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1. INTRODUCTION

Chapter 32 is the supplemental chapter for Chapter 20, Two-Way STOP- VOLUME 4: APPLICATIONS

GUIDE
Controlled Intersections, and Chapter 21, All-Way STOP-Controlled Intersections, 25. Freeway Fadilities:
which are found in Volume 3 of the Highway Capacity Manual. This chapter Supplemental
. . .. . . 26. Freeway and Highway
provides supplemental material on (2) determining the potential capacity of two- Segments: Supplemental
way STOP-controlled (TWSC) intersections and (b) identifying the 512 27. Freeway Weaving:

. . . Supplemental
combinations of degree-of-conflict cases for all-way sTOP-controlled (AWSC) 28. Freeway Merges and
intersections with three-lane approaches. The chapter also provides example . Bivbergessti Sutpsle_rlﬂt?ntal

. . . . . Urban sStreet Facilities:
problems demonstrating the application of the TWSC and AWSC methodologies. Supplemental
30. Urban Street Segments:
Supplemental
31. Signalized Intersections:
Supplemental

32. Stop-Controlled
Intersections:
Supplemental

33. Roundabouts:
Supplemental

34. Interchange Ramp
Terminals: Supplemental

35. Pedestrians and Bicycles:
Supplemental

36. Concepts: Supplemental

37. ATDM: Supplemental

Chapter 32/Stop-Controlled Intersections: Supplemental Introduction
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2. TWSC POTENTIAL CAPACITY

The gap acceptance model to estimate potential capacity (presented in
Chapter 20, Equation 20-32) can be plotted for each of the non-Rank 1
movements by using values of critical headway and follow-up headway from
Chapter 20 (Exhibit 20-12 and Exhibit 20-13, respectively). These graphs are
presented in Exhibit 32-1, Exhibit 32-2, and Exhibit 32-3 for a major street with
two lanes, four lanes, and six lanes, respectively. The potential capacity is
expressed as vehicles per hour. The exhibits indicate the potential capacity is a
function of the conflicting flow rate v,, expressed as an hourly rate, as well as the
type of minor-street movement.

Exhibit 32-1 2,000
Potential Capacity ¢, for
Two-Lane Major Streets

1,500 -

1,000 -

i

500 +

Potential Capacity, c,, (veh/h)

0 500 1,000 1,500 2,000 2,500 3,000
Conflicting Flow, v_, (veh/h)

| T Major ——RT Minor —:— TH Minor = ------- LT Minor

Note: LT = left turn, RT = right turn, and TH = through.

TWSC Potential Capacity Chapter 32/Stop-Controlled Intersections: Supplemental
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2,000 Exhibit 32-2
Potential Capacity ¢, for
Four-Lane Major Streets
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Potential Capacity, ¢,, (veh/h)

0 T T
0 500 1,000 1,500 2,000 2,500 3,000
Conflicting Flow, v, (veh/h)
T Major = = Major (wide) = = = Major (narrow)
——RT Minor —-— TH Minor (1 stage)  ------- LT Minor (1 stage)

Note: LT = left turn, U = U-turn, RT = right turn, and TH = through.

2,000 Exhibit 32-3
Potential Capacity ¢, for
Six-Lane Major Streets
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0 500 1,000 1,500 2,000 2,500 3,000
Conflicting Flow, v, (veh/h)

= | T Major == =UMajor ——RT Minor —-—-TH Minor (1 stage) ---—--- LT Minor (1 stage)

Note: LT = left turn, U = U-turn, RT = right turn, and TH = through.
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3. TWSC EXAMPLE PROBLEMS

This section provides example problems for use of the TWSC methodology.
Exhibit 32-4 provides an overview of these problems. The examples focus on the
operational analysis level. The planning and preliminary engineering analysis
level is identical to the operations analysis level in terms of the calculations,
except that default values are used when available.

Exhibit 32-4 Problem Analysis
TWSC Example Problems Number Description Level
1 TWSC at an intersection with three legs Operational
2 Pedestrian crossing at a TWSC intersection Operational
3 TWSC intersection with flared approaches and median storage Operational
4 TWSC intersection within a signalized urban street segment Operational
5 TWSC intersection on a six-lane street with U-turns and pedestrians Operational

TWSC EXAMPLE PROBLEM 1: TWSC AT AN INTERSECTION
WITH THREE LEGS

The Facts

The following data are available to describe the traffic and geometric
characteristics of this location:

e T-intersection,
e Major street with one lane in each direction,

e Minor street with one lane in each direction and STOP-controlled on the
minor-street approach,

e Level grade on all approaches,
e DPercentage heavy vehicles on all approaches =10%,

e No other unique geometric considerations or upstream signal
considerations,

e No pedestrians,
e Length of analysis period = 0.25 h, and

e Volumes during the peak 15-min period and lane configurations as
shown in Exhibit 32-5.

Exhibit 32-5 15-min Volumes Lane Configurations
TWSC Example Problem 1:

15-min Volumes and Lane @

Configurations
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Comments

All input parameters are known, so no default values are needed or used.

Steps 1 and 2: Convert Movement Demand Volumes to Flow Rates and
Label Movement Priorities

Because peak 15-min volumes have been provided, each volume is
multiplied by four to determine a peak 15-min flow rate (in vehicle per hour) for
each movement. These values, along with the associated movement numbers, are
shown in Exhibit 32-6.

% 240 ==l =300 % Exhibit 32-6
40 160 TWSC Example Problem 1:
-‘ r Movement Numbers and

Calculation of Peak 15-min

ﬂ r Flow Rates
o o
¥ «
i

@ ©

Step 3: Compute Conflicting Flow Rates
The conflicting flow rates for each minor movement at the intersection are
computed according to Equation 20-3, Equation 20-4, Equation 20-18, and
Equation 20-24. The conflicting flow for the major-street left-turn v, is
Veg = Vp + V3 + Vg5
Vo4 = 240 + 40 + 0 = 280 veh/h

The conflicting flow for the minor-street right-turn movement v, is
vc'g = vz + 05173 + U14 + 1715
Vo9 = 240 + 0.5(40) + 0 + 0 = 260 veh/h
Finally, the conflicting flow for the minor-street left-turn movement v,, is
computed. Because two-stage gap acceptance is not present at this intersection,
the conflicting flow rates shown in Stage I (Equation 20-18) and Stage II

(Equation 20-24) are added together and considered as one conflicting flow rate.
The conflicting flow for v, is computed as follows:

UC_7 = 21]1 + 172 + 05173 + 1715 + 2174_ + U5 + 05176 + 0.5U12 + 0.51711 + 1713

V.7 = 2(0) + 240 + 0.5(40) + 0 + 2(160) + 300 + 0.5(0) + 0.5(0) + 0.5(0)
+ 0 = 880 veh/h

Step 4: Determine Critical Headways and Follow-Up Headways

The critical headway for each minor movement is computed beginning with
the base critical headway given in Exhibit 20-12. The base critical headway for
each movement is then adjusted according to Equation 20-30. The critical
headway for the major-street left-turn movement ¢, is computed as follows:

tea = tepase T ey Pay +te G —tsr
teqa =41+ 1.0(0.1) +0(0) —0=4.2s

Chapter 32/Stop-Controlled Intersections: Supplemental TWSC Example Problems
Version 6.0 Page 32-5
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Similarly, the critical headway for the minor-street right-turn movement ¢, is
teo = 6.2+ 1.0(0.1)+0.1(0) —0=6.3s
Finally, the critical headway for the minor-street left-turn movement ¢, is

te; = 7.1+ 1.0(0.1) +0.2(0) — 0.7 = 6.5

The follow-up headway for each minor movement is computed beginning
with the base follow-up headway given in Exhibit 20-13. The base follow-up
headway for each movement is then adjusted according to Equation 20-31. The
follow-up headway for the major-street left-turn movement ¢, is computed as
follows:

tra = trpase T truv Py
tra =22+09(0.1) =229

Similarly, the follow-up headway for the minor-street right-turn movement
teyis
1,9

tro =3.3+0.9(0.1) =3.39s

Finally, the follow-up headway for the minor-street left-turn movement ¢, is
tr; =3.5+0.9(0.1) =3.59s

Step 5: Compute Potential Capacities

The computation of a potential capacity for each movement provides the
analyst with a definition of capacity under the assumed base conditions. The
potential capacity will be adjusted in later steps to estimate the movement
capacity for each movement. The potential capacity for each movement is a
function of the conflicting flow rate, critical headway, and follow-up headway
computed in the previous steps. The potential capacity for the major-street left-
turn movement ¢, 4 is computed as follows from Equation 20-32:

e ~Veatca/3,600

Cpa = Vca 1 — g~ Vealra/3,600

e
o —(280)(4.2)/3,600

Cpa = 2807 = 1,238 veh/h

— ¢—(280)(2.29)/3,600

Similarly, the potential capacity for the minor-street right-turn movement ¢,
is computed as follows:
o —(260)(6.3)/3,600

Cpo = 260 = 760 veh/h

1 — ¢—(260)(3.39)/3,600

Finally, the potential capacity for the minor-street left-turn movement c, 7 is
o —(880)(6.5)/3,600

Cp7 =880 7 = 308 veh/h

— ¢—(880)(3.59)/3,600

There are no upstream signals, so the adjustments for upstream signals are
ignored.

Step 6: Compute Rank 1 Movement Capacities

There are no pedestrians at the intersection; therefore, all pedestrian
impedance factors are equal to 1.0, and this step can be ignored.

TWSC Example Problems
Page 32-6
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Step 7: Compute Rank 2 Movement Capacities
The movement capacity for the major-street left-turn movement (Rank 2) c,, ,
is computed as follows from Equation 20-36:
Cma = Cp4 = 1,238 veh/h
Similarly, the movement capacity for the minor-street right-turn movement
(Rank 2) ¢, o is computed with Equation 20-37:
Cm,9 = Cpo = 760 veh/h

m,

Step 8: Compute Rank 3 Movement Capacities

The computation of vehicle impedance effects accounts for the reduction in
potential capacity due to the impacts of the congestion of a high-priority
movement on lower-priority movements.

Major-street movements of Rank 1 and Rank 2 are assumed to be unimpeded
by other vehicular movements. Minor-street movements of Rank 3 can be
impeded by major-street left-turn movements due to a major-street left-turning
vehicle waiting for an acceptable gap at the same time as vehicles of Rank 3. The
magnitude of this impedance depends on the probability that major-street left-
turning vehicles will be waiting for an acceptable gap at the same time as
vehicles of Rank 3. In this example, only the minor-street left-turn movement is
defined as a Rank 3 movement. Therefore, the probability of the major-street left-
turn movement operating in a queue-free state (p,,) is computed from Equation
20-42:

Uy 160
Po,a = 1 —m =1 —m= 0.871

The movement capacity for the minor-street left-turn movement (Rank 3) c,, ,
is found by first computing a capacity adjustment factor that accounts for the
impeding effects of higher-ranked movements. The capacity adjustment factor
for the minor-street left-turn movement £, is computed with Equation 20-46:

S ﬂpo,j = 0.871
J

The movement capacity for the minor-street left-turn movement (Rank 3) ¢, ,
is computed with Equation 20-47:

Cmy7 = Cp7 X f; = 308(0.871) = 268 veh/h

Step 9: Compute Rank 4 Movement Capacities
There are no Rank 4 movements in this example problem, so this step does
not apply.

Step 10: Compute Capacity Adjustment Factors

In this example, the minor-street approach is a single lane shared by right-
turn and left-turn movements; therefore, the capacity of these two movements
must be adjusted to compute an approach capacity based on shared-lane effects.

The shared-lane capacity for the northbound minor-street approach cgy; vz is
computed from Equation 20-59:

Chapter 32/Stop-Controlled Intersections: Supplemental
Version 6.0

TWSC Example Problems
Page 32-7



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

_Xyvy, v tvg 40+ 120
CSH,NB - vy - i ﬁ_ﬂ.p 120
YCmy Cm7 Cmo 268" 760

= 521 veh/h

No other adjustments apply.

Step 11: Compute Control Delay

The control delay computation for any movement includes initial
deceleration delay, queue move-up time, stopped delay, and final acceleration
delay.

Step 11a: Compute Control Delay to Rank 2 Through Rank 4 Movements

The control delay for the major-street left-turn movement (Rank 2) 4, is
computed with Equation 20-64:
]
|
|

[
—mor J

+900T |

Cm.x Cmx

+5

| 5 (3600)(
3,600 v v C
= ——1+ ( B —1) +

Cm.x

I[ 3, 600)( 160 )

]
0 160 (1 738)\1238) |
900(0.25 ( 1> - 5
& 1238 1,238 T 9000025 1,238 1,238 + 450(0.25) J|+
d4 =83s
On the basis of Exhibit 20-2, the westbound left-turn movement is assigned
level of service (LOS) A.

The control delay for the minor-street right-turn and left-turn movements is
computed by using the same formula; however, one significant difference from
the major-street left-turn computation of control delay is that these movements
share the same lane. Therefore, the control delay is computed for the approach as
a whole, and the shared-lane volume and shared-lane capacity must be used as
follows:

[

d = 2009 1 900 ozsi 9 14
SH,NB — 521 ( )|521

|

521 450(025) | 1°

3,600\ (160 |
160 ¢ (gar) (520
109 _4) 4 52 /iszl)
|

dSH,NB =149s
On the basis of Exhibit 20-2, the northbound approach is assigned LOS B.

Step 11b: Compute Control Delay to Rank 1 Movements

This step is not applicable as the westbound major-street through movement
v5; and westbound major-street left-turn movement v, have exclusive lanes at this
intersection. It is assumed the eastbound through movement v, and eastbound
major-street right-turn movement v; do not incur any delay at this intersection.

TWSC Example Problems Chapter 32/Stop-Controlled Intersections: Supplemental
Page 32-8 Version 6.0
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Step 12: Compute Approach and Intersection Control Delay
The control delays to all vehicles on the eastbound approach are assumed to
be negligible as described in Step 11b. The control delay for the westbound
approach d, ,; is computed with Equation 20-66:
d.v,. + dv, + dyv,

A= v, + v+ v,
L _0(0)+0(300) +83(160) _
AWE = 0+ 300 + 160 T e7s

It is assumed the westbound through movement incurs no control delay at
this intersection. The control delay for the northbound approach was computed
in Step 11a as dg; v

The intersection control delay d, is computed from Equation 20-67:

AurpVaes + dawsVaws + danpVans

d; =
Vags t Vaws t Vang
0(280) + 2.9(460) + 14.9(160)
' 280 + 460 + 160 = Z°
As noted in Chapter 20, neither major-street approach LOS nor intersection

LOS is defined.

