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Capacity and Level of Service
at Signalized Intersections

1. Introduction

The level of service at any intersection on a highway has a significant effect on the overall
operating performance of that highway. Thus, improvement of the level of service at each
intersection usually results in an improvement of the overall operating performance of the
highway. An analysis procedure that provides for the determination of capacity or level of
service at intersections is therefore an important tool for designers, operation personnel, and
policy makers. Factors that affect the level of service at intersections include the flow and
distribution of traffic, the geometric characteristics, and the signalization system.

A major difference between consideration of level of service on highway segments and level
of service at intersections is that only through flows are used in computing the levels of
service at highway segments as discussed in previous lectures for freeway segment, whereas
turning flows are significant when computing the levels of service at signalized intersections.
The signalization system (which includes the allocation of time among the conflicting
movements of traffic and pedestrians at the intersection) is also an important factor.

For example, the distribution of green times among these conflicting flows significantly
affects both capacity and operation of the intersection. Other factors such as lane widths,
traffic composition, grade, and speed also affect the level of service at intersections in a
similar manner as for highway segments.

2. Definitions

1. Permitted turning movements are those made within gaps of an opposing traffic
stream or through a conflicting pedestrian flow. For example, when a right turn is
made while pedestrians are crossing a conflicting crosswalk, the right turn is a
permitted turning movement. Similarly, when a left turn is made between two
consecutive vehicles of the opposing traffic stream, the left turn is a permitted turn.
The suitability of permitted turns at a given intersection depends on the geometric
characteristics of the intersection, the turning volume, and the opposing volume.

2. Protected turns are those turns protected from any conflicts with vehicles in an
opposing stream or pedestrians on a conflicting crosswalk. A permitted turn takes
more time than a similar protected turn and will use more of the available green time.

3. Change and clearance interval is the sum of the “yellow” and “all-red”
intervals (given in seconds) that are provided between phases to allow vehicular and
pedestrian traffic to clear the intersection before conflicting movements are released.
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4. Geometric conditions is a term used to describe the roadway characteristics of the
approach. They include the number and width of lanes, grades, and the allocation of
the lanes for different uses, including the designation of a parking lane.

5. Signalization conditions is a term used to describe the details of the signal operation.
They include the type of signal control, phasing sequence, timing, and an evaluation of
signal progression on each approach.

6. Flow ratio (v/s) is the ratio of the actual flow rate or projected demand v on an
approach or lane group to the saturation flow rate s.

7. Lane group consists of one or more lanes that have a common stop line, carry a set of
traffic streams, and whose capacity is shared by all vehicles in the group.

Capacity at Signalized Intersections

The capacity at a signalized intersection is given for each lane group and is defined as the
maximum rate of flow for the subject lane group that can go through the intersection under
prevailing traffic, roadway, and signalized conditions. Capacity is given in vehicles per hour
(veh/h) but is based on the flow during a peak 15-minute period.

The capacity of the intersection as a whole is not considered; rather, emphasis is placed on
providing suitable facilities for the major movements of the intersections.

Capacity therefore is applied meaningfully only to major movements or approaches of the
intersection. Note also that in comparison with other locations such as freeway segments, the
capacity of an intersection approach is not as strongly correlated with the level of service. It
is therefore necessary that both the level of service and capacity be analyzed separately when
signalized intersections are being evaluated.

Saturation Flow or Saturation Flow Rate

The concept of a saturation flow or saturation flow rate (s) is used to determine the capacity
of a lane group. The saturation flow rate is the maximum flow rate on the approach or lane
group that can go through the intersection under prevailing traffic and roadway conditions
when 100 percent effective green time is available. The saturation flow rate is given in units
of veh/h of effective green time.

The capacity of an approach or lane group is given as:

c; = S{8/C)
where

¢; = capacity of lane group i (veh/h)

s, = saturation flow rate for lane group or approach i
g/C) = green ratio for lane group or approach i

g; = effective green for lane group i or approach i

C = cycle length
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The ratio of flow to capacity (v/c) is usually referred to as the degree of saturation and
can be expressed as:

ek = %= g

where

v; = Flow rate for lane i

X, = (v/c) ratio for lane group or approach i

v; = actual flow rate or projected demand for lane group or approach i (veh/h)
s; = saturation flow for lane group or approach i (veh/h/g)

g; = effective green time for lane group i or approach i (sec)

It can be seen that when the flow rate equals capacity, X; equals 1.00; when flow rate equals
zero, X; equals zero.

When the overall intersection is to be evaluated with respect to its geometry and total cycle
time, the concept of critical volume-to-capacity ratio (X.) is used. The critical (v/c) ratio is
usually obtained for the overall intersection but considers only the critical lane groups or
approaches which are those lane groups or approaches that have the maximum flow ratio
(v/s) for each signal phase. For example, in a two-phase signalized intersection, if the north
approach has a higher (v/s) ratio than the south approach, more time will be required for
vehicles on the north approach to go through the intersection during the north—south green
phase, and the phase length will be based on the green time requirements for the north
approach. The north approach will therefore be the critical approach for the north—south
phase. The critical v/c ratio for the whole intersection is given as:

Xe=3 (/S g s

where
X, = critical v/c ratio for the intersection
Ei_(vjs)n- = summation of the ratios of actual flows to saturation flow (flow
ratios) for all critical lanes, groups, or approaches
C = cycle length (sec)
L. = total lost time per cycle computed as the sum of the lost time, (#;),
for each critical signal phase, L. = E,-ff

Equation above can be used to estimate the signal timing for the intersection if this is
unknown and a critical (v/c) ratio is specified for the intersection. Alternatively, this equation
can be used to obtain a broader indicator of the overall sufficiency of the intersection by
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substituting the maximum permitted cycle length for the jurisdiction and determining the
resultant critical (v/c) ratio for the intersection. When the critical (v/c) ratio is less than 1.00,
the cycle length provided is adequate for all critical movements to go through the
intersection if the green time is proportionately distributed to the different phases, that is, for
the assumed phase sequence, all movements in the intersection will be provided with
adequate green times if the total green time is proportionately divided among all phases. If
the total green time is not properly allocated to the different phases, it is possible to have a
critical (v/c) ratio of less than 1.00 but with one or more individual oversaturated movements
within a cycle.

