities in the region, to make any judgment on their acceptability.
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