Step 13: Compute 95th Percentile Queue Lengths

The 95th percentile queue length for the major-street westbound left-turn
movement Qys, is computed from Equation 20-68:

, (3,600)( )]I

U4_ v4 Cm4 Cm4- Cm4.

~900T| -1+ [[=-1) +2 ( : )

doss Cm4 (Cm,4 ) 1507 Jl 3,600

3,600\ / 160 \ |
900(0.25) | 229 < 160 )2 (_1,238) (1,238‘)|(1,238>
Posa =IO 1238 1,238 150(0.25) | 3,600
Q95_4. = 0.4 veh

The result of 0.4 vehicles for the 95th percentile queue indicates a queue of
more than one vehicle will occur very infrequently for the major-street left-turn
movement.

The 95th percentile queue length for the northbound approach is computed
by using the same formula. Similar to the control delay computation, the shared-
lane volume and shared-lane capacity must be used as shown:

|[ 160 160 ) (3,600) (160)]I c21
~900(0.25) | — — 1 + (__1) L \521)\521 I( )
Qos,np |521 521 150(0.25) |\3,600

Q95,NB = 1.3 Veh

Chapter 32/Stop-Controlled Intersections: Supplemental TWSC Example Problems
Version 6.0 Page 32-9
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The result suggests that a queue of more than one vehicle will occur only
occasionally for the northbound approach.

Discussion

Overall, the results indicate this three-leg TWSC intersection will operate
well with brief delays and little queuing for all minor movements.

TWSC EXAMPLE PROBLEM 2: PEDESTRIAN CROSSING AT A TWSC
INTERSECTION

Calculate the pedestrian LOS of a pedestrian crossing of a major street at a
TWSC intersection under the following circumstances:

e Scenario A: unmarked crosswalk, no median refuge island;
e Scenario B: unmarked crosswalk, median refuge island; and

e Scenario C: marked crosswalk with high-visibility treatments, median
refuge island.

The Facts

The following data are available to describe the traffic and geometric
characteristics of this location:

e Four-lane major street;

e 1,700 peak hour vehicles, bidirectional;

e Crosswalk length without median = 46 ft;

e Crosswalk length with median =40 ft;

e Observed pedestrian walking speed = 4 ft/s;
e Pedestrian start-up time =3 s; and

e No pedestrian platooning.

Comments

In addition to the input data listed above, information is required on motor
vehicle yield rates under the various scenarios. On the basis of an engineering
study of similar intersections in the vicinity, it is determined motor vehicle yield
rates are 0% with unmarked crosswalks and 50% with high-visibility marked
crosswalks.

Step 1: Identify Two-Stage Crossings

Scenario A does not have two-stage pedestrian crossings, as no median
refuge is available. Analysis for Scenarios B and C should assume two-stage
crossings. Thus, analysis for Scenarios B and C will combine two equidistant
pedestrian crossings of 20 ft each to determine the total delay.

Step 2: Determine Critical Headway
Because there is no pedestrian platooning, the critical headway ¢, is

determined with Equation 20-77:

TWSC Example Problems Chapter 32/Stop-Controlled Intersections: Supplemental
Page 32-10 Version 6.0
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Scenario A: t, = (46 ft)/(4 ft/s) +3s=14.5s
Scenario B: t,= (20 ft)/(4 ft/s)+3s=8s
Scenario C: t, = (20 ft)/(4 ft/s)+3s=8s

Step 3: Estimate Probability of a Delayed Crossing

Equation 20-81 and Equation 20-82 are used to calculate P, the probability of
a blocked lane, and P,, the probability of a delayed crossing, respectively. In the
case of Scenario A, the crossing consists of four lanes. Scenarios B and C have
only two lanes, given the two-stage crossing opportunity.

For the single-stage crossing, v is (1,700 veh/h)/(3,600 s/h) = 0.47 veh/s.

For the two-stage crossing, without any information on directional flows,
one-half the volume is used, and v is therefore (850 veh/h)/(3,600 s/h) = 0.24

veh/s.
Scenario A:
_tc,Gv
Pb =1-—e NL
Pd = 1—(1—Pb)NL
—14.5(0.47)
P,=1-—¢ 4 = 0.82
P;=1-(1-0.18)* =0.999
Scenario B:
—-8(0.24)
P,=1—e 2 =0.61
P;,=1-(1-0.39)? =0.85
Scenario C:

-8(0.24)
P,=1-¢ 2z =061

P, =1-(1-039)% =085

Step 4: Calculate Average Delay to Wait for Adequate Gap
Average gap delay d, and average gap delay when delay is nonzero d,, are
calculated by Equation 20-83 and Equation 20-84, respectively.

Scenario A:
1
dg = ;(e”tC-G —Vteg—1)
1
= —— (247045 — 0.47(14.5) — 1) = 1,977
dg 0_47(e 0.47(14.5) — 1) = 1,977 s
dya =20 = 277 _ 1 979
94 =p T 0999 7178
Chapter 32/Stop-Controlled Intersections: Supplemental TWSC Example Problems
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Scenario B:
1
dy = 7 (e024®) — 0.24(8) — 1) = 15.8 s
Lo _l8_
94 = g5~ 1008
Scenario C:
1
dy = = ( 024(8) _ 0.24(8) _1) =15.8s
4 15.8 — 186
9d = g5 1008

Step 5: Estimate Delay Reduction Due to Yielding Vehicles

Under Scenarios A and B, the motorist yield rates are approximately 0%.
Therefore, there is no reduction in delay due to yielding vehicles, and average
delay is the same as that shown in Step 4. Under Scenario C, motorist yield rates
are 50%. The two-stage crossing requires the use of Equation 20-88 to determine

P(Y):

P(Y) =|P, - ZP(Y) [(Zpb i y)+(P” ]

j=0
P(Y,) = [0.85 — 0] [(2 [0.61][1 — 0.61][0.5]) + (0.6120.502)] 033
0.85
P(Y,) = [0.85 — 0.33] [(2[0.61][1 = 0.61]0[(;.55]) + (0.6120.502)] 020

The results of Equation 20-88 are substituted into Equation 20-85 to
determine average pedestrian delay.

d, = Zl h(i — 0.5)P(Y) + <Pd - Zl P(m> dyq

M2 .,
v (024 7%

d 18.6
=i _gd — i — —
n—1nt< h ) 1nt(8.3) 2

= (8.3)(1 — 0.5)(0.33) + (8.3)(2 — 0.5)(0.20) + (0.85 — 0.53)(18.6) = 9.8 s

Step 6: Calculate LOS

Average pedestrian delays and the corresponding pedestrian LOS under
each of the three scenarios are determined from Exhibit 20-3 as follows:

Scenario A =1,979 s=LOS F
Scenario B=2x158s=31.6 s=LOS E
Scenario C=2x9.8s=19.6 s=L0OS C

TWSC Example Problems Chapter 32/Stop-Controlled Intersections: Supplemental
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TWSC EXAMPLE PROBLEM 3: FLARED APPROACHES AND MEDIAN
STORAGE

The Facts

The following data are available to describe the traffic and geometric
characteristics of this location:

e Major street with two lanes in each direction, minor street with one lane
on each approach that flares with storage for one vehicle in the flare area,
and median storage for two vehicles at one time available for minor-street
through and left-turn movements;

e Level grade on all approaches;

e Percentage heavy vehicles on all approaches = 10%;
e Peak hour factor on all approaches = 0.92;

e Length of analysis period = 0.25 h; and

e Volumes and lane configurations as shown in Exhibit 32-7.

Lane Configurations

ot

Volumes

R e
L

A (2R
238 — f

46\

w’tp

== P

All relevant input parameters are known, so no default values are needed or

-
121 -

51

Comments

used.

Steps 1 and 2: Convert Movement Demand Volumes to Flow Rates and
Label Movement Priorities

Because hourly volumes and a peak hour factor have been provided, each
hourly volume is divided by the peak hour factor to determine a peak 15-min
flow rate (in vehicles per hour) for each movement. These values are shown in
Exhibit 32-8.

Exhibit 32-7
TWSC Example Problem 3:
15-min Volumes and Lane
Configurations
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Exhibit 32-8 @
TWSC Example Problem 3:
Movement Numbers and

5
o
O
N
Calculation of Peak 15-min
Flow Rates

XX - Flow Rate (veh/h)

= & - Movement Number

Step 3: Compute Conflicting Flow Rates

The conflicting flow rates for each minor movement at the intersection are
computed according to the equations in Chapter 20. The conflicting flow for the
eastbound major-street left-turn movement v, , is computed according to
Equation 20-2 as follows:

Vo1 = Vs + Vg + V36 = 300 + 100 + 0 = 400 veh/h
Similarly, the conflicting flow for the westbound major-street left-turn
movement v,, is computed according to Equation 20-3 as follows:
Veq = Vp + V3 + 35 = 250 + 50 + 0 = 300 veh/h

The conflicting flows for the northbound minor-street right-turn movement
v, and southbound minor-street right-turn movement v, ,, are computed with
Equation 20-6 and Equation 20-7, respectively, as follows (with no U-turns and
pedestrians, the last three terms can be assigned zero):

UC,9 = 05U2 + 05173 + U4-U + U14 + U15
Vo9 = 0.5(250) + 0.5(50) + 0+ 0 + 0 = 150 veh/h
vc'lz = 0.5175 + 0.57]6 + le + 1713 + 1716
V12 = 0.5(300) + 0.5(100) + 0 + 0 + 0 = 200 veh/h
Next, the conflicting flow for the northbound minor-street through
movement v, 4 is computed. Because two-stage gap acceptance is available for
this movement, the conflicting flow rates shown in Stage I and Stage II must be

computed separately. The conflicting flow for Stage I v, 4 is computed from
Equation 20-14:

Verg = 2(33 +0) +250 + 0.5(50) + 0 = 341 veh/h
The conflicting flow for Stage Il v, ;3 is computed from Equation 20-16:
Uellg = 2(174- + vzl-U) + Vs + Vg + V4
Veg = 2(66 + 0) + 300 + 100 + 0 = 532 veh/h

TWSC Example Problems Chapter 32/Stop-Controlled Intersections: Supplemental
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The total conflicting flow for the northbound through movement v, is
computed as follows:

Veg = Veig + Vg = 341 + 532 = 873 veh/h
Similarly, the conflicting flow for the southbound minor-street through
movement v, ; is computed in two stages as follows:
V11 = 2(66 + 0) + 300 + 0.5(100) + 0 = 482 veh/h
Venar = 2(33 4+ 0) + 250 + 50 + 0 = 366 veh/h
Ve11 = Ver1 T Ve = 482 + 366 = 848 veh/h
Next, the conflicting flow for the northbound minor-street left-turn
movement v,, is computed. Because two-stage gap acceptance is available for
this movement, the conflicting flow rates shown in Stage I and Stage II must be

computed separately. The conflicting flow for Stage I v, ;, is computed with
Equation 20-20 as follows:

Vo1 = 2(v1 +vyy) + v, + 0.5v3 + vy
Vo7 = 2(33 +0) + 250 + 0.5(50) + 0 = 341 veh/h
The conflicting flow for Stage II v, ; is computed with Equation 20-26 as
follows:
Vo7 = 2(Vg + v4y) + 0.5v5 + 0.5v4; + vy3
Venz = 2(66 +0) +0.5(300) + 0.5(110) + 0 = 337 veh/h
The total conflicting flow for the northbound left-turn movement v, is
computed as follows:
Vey = Ver7 + Ven7 = 341 + 337 = 678 veh/h
Similarly, the conflicting flow for the southbound minor-street left-turn
movement v, ;, is computed in two stages as follows:
V10 = 2(66 + 0) +300 + 0.5(100) + 0 = 482 veh/h
Vo = 2(33 +0) + 0.5(250) + 0.5(132) + 0 = 257 veh/h
Ve1o0 = Verto T Voo = 482 + 257 = 739 veh/h

Step 4: Determine Critical Headways and Follow-Up Headways

The critical headway for each minor movement is computed beginning with
the base critical headway given in Exhibit 20-12. The base critical headway for
each movement is then adjusted according to Equation 20-30. The critical
headways for the eastbound and westbound major-street left turns ., and ¢, (in
this case, t,, = t,,) are computed as follows:

teqr = tea = tepase T touvPav + oG —tgr

te1 = tes = 4.142.0(0.1) +0(0) — 0 =435

Next, the critical headways for the northbound and southbound minor-street
right-turn movements £, and f, 1, (in this case, ¢, = f,,) are computed as follows:

Next, the critical headways for the northbound and southbound minor-street
through movements f 4 and £, (in this case, t,s = f.;) are computed. Because

Chapter 32/Stop-Controlled Intersections: Supplemental TWSC Example Problems
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two-stage gap acceptance is available for these movements, the critical headways
for Stage I and Stage II must be computed, along with the critical headways for
these movements assuming single-stage gap acceptance. The critical headways
for Stage I and Stage II, t,;5, t.;11and tons tomi1, respectively (in this case, f,15="t, 54
=t,111 = t.y11), are computed as follows:

tC,I,S = tC,H,B = tC,I,ll = tC,II,ll =55 + 20(01) + 02(0) —0=5.7s

The critical headways for t,s and t,,; (in this case, ¢,z =t,;;), assuming single-
stage gap acceptance, are computed as follows:

teg =te11 = 6.5+ 2.000.1) +0.2(0) —0=16.7s

Finally, the critical headways for the northbound and southbound minor-
street left-turn movements ., and ¢,,, (in this case, ., =t,,,) are computed.
Because two-stage gap acceptance is available for these movements, the critical
headways for Stage I and Stage II must be computed, along with the critical
headways for these movements assuming single-stage gap acceptance. The
critical headways for Stage I and Stage I1, f.1,, t.110and o oo TeSpectively (in
this case, t,;, = t.7 = t.110 = fe110), are computed as follows:

tC,I,7 = tC,II,7 = tC,I,lO == tC,H,lO = 65 + 20(01) + 02(0) - 0 = 67 S

The critical headways for ¢, and t,,, (in this case, ¢, = t,,,), assuming single-
stage gap acceptance, are computed as follows:

tC,7 = tC,lO = 75 + 20(01) + 02(0) —-0=7.7s

The follow-up headway for each minor movement is computed beginning
with the base follow-up headway given in Exhibit 20-13. The base follow-up
headway for each movement is then adjusted according to Equation 20-31. The
follow-up headways for the northbound and southbound major-street left-turn
movements #;; and ¢, (in this case, f;, = f;,) are computed as follows:

tr1 = tra = trpase T truv Puv
trn =tpa=22+1000.1)=23s
Next, the follow-up headways for the northbound and southbound minor-

street right-turn movements f;9 and f1, (in this case, t¢9 = f;12) are computed as
follows:

tro = tr1; = 3.3+ 1.0(0.1) = 345

Next, the follow-up headways for the northbound and southbound minor-
street through movements #;s and t;1; (in this case, t;s = t;11) are computed as

follows:
Follow-up headways for the trg =tr11 = 4.0+ 1.0(0.1) =4.1s
minor-street through and left- ! ’
turn movements are computed Finally, the follow-up headways for the northbound and southbound minor-
for the movement as a whole. . .
Follow-up headways are not street left-turn movements #;; and t;1 (in this case, ¢ = f;10) are computed as
broken up by stage because follows:
they apply only to vehicles as
they exit the approach and tr7 =tri0 = 3.5+1.0(0.1) =3.6s
enter the intersection. ' ’
TWSC Example Problems Chapter 32/Stop-Controlled Intersections: Supplemental
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Step 5: Compute Potential Capacities

Because no upstream signals are present, the procedure in Step 5a is
followed.