Level of Service at Signalized Intersections

The procedures for determining the Level of Service (LOS) at an intersection can be used for
either a detailed or operational evaluation of a given intersection or a general planning
estimate of the overall performance of an existing or planned signalized intersection. At the
design level of analysis, more input data are required for a direct estimate of the level of
service to be made. It is also possible at this level of analysis to determine the effect of
changing signal timing.

The procedures presented here for the operational evaluation are those given in the 2000
edition of the Highway Capacity Manual. These procedures deal with the computation of the
level of service at the intersection approaches and the level of service at the intersection as a
whole. Control delay is used to define the level of service at signalized intersections since
delay not only indicates the amount of lost travel time and fuel consumption but it is also a
measure of the frustration and discomfort of motorists. Control or signal delay, which is that
portion of total delay that is attributed to the control facility, is computed to define the level
of service at the signalized intersection. This includes the delay due to the initial
deceleration, queue move up time, stopped time, and final acceleration. Delay, however,
depends on the red time, which in turn depends on the length of the cycle. Reasonable levels
of service can therefore be obtained for short cycle lengths, even though the (v/c) ratio is as
high as 0.9. To the extent that signal coordination reduces delay, different levels of service
may also be obtained for the same (v/c) ratio when the effect of signal coordination changes.

Operational Analysis Procedure

The procedure at the operation level of analysis can be used to determine the capacity or
level of service at the approaches of an existing signalized intersection or the overall level of
service at an existing intersection. The procedure also can be used in the detailed design of a
given intersection. In using the procedure to analyze an existing signal, operational data such
as phasing sequence, signal timing, and geometric details (lane widths, number of lanes) are
known. The procedure is used to determine the level of service at which the intersection is
performing in terms of control or signal delay. In using the procedure for detailed design, the
operational data usually are not known and therefore have to be computed or assumed. The
delay and level of service are then determined.
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The LOS criteria are given in terms of the average control delay per vehicle during an
analysis period of 15 minutes. Six levels of service are prescribed. The criteria for each are
described below and are shown in Table below:

Table: Level-of-Service Criteria for Signalized Intersections.

Level of Service Control Delay Per Vehicle (sec)
A =100
B > 10.0 and = 20.0
L >20.0 and = 35.0
D > 35.0 and = 55.0
E > 55.0 and = 80.0
F = 80.0

Level of Service A describes that level of operation at which the average delay per vehicle is
10.0 seconds or less. At LOS A, vehicles arrive mainly during the green phase, resulting in
only a few vehicles stopping at the intersection. Short cycle lengths may help in obtaining
low delays.

Level of Service B describes that level of operation at which delay per vehicle is greater than
10 seconds but not greater than 20 seconds. At LOS B, the number of vehicles stopped at the
intersection is greater than that for LOS A, but progression is still good, and cycle length
also may be short.

Level of Service C describes that level of operation at which delay per vehicle is greater
than 20 seconds but not greater than 35 seconds. At LOS C, many vehicles go through the
intersection without stopping, but a significant number of vehicles are stopped. In addition,
some vehicles at an approach will not clear the intersection during the first cycle (cycle
failure). The higher delay may be due to the significant number of vehicles arriving during
the red phase (fair progression) and/or relatively long cycle lengths.

Level of Service D describes that level of operation at which the delay per vehicle is greater
than 35 seconds but not greater than 55 seconds. At LOS D, more vehicles are stopped at the
Intersection, resulting in a longer delay. The number of individual cycles failing is now
noticeable. The longer delay at this level of service is due to a combination of two or more of
several factors that include long cycle lengths, high (v/c) ratios, and unfavorable progression.
Level of Service E describes that level of operation at which the delay per vehicle is greater
than 55 seconds but not greater than 80 seconds. At LOS E, individual cycles frequently fail.
This long delay, which is usually taken as the limit of acceptable delay by many agencies,
generally includes high (v/c) ratios, long cycle lengths, and poor progression.

Level of Service F describes that level of operation at which the delay per vehicle is greater
than 80 seconds. This long delay is usually unacceptable to most motorists. At LOS F,
oversaturation usually occurs—that is, arrival flow rates are greater than the capacity at the
intersection. Long delay can also occur as a result of poor progression and long cycle
lengths. Note that this level of service can occur when approaches have high (v/c) ratios
which are less than 1.00 but also have many individual cycles failing.
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It should be emphasized once more that, in contrast to other locations, the level of service at
a signalized intersection does not have a simple one-to-one relationship with capacity. For
example, at freeway segments, the (v/c) ratio is 1.00 at the upper limits of LOS E. At the
signalized intersection, however, it is possible for the delay to be unacceptable at LOS F
although the (v/c) ratio is less than 1.00 and even as low as 0.75. When long delays occur at
such (v/c) ratios, it may be due to a combination of two or more of the following conditions.

e Long cycle lengths

e Green time is not properly distributed, resulting in a longer red time for one or more
lane groups—that is, there is one or more disadvantaged lane group

e A poor signal progression, which results in a large percentage of the vehicles on the
approach arriving during the red phase It is also possible to have short delays at an
approach when the (v/c) ratio equals

e 1.00-that is, saturated approach—which can occur if the following conditions exist.

e Short cycle length

e Favorable signal progression, resulting in a high percentage of vehicles arriving during
the green phase

Clearly, LOS F does not necessarily indicate that the intersection, approach, or lane group is
oversaturated, nor can it automatically be assumed that the demand flow is below capacity
for a LOS range of A to E. It is therefore imperative that both the capacity and LOS analyses
be carried out when a signalized intersection is to be fully evaluated.