The computation of a potential capacity for each movement provides the
analyst with a definition of capacity under the assumed base conditions. The
potential capacity will be adjusted in later steps to estimate the movement
capacity for each movement. The potential capacity for each movement is a
function of the conflicting flow rate, critical headway, and follow-up headway
computed in the previous steps. The potential capacity for the northbound
major-street left-turn movement c,; is computed from Equation 20-32:

e~Veatc1/3,600

Cp1 = Ve 1 — g~ Veatr1/3,600

e—(400)(4.3)/3,600
Cp,1 = 4’00

1 — ¢-(400)(2:3)/3600 1,100 veh/h

Similarly, the potential capacities for Movements 4, 9, and 12 (¢, 4, 9, and
Cp12, Tespectively) are computed as follows:
o —(300)(4.3)/3,600

Cpa =300 1~ - G00)23)/3600 — 1,202 veh/h
o~ (150)(7.1)/3,600

Cpo = 150 1~ o-(50)34)/3,600 = 845 veh/h
e —(200)(7.1)/3,600

Cp12 = 200 1~ o-(200)(34)/3,600 = 783 veh/h

Because the two-stage gap-acceptance adjustment procedure will be
implemented for estimating the capacity of the minor-street movements, three
potential capacity values must be computed for each of Movements 7, 8, 10, and
11. First, the potential capacity must be computed for Stage I, ¢1s, ¢p111, Cp17 and
¢p 110, for each movement as follows:

e~ (341)(5.7)/3,600

Cprg = 341 1~ o-GiDED /3600 = 618 veh/h
o~ (482)(5.7)/3,600

Cpi11 = 482 1~ oG8 (a1)/3,600 = 532 veh/h
e~ (341)(6.7)/3,600

Cp17 = 341 1~ o-GiGE6)/3600 = 626 veh/h
o —(482)(6.7)/3,600

Cp110 = 482 1~ o-(82)(3:6)/3,600 = 514 veh/h

Next, the potential capacity must be computed for Stage II for each
movement, Cp,11,8, Cp, 1111, Cp,11,7, and Cp11,10, AS follows:
e—(532)(5.7)/3,600

Cpas = 532 1~ o—G3D@E /3600 504 veh/h
o—(366)(5.7)/3,600
Cpura1 = 366 1 — - (366)(4.1)/3,600 601 veh/h

Chapter 32/Stop-Controlled Intersections: Supplemental
Version 6.0

TWSC Example Problems
Page 32-17



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

e~ (337)(6.7)/3,600

Cp’11'7 = 337 =629 Veh/h

1 — ¢—(337)(3.6)/3,600

e~ (257)(6.7)/3,600

Cp’1‘10 = 257 =703 Veh/h

1 — ¢-(257)(3.6)/3,600

Finally, the potential capacity must be computed assuming single-stage gap
acceptance for each movement, ¢, s, ¢p11, 7, and ¢, 10, as follows:
¢~ (873)(6.7)/3,600

cps =873 1= o- @73 ED/3600 = 273 veh/h
o~ (848)(6.7)/3,600

Cp11 = 848 1~ o- @)@ 1)/3600 — 283 veh/h
o~ (678)(7.7)/3,600

Cp7 = 678 1~ o- 8@ 6)/3,600 = 323 veh/h

e~(739)(7.7)/3,600

Cp10 = 739 1~ o-(39)(36)/3,600 = 291 veh/h

Steps 6—9: Compute Movement Capacities

Because no pedestrians are present, the procedures given in Chapter 20 are
followed.

Step 6: Compute Rank 1 Movement Capacities

There is no computation for this step.

Step 7: Compute Rank 2 Movement Capacities

Step 7a: Movement Capacity for Major-Street Left-Turn Movements

The movement capacity of each Rank 2 major-street left-turn movement is
equal to its potential capacity:

Cma1 = Cp1 = 1,100 veh/h
Cm'4 = Cp'4_ = 1,202 Veh/h

Step 7b: Movement Capacity for Minor-Street Right-Turn Movements

The movement capacity of each minor-street right-turn movement is equal to
its potential capacity:

Cm9 = Cpo = 845 veh/h

lelz = Cp,lz =783 Veh/h

Step 7c: Movement Capacity for Major-Street U-Turn Movements

No U-turns are present, so this step is skipped.

Step 7d: Effect of Major-Street Shared Through and Left-Turn Lane
Separate major-street left-turn lanes are provided, so this step is skipped.

TWSC Example Problems
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Step 8: Compute Rank 3 Movement Capacities

The movement capacity of each Rank 3 movement is equal to its potential
capacity, factored by any impedance due to conflicting pedestrian or vehicular
movements.

Step 8a: Rank 3 Capacity for One-Stage Movements

As there are no pedestrians assumed at this intersection, the Rank 3
movements will be impeded only by other vehicular movements. Specifically,
the Rank 3 movements will be impeded by major-street left-turning traffic, and
as a first step in determining the impact of this impedance, the probability that
these movements will operate in a queue-free state must be computed according

to Equation 20-42:
V1

=1 — 13 0970
Por = 2 T 1100

Posa = 1- m = 0.945

Next, by using the probabilities computed above, capacity adjustment factors
fs and f;; can be computed according to Equation 20-46:

fo = fi1 = Pox X Poa = (0.970)(0.945) = 0.917

Finally, under the single-stage gap-acceptance assumption, the movement
capacities ¢, s and c,,;; can be computed according to Equation 20-47:

Cmsg = Cpg X fg = (273)(0.917) = 250 veh/h
Cm,ll = Cp,ll X fll = (283)(0.917) = 260 Veh/h

Because Movements 8 and 11 will operate under two-stage gap acceptance,
the capacity adjustment procedure for estimating the capacity of Stage I and
Stage 1II of these movements must be completed.

To begin the process of estimating Stage I and Stage 1I movement capacities,
the probabilities of queue-free states on conflicting Rank 2 movements calculated
above are entered into Equation 20-46 as before, but this time capacity
adjustment factors are estimated for each individual stage as follows:

fig = Pos1 = 0.970
fi11 = Poa = 0.945
fig = Po,a = 0.945
fi11 = Poa = 0.970
The Stage I movement capacities are then computed as follows:
Cmig = Cpuig X f1g = (618)(0.970) = 599 veh/h
Cmia1 = Cpra1 X fiar = (532)(0.945) = 503 veh/h
The Stage II movement capacities are then computed as follows:
Cme = Cpig X fig = (504)(0.945) = 476 veh/h
Cmi11 = Cpua1 X firzn = (601)(0.970) = 583 veh/h
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Step 8b: Rank 3 Capacity for Two-Stage Movements

The two-stage gap-acceptance procedure will result in a total capacity estimate
for Movements 8 and 11. To begin the procedure, an adjustment factor 2 must be
computed for each movement by using Equation 20-48, under the assumption
there is storage for two vehicles in the median refuge area; thus, n,, =2.

ag = a;; = 1—0.32e713V"m = 1 - 0.32¢713V2 = 0.949

Next, an intermediate variable, y, must be computed for each movement by
using Equation 20-49:

_ Cm18 — Cmg _ 599 — 250 — 1808
Vs Cmirg —Vi— Cmg 476 —33 —250 '
C —c 503 — 260
yi = — = = 0.946

Cm,II,ll - U4_ - Cm,ll - 583 - 66 - 260
Finally, the total capacity for each movement c;5 and ¢y, is computed
according to Equation 20-50, because y # 1:

a
Cmrg = ynm+—f_1[3’8(y5;lm —1)(cmus = v1) + s — Demeg]

8
0.949

Cmrs = Taggzrt 7 [(1:808)(1.808% — 1)(476 — 33) + (1.808 — 1)(250)]

Cmrg = 390 veh/h

a
Cmra1 = nm++1_1 1 Or = Demman = va) + 11 = Demui]
11

0.949

Cmr11 = gggerrt 7 L(0-946)(0.946% — 1)(583 — 66) + (0.946 — 1)(260)]

Cm,T,ll = 4‘05 Veh/h

Step 9: Compute Rank 4 Movement Capacities

Step 9a.: Rank 4 Capacity for One-Stage Movements

The vehicle impedance effects for Rank 4 movements are first estimated by
assuming single-stage gap acceptance. Rank 4 movements are impeded by all the
same movements impeding Rank 2 and Rank 3 movements with the addition of
impedances due to the minor-street crossing movements and minor-street right-
turn movements. The probability that these movements will operate in a queue-
free state must be incorporated into the procedure.

The probabilities that the minor-street right-turn movements will operate in
a queue-free state (p,o and p;,) are computed as follows:
Vg

-1 —1-> 0935
Poo = Ao 0T " TBas

=1 28 _ 0.964
p0,12 - 783 - "

To compute p’, the probability that both the major-street left-turn movements
and the minor-street crossing movements will operate in a queue-free state
simultaneously, the analyst must first compute p,;, which is done in the same
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manner as the computation of p,; except k represents Rank 3 movements. The
values for p,; are computed as follows:

Vs _ 1 132 _ o662
CmTs 390

=1 110 = 0.728
Po11 = 405

Pog =1—

Next, the analyst must compute p”, which, under the single-stage gap-
acceptance assumption, is simply the product of f; and p,. The value for f; = f;; =
0.917 is as computed above. The value for p; is computed by using the total
capacity for Movement 11 calculated in the previous step:

Py = Ppo11 X fir = (0.728)(0.917) = 0.668
Pl = Pog X fa = (0.662)(0.917) = 0.607

With the values for p”, the probability of a simultaneous queue-free state for
each movement can be computed by using Equation 20-52 as follows:

p7
o =0.65p, — 0.64/ps
p7 p7 p;l + 3 + p7

————+ 0.6v0.668 = 0.742
0.668 + 3 *

ph = 0.65(0.668) —

0.607 + 3

Next, with the probabilities computed above, capacity adjustment factors f,
and f;, can be computed according to Equation 20-53:

fr = Py X Do12 = (0.742)(0.964) = 0.715
fio = Plo X Poe = (0.694)(0.935) = 0.649

P10 = 0.65(0.607) — + 0.61/0.607 = 0.694

Finally, under the single-stage gap-acceptance assumption, the movement
capacities c,,; and c,, ;o can be computed according to Equation 20-54:

Cmy7 = Cp7 X f = (323)(0.715) = 231 veh/h
Cm,10 = Cp1o X fio = (291)(0.649) = 189 veh/h

Step 9b: Rank 4 Capacity for Two-Stage Movements

Similar to the minor-street crossing movements at this intersection,
Movements 7 and 10 will also operate under two-stage gap acceptance.
Therefore, the capacity adjustment procedure for estimating the capacity of Stage
I and Stage II of these movements must be completed.

Under the assumption of two-stage gap acceptance with a median refuge
area, the minor-street left-turn movements operate as Rank 3 movements in each
individual stage of completing the left-turn maneuver. To begin the process of
estimating two-stage movement capacities, the probabilities of queue-free states
on conflicting Rank 2 movements for Stage I of the minor-street left-turn
movement are entered into Equation 20-46, and capacity adjustment factors for
Stage I are computed as follows:

fi,7 - p0,1 - 0.970
fi10 = Poa = 0.945
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The Stage I movement capacities can then be computed as follows:
Cm17 = Cp17 X fiz = (626)(0.970) = 607 veh/h
lel'lo = Cp,l,lo X fI,lO = (514‘) (0945) = 486 Veh/h

Next, the probabilities of queue-free states on conflicting Rank 2 movements
for Stage II of the minor-street left-turn movement are entered into Equation 20-
46. However, before estimating these probabilities, the probability of a queue-
free state for the first stage of the minor-street crossing movement must be
estimated as it impedes Stage II of the minor-street left-turn movement. These
probabilities are estimated with Equation 20-42:

Ve 132
pO,I,B = 1 - =1 _5_ = 0.780

Cmls 99

=1 110 =0.781
DPo111 = 503

The capacity adjustment factors for Stage II are then computed as follows:
fiL7 = Poa X Po12 X Poyr11 = (0.945)(0.964)(0.781) = 0.711
fi10 = Po,1 X Pog X Pog = (0.970)(0.935)(0.780) = 0.707
Finally, the movement capacities for Stage II are computed as follows:
Cm7 = Cpni7 X fiy = (629)(0.711) = 447 veh/h
Cmi10 = (703)(0.707) = 497 veh/h

The final result of the two-stage gap-acceptance procedure will be a total
capacity estimate for Movements 7 and 10. To begin the procedure, an
adjustment factor 2 must be computed for each movement by using Equation 20-
55, under the assumption there is storage for two vehicles in the median refuge
area; thus, n,, = 2.

a; =a;, =1—032e713Vmm = 1 - 0.32¢713V2 = 0.949

Next, an intermediate variable y must be computed for each movement by
using Equation 20-56:

G =Cmp __607-231
Y7 Cmiy — Vi — Cpy 447 —33—231 '
Crutno — C 486 — 189
Yo = — 0 = =1.227

Cmiio — Va — Cmio 497 —66 — 189

Finally, the total capacity for each movement, c;, and cy 4, is computed
according to Equation 20-57, as y # 1:

a
Cry = ynm+—Z_1 [y, (7™ = 1)(cmuy = v1) + 07 = Dmys]
7
0.949 ,
17 = yogerrr— [(2055)(2.0552 — 1)(447 = 33) + (2,055 — 1)(231)]
cry; =369 veh/h

a
Cra0 = ynm+—110—1 Y10 = D (emrio = va) + 10 = Dem10]
10
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0.949
Cra0 = Toy7art —[(1:227)(1.227% = 1)(497 — 66) + (1.227 — 1)(189)]

CT,lO = 347 Veh/h

Step 10: Compute Final Capacity Adjustments

In this example problem, several final capacity adjustments must be made to
account for the effect of the shared lanes and the flared lanes on the minor-street
approaches. Initially, the shared-lane capacities for each of the minor-street
approaches must be computed on the assumption of no flared lanes; after these
computations are completed, the effects of the flare can be incorporated to
compute an actual capacity for each minor-street approach.

Step 10a: Shared-Lane Capacity of Minor-Street Approaches

In this example, both minor-street approaches have single-lane entries,
meaning that all movements on the minor street share one lane. The shared-lane
capacities for the minor-street approaches are computed according to Equation

20-59:
Dy Uy v, + vg + Vg 44 + 132 + 55
CSHNB = U, = U, g &—ﬂ+ﬁ+£—44ZVeh/h
YCmy ©Cm7 Cms Cmo 369 ' 390 ' 845
v 11+ 110 + 28
2y %y = 439 veh/h

Csuse = 7 v, — 11 110 28
Yy ool ftend "
2y 347+ 305+ 783

Step 10b: Flared Minor-Street Lane Effects

In this example, the capacity of each minor-street approach will be greater
than the shared capacities computed in the previous step due to the shared-lane
condition on each approach. On each approach, it is assumed one vehicle at a
time can queue in the flared area; therefore, 1= 1.

First, the analyst must estimate the average queue length for each movement
sharing the lane on each approach. Required input data for this estimation
include the flow rates and control delays for each movement. Although the flow
rates are known input data, the control delays have not yet been computed.
Therefore, the control delay for each movement, assuming a 15-min analysis
period and separate lanes for each movement, is computed with Equation 20-64:

| : ()]
3,600 V5 v, Cm7 /] \Cm7
d;, = 900T |——1 —=1 ————| 45
4 Cy + Cm,7 + (cm_7 ) + 450T +
3,600\ [ 44
3600 4 u v () Geo)
d; =——+900(0.25) |—-1 (——1) ——————=| 45
7 369 + ( ) 369 +\/ 369 + 450(0.25) +
d; =16.07 s
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3,600 132 132 2 (M) (Q)
_ 132 132 390 /\390
ds = 390 T 900(0.25) 390 L+ (390 1) + 450(0.25) +5
dg = 18.88s
s s v G
dy = gg5 +200(0.25) IE_ (%_ 1) T 450(0.25) i+ >
dg = 957 S
[ 3,600\ / 11
,600 11 11 z ( 347 )(W)
10 = 37 +9000025) 175~ 1+ \/(E B ) T 450025 | >
d]_() = 1571 S
[ 3,600\ (110
,600 110 110 \? (W) (m)
i1 = g5 +9000025) 752~ 1+ \/(405 1) T 50025 | >
dll = 1717 S
3,600\ / 28
3,600 28 28\ (383) (7s3)
iz = =gz +9000025) 1752~ 1+ \/(ﬁ - 1) 4500025) | T >
d12 =9.77s

In this example, all movements on the minor-street approach share one lane;
therefore, the average queue lengths for each minor-street movement are
computed as follows from Equation 20-60:

Qsep.7 = dse;,;gsoew = (16;’)673(()44) = 0.20 veh
Qseps = —(18'38’86)0(; 32) _ 0.69 veh
Qsep 10 = —(1537613(()11) 0.05 veh
Qsepi1 = % = 0.53 veh

sepi2 = % = 0.08 veh

Next, the required length of the storage area so that each approach would
operate effectively as separate lanes is computed with Equation 20-61:

Nyax = miax[round(Qsep_i + 1)]
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NyaxNB = rglv%x[round(Qsep_7 + 1),round(Qsep_8 + 1),rour1d(Qsep,9 + 1)]
NpaxNB = nllv%x[round(O.ZO + 1),round(0.69 + 1),round(0.15 + 1)] = 2
Npax,sp = rr;gx[round(0.0S + 1),round(0.53 + 1),round(0.08 + 1)] = 2

The next step involves estimating separate lane capacities, with
consideration of the limitation of the amount of right-turn traffic that could
actually move into a separate right-turn lane given a queue before the location of
the flare. To compute separate lane capacities, the shared-lane capacities of the
through plus left-turn movement on each approach must first be estimated
according to Equation 20-59:

XyVy  v;tvg 44 4+ 132

CL+TH,NB = vy = & & = 44 132 = 385 Veh/h
Yemy Cm7  Cmg 369 " 390
v VitV 11+ 110

ZyVy _ VotUu =399 veh/h

C —
L+TH,SB v, V1o Vq1q 11 110

Yemy Cmio Cmua 347 T 205

Then, the capacity of the separate lane condition c.., for each approach can be
computed according to Equation 20-62:

v v
Csep = Min [cR (1 P L+TH),CL+TH (1 +—= )]

Ur VL+TH
. VL+TH.NB Vg
Csep,Np = MiIN [Cm,9 (1 + . ) CLeTHNB 1+ s
9 L+TH,NB

= mi [845 (1 44+132> 385 (1 e )]—505 h/h

. VL+TH,SB V12
Csep,sp = Min [Cm,12 (1 +———— ), cLyrusp |1+ —
V12 VL+TH,SB

= mi [ 783 (1 + L 110) 399 (1 + 2 )] =491 veh/h
Csep,SB = min ( ) 28 ,( ) 11 + 110 — ve /
Finally, the capacities of the flared minor-street lanes are computed

according to Equation 20-63:
R

(Csep - CSH) +esy ifng S npygy

Cpr = NMax

Csep ifng > nyax

Because 1y = 1 and n,,,, = 2, the first condition is evaluated:
cryp = (505 — 442) (%) + 442 = 474 veh/h
Similarly,
Crsp = (491 — 439) (%) + 439 = 465 veh/h

TWSC Example Problems

Chapter 32/Stop-Controlled Intersections: Supplemental
Page 32-25

Version 6.0



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

Step 11: Compute Control Delay

The control delay computation for any movement includes initial
deceleration delay, queue move-up time, stopped delay, and final acceleration
delay.

Step 11a: Compute Control Delay to Rank 2 Through Rank 4 Movements

The control delays for the major-street left-turn movements (Rank 2) d, and
d, and the minor-street approaches dy; and dg; are computed with Equation

20-64:
3,600\ / 33
3,600 33 33 2 (—1,100) (—1,100)
dy = 1100 900(0.25) 1,100 1 (1,100 B ) 450(0.25) +5
dl = 84 S
3,600\ [ 66
3,600 66 66 2 (1,202) (1,202)
dy = 1202 F 900(0.25) 1202 1 (1,202 ] ) 450(0.25) +5
d4_ = 82 S
3,600 231 231 (M) (&)
groYY 51 25DV \ 474 /\474)
dnp = a7a T 900(0.25) 474 7 (474 1) + 450(0.25) 5
dNB = 196 S
[ 3,600 149
3,600 149 149 2 (ﬁ) (m)
dsp = g5 +90000.25) |72 —1+ J (Ges-1) + ~4500025) | >
dSB = 163 S

According to Exhibit 20-2, LOS for the major-street left-turn movements and
the minor-street approaches are as follows:

e Eastbound major-street left turn (Movement 1): LOS A,
e Westbound major-street left turn (Movement 4): LOS A,
e Northbound minor-street approach: LOS C, and

e Southbound minor-street approach: LOS C.

Step 11b: Compute Control Delay to Rank 1 Movements

This step is not applicable as the major-street through movements v, and vs
and westbound major-street left-turn movements v, and v, have exclusive lanes
at this intersection.
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Step 12: Compute Approach and Intersection Control Delay

The control delay for the eastbound approach d,, ;; is computed with
Equation 20-66:

d, v, + dv, + dyv,

AT T ¥ty
_ 0(50) +0(250) +82(33) _
AEB = 50 + 250 + 33 - Ues

The control delay for the westbound approach d, ; is computed according
to the same equation as for the eastbound approach:

0(100) + 0(300) + 8.4(66)
100 + 300 + 66
The intersection delay d;is computed from Equation 20-67:

AWB = =1.2s

d = daesVaes T dawsVaws + dansVans + daspVass
=

Vapg T Vawp T Vang t+ Vase
_ 0.8(333) + 1.2(466) + 19.6(231) + 163(149) _
1= 333 + 466 + 231 + 149 110

LOS is not defined for the intersection as a whole or for the major-street
approaches.

Step 13: Compute 95th Percentile Queue Lengths

The 95th percentile queue length for the major-street eastbound left-turn
movement Qys; is computed from Equation 20-68:

3,600 ]
2
v v (C )(C )I o
Q951 = 900T L 1+ (—1—1> 4 ~—ml m,1 |( m,1>

150T 3,600

Cm,l

, (3,600 ]
33 33 1 100 1100 | 1,100
~ 900(0.25 -1 (—— ) ( )
Qos1 02517750 =1+ |\T100 150(025)  |\3,600

Q951 = 0.1 veh

The result of 0.1 vehicles for the 95th percentile queue indicates a queue of

more than one vehicle will occur very infrequently for the eastbound major-street
left-turn movement.

The 95th percentile queue length for the major-street westbound left-turn
movement Qys, is computed as follows:

[ |
| 66 s ( 66 1)2 N (%) (1 202)i(1,202>
I

| 1,202 1,202 150(0.25) 3,600

Qgs4 = 0.2 veh
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The result of 0.2 vehicles for the 95th percentile queue indicates a queue of
more than one vehicle will occur very infrequently for the westbound major-
street left-turn movement.

The 95th percentile queue length for the northbound approach is computed
by using the same formula, but similar to the control delay computation, the
shared-lane volume and shared-lane capacity must be used.

(3,600 (231
Ossnp ~ 900(0.25) |28 — 1 + (E—l) +(474)(m) (474)
ISNE =) 1374 474 150(0.25) |\3,600

Qos np = 2.6 veh

The result of 2.6 vehicles for the 95th percentile queue indicates a queue of
more than two vehicles will occur occasionally for the northbound approach.

The 95th percentile queue length for the southbound approach is computed
by using the same formula, but similar to the control delay computation, the
shared-lane volume and shared-lane capacity must be used.

. (3,600) (149
Q z900(025)£—1+ (@_1) +(465)(m) (465)
v/ 7 |465 465 150(0.25) |\3,600

Qo5 sp =~ 1.4 veh

The result of 1.4 vehicles for the 95th percentile queue indicates a queue of
more than one vehicle will occur occasionally for the southbound approach.

Discussion

Overall, the results indicate the four-leg TWSC intersection with two-stage
gap acceptance and flared minor-street approaches will operate satisfactorily
with low delays for major-street movements and average delays for the minor-
street approaches.

TWSC EXAMPLE PROBLEM 4: TWSC INTERSECTION WITHIN A
SIGNALIZED URBAN STREET SEGMENT

The Facts

This problem analyzes the performance of the TWSC intersection at Access
Point 1 (AP1) from Example Problem 1 in Chapter 30, Urban Street Segments:
Supplemental, which looks at the motor vehicle performance of the urban street
segment bounded by two signalized intersections, as shown in Exhibit 32-9. The
street has a four-lane cross section with two lanes in each direction.
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Signal

) 1800 ft N
L 600ft __  600ft #
1 I I 2
AP1 AP2
Segment 1 Signal

From Example Problem 1 in Chapter 30, the following data are relevant:

e Major street with two lanes in each direction,

e Minor street with separate left-turn and right-turn lanes in each direction
(through movements considered negligible) and STOP control on minor-

street approach,

e Level grade on all approaches,

o Percentage heavy vehicles on all approaches = 1%,

e Length of analysis period = 0.25 h, and

e Flow rates and lane configurations as shown in Exhibit 32-10.

15-min Flow Rates

Lane Configurations

JA%@__JL' =

5 A

982 =—pp-

"™
Yy

= 992

r76

-2,

=
ik

The proportion time blocked and delay to through vehicles from the
methodology of Chapter 18, Urban Street Segments, are as shown in Exhibit

32-11.
Access Point Data EB EB EB WwB WB wWB NB NB NB SB SB SB
Segment 1 L T R L T R L T R L T R
Movement: 1 2 3 4 5 6 7 8 9 10 11 12

Access Point Intersection No. 1

1: Volume, veh/h 74.80 981.71 93.50 75.56 991.70 94.45 80.00 0.00 100.00 80.00 0.00 100.00

1: Lanes 0 2 0 0 2 0 1 0 1 1 0 1

1: Proportion time blocked 0.170 0.170 0.260 0.260 0.170 0.260 0.260 0.170
1: Delay to through vehicles, s/veh 0.163 0.164

1: Prob. inside lane blocked by left 0.101 0.101

1: Dist. from West/South signal, ft 600

Access Point Intersection No. 2

2: Volume, veh/h 75.56 991.70 94.45 74.80 981.71 93.50 80.00 0.00 100.00 80.00 0.00 100.00
2: Lanes 0 2 0 0 2 0 1 0 1 1 0 1
2: Proportion time blocked 0.170 0.170 0.260 0.260 0.170 0.260 0.260 0.170
2: Delay to through vehicles, s/veh 0.164 0.163

2: Prob. inside lane blocked by left 0.101 0.101

2: Dist. from West/South signal, ft 1200

Exhibit 32-9

TWSC Example Problem 4:
TWSC Intersection Within a
Signalized Urban Street
Segment

Exhibit 32-10

TWSC Example Problem 4:
15-min Flow Rates and Lane
Configurations

Exhibit 32-11

TWSC Example Problem 4:
Movement-Based Access Point
Output (from Chapter 30,
Example Problem 1)
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Exhibit 32-12

TWSC Example Problem 4:
Movement Numbers and
Calculation of Peak 15-min
Flow Rates

Comments

Default values are needed for the saturation flow rates of the major-street
through and right-turn movements for the analysis of shared or short major-
street left-turn lanes:

*  Major-street through movement, s; = 1,800 veh/h; and
*  Major-street right-turn movement, s;, = 1,500 veh/h.
All other input parameters are known.