Methodology of Operation Analysis Procedure

The tasks involved in an operational analysis are presented in the flow chart shown in Figure
below. The tasks have been divided into five modules:
(1) input parameters,
(2) lane grouping and demand flow rate,
(3) saturation flow rate,
(4) capacity analysis v/c, and
(5) performance measures.
Each of these modules will be discussed in turn, including a detailed description of each task
involved.
Input Parameters
This module involves the collection and presentation of the data that will be required for the
analysis. The tasks involved are
 Identifying and recording the geometric characteristics.
 Identifying and specifying the traffic conditions.
e Specifying the signalized conditions.
Table below gives the input data required for each analysis lane group.
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Input Parameters
- Geometric

- Traffic
\ - Signal
;- % ---
Lane Grouping and Demﬂna\ /f . N
Flow Rate Saturation Flow Rate
- Lane grouping - Basic equation
- PHF - Adjustment factors
- RTOR o N .
: __\.
Capacity and v/c
- Capacity
- vic

/’f Performance Measures
- Delay
- Progression adjustment

-LOS
- Back of queue .

Figure: Flow Chart for Operation Analysis Procedure.

Recording Geometric Characteristics. The physical configuration of the intersection is
obtained in terms of the number of lanes, lane width, grade, movement by lane, parking
locations, lengths of storage bays, and so forth and is recorded on the appropriate form
shown in Figure below. In cases where the physical configuration

of the intersection is unknown, the planning level of analysis may be used to determine a
suitable configuration or state and local policies and/or guidelines can be used. If no

guidelines are available.




el daia (il iy 3
9 aé 1 b _palana
| INPUT WORKSHEET
General Information Site Information
Analyst Intersectian
Agency or Company Area Type Q CBD Q Other
Date Performed Jurisdiction
Analysis Time Period Analysis Year
Intersection Geometry
grades Co = Pedestrian Button
g #——— = Lane Width
Show North Arrow
[ = Througy
(v = Right
- N s le
b = Through + Right
grade= . l/'; "\; = Left + Through
Street
* Y - Left+ Right
‘P = Left + Through + Right
—— grade=
Volume and Timing Input
EB WB NB 3B
LT [ TH RTU [ L1 TH RT! LT | TH RTU LT [ TH RT!
Volums, V (veh/h)
% heavy vehicles, % HV . . . . ' . . .
Peak-hour factor, PHF | | I I i | ] I
Pretimed (P) or actuated {A) ! ' ! ! i ! ! '
Start-up lost tim, | () ; . ; 1 | ] | |
Extension of effective green time, e (s) ! ! ! ! | | | I
Arrival typs, AT I 1 X ! ! ﬁ I ‘.
Approach pedastrian volume,? Ve (p/h)
Approach bicycle voiume,? vy, (bicycles/h)
Parking (Y or N}
Parking maneuvers, Ny, {maneuvers/h)
Bus stopping, Ng {buses/h)
Min. timing for pedestrians,® G (s)
Signal Phasing Plan
D le1 02 03 04 [T ) or )
A
G
‘ R
A
M - :
_y G= G= G= G= G= G= G= B=
Timing Y= Y= Y= Y= i Y= Y= Y= Y=
A Protected turns = *_ Tormitied lums Cycle length, C= __s
Notes

1. RV volumes, as shown, excliyde RTOR,

3. Refer to Equation B-11 & 8-12

2. Approach pedestrian and bloycle volumes are those that confiict with right tums from the subject approath.

Figure: Input Worksheet for Operation Level of Analysis.
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Recording Traffic Conditions. This phase involves the recording of bicycle, pedestrian, and
vehicular hourly volumes on the appropriate cell of the form shown in previous Figure.
Pedestrian and bicycle volumes are recorded such that those that conflict with a given stream
of right-turning vehicles are in the same direction as the conflicting right-turning vehicles.
For example, pedestrians on the north crosswalk will conflict with the westbound (WB)
right-turning vehicles and should be recorded in the WB row of the form. Similarly,
pedestrians on the east crosswalk will conflict with the northbound (NB) right-turning
vehicles and should be recorded in the NB row of the form. The traffic volumes are the flow
rates (equivalent hourly volumes) for the analysis period, which is usually taken as 15
minutes (T=0.25). This flow rate also may be computed from the hourly volumes and the
peak-hour factors. Control delay is significantly influenced by the length of the analysis
period where v/c is greater than 0.9. Therefore, when v/c is greater than 0.9 and the 15-
minute flow rate is relatively constant for periods longer than 15 minutes, the analysis period
(T) in hours should be the length of time the flow remains relatively constant. In cases of
oversaturation (v/c > 1) in which the flow rate remains relatively constant, the analysis
period should be extended to cover the period of oversaturation. However, when the
resulting analysis period is longer than 15 minutes and different flow rates are observed
during sub-periods of equal length within the longer analysis period, a special multiple
period analysis should be conducted. Details of traffic volume should include the percentage
of heavy vehicles(%HV)in each movement, where heavy vehicles are defined as all vehicles
having more than four tires on the pavement. In recording the number of buses, only buses
that stop to pick up or discharge passengers on either side of the intersection are included.
Buses that go through the intersection without stopping to pick up or discharge passengers
are considered heavy vehicles.