Steps 1 and 2: Convert Movement Demand Volumes to Flow Rates and
Label Movement Priorities

Flow rates for each turning movement have been provided from the
methodology of Chapter 17, Urban Street Reliability and ATDM. They are
assigned movement numbers as shown in Exhibit 32-12.

t—1oo©
‘—80 ®

XX - Flow Rate (veh/h)

o

@ 0@

& - Movement Number

Step 3: Compute Conflicting Flow Rates

Major-Street Left-Turn Movements (Rank 2, Movements 1 and 4)

The conflicting flows for the major-street left-turn movements are computed
from Equation 20-2 and Equation 20-3 as follows:

Vo1 = Vs + Vg + V16 =992 + 94 + 0 = 1,086 veh/h
Veg =V + U3+ 05 =982+ 94+ 0 =1,076 veh/h

Minor-Street Right-Turn Movements (Rank 2, Movements 9 and 12)

The conflicting flows for minor-street right-turn movements are computed
from Equation 20-6 and Equation 20-7 as follows:
Veg = 0.50; + 0.5v3 + vy + vy + V55
Ve = 0.5(982) + 0.5(94) + 0+ 0 + 0 = 538 veh/h
Ve12 = 0.5v5 + 0.5V + vy + V13 + Vyg
Ve12 = 0.5(992) +0.5(94) + 0+ 0 + 0 = 543 veh/h
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Major-Street U-Turn Movements (Rank 2, Movements 1U and 4U)

U-turns are assumed to be negligible.

Minor-Street Pedestrian Movements (Rank 2, Movements 13 and 14)

Minor-street pedestrian movements are assumed to be negligible.

Minor-Street Through Movements (Rank 3, Movements 8 and 11)

Because there are no minor-street through movements, this step can be
skipped.

Minor-Street Left-Turn Movements (Rank 4, Movements 7 and 10)

Because the major street has four lanes without left-turn lanes or other
possible median storage, the minor-street left-turn movement is assumed to be
conducted in one stage. As a result, the conflicting flows for Stages I and II can be
combined.

Vey = 2(Vg + V1y) + vy + 0.5v3 + v45 + 2(vy + vyy) + 0.5v5 + 0.5v11 + ;3
Vo7 = 2(75 + 0) + 982 + 0.5(94) + 0 + 2(76 + 0) + 0.5(992) + 0.5(0) + 0
V.7, = 1,827 veh/h
Veqo = 20y + Vay) + Vs + 0.5v¢ + vy + 2(v; + v1y) + 0.5v, + 0.5v5 + vy
Vo0 = 2(76 +0) + 992 + 0.5(94) + 0 + 2(75 + 0) + 0.5(982) + 0.5(0) + 0
Ve10 = 1,832 veh/h

Step 4: Determine Critical Headways and Follow-Up Headways
Critical headways for each movement are computed from Equation 20-30:
tex = tepase T Loy Py +te G — tapr
te1 =tea=41+(2.0)(0.01)+0-0=412s
teo =teq12 = 6.9+ (2.0)(0.01) +0.1(0) — 0 =6.92s
te7 = te10 = 7.5+ (2.0)(0.01) +0.2(0) — 0 = 7.52s
Follow-up headways for each movement are computed from Equation 20-31:

trx = trpase T truvPuyv
trq =trqa = 2.2+ (1.0)(0.01) = 2.21s
tro = tr1p = 3.3 +(1.0)(0.01) = 3.31s
tr; = tr10 = 3.5+ (1.0)(0.01) = 3.51s

Step 5: Compute Potential Capacities

Because upstream signals are present, Step 5b is used. The proportion time
blocked for each movement x is given as p,, and has been computed by the
Chapter 18 procedure.

The flow for the unblocked period (no platoons) is determined by first
computing the conflicting flow for each movement during the unblocked period
(Equation 20-33). The minimum platooned flow rate v,,,;,, over two lanes is
assumed to be equal to 1,000N = 1,000(2) = 2,000. The flow rate assumed to occur
during the blocked period is calculated as follows:
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Uc,x - 1-5vc,minpb,x
= 1- Pbx

0 otherwise
1.5V minPp1 = 1.5(2,000)(0.170) = 510 veh/h

The value for v, = 1,086 exceeds this value, which indicates some of the
conflicting flow occurs in the unblocked period. Therefore, v, ,, is calculated as

if Ve x > 1-5vc,minpb,x

Veux

follows:
Ve1— L5V minPp1 1,086 — 1.5(2,000)(0.170)
=— - = = = 694 veh/h
Vet 1—pya 1-0.170 veh/
Similar calculations are made for the other movements:
B 1,076 — 1.5(2,000)(0.170) — 682 veh/h
Veus = 1-0.170 = 682 veh/
_ 538 — 1.5(2,000)(0.170) — 34 veh/h
Veud = 1-0.170 = 34 veh/
543 —1.5(2,000)(0.170)
Veuiz = 1-0170 =40 VEh/h
B 1,827 — 1.5(2,000)(0.260) — 1415 veh/h
Veur = 1—0.260 = 1415 veh/
1,832 — 1.5(2,000)(0.260)
vc,u,lo = 1—0.260 = 1,422 Veh/h

The potential capacity for each movement is then calculated with Equation

20-34 and Equation 20-35 (combined) as follows:
~Veu1te1/3,600

e
Cp1 = (1 - pb,l)(vau.l) 1 — e—Veuntr1/3,600

—(694)(4.12)/3,600

cpa = (1= 0.170)(694) T——maanyses = /50 veh/h
—(682)(4.12)/3,600
cpa = (1 —0.170)(682) 1 — o—(682)(221)/3,600 — 758 veh/h
—(34)(6.92) /3,600
cpo = (1 = 0.170)B34) T——GnEan/ase = 859 veh/h
—(40)(6.92)/3,600
= 851 veh/h

¢p1z = (1 —0.170)(40) 1 — ¢—(40)(3:31)/3,600

¢—(1,415)(7.52)/3,600

— - (1,415)(351)/3,600 73 veh/h

cp7 = (1 —-0.260)(1,415) 1

—(1,422)(7.52) /3,600
= 72 veh/h

¢p10 = (1 —0.260)(1,422) 1 — ¢-(1422)(351)/3,600
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Steps 6—9: Compute Movement Capacities

Because no pedestrians are present, the procedures given in Chapter 20 are
followed.

Step 6: Compute Rank 1 Movement Capacities

There is no computation for this step. The adjustment for the delay to
through movements caused by left-turn movements in the shared left-through
lane is accounted for by using adjustments provided later in this procedure.

Step 7: Compute Rank 2 Movement Capacities

Step 7a: Movement Capacity for Major-Street Left-Turn Movements

The movement capacity of each Rank 2 major-street left-turn movement is
equal to its potential capacity as follows:

Cm1 = Cp1 = 750 veh/h
Cma = Cpa = 758 veh/h

Step 7b: Movement Capacity for Minor-Street Right-Turn Movements
The movement capacity of each minor-street right-turn movement is equal to
its potential capacity:
Cm,9 = Cpo = 859 veh/h

Cmi2 = Cp12 = 851 veh/h

Step 7c: Movement Capacity for Major-Street U-Turn Movements
No U-turns are present, so this step is skipped.

Step 7d: Effect of Major-Street Shared Through and Left-Turn Lane

The probability that the major-street left-turning traffic will operate in a
queue-free state, assuming the left-turn movement occupies its own lane, is
calculated with Equation 20-42 as follows:

vy 75

p0’1 = 1—a’1= 1—ﬁ=0.900
Uy 76

p0_4_= 1—m=1—ﬁ=0900

However, for this problem the major-street left-turn movement shares a lane
with the through movement. First, the combined degree of saturation for the
major-street through and right-turn movements is calculated as follows (using
default values for s):

v, v3 982 94
X243 = g‘i'g = m+m = 0.608
Vs Ve 992 94
X546 = ¥+; = m+m = 0.614
Next, the probability that there will be no queue in the major-street shared
lane p§; is calculated according to the special case (1, = 0) given in Equation

20-45:
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1—pyy 1 —0.900

fo=1- . = 0.745
Pos 1— %, 1-0.608
1—Pos 1-0.900

fo=1- 41— = 0.741
Po.4 1— xe.q 1—- 0614

These values of pf; and p§, are used in lieu of p,; and p,, for the remaining
calculations.

Step 8: Compute Rank 3 Movement Capacities

Step 8a.: Rank 3 Capacity for One-Stage Movements

Because there are no minor-street through movements, it is not necessary to
compute the movement capacities for those movements. However, capacity
adjustment factors f; and f;, are needed for subsequent steps and can be

computed as follows:
fg=f11 =Py1Py, = (0.745)(0.741) = 0.552

Step 8b: Rank 3 Capacity for Two-Stage Movements
No two-stage movements are present, so this step is skipped.

Step 9: Compute Rank 4 Movement Capacities

Step 9a.: Rank 4 Capacity for One-Stage Movements

The probabilities that the minor-street right-turn movements will operate in
the queue-free state p, 4 and p,,;, are computed as follows:

Vo 100

p0,9 = _5’9: 1 —@= 0.884
Uiy 100

po’lz = 1 - lelz = 1 - ﬁ = 0882

To compute p’, the probability that both the major-street left-turn movements
and the minor-street crossing movements will operate in a queue-free state
simultaneously, the analyst must first compute p,;, which is done in the same
manner as the computation of p,; except k represents Rank 3 movements. The
values for p,, are computed as follows:

Ug
Cm,8
v
Pon =1- —=1-0=1
Cm,11

Next, the analyst must compute p”, which, under the single-stage gap-
acceptance assumption, is simply the product of f; and p,. The value for f; = f;; =
0.552 is as computed above. The value for p,; is computed by using the total
capacity for Movement 11 calculated in the previous step:

p7 = Po11 X f11 = (1)(0.552) = 0.552
Pio = Pos X fo = (1)(0.552) = 0.552

By using the values for p”, the probability of a simultaneous queue-free state
for each movement can be computed with Equation 20-52 as follows:
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p7
;= 0.65p) — ——— + 0.6y/py
p7 p7 p;r +3 p7
(0.552)

p; = 0.65(0.552) — + 0.6v0.552 = 0.649

0.552 +3

(0.552)
0.552 +3

Next, by using the probabilities computed above, capacity adjustment factors
f,and f;, can be computed as follows:

f; =Py X po1» = (0.649)(0.882) = 0.572
fio = Plo X Pos = (0.649)(0.884) = 0.574

P10 = 0.65(0.552) — + 0.61/0.552 = 0.649

Finally, the movement capacities c,,; and c,, ;, can be computed as follows:
Cm7 = Cp7 X f7 = (73)(0.572) = 42 veh/h
Cm,lO = Cp’lo X flO = (72)(0.574) = 4‘1 Veh/h

Step 9b: Rank 4 Capacity for Two-Stage Movements

No two-stage movements are present, so this step is skipped.

Step 10: Final Capacity Adjustments
Step 10a: Shared-Lane Capacity of Minor-Street Approaches

No shared lanes are present on the side street, so this step is skipped.

Step 10b: Flared Minor-Street Lane Effects
No flared lanes are present, so this step is skipped.

Step 11: Compute Movement Control Delay

Step 11a: Compute Control Delay to Rank 2 Through Rank 4 Movements
The delay for each minor-street movement is calculated from Equation 20-64:

3,600 75 75 2 (ﬂ) (E)
_2>0b 2 2 \ 750 /\750/
d; = 750 T 900(0.25) 750 L+ (750 1) 450(0.25) 5
d, =10.3s
[ 3,600\ [ 76
3,600 76 76 ¢ (5g) (758)
dy = =55 +9000025) |70 — 1 + J(ﬁ_ 1) 450(025) | T >
d, =103s
[ 3,600y /100
3,600 100 100 2 (—{359 )(@)
dy = ggg +90000.25) |55~ 1+ J(@_ 1) 50025 | T >
dg = 97 S
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3,600) (100)

3,600 00 100 \? (_851 851
diz = 51~ +900(025) Q_HJ(ﬁ_l) 4500025 | T°
d12 = 985

3,600\ /80
3,600 80 80 \? (_42 )(E)
d7=—42 +900(0. 25) -1+ (E_l) —450(025) +5
d, =633 s
3,600 /80
3,600 80 80 \? (_41 )(H)
d10=—4 +900(0.25) ——1+ (H_1> +—450(025) +5

According to Exhibit 20-2, the LOS for the major-street left-turn movements
and the minor-street approaches are as follows:

e Eastbound major-street left turn (Movement 1): LOS B,

e Westbound major-street left turn (Movement 4): LOS B,

e Northbound minor-street right turn (Movement 9): LOS A,

e Southbound minor-street right turn (Movement 12): LOS A,
e Northbound minor-street left turn (Movement 7): LOS F, and
e Southbound minor-street left turn (Movement 10): LOS F.

Step 11b: Compute Control Delay to Rank 1 Movements

The presence of a shared left-through lane on the major street creates delay
for Rank 1 movements (major-street through movements). Assuming that major-
street through vehicles distribute equally across both lanes, then v;, = v,/N = 982/2
=491. The number of major-street turning vehicles in the shared lane is equal to
the major-street left-turn flow rate; therefore, v;, =75.

The average delay to Rank 1 vehicles is computed with Equation 20-65 as
follows:

((1 - ps,j)dM,LT (%)

N>1
Arank1 = | Vi1 + V2
k(l - ps,j)dM,LT N=1
v 491
12 Y, (%) (1-0.745)(10. 3)( )
dz—( o) (37 ) =11s

U11+1712 491 + 75

Similarly, for the opposite direction, v;; = vs/N = 992/2 = 496. The number of

major-street turning vehicles in the shared lane is equal to the major-street left-
turn flow rate; therefore, v;, =76.
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(1-p;,)ds (”11) (1 - 0.741)(10.3) (496)
s = ¥, 496 + 76 =12s

The procedures in Chapter 18 provide a better estimate of delay to major-
street through vehicles: d, = 0.2 and d5 = 0.2. These values account for the
likelihood of major-street through vehicles shifting out of the shared left-through
lane to avoid being delayed by major-street left-turning vehicles. These values
are used in the calculations in Step 12.

Step 12: Compute Approach and Intersection Control Delay
The control delay for each approach is computed as follows:
d, v, + dve + dyv;

A =

v+ v+

L0094 +11(982) +103(75) _
AEB = 94 + 982 + 75 =R

L _0(94) +12(992) +103(76) _
AWE = 94 +992 + 76 )’

_97(100) +0+633(80) _
ANB = 100 + 0 + 80 T eers
9.8(100) + 0 + 657(80
(100) (80) 97 <

ASB = 100 + 0 + 80

The intersection delay d, is computed as follows:

AarpVags + dawsVaws + dangVane + daspVass

dI -
Vaep T Vaws T Vang + Vase

1.6(1,151) + 1.7(1,162) + 287(180) + 297(180)
e 1,151 + 1,162 + 180 + 180
LOS is not defined for the intersection as a whole or for the major-street
approaches. This fact is particularly important for this problem, as the
assignment of LOS to the intersection as a whole would mask the severe LOS F
condition on the minor-street left-turn movement.

=40.8s

Step 13: Compute 95th Percentile Queue Lengths

The 95th percentile queue length for each movement is computed by using
Equation 20-68:

| )
Ve (21 le Cm1 Cm,1 )
~900T |2 — 1+ (2 _1
Qo1 lCmJ i (Cm,l ) * 150T Jl 3,600
| 3,600 |
Q z900(025)| —1+ (ﬁ_l)z+(§50)(750)|(750>
! 7750 750 150(0.25) |\3,600
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Q951 = 0.3 veh

G| s
5 76 758 ) \758 ( )
Qos,4 ~ 900(0.25) 758 58 1 + 150(0.25) 3,600
Qos4 ~ 0.3 veh
3,600\ /100
Qoss ~ 900(0.25) | J 100 ( 559°) (559) ( 859 )
959 : 859 859 150(0.25) 3,600

Q959 ~ 0.4 veh

]__1 DG os1)
851

150(0.25) 3,600

Qgs 12 =~ 900(0 25) l_ - 1 +

Q95,12 = 0.4 veh

\/ 3, 600) (@) 42
72 )\a2
Q95,7 ~ 900(0. 25) 1+ 150(0.25) (3,600)

Q957 = 8.3 veh

80 >2+('4—1)(H) ( 41 )

80
Q95,10 = 900(0.25) 21 1+ \](_ -1 150(0.25) |\3,600

41

Q95,10 ~ 8.4 veh

The results indicate that queues of more than one vehicle will rarely occur
for the major-street left-turn and minor-street right-turn movements. Longer
queues are expected for the minor-street left-turn movements, and these queues
are likely to be unstable under the significantly oversaturated conditions.

Discussion

The results indicate that Access Point 1 will operate over capacity (LOS F) for
the minor-street left-turn movements. All other movements are expected to
operate at LOS B or better, with low average delays and short queue lengths.

TWSC EXAMPLE PROBLEM 5: SIX-LANE STREET WITH U-TURNS
AND PEDESTRIANS

The Facts

The following data are available to describe the traffic and geometric
characteristics of this location:

e T-intersection,

e Major street with three lanes in each direction,
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e Minor street with separate left-turn and right-turn lanes and STOP control
on the minor-street approach (minor-street left turns operate in two stages
with room for storage of one vehicle),

e Level grade on all approaches,
e Percentage heavy vehicles on all approaches = 0%,
e Lane width =12 ft,

e No other unique geometric considerations or upstream signal
considerations,

e 20 p/h crossing both the west and south legs [each pedestrian is assumed
to cross in his or her own group (i.e., independently)],

e Peak hour factor = 1.00,
e Length of analysis period = 0.25 h, and

e Hourly volumes and lane configurations as shown in Exhibit 32-13.

Lane Configurations Exhibit 32-13
Volumes @ 9 TWSC Example Problem 5:

Volumes and Lane

? <4 1200 — /M= | — Configurations
4 ! o - - - - _—
50 25 A . S
1000 ==—pp- :20 (g 9 <
100\ + —t T
20 S — == — NSy
<+ > | — . 28

Ve =

i
Comments

The assumed walking speed of pedestrians is 3.5 ft/s.

Steps 1 and 2: Convert Movement Demand Volumes to Flow Rates and
Label Movement Priorities

Flow rates for each turning movement are the same as the peak hour
volumes because the peak hour factor equals 1.0. These movements are assigned
numbers as shown in Exhibit 32-14.

A Exhibit 32-14
) 50$ ! I iggog TWSC Example Problem 5:
1000 —>'20 ‘_ Movement Numbers and
100—; ! ¢ 25 @ Calculation of Peak 15-min
+ 20 Flow Rates
ﬂ-ﬂ— _ﬁ>
u'\1 8 XX - Flow Rate (veh/h or ped/h)
® (‘5 @® - Movement Number
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Step 3: Compute Conflicting Flow Rates
Major-Street Left-Turn Movement (Rank 2, Movement 4)

The conflicting flow rate for the major-street left-turn movement is computed
as follows:

Veq = Vp + V3 + 135 = 1,000 + 100 + 20 = 1,120 veh/h

Minor-Street Right-Turn Movement (Rank 2, Movement 9)

The conflicting flow rate for the minor-street right-turn movement is
computed as follows (dropping the v; term due to a separate major-street right-

turn lane):
Veo = 0.5(1,000) + 0.5(0) + 0 + 0 + 20 = 520 veh/h

Major-Street U-Turn Movements (Rank 2, Movements 1U and 4U)
The conflicting flow rates for the major-street U-turns are computed as
follows (again dropping the v, term):
Veqy = 0.73v5 + 0.73v4 = 0.73(1,200) + 0 = 876 veh/h
Veqy = 0.73v, + 0.73v5 = 0.73(1,000) + 0 = 730 veh/h

Minor-Street Left-Turn Movements (Rank 3, Movement 7)

The conflicting flow rate for Stage I of the minor-street left-turn movement is
computed as follows (the v; term in these equations is assumed to be zero
because of the right-turn lane on the major street):

UC,I_7 == 2(171 =+ vlu) + 172 + 05173 + v15
Vo7 = 2(0 +50) +1,000 + 0 + 20 = 1,120 veh/h

The conflicting flow rate for Stage II of the minor-street left-turn movement
is computed as follows:

UC’H_7 - 2(174 + v4u) + 04175 4+ 0.51711 + 1713
Vens = 2(100 + 25) + 0.4(1,200) + 0 + 20 = 750 veh/h
Vey = V17 + V7 = 1,120 + 750 = 1,870 veh/h

Step 4: Determine Critical Headways and Follow-Up Headways
Critical headways for each minor movement are computed as follows:
tex = tepase T Loy Py +te G — tapr

teiy=56+0+0—-0=56s
tca=53+0+0-0=53s

teay =56+0+0-0=56s
teo=71+0+0—-0=71s
tc7=64+0+0—-0.7=57s

te;7=73+0+0—-0.7=6.6s

ten7 =67+0+0—-0.7=6.0s
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Follow-up headways for each minor movement are computed as follows:
trx = trpase T truvPuv
trip =23+0=23s
tra=31+0=31s
tray =23+0=23s
tro=39+0=39s

t;; =3.8+0=38s

Step 5: Compute Potential Capacities

Because no upstream signals are present, Step 5a is used. The potential
capacity c,, for each movement is computed as follows:
e ~Vextex/3,600

Cp,x = vC,X 1 _ e_vc.xtf.x/3:600
e—Veauteau/3,600 o~ (876)(5,6)/3,600
p1u = Ve1u T Suciutrau/3600 876 1 — ¢-(876)(2.3)/3,600 523 veh/h

o —(1,120)(5,3)/3,600

Cpa = 1,120 1~ o-G120)G.1)/3600 = 348 veh/h
e~ (730)(5,6)/3,600
Cpay = 730 1= o-G30)@3)/3600 = 629 veh/h
e~ (520)(7.1)/3,600
Cpo = 520 1~ o-G20)(39)/3,600 = 433 veh/h
e~ (1,870)(5,7)/3,600
cp7 = 1,870 1~ o-(E70G8)/3600 — 112 veh/h
e~ (1,120)(6.6)/3,600
Cp17 = 1,120 1~ o-(L120)38)/3,600 = 207 veh/h
e~ (750)(6.0)/3,600
Cp17 = 750 T —GEoy@a)me0n = 393 veh/h

Steps 6—9: Compute Movement Capacities

Because of the presence of pedestrians, the computation steps provided
earlier in this chapter should be used.

Step 6: Compute Rank 1 Movement Capacities

The methodology assumes Rank 1 vehicles are unimpeded by pedestrians.
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Step 7: Compute Rank 2 Movement Capacities

Step 7a: Pedestrian Impedance

The factor accounting for pedestrian blockage is computed by Equation 20-69
as follows:

w
‘UxXS—

_ p
fob = 3,600

W 12
V13 X ==
1375, 20 X 3E

fov1s = 3600 ~ 3600 017
20 X %
fpb,15 = W = 0.019

The pedestrian impedance factor for each pedestrian movement x, p, , is
computed by Equation 20-70 as follows:

Ppisz =1 — fpp13 =1—0.019 = 0.981
pp,lS =1- fpb,15 =1-0.019 = 0.981

Step 7b: Movement Capacity for Major-Street Left-Turn Movements

On the basis of Exhibit 20-18, vehicular Movement 4 is impeded by
pedestrian Movement 15. Therefore, the movement capacity for Rank 2 major-
street left-turn movements is computed as follows:

Cma = Cpa X Dp1s = (348)(0.981) = 341 veh/h

Step 7c: Movement Capacity for Minor-Street Right-Turn Movements

The northbound minor-street right-turn movement (Movement 9) is
impeded by one conflicting pedestrian movement: Movement 15.

fg = pp‘15 = 0.981

The movement capacity is then computed as follows:
Cmo = Cpo X fo = (433)(0.981) = 425 veh/h

Step 7d: Movement Capacity for Major-Street U-Turn Movements

The eastbound U-turn is unimpeded by queues from any other movement.
Therefore, f;;; =1, and the movement capacity is computed as follows:

Cm,lU = Cp,lU X flU = (523)(0.981) = 523 Veh/h

For the westbound U-turn, the movement capacity is found by first
computing a capacity adjustment factor that accounts for the impeding effects of
minor-street right turns as follows:

100

Vg
fau = Poyo Cmo 425

The movement capacity is therefore computed as follows:
Cmau = Cpay X fay = (629)(0.765) = 481 veh/h
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Because the westbound left-turn and U-turn movements are conducted from
the same lane, their shared-lane capacity is computed as follows:
Uy + Vyy 100 + 25
Cm,a+4U =i+v4_z/= 100 75 = 362 veh/h
Cma  Cmav 341 T 481

Step 7e: Effect of Major-Street Shared Through and Left-Turn Lane
This step is skipped.

Step 8: Compute Rank 3 Movement Capacities

There are no minor-street through movements, so the minor-street left-turn
movement is treated as a Rank 3 movement.

Step 8a: Pedestrian Impedance

The northbound minor-street left turn (Movement 7) must yield to
pedestrian Movements 13 and 15. Therefore, the impedance factor for
pedestrians is as follows:

Dp7 = Pp1s X Ppa3 = (0.981)(0.981) = 0.962

Step 8b: Rank 3 Capacity for One-Stage Movements

The movement capacity c,,, for all Rank 3 movements is found by first
computing a capacity adjustment factor that accounts for the impeding effects of
higher-ranked movements, assuming the movement operates in one stage. This
value is computed as follows:

V1iy Vayay
f7 = Po1u X Poa+au X Pp7 = (1 - ><1 - %) (Pp,7)

Cmu m4a+4U

= (1 L )(1 100 + 25) (0.962) = 0.570
fr= 523 362 : e

Cmy7 = Cpy X f; = (112)(0.570) = 64 veh/h

Step 8c: Rank 3 Capacity for Two-Stage Movements

Because the minor-street left-turn movement operates in two stages, the
procedure for computing the total movement capacity for the subject movement
considering the two-stage gap-acceptance process is followed.

First, the movement capacities for each stage of the left-turn movement are
computed on the basis of the impeding movements for each stage. For Stage I,
the left-turn movement is impeded by the major-street left and U-turns and by
pedestrian Movement 15. Therefore,

V1iy Vatau
fi7 = Pov X Poa+au X Pp1s = <1 - > (1 - ;> (Pp,15)

Cmau Cm,4+4U

B <1 50 )( 100 + 25
fir = 523 362
Cmi7 = Cpr7 X fi7 = (207)(0.581) = 120 veh/h

)(0.981) =0.581

For Stage II, the left-turn movement is impeded only by pedestrian
Movement 13. Therefore,
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fuz = Ppa3 = 0.981
Cma,7 = Cp’][’7 X fi]’7 = (393)(0981) = 386 Veh/h

Next, an adjustment factor 2 and an intermediate variable y are computed for
Movement 7 as follows:

a; =1—0.32e"13Vmm =1 - 0.32¢13V1 = 0,913

y7 Cm'11’7 - U4+4U - Cm'7 386 - 125 - 64 '

Therefore, the total capacity c; is computed as follows:
a; .
Cmr1,7 = y—nm+1 1 ly ()’;l -1) (cmuny — Varav) + (V7 — 1)Cm,7]
7

0.913

Cmir7 = g ogarr 7 [(0-284)(0.284" — 1)(386 — 125) + (0284 — 1)(64)]

Cmr7 = 98 veh/h

Step 9: Compute Rank 4 Movement Capacities

Because there are no Rank 4 movements, this step is skipped.

Step 10: Final Capacity Adjustments

There are no shared or flared lanes on the minor street, so this step is
skipped.

Step 11: Compute Movement Control Delay
Step 11a: Compute Control Delay to Rank 2 Through Rank 4 Movements

The control delay for each minor movement is computed as follows:

[ 3,600 ]
sl - )

w =523 523 523 =
d, =12.6s
This movement would be assigned LOS B.
3,600 |[ 125 125 2 (M) (125)}
362 /\362
davsu = g7 +9000025) i 362 'Y (362 1) T 7450(0.25) |+ >
d4+4U =20.1s
This movement would be assigned LOS C.
3,600N (100
d =360 __1+\](@_1)2+(425—)(475) +5
° 425 425 425 450(0.25)
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This movement would be assigned LOS C.

| 3,600 |
d =@+900(025)|——1+ (7—5—1)2+(98—)()|+5
7 98 |98 98 450(0.25) |
d; =113

This movement would be assigned LOS F.

Step 11b: Compute Control Delay to Rank 1 Movements

No shared lanes are present on the major street, so this step is skipped.