The level of coordination between the lights at the intersection being studied and those at
adjacent intersections is a critical characteristic and is determined in terms of the type of
vehicle arrival at the intersection. Six arrival types (AT) have been identified:

e Arrival Type 1, which represents the worst condition of arrival, is a dense platoon
containing over 80 percent of the lane group volume arriving at the beginning of the
red phase.

e Arrival Type 2, which while better than Type 1, is still considered unfavorable, is
either a dense platoon arriving in the middle of the red phase or a dispersed platoon
containing 40 to 80 percent of the lane group volume arriving throughout the red
phase.

e Arrival Type 3, which usually occurs at isolated and noninter connected intersections,
Is characterized by highly dispersed platoons and entails the random arrival of vehicles
in which the main platoon contains less than 40 percent of the lane group volume.
Arrivals at coordinated intersections with minimum benefits of progression also may
be described by this arrival type.

e Arrival Type 4, which is usually considered a favorable platoon condition, is either a
moderately dense platoon arriving in the middle of a green phase or a dispersed
platoon containing 40 to 80 percent of the lane group volume arriving throughout the
green phase.
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e Arrival Type 5, which represents the best condition of arrival that usually occurs, is a
dense platoon containing over 80 percent of the lane group volume arriving at the start
of the green phase.

e Arrival Type 6, which represents exceptional progression quality, is a very dense
platoon progressing through several closely spaced intersections with very low traffic
from the side streets.

It is necessary to determine, as accurately as possible, the type of arrival for the intersection
being considered, since both the estimate of delay and the determination of the level of
service will be significantly affected by the arrival type used in the analysis. Field
observation is the best way to determine the arrival type, although time-space diagrams for
the street being considered could be used for an approximate estimation. In using field
observations, the percentage of vehicles arriving during the green phase is determined and
the arrival type is then obtained for the platoon ratio for the approach. The HCM gives the
platoon ratio as:

R, = P(C/g)

where:

R,= platoon ratio.

P= proportion of all vehicles in the movement arriving during the green phase.
C = cycle length (sec).

g= effective green time for the movement (sec).

The arrival type is obtained from Table below which gives a range of platoon ratios and
progression quality for each arrival type.

The number of parking maneuvers at the approach is another factor that influences capacity
and level of service of the approach. A parking maneuver is when a vehicle enters or leaves a
parking space. The number of parking maneuvers adjacent to an analysis lane group is given
as the number of parking maneuvers per hour (Nm) that occur within 250 ft upstream of the
Intersection.

Table: Relationship Between Arrival Type and Platoon Ratio (R,).

Range of Platoon Default Value Progression
Arrival Type Ratio ( R.-‘«‘ ) ERJ., ) Quality
1 =0.50 0.333 Very poor
2 > (.50 and = 0.85 0.667 Unfavorable
3 =(0.85and = 1.15 1.000 Random arrivals
4 = 1.15and = 1.50 1.333 Favorable
5 = 1.50 and = 2.00 1.667 Highly favorable

=}

=2.00 2.000 Exceptional
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Specifying Signalized Conditions. Details of the signal system should be specified, including
a phase diagram and the green, yellow, and red cycle lengths. The phasing scheme at an
intersection determines which traffic stream or streams are given the right of way at the
intersection, and therefore has a significant effect on the level of service. A poorly designed
phasing scheme may result in unnecessary delay. Different phasing plans for pretimed and
actuated signals.

Lane Grouping and Demand Flow Rate

Three main tasks are involved in this module: identifying the different lane groups, adjusting
hourly volumes to peak 15-minute flow rates using the PHF, and adjusting for a right turn on
red (RTOR). Figure below shows a worksheet that can be used for this module.

Identifying the Different Lane Groups

The lane groups at each approach must be identified as the HCM methodology considers
each approach at the intersection and individual lane groups on each approach. However,
when a lane group includes a lane that is shared by left-turning and straight through vehicles
(shared lane), it is necessary to determine whether the shared lane is operating as a de facto
left-turn lane. The shared lane is considered a de facto left lane if the computed proportion of
left turns in the shared lane is 1.0 (i.e., 100%).

Adjustment of Hourly Volumes

Earlier, we saw that the analysis for level of service requires that flow rates be based on the
peak 15-minute flow rate. It is therefore necessary to convert hourly volumes to 15-minute
flow rates by dividing the hourly volumes by the peak hour factor (PHF). Note that although
not all movements of an approach may peak at the same time, dividing all hourly volumes by
a single PHF assumes that the peaking occurs for all movements at the same time, which is a
conservative assumption.

Adjustment for Right-Turn-on-Red (RTOR)

The right-turn volume in a lane group may be reduced by the volume of vehicles turning
right during the red phase. rates. It is also recommended to consider field data on the number
of vehicles turning right during the red phase when existing intersections are being
considered. When a future intersection is being considered, it is suggested that the total right-
turn volumes be used in the analysis since it is very difficult to estimate the number of right-
turning vehicles that move on the red phase. An exception to this is when an exclusive left
turn phase for the cross street “shadows” the right-turn-lane movement. For example, an
eastbound exclusive left-turn phase will “shadow” the southbound right-turning vehicles.
In such a case, the shadowing left-turn volume per lane may be used as the volume of right-
turning vehicles that move on the red phase and can be deducted from the right-turn
volumes. Also, right turns that are free-flowing and not controlled by the signal are not
included in the analysis.
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VOLUME ADJUSTMENT AND SATURATION FLOW RATE WORKSHEET
General Information |
Project Description
Volume Adjustment
E8 W8 NB SB
LT ETH ERT LT ;TH iRT L ETHERT LT ETHERT

Volume, V (veh/h) E i E i i i i i
Peak-hour factor, PHF E :. : i E i ; i
Adjusted flow rate, v, = V/PHF (veh/h) i : i i i i E ;
Lregroup - P - o