Step 12: Compute Approach and Intersection Control Delay
The control delay for each approach is computed as follows:
0(100) +0(1,000) + 12.6(50)

AEB = 100 + 1,000 + 50
L _0(1,200) +20.1(125) _
AWE — 1,200 + 125 4
16.1(100) + 113(75)
ANB 100 + 75 s

The northbound approach is assigned LOS F. No LOS is assigned to the
major-street approaches.

The intersection delay d;is computed as follows:

durpVags + dawsVaws + danpVans

dl -
Vagp T Vaws T Vang

~0.5(1,150) + 1.9(1,325) + 57.6(175)

4\ 1,150 + 1,325 + 175 [

LOS is not defined for the intersection as a whole.

0Os

Step 13: Compute 95th Percentile Queue Lengths

The 95th percentile queue length for each movement is computed from
Equation 20-68:

[

3,600 ]
Qos a0 ~ 900025 | 2%~ 1 + (=2 - 1)2 G )(523)| 523 )
i “2) 1523 523 150(0.25) J 3 600
Qos1 = 0.3 veh
[ L (3,600 (125
Q ~900(025)|—5—1 (E_l) +( 362 )(362)|< 362)
95,4+4U |362 362 150(0.25) |\3,600
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Q95,444 = 1.5veh

. (50) (1
Qo5 ~ 900(0.25) | o2 — 1 4 (ﬂ_ 1) . Gazs ) \azs ( 425 )
425 425 150(025) |\3,600
Q959 ~ 0.9 veh
[

(7_5_ 1>2 ) (3 600)( )

N
|75 I
Qos7 = 900(0.25) | =—1+ 08 150(0.25) J 3, 600)

198

Q957 = 4.1 veh

Discussion

Overall, the results indicate that although most minor movements are
operating at low to moderate delays and at LOS C or better, the minor-street left
turn experiences high delays and operates at LOS F.
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4. AWSC SUPPLEMENTAL ANALYSIS FOR THREE-LANE
APPROACHES

Exhibit 32-15 provides the 512 possible combinations of probability of
degree-of-conflict cases when alternative lane occupancies are considered for
three-lane approaches. A 1 indicates a vehicle is in the lane; a 0 indicates a
vehicle is not in the lane.

Opposing Conflicting Left Conflicting Right Exhibit 32-15
DOC No. of Approach Approach Approach Probability of Degree-of-
Case | Vehicles L2 L2 L2 Conflict Case: Multilane AWSC
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-
W
-
[
-
W
-
=
-
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Exhibit 32-15 (cont’d.)
Probability of Degree-of-
Conflict Case: Multilane AWSC
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Exhibit 32-15 (cont'd.)
Probability of Degree-of-

Conflict Case: Multilane AWSC
Intersections (Three-Lane
Approaches, by Lane)

(Cases 113-175)
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Exhibit 32-15 (cont'd.)
Probability of Degree-of-
Conflict Case: Multilane AWSC
Intersections (Three-Lane
Approaches, by Lane)

(Cases 239-301)
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DOC
Case

No. of
Vehicles

-
[

Opposing
Approach
L2

-
(%)

Conflicting Left

Approach
L2

-
[
-
()

Conflicting Right
Approach
L2

-
[
-
(&)

491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512

5
(cont'd.)

7
(cont'd.)

9
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—
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o O OO

—
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HRHEPORRREHEREHEREREROFRORKKORRK
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—
—
—

HiEE R EREEREROFRRERREREROORR K
HHERHEHRHERRORHERHEHRERERREREROROKRRER
o = e = O OO

-
—

Note:  DOC = degree-of-conflict; No. of vehicles = total number of vehicles on the opposing and conflicting
approaches; L1, L2, and L3 = Lane 1, 2, and 3, respectively.

Exhibit 32-15 (cont'd.)
Probability of Degree-of-
Conflict Case: Multilane AWSC
Intersections (Three-Lane
Approaches, by Lane)

(Cases 491-512)
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Exhibit 32-16
AWSC Example Problems

Exhibit 32-17

AWSC Example Problem 1:
Volumes and Lane
Configurations

The use of a spreadsheet or
software for AWSC intersection
analysis is recommended
because of the repetitive and
iterative computations
required.

5. AWSC EXAMPLE PROBLEMS

This part of the chapter provides example problems for use of the AWSC
methodology. Exhibit 32-16 provides an overview of these problems. The
examples focus on the operational analysis level. The planning and preliminary
engineering analysis level is identical to the operations analysis level in terms of
the calculations, except default values are used when available.

Problem Analysis
Number Description Level
1 Single-lane, three-leg AWSC intersection Operational
2 Multilane, four-leg AWSC intersection Operational

AWSC EXAMPLE PROBLEM 1: SINGLE-LANE, THREE-LEG
INTERSECTION

The Facts
The following describes this location’s traffic and geometric characteristics:

o Three legs (T-intersection),

e One-lane entries on each leg,

o Percentage heavy vehicles on all approaches =2%,
e Peak hour factor =0.95, and

e Volumes and lane configurations are as shown in Exhibit 32-17.

Volumes Lane Configurations

28 @ (*)l

o L <A

300 == <= 300 t

Length of study period = 0.25 h

Comments

All input parameters are known, so no default values are needed or used.
The use of a spreadsheet or software is recommended because of the repetitive
computations required. Slight differences in reported values may result from
rounding differences between manual and software computations. Because
showing all the individual computations is not practical, this example problem
shows how one or more computations are made. All computational results can
be found in the spreadsheet output located in the Volume 4 Technical Reference
Library section for Chapter 32.
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Step 1: Convert Movement Demand Volumes to Flow Rates
Peak 15-min flow rates for each turning movement at the intersection are
equal to the hourly volumes divided by the peak hour factor (Equation 21-12).
For example, the peak 15-min flow rate for the eastbound through movement is
as follows:
Vegry 300
VEBTH = ppE ~ 095

=316 veh/h

Step 2: Determine Lane Flow Rates

This step does not apply because the intersection has one-lane approaches on
all legs.

Step 3: Determine Geometry Group for Each Approach
Exhibit 21-11 shows each approach should be assigned to Geometry Group 1.

Step 4: Determine Saturation Headway Adjustments

Exhibit 21-12 shows the headway adjustments for left turns, right turns, and
heavy vehicles are 0.2, -0.6, and 1.7, respectively. These values apply to all
approaches because all are assigned to Geometry Group 1. The saturation
headway adjustment for the eastbound approach is calculated from Equation 21-
13 as follows:

haaj = hiraajPrr + heraajPrr + hav,aajPav

heaj e = O.ZM —0.6(0) + 1.7(0.02) = 0.063

Similarly, the saturation headway adjustments for the westbound and
northbound approaches are as follows:

haajws = 0.2(0) — 0.6( )+ 1.7(0.02) = -0.116

105 + 316

h —02% 06( 23 ) 1.7(0.02) = —0.034
aajng = O-e7geer — 0.0 o5 53) T 1/10.02) = 0.

Steps 5—11: Determine Departure Headways

These steps are iterative. The following narrative highlights some of the key
calculations using the eastbound approach for Iteration 1.

Step 6: Calculate Initial Degree of Utilization

By using the lane flow rates from Step 2 and the assumed initial departure
headway from Step 5, the initial degree of utilization x is computed as follows
from Equation 21-14:

vhy  (368)(3.2)

Y2 =3600 0 3,600 0
Xywp = —(42;6)(()3'2) = 0.374
XNg = (153?6)# = 0.140
Chapter 32/Stop-Controlled Intersections: Supplemental AWSC Example Problems
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Exhibit 32-18

AWSC Example Problem 1:
Applicable Degree-of-Conflict
Cases

Step 7: Compute Probability States
The probability state of each combination i is determined with Equation
21-15.

P = | [ P@) = P(ao) x P(ac) x Place)
J

For an intersection with single-lane approaches, only eight cases from
Exhibit 21-14 apply, as shown in Exhibit 32-18:

Conflicting Conflicting

DOC No.of  Opposing Left Right

i Case Vehicles Approach Approach Approach
1 1 0 0 0 0

2 2 1 1 0 0

5 3 1 0 1 0

7 3 1 0 0 1

13 4 2 0 1 1

16 4 2 1 1 0
21 4 2 1 0 1
45 5 3 1 1 1

For example, the probability state for the eastbound leg under the condition
of no opposing vehicles on the other approaches (degree-of-conflict Case 1, i =1)
is as follows:

P(ag)=1—-—x,=1-0.374 = 0.626 (no opposing vehicle present)
P(ac) =1—x¢, =1—-0.140 = 0.860  (no conflicting vehicle from left)

P(acg) =1 (no approach conflicting from right)
Therefore,
P(1) = P(ay) x P(ac) X P(acg) = (0.626)(0.860)(1) = 0.538
Similarly,

P(2) = (0.374)(0.860)(1) = 0.322
P(5) = (0.626)(0.140)(1) = 0.088
P(7) = (0.626)(0.860)(0) = 0
P(13) = (0.626)(0.140)(0) = 0
P(16) = (0.374)(0.140)(1) = 0.052
P(21) = (0.374)(0.860)(0) = 0
P(45) = (0.374)(0.140)(0) = 0

Step 8: Compute Probability Adjustment Factors
The probability adjustment is computed as follows, using Equation 21-16
through Equation 21-20:

P(C,) =P(1) =0.538
P(C,) = P(2) =0.322
P(C;) = P(5)+ P(7) =0.088 + 0 = 0.088
P(C,) = P(13) + P(16) + P(21) =0+ 0.052 + 0 = 0.052
P(Cs) =P(45) =0

AWSC Example Problems
Page 32-58

Chapter 32/Stop-Controlled Intersections: Supplemental
Version 6.0



Highway Capacity Manual: A Guide for Multimodal Mobility Analysis

The probability adjustment factors for the nonzero cases are calculated from
Equation 21-21 through Equation 21-25:

AdjP(1) = 0.01[0.322 + 2(0.088) + 3(0.052) + 0]/1 = 0.0065
AdjP(2) = 0.01[0.088 + 2(0.052) + 0 — 0.322]/3 = —0.0004
AdjP(5) = 0.01[0.052 + 2(0) — 3(0.088)]/6 = —0.0004
AdjP(16) = 0.01[0 — 6(0.052)]/27 = —0.0001
Therefore, the adjusted probability for Combination 1, for example, is as
follows from Equation 21-16:
P'(1) = P(1) + AdjP(1) = 0.538 + 0.0065 = 0.5445

Step 9: Compute Saturation Headways

The base saturation headways for each combination can be determined with
Exhibit 21-15. They are adjusted by using the adjustment factors calculated in
Step 4 and added to the base saturation headways to determine saturation
headways as shown in Exhibit 32-19 (eastbound illustrated):

i Poase hﬂlj hsi Exhibit 32-19

1 3.9 0.063 3.963 AWSC Example Problem 1:
2 4.7 0.063 4.763 Eastbound Saturation

> 5.8 0.063 5.863 Headways

. 7.0 0.063 7.063

Step 10: Compute Departure Headways

The departure headway of the lane is the sum of the products of the adjusted
probabilities and the saturation headways as follows (eastbound illustrated):

64
ha= ) P'(Dhs;
i=1

hags = (0.5445)(3.963) + (0.3213)(4.763) + (0.0875)(5.863) + (0.0524)(7.063)
hd,EB =4.57s

Step 11: Check for Convergence

The calculated values of h; are checked against the initial values assumed for
hg. After one iteration, each calculated headway differs from the initial value by
more than 0.1 s. Therefore, the new calculated headway values are used as initial
values in a second iteration. For this problem, four iterations are required for
convergence, as shown in Exhibit 32-20.
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Exhibit 32-20
AWSC Example Problem 1:
Convergence Check

EB EB WB WB NB NB SB SB

L1 L2 L1 L2 L1 L2 L1 L2

Total Lane Flow Rate 368 421 158
hd, initial value, iteration 1 3.2 3.2 3.2
X, initial, iteration 1 0.327 0.374 0.140
hd, computed value, iteration 1 4.57 4.35 5.14
Convergence? N N N

hd, initial value, iteration 2 4.57 4.35 5.14
X, initial, iteration 2 0.468 0.509 0.225
hd, computed value, iteration 2 4.88 4.66 5.59
Convergence? N N N

hd, initial value, iteration 3 4.88 4.66 5.59
X, initial, iteration 3 0.499 0.545 0.245
hd, computed value, iteration 3 4.95 4.73 5.70
Convergence? Y Y N

hd, initial value, iteration 4 4.88 4.66 5.70
X, initial, iteration 4 0.499 0.545 0.250
hd, computed value, iteration 4 4.97 4.74 5.70
Convergence? Y Y Y

Step 12: Compute Capacities

The capacity of each lane in a subject approach is computed by increasing the
given flow rate on the subject lane (assuming the flows on the opposing and
conflicting approaches are constant) until the degree of utilization for the subject
lane reaches 1. This level of calculation requires running an iterative procedure
many times, which is practical for a spreadsheet or software implementation.

Here, the eastbound lane capacity is approximately 720 veh/h, which is lower
than the value that could be estimated by dividing the lane volume by the degree
of utilization (368/0.492 = 748 veh/h). The difference is due to the interaction
effects among the approaches: increases in eastbound traffic volume increase the
departure headways of the lanes on the other approaches, which in turn
increases the departure headways of the lane(s) on the subject approach.

Step 13: Compute Service Times

The service time required to calculate control delay is computed on the basis
of the final calculated departure headway and the move-up time by using
Equation 21-29. For the eastbound lane (using a value for m of 2.0 for Geometry
Group 1), the calculation is as follows:

tspp = hgpp —m =497 —-2.0=297s

Step 14: Compute Control Delay and Determine LOS for Each Lane

The control delay for each lane is computed with Equation 21-30 as follows
(eastbound illustrated):

ha s
dgg = tgpp +900T [(xzp — 1) + [(xgp — 1)2 + ﬁ 3
dyy = 2.97 +900(0.25) | (0.508 — 1) + |(0.508 — 1)2 + —2/ 0-208)
=2 (0.25) | (0. (0. 4500025

dEB =13.0s
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By using Exhibit 21-8, the eastbound lane (and thus approach) is assigned
LOS B. A similar calculation for the westbound and southbound lanes (and thus
approaches) yields 13.5 and 10.6 s, respectively.