" | i ) ) I : I
Adjusted flow rate in lane group, v (vehvh) : E : : \ ! : i
Proportion' of LT or RT (P or Pgr) b oo roo roo
Saturation Flow Rate
Base saturation flow, 3, (pe/h/in) i :. E E E E E E
Number of lanes, N i 1 E E E i i E
Lane width adjustment factor, f,, E :‘ E E i E E E
Heavy-vehicle adjustment factor, fyy :' E i E E E E E
Grade adjustment factor, f, 15 ‘i E E E E E Er
Parking adjustment factor, f, i i i i E E i E
Bus blockage adjustment factor, fy, ’: i i E g E I; E
Area type adjustment factor, f, ’: :T i E E i E E
Lane utilization adjustment factar, ), E i E E i E E i
Left-turn adjustment factor, iy E é E E E E E E
Right-turn adjustment factor, far E :: i E é E E E
Left-turn ped/bike adjustment factor, fip, E T: i E ‘i i E i
Right-turn ped/bike adjustment factor, fpyp i E é i § i i i
Adjusted saturation flow, s (vetvh) L o
R A AT Ay I L L L
Notes
1. Pyr = 1.000 for exclusive left-turn lanes, and Pgr = 1.000 for exclusive right-turn ianes. Otherwise, they are equal to the proportions

of turning volumes in the lane group.

Figure: Volume Adjustment and Saturation Flow Rate Worksheet.



FRE A sl 3 3]
9 a5 palaa

Saturation Flow Rate

This module provides for the computation of a saturation flow rate for each lane group. The
saturation flow rate is defined as the flow rate in veh/h that the lane group can carry if it has
the green indication continuously, that is, if g/C = 1.

Base Equation for Saturation Flow Rate

The saturation flow rate (s) depends on an ideal saturation flow (s,), which is usually taken
as 1900 passenger cars/h of green time per lane. This ideal saturation flow is then adjusted
for the prevailing conditions to obtain the saturation flow for the lane group being
considered. The adjustment is made by introducing factors that correct for the number of
lanes, lane width, the percent of heavy vehicles in the traffic, approach grade, parking
activity, local buses stopping within the intersection, area type, lane utilization factor, and
right and left turns.

The HCM qgives the saturation flow as:

§ = (80)(N) () Frav ) f ) Fp ) fa) (o) (Frae) (Frr ) (Fer ) Frpn ) Frpb)

where

s = saturation flow rate for the subject lane group, expressed as a total for all
lanes in lane group under prevailing conditions (veh/h/g)
s, = ideal saturation flow rate per lane, usually taken as 1900 (veh/h/In)
N = number of lanes in lane group
f,» = adjustment factor for lane width
fuv = adjustment factor for heavy vehicles in the traffic stream
f, = adjustment factor for approach grade
1, = adjustment factor for the existence of parking lane adjacent to the lane
eroup and the parking activity on that lane
f., = adjustment factor for area type (for CBD. 0.90; for all other areas, 1.00)
f» = adjustment factor for the blocking effect of local buses stopping within
the intersection area
fru = adjustment factor for lane utilization
frr = adjustment factor for right turns in the lane group
f.+ = adjustment factor for left turns in the lane group
I1pp = pedestrian adjustment factor for left-turn movements
[rpp = pedestrian adjustment factor for right-turn movements

Adjustment Factors

Although the necessity for using some of these adjustment factors, the basis for using each
of them is given again here to facilitate comprehension of the material. The equations which
are used to determine the factors are given in Table below:
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Table: Adjustment Factors for Saturation Flow Rates®

Factor Formula Definition of Variables Notes
Lane width (W —12) W = lane width (ft) W =80
fu=1+ 30 If W > 16, two-lane
analysis may be
considered
Heavy B 100 % HV = percent heavy vehicles for lane Ey=20pc/HV
vehicles Fav = 100 + % HV(Er — 1) group volume
Grade e %G % G = percent grade on a lane group —-6=%G=+10
A 200 approach Negative is downhill
Parking N — 0.1 18N, N = number of lanes in lane group 0=N,=180
TR 3600 N,, = number of parking maneuvers/h Jfp==10.050
fo= N f» = 1.000 for no
parking
Bus blockage 144N, N = number of lanes in lane group 0=Nz=250
T 2600 Ny = number of buses stopping/h fop = =0.050
Too = N

Typeofarea  f, = 0,900 in CBD
f. = 1000 in all other areas

Lane Jrw = vl(vaN) v, = unadjusted demand flow rate for
utilization the lane group, veh/h
v, = unadjusted demand flow rate on
the single lane in the lane group
with the highest volume
N = number of lanes in the lane group

Left turns Protected phasing: P, = proportion of LTs in lane group See pages 474 through
Exclusive lane: 483 for non-
F =095 protected phasing
Shared lane: alternatives
1
fu =157 0.05P,
Right turns Exclusive lane: Py = proportion of RTs in lane group frr==0.050
Jrr=0.85

Shared lane:

fer=1.0— (0.15)P,,
Single lane:

for = 1.0 — (0L135) Py

Pedestrian- LT adjustment: P, = proportion of LTS in lane group See pages 485 to 490
bicycle Jipp =10 — Prr (1 — Appr) Appr = permitted phase adjustment for step-by-step
blockage (1—Prra) P; 4 = proportion of LT protected green procedure

RT adjustment: over total RT green
Jrpp = 1.0 — Py (1 — Appp) Pry = proportion of RTs in lane group
(1 — Pgra) FPyrq = proportion of RT protected green

over total RT green

“The table contains formulas for all adjustment factors. However, for situations in which permitted phasing is involved, either by
itself or in combination with protected phasing, separate tables are provided, as indicated in this exhibit.
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- Lane Width Adjustment Factor, f,,. This factor depends on the average width of the
lanes in a lane group. It is used to account for both the reduction in saturation flow rates
when lane widths are less than 12 ft and the increase in saturation flow rates when lane
widths are greater than 12 ft. When lane widths are 16 ft or greater, such lanes may be
divided into two narrow lanes of 8 ft each. Lane width factors should not be computed for
lanes less than 8 ft wide. See previous Table for the equation used to compute these factors.

- Heavy Vehicle Adjustment Factor, f;y. The heavy vehicle adjustment factor is related to
the percentage of heavy vehicles in the lane group. This factor corrects for the additional
delay and reduction in saturation flow due to the presence of heavy vehicles in the traffic
stream. The additional delay and reduction in saturation flow are due mainly to the
difference between the operational capabilities of heavy vehicles and passenger cars and the
additional space taken up by heavy vehicles. In this procedure, heavy vehicles are defined as
any vehicle that has more than four tires touching the pavement. A passenger-car equivalent
(Et) of two is used for each heavy vehicle. This factor is computed by using the appropriate
equation given in previous Table .

- Grade Adjustment Factor, f,. This factor is related to the slope of the approach being
considered. It is used to correct for the effect of slopes on the speed of vehicles, including
both passenger cars and heavy vehicles, since passenger cars are also affected by grade. This
effect is different for up-slope and down slope conditions; therefore, the direction of the
slope should be taken into consideration. This factor is computed by using the appropriate
equation given in previous Table.

- Parking Adjustment Factor, f,. On-street parking within 250 ft upstream of the stop line

of an intersection causes friction between parking and nonparking vehicles which results in a
reduction of the maximum flow rate that the adjacent lane group can handle. This effect is
corrected for by using a parking adjustment factor on the base saturation flow. This factor
depends on the number of lanes in the lane group and the number of parking maneuvers/h.
The equation given in previous Table for the parking adjustment factor indicates that the
higher the number of lanes in a given lane group, the less effect parking has on the saturation
flow; the higher the number of parking maneuvers, the greater the effect. In determining
these factors, it is assumed that each parking maneuver (either in or out) blocks traffic on the
adjacent lane group for an average duration of 18 seconds. It should be noted that when the
number of parking maneuvers/h is greater than 180 (equivalent to more than 54 minutes), a
practical limit of 180 should be used. This adjustment factor should be applied only to the
lane group immediately adjacent to the parking lane. When parking occurs on both sides of a
single lane group, the sum of the number of parking maneuvers on both sides should be used.

- Area Type Adjustment Factor, f,. The general types of activities in the area at which the
intersection is located have a significant effect on speed and therefore on saturation volume
at an approach. For example, because of the complexity of intersections located in areas with
typical central business district characteristics, such as narrow sidewalks, frequent parking
maneuvers, vehicle blockades, narrow streets, and high-pedestrian activities, these
intersections operate less efficiently than intersections at other areas. This is corrected for by
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using the area type adjustment factor f, , which is 0.90 for a central business district (CBD)
and 1.0 for all other areas. It should be noted, however, that 0.90 is not automatically used
for all areas designated as CBDs, nor should it be limited only to CBDs. It should be used for
locations that exhibit the characteristics referred to earlier that result in a significant impact
on the intersection capacity.

- Bus Blockage Adjustment Factor, f,,,. When buses have to stop on a travel lane to
discharge or pick up passengers, some of the vehicles immediately behind the bus will also
have to stop. This results in a decrease in the maximum volume that can be handled by that
lane. This effect is corrected for by using the bus blockage adjustment factor which is related
to the number of buses in an hour that stop on the travel lane within 250 ft upstream or
downstream from the stop line, to pick up or discharge passengers, as well as the number of
lanes in the lane group. This factor is also computed using the appropriate equation given in
previous Table.

- Lane Utilization Adjustment Factor, f;,,. The lane utilization factor is used to adjust the
ideal saturation flow rate to account for the unequal utilization of the lanes in a lane group.
This factor is also computed using the appropriate equation given in previous Table. It is
given as

f:',u =

Ve

V {'J'V

g

where

= unadjusted demand flow rate for lane group (veh/h)
vy; = unadjusted demand flow rate on the single lane in the lane group with
the highest volume
N = number of lanes in the lane group
It is recommended that actual field data be used for computing f;,,;. Values shown in Table
below can, however, be used as default values when field information is not available.

Table: Default Lane Utilization Factors.

Percent of Traffic Lane
Lane Group No. of Lanes in Most Heavily Utilization
Movemenits in Lane Group Traveled Lane Factor (f,)
1 100.0 1.000
Through or shared 2 325 0.952
34 36.7 0.908
Exclusive left turn 1 100.0 1.000
2° 51.5 0.971
Exclusive right turn 1 100.0 1.000
2° 56.5 0.885

“If lane group has more lanes than number shown in this table. it is recommended that surveys be made or the
largest f; -factor shown for that type of lane group be used.
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- Right-Turn Adjustment Factor, fzy. This factor accounts for the effect of geometry as
other factors are used to account for pedestrians and bicycles using the conflicting crosswalk.
It depends on the lane from which the right turn is made, (i.e., exclusive or shared lane) and
the proportion of right-turning vehicles on the shared lane. This factor is also computed
using the appropriate equation given in Table below.

- Left-Turn Adjustment Factor, f;r. This adjustment factor is used to account for the fact
that left-turn movements take more time than through movements. The values of this factor
also depend on the type of phasing (protected, permitted, or protected-plus-permitted), the
type of lane used for left turns (exclusive or shared lane), the proportion of left-turn vehicles
using a shared lane, and the opposing flow rate when there is a permitted left-turn phase. The
left turns can be made under any one of the following conditions:

Case 1: Exclusive lanes with protected phasing.

Case 2: Exclusive lanes with permitted phasing.

Case 3: Exclusive lanes with protected-plus-permitted phasing.

Case 4: Shared lane with protected phasing.

Case 5: Shared lane with permitted phasing.

Case 6: Shared lane with protected-plus-permitted phasing.