Step 15: Compute Control Delay and Determine LOS for the
Intersection
The control delays for the approaches can be combined into an intersection
control delay by using a weighted average as follows:
_ Z dava

d. L=
intersection
XV,

_ (13.0)(368) + (13.5)(421) + (10.6)(158)
intersection — 368 + 421 + 158

This value of delay is assigned LOS B.

d =128s

Step 16: Compute Queue Lengths

The 95th percentile queue for each lane is computed with Equation 21-33 as
follows (eastbound approach illustrated):

95,EB = @ (xgp — 1) + J(xEB -1+ 50T
900(0.25) 4.97(0.508)
r— . -1 0.508 —1)2+——— | =29veh
9568 ~ 97 |(0-508 )+\/( *+T5000.25) pe

This queue length would be reported as three vehicles.

Discussion

The results indicate the intersection operates well with brief delays.

AWSC EXAMPLE PROBLEM 2: MULTILANE, FOUR-LEG INTERSECTION

The Facts

The following data are available to describe the traffic and geometric
characteristics of this location:

e Four legs;

e Two-lane approaches on the east and west legs;

e Three-lane approaches on the north and south legs;
e Percentage heavy vehicles on all approaches =2%;

¢ Demand volumes are provided in 15-min intervals (therefore, a peak hour
factor is not required), and the analysis period length is 0.25 h; and

e Volumes and lane configurations are as shown in Exhibit 32-21.
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Exhibit 32-21
AWSC Example Problem 2:
15-min Volumes and Lane
Configurations

Exhibit 32-22

AWSC Example Problem 2:
15-min Volumes Converted to
Hourly Flow Rates

15-min Volumes Lane Configurations
NmN {}}
\/ *\‘ r«u\»\
S - .

R o
\1/ Hﬂr’

Comments

All input parameters are known, so no default values are needed or used.
The use of a spreadsheet or software is required because of the several thousand
repetitive computations needed. Slight differences in reported values may result
from rounding differences between manual and software computations. Because
showing all the individual computations is not practical, this example problem
shows how one or more computations are made. All computational results can
be found in the spreadsheet output located in the Volume 4 Technical Reference
Library section for Chapter 32.

Step 1: Convert Movement Demand Volumes to Flow Rates

To convert the peak 15-min demand volumes to hourly flow rates, the
individual movement volumes are simply multiplied by four, as shown in
Exhibit 32-22:

15-min Volumes Hourly Flow Rates
e {{} 23 ‘
56 / \ 72

152 mlp 92

64 \ 156

N7 b

=N
-

o
o

it
\

Step 2: Determine Lane Flow Rates

This step simply involves assigning the turning movement volume to each of
the approach lanes. The left-turn volume is assigned to the separate left-turn lane
on each approach. For the east and west approaches, the through and right-turn
volumes are assigned to the shared through and right lanes. For the north and
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south approaches, the through volumes are assigned to the through lanes and
the right-turn volumes are assigned to the right-turn lanes.

Step 3: Determine Geometry Group for Each Approach
Exhibit 21-11 shows each approach should be assigned to Geometry Group 6.

Step 4: Determine Saturation Headway Adjustments

Exhibit 21-12 shows the headway adjustments for left turns, right turns, and
heavy vehicles are 0.5, -0.7, and 1.7, respectively. These values apply to all
approaches as all are assigned Geometry Group 6. The saturation headway
adjustment for the eastbound approach is as follows for Lane 1 (the left-turn
lane):

haaj = hiraajPir + heraajPrr + hav,aajPav
haajma = 0.5(1.0) — 0.7(0) + 1.7(0.02) = 0.534

Similarly, the saturation headway adjustment for Lane 2 of the eastbound
approach is as follows:

64
m) +1.7(0.02) = —0.173

The saturation headway adjustment for all the remaining lanes by approach
is similarly calculated. The full computational results can be seen in the
“HdwyAd;j” spreadsheet tab.

haajes2 = 0.5(0) — 0.7(

Steps 5—11: Determine Departure Headways

These steps are iterative and, for this example, involve several thousand
calculations. The following narrative highlights some of the key calculations
using the eastbound approach for Iteration 1, but it does not attempt to
reproduce all calculations for all iterations. The full computational results for
each of the iterative computations can be seen in the “DepHdwylterX”
spreadsheet tab, where “X” is the iteration.

Step 6: Calculate Initial Degree of Utilization

The remainder of this example illustrates the calculations needed to evaluate
Lane 1 on the eastbound approach (eastbound left turn). Step 6 requires
calculating the initial degree of utilization for all the opposing and conflicting
lanes. They are computed as follows:

vhy  (156)(3.2)

wei=3600 3,600 o0/
XwB,2 = 31,76h(‘)10 = (16;6)(():32) = 0.1458
252
XNB2 = 31,76}1(1;0 = (122(()32) = 0.1458
XNB3 = 31,76}1(1)10 = (1;?6)(():(3)2) = 0.1031
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vhy  (48)(3.2)

_ _ = 0.0427
XsB1 T 3600~ 3,600
vhy  (124)(3.2)
*sB2 3600 3,600
vh 88)(3.2
I COICT) 0.0782

*sB3 T 3600 3,600

Step 7: Compute Probability States

Because three-lane approaches are involved, the modified methodology
presented in Section 4 of Chapter 21 is used.

The probability state of each combination i is determined with Equation
21-34:

P = | [P(ap = P(ao) x P(ac) x P(ace)
J

For example, the probability state for the eastbound leg under the condition
of no opposing vehicles on the other approaches (Degree-of-Conflict Case 1, i = 1)
is as follows (using Exhibit 21-16):

P(apy) =1—x9; =1—0.1387 = 0.8613  (opposing westbound Lane 1)
P(agy) =1—x9, =1—0.1458 = 0.8542 (opposing westbound Lane 2)
P(aci1) =1—xc1 =1—0.0427 = 0.9573 (conflicting from left Lane 1)
P(acz) =1—xc, =1-0.1102 = 0.8898 (conflicting from left Lane 2)
P(aciz) =1—xc3 =1—0.0782 = 0.9218 (conflicting from left Lane 3)
P(acgi) =1 —xcp; =1 —0.0676 = 0.9324 (conflicting from right Lane 1)
P(acgy) =1 —xcpy, =1 —0.1458 = 0.8542 (conflicting from right Lane 2)
P(acgsz) =1 —xcgr3 =1 —0.1031 = 0.8969 (conflicting from right Lane 3)

Therefore,

P(1) = P(ap1) X P(agz) X P(aci1) X P(aciz) X P(acy3) X P(acr1) X P(acg2)
X P(acgrs3)

P(1) = (0.8613)(0.8542)(0.9573)(0.8898)(0.9218)(0.9324)(0.8542)(0.8969)
P(1) = 0.4127

To complete the calculations for Step 7, the computations are completed for
the remaining 511 possible combinations. The full computational results for the
eastbound leg (Lane 1) can be seen in the “DepHdwylter1” spreadsheet tab,
Rows 3118-3629 (Columns C-K).

Step 8: Compute Probability Adjustment Factors

The probability adjustment is computed with Equation 21-35 through
Equation 21-39 to account for the serial correlation in the previous probability
computation. First, the probability of each degree-of-conflict case must be
determined. For the example of eastbound Lane 1, these computations are made
by summing Rows 3118-3629 in the spreadsheet for each of the five cases
(Columns R-V). The resulting computations are shown in Row 3630 (Columns
R-V), where
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The probability adjustment factors are then computed with Equation 21-40
through Equation 21-44, where « equals 0.01 (or 0.00 if correlation among
saturation headways is not taken into account).

For example, by using Equation 21-35, AdjP(1) is calculated as follows:
AdjP(1) = 0.01[0.1482 + 2(0.2779) + 3(0.1450) + 4(0.0162)]/1 = 0.01204

The results of the remaining computations for eastbound Lane 1 are located
in Row 3632 of the spreadsheet (Columns S-V).

Step 9: Compute Saturation Headways

The base saturation headways for each of the 512 combinations can be
determined with Exhibit 21-15. They are adjusted by using the adjustment factors
calculated in Step 4 and added to the base saturation headways to determine
saturation headways.

For the example of eastbound Lane 1, these computations are shown in Rows
3118-3629 of the spreadsheet (Columns M-O).

Step 10: Compute Departure Headways

The departure headway of the lane is the sum of the products of the adjusted
probabilities and the saturation headways. For the example of eastbound Lane 1,
these computations are made by summing the product of Columns O and Y for
Rows 3118-3629 in the example spreadsheet.

Step 11: Check for Convergence
The calculated values of &, are checked against the assumed initial values for
hg. After one iteration, each calculated headway differs from the initial value by

more than 0.1 s. Therefore, the new calculated headway values are used as initial
values in a second iteration. For this problem, five iterations were required for
convergence, as shown in Exhibit 32-23.

P(Cs) = Z P(i) = 0.0162

Highway Capacity Manual: A Guide for Multimodal Mobility Analysis
P(C;) = P(1) =0.4127

8
P(Cy) = Z P(i) = 0.1482
i=2

22
P(Cy) = Z P(i) = 0.2779
i=9

169

P(C,) = Z P(i) = 0.1450
i=23
512

i=170
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Exhibit 32-23
AWSC Example Problem 2:
Convergence Check

EB EB EB wB WB wB NB NB NB SB SB SB

L1 L2 LS L1 L2 L3 L1 L2 58 L1 L2 I58
Total lane flow rate 56 216 156 164 76 164 116 48 124 88
hd, initial value, Iteration 1 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2
x, initial, Iteration 1 0.0498  0.192 0.1387 0.1458 0.0676 0.1458 0.1031 0.0427 0.1102 0.0782
hd, computed value, Iteration 1 6.463 5.755 6.405 5.597 6.440 5935 5228 6.560 6.055 5.347
Convergence? N N N N N N N N N N
hd, initial value, Iteration 2 6.463  5.755 6.405 5.597 6.440 5935 5228 6.560 6.055 5.347
X, initial, Iteration 2 0.1005 0.3453 0.2776  0.255 0.136 0.2704 0.1685 0.0875 0.2086 0.1307
hd, computed value, Iteration 2 7.550 6.838 7440 6.629 7537 7.027 6313 7.740 7.230 6.515
Convergence? N N N N N N N N N N
hd, initial value, Iteration 3 7.550 6.838 7.440 6.629 7.537 7.027 6313 7.740 7230 6.515
x, initial, Iteration 3 0.1174 0.4103 0.3224  0.302 0.1591 0.3201 0.2034 0.1032 0.249 0.1593
hd, computed value, Iteration 3 7970 7.257 7.854  7.041 7.954 7442 6725 8187 7675 6.957
Convergence? N N N N N N N N N N
hd, initial value, Iteration 4 7970 7.257 7.854  7.041 7.954 7442 6725 8187 7675 6.957
X, initial, Iteration 4 0.124 0.4354 0.3404 0.3208 0.1679 0.339 0.2167 0.1092 0.2643 0.17
hd, computed value, Iteration 4 8.130 7.416 8.010 7.196 8.114  7.601 6.884 8359 7.845 7.126
Convergence? N N N N N N N N N N
hd, initial value, Iteration 5 8.130 7.416 8.010 7.196 8.114 7.601 6.884 8359 7.845 7.126
X, initial, Iteration 5 0.1265 0.445 0.3471 0.3278 0.1713 0.3463 0.2218 0.1115 0.2702 0.1742
hd, computed value, Iteration 5 8.191  7.476 8.069 7.255 8.174 7.661 6943 8424 7910 7.190
Convergence? Y Y Y Y Y Y Y Y Y Y

Step 12: Compute Capacity

As noted in the procedure, the capacity of each lane in a subject approach is
computed by increasing the given flow rate on the subject lane (assuming the
flows on the opposing and conflicting approaches are constant) until the degree
of utilization for the subject lane reaches 1. This level of calculation requires
running an iterative procedure many times, which is practical only for a
spreadsheet or software implementation.

For this example, the capacity of eastbound Lane 1 can be found to be
approximately 420 veh/h. This value is lower than the value that could be
estimated by dividing the lane volume by the degree of utilization (56/0.1265 =
443 veh/h). The difference is due to the interaction effects among the approaches:
increases in eastbound traffic volume increase the departure headways of the
lanes on the other approaches, which increases the departure headways of the
lanes on the subject approach.

Step 13: Compute Service Times

The service time required to calculate control delay is computed on the basis
of the final calculated departure headway and the move-up time by using
Equation 21-29. For the eastbound Lane 1 (using a value for m of 2.3 for
Geometry Group 6), the calculation is as follows:

ts,EB,l = hd,EB,l —m=8.19—-2.3=5.89s

Step 14: Compute Control Delay and Determine LOS for Each Lane

The control delay for each lane is computed with Equation 21-30 as follows
(eastbound Lane 1 illustrated):

ha s 1XEB

450T 5

dgpy = tspp1 +900T (xEB,l - 1) + [(xgp1 — D+

8.19(0.1274)

dpp 1 = 5.89 +900(0.25) | (0.1274 — 1) + 450(0.25)

(0.1274 — 1) +
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dEB,l =12.1s
On the basis of Exhibit 20-2, eastbound Lane 1 is assigned LOS B.

Step 15: Compute Control Delay and Determine LOS for Each Approach
and the Intersection

The control delay for each approach is calculated using Equation 21-31 as
follows (eastbound approach illustrated):

~ (12.1)(272) + (16.1)(216)
e 56 + 216
This value of delay is assigned LOS C.

=15.3s

Similarly, the control delay for the intersection is calculated as follows:
_ (15.3)(272) + (14.3)(320) + (13.1)(356) + (12.6)(260)
Gintersection = 272 + 320 + 356 + 260
This value of delay is assigned LOS B.

=14.0s

Step 16: Compute Queue Lengths

The 95th percentile queue for each lane is computed with Equation 21-33 as
follows for eastbound Lane 1:

900(0.25)

8.19(0.1274)
Qos,eB1 = 819 (0.1274 - 1) + [(0.1274 — 1)2 4+ ————=

150(0.25)

Qos g1 ~ 0.4 veh

This queue length commonly would be rounded up to one vehicle.

Discussion

The overall results can be found in the “DelayLOS” spreadsheet tab. As
indicated in the output, all movements at the intersection are operating well with
small delays. The worst-performing movement is eastbound Lane 2, which is
operating with a volume-to-capacity ratio of 0.45 and a control delay of 16.1
s/veh, which results in LOS C. The intersection as a whole operates at LOS B, so
the reporting of individual movements is important to avoid masking results
caused by aggregating delays.
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