Case 7: Single-lane approaches with permitted left turns.

Cases 1 through 6 are for multilane approaches. Case 7 is for single-lane approaches in
which either the subject approach and/or the opposing approach consists of a single lane. The
methodology for computing the left-turn factors for the multilane approaches is first
presented. These computations take into account :

e The portion of the effective green time in seconds during which left turns cannot be
made because they are blocked by the clearance of an opposing saturated queue of
vehicles, or g4

e The portion of the effective green time in seconds that expires before a left turning
vehicle arrives, or g¢

e The portion of the effective green time in seconds during which left turns filter
through the opposing unsaturated flow (after the opposing queue clears), or g,

The appropriate left-turn adjustment factor is determined through the following computations
for the different cases.

Case 1 Exclusive Left-Turn Lane with Protected Phasing. As shown in previous Table, a
left-turn factor of f | +1=0.95 is used.

Case 2A Exclusive Left-Turn Lane with Permitted Phasing (Multilane permitted left
turns opposed by a multilane approach). The left-turn factor fir, is computed from the
expression:
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9@5)3)&&
1

= & o= f =
frraa = (g) T — ] (Fmin = frra = 1.00)
fm'm = 2{1 1 Pf)frg

[ESCEL .
- 8J/(Epy +4.24)

Eu—= 8 By gf;EU

P.f=

or
g, = & g,<0
Il“,f;-h: qrﬁr '
= -t vyl — gr,) g, = 049
L ——— L
where:

qr ,= Opposing queue ratio
= max|1 — R,,(%/c), 0]
R,, = opposing platoon ratio.
Vo = adjusted opposing flow per lane, per cycle.

v
= . eh/C/1
3600N, L, (el C/n)
l.‘
- E (veh/C/In)

3600N,fry,

Table: Through-Car Equivalents, Ey, for Permitted Left Turns.

Effective Opposing Flow, vy, = vy/frus

Type of Left-Turn Lane 1 200 400 600 800 1000 12008
Shared 1.4 1.7 2.1 25 3.1 3.7 4.5
Exclusive 1.3 1.6 19 2.3 2.8 33 4.0
Naotes:

“Use formula for effective opposing flow more than 1200; v, must be =0,

E;y = 5;1/8; 7 — 1 (shared)
E;y = S!S, (exclusive)

]

Ser =———
I~ e
where
E;, = through-car equivalent for permitted left turns
Sy = saturation flow of through traffic (veh/h/In) - 1900 veh/h/In
8, = filter saturation flow of permitted left turns (veh/h/In)

t. = critical gap = 455

ty = follow-up headway = 4.5 s (shared). 2.5 s (exclusive)
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g. = portion of the effective green time during which left turns filter through the opposing
saturated flow (sec).

gq = portion of the effective green time during which left turns cannot be made because they
are blocked by the clearance of an opposing saturated queue of vehicles.

C = cycle length (sec).

g = effective permitted green time for left-turn lane group (sec).

g, = opposing effective green time (sec).

N = number of lanes in exclusive left-turn group.

N,= number of lanes in opposing approach.

t; = lost time for left-turn lane group.

v ,= adjusted flow rate for opposing approach (veh/h).

E} 1 = through car equivalent for permitted left turns.

Case 2B Exclusive Left-Turn Lane with Permitted Phasing (Multilane permitted

left turns opposed by a single lane approach). The left-turn
factor firg Is computed from the equation

f _ (&)[ 1 j| 1. [ Lairt/ 8 }
e gLl (Ep— 1) L Es = L

where (fmin = frra = 1)

_ 4
L=
g
E;, = max[(1 — Pru,)/Prro. 1.0]
Zair = Max[g,, 0] (when opposing left-turn volume is 0, g, 1S zero)

n = max[(g,/2). 0]

1DTH01 =] s PLTU

S8 By ifngnﬂr

g, = & if g, <0
Vore = VoC /3600 f1,.., (veh/hr)
8, = 4943vyie” g, — 1y

q,, = max{1 — R, (g,/C), 0]
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where:

g = effective permitted green time for left-turn lane group (sec)

P 1, =proportion of opposing left-turn volume in opposing flow

g, = proportion of the effective green time during which left turns filter
through the opposing saturated flow (sec)

gq = proportion of the effective green time during which left turns cannot be made because
they are blocked by the clearance of an opposing saturated queue of vehicles.
q,, = Opposing queue ratio

g, = opposing effective green time (sec)

v, = adjusted flow rate for opposing flow (veh/h)

t;, = lost time for left-turn lane group

E| ;1 = through car equivalent for permitted left turns, previous table.

C = cycle length (sec)

R,, = opposing platoon ratio.

Since the proportion of left turns on an exclusive left-turn lane is 1, then:

2(1 + 1)

_ ; 4
p(min) = —— = —
f Lro(min) B B

where:

g= effective green time for the lane group (sec).

fit2 (min) =practical minimum value for left-turn adjustment factor for exclusive lanes-
permitted left turns and assuming an approximate average headway of 2 seconds per vehicle
in an exclusive lane.

Case 3 Exclusive Lane with Protected-Plus-Permitted Phasing

In determining the left-turn factor for this case, the protected portion of the phase is
separated from the permitted portion, and each portion is analyzed separately. That is, the
protected portion of the phase is considered a protected phase with a separate lane group, and
the permitted portion is considered a permitted phase with its own separate lane group. The
left-turn factor for the protected portion is then obtained as 0.95, and the left-turn factor for
the permitted phase is computed from the appropriate equation. However, care should be
taken to compute the appropriate values of G, g, g¢ , and g, as discussed later. Doing

so may result in different saturation flow rates for the two portions. A method for estimating
delay in such cases is defined later.

Case 4 Shared Lane with Protected Phasing
In this case, the left-turn factor f; 1, is computed from the expression:

1.0
1.0 + 0.05P,,

f -LT4 =

where Pyt is the proportion of left turns in the lane group.
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Case 5A Shared Lane with Permitted Phasing (Permitted left turns opposed by
multilane approach).

In this case, the resultant effect on the entire lane group should be considered. The left-turn
factor firsa IS computed from the expression:

Fmsa + 091(N — 1)

fLTSA = N

where f,,s is the left-turn adjustment factor for the lane from which permitted left turns are
made. This value is computed from the expression:

_ 8rs5A & g |

: fmjn = fm:?. = l“”
g gLl + Py —1) !

f ms

where:

g = effective permitted green time for the left-turn lane group (sec).

Jrsa = portion of the effective green time that expires before a left-turning vehicle arrives
(sec).

g, = portion of the effective green time during which left-turning vehicles filter through the
opposing flow (sec).

=) n[}} o Q[_}}fj “hﬂ[‘l gif = gfﬁ
=g — gsWhen g, = g

E|; = through-car equivalent for each turning vehicle, as obtained from previous Table.
P, = proportion of left turns from shared lane(s).

The value of g¢s, is calculated from:
grsa = G exp(—0.882 LTC*""") — 1,

and the proportion of left turns from shared lanes, P, is calculated from:

(N —1)g

Brsa + o+ 424

L1

PI‘ — P‘J_'.r ]. +




FRE A il i3 3]
9 a2, b _palaa

where

G= actual green time (sec)

LTC = left turns per cycle = v+ C/3600

C = cycle length (sec)

t;, = lost time per phase (sec)

PLT= proportion of left turns in the lane group

N = number of lanes in the lane group

E} ;1 = through-car equivalent for each turning vehicle, as obtained from

Also, note that in order to account for sneakers, the practical minimum value of
fmsa 1S estimated as 2(1 + PL)/g.

Case 5B Shared Lane with Permitted Phasing (Permitted left turns opposed by a single-
lane approach)
In this case, the left-turn factor is computed from the expression:

e OB 2./ ] B [ 8aifi/ &
rep = 2 ; E 3
LT5B ff l + Py (E; — 1) l + Pp(E;p — 1)

(fmin = frrse = 1)
Jfuwin = 2(1 + Prr)fg

gaisr = max[(gy — gr).0] (when left turn volume is 0, ggigis 0)
E;, = max[(1 — P}y,)/Pir,, 1.0]
Prae= 1= Py,

8.=8 8 (ifg,=0)

Eu= 8 — &y {11: 8q < “}

g, =49 la. —t (B =8)
Vore = ¥,C/3600 (veh/h)

40 = [I]EIX['] = Rpﬂ(ga.ficl U]

gr = Gl 1, (g =4g)
LTC = v 7C/3600

where:

g = effective permitted green time for left-turn lane group (sec).

G = total actual green for left-turn lane group (sec).

P 1, = proportion of opposing left-turn volume in opposing flow.

g, = proportion of the effective green time during which left turns filter through the
opposing saturated flow (sec).
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gq = proportion of the effective green time during which left turns cannot be made because

they are blocked by the clearance of an opposing saturated queue of vehicles.
q,,= 0pposing queue ratio.

J,= opposing effective green time (sec).

v, = adjusted flow rate for opposing flow (veh/h).

vy r= adjusted left-turn flow rate.

P = proportion of left turn volume in left-turn lane group.

t;, = lost time for left-turn lane group.

E| 1= through car equivalent for permitted left turns.

C = cycle length (sec).

R,, = opposing platoon ratio.

Case 6 Shared Lane with Protected-Plus-Permitted Phasing

In determining the left-turn factor for this case, the protected portion of the phase is
separated from the permitted portion and each portion is analyzed separately. The protected
portion is considered as a protected phase and Eq. (case 4) is used to determine the left-turn
factor for this portion.

The left-turn factor for the permitted portion is determined by using the procedure for Case
5A or 5B depending on whether the left turns are opposed by a multilane approach or a
single-lane approach.

Case 7 Single-Lane Approaches with Permitted Left Turns

Three different conditions exist under this case:Case7A,a single-lane approach opposed by a
single-lane approach; Case 7B, a single-lane approach opposed by a multilane approach; and
Case 7C, a multilane approach opposed by a single-lane approach.

In Case 7A (single-lane approach opposed by a single-lane approach), the left-turn
adjustment f;r7 factor is computed from:

, _ 814 | B I Buia ]
f!.;f".-',-i T 2 § PF e e
g g L1+ Pir(Ep— 1) g L1+ Py(En —1)

where:
Jairr = Max[(gy — gr7a), 0] (When no opposing left turns are present g is zero)
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g4 = G exp(—0.860LTC"**’) — 1, (sec) 0=<gna=8g
84 = 4.943v%% qry®' — t,(sec) 0=<gsa=8g
Buia = 8 — 8q74 when 8474 = 8r14
Zura = & — &r14 When g4 < 874
¢ = effective green time (sec)
= actual green time for the permitted phase (sec)
P, ; = proportion of left turns in the lane group
L. = left turns per cycle
= v, 7C/3600
v+ = adjusted left-turn flow rate (veh/h)
C = cycle length (sec)
t; = lost time for subject left-turn lane group (sec)
v, = adjusted opposing flow rate per lane per cycle (veh/In/c)
= v,C/(3600 f;,,) (veh/In/c)
v, = adjusted opposing flow rate (veh/h)
qr, = opposing queue ratio, that is, the proportion of opposing flow rate
originating in opposing queues
=1=R,(g/C)
R,, = platoon ratio for the opposing flow, obtained from Table 10.3, based on the arrival
type of the opposing flow.

r, = effective green time for the opposing flow (sec)
Errs= (1~ Pruo)/Prros Er = 1.0
P, +o = proportion of left turns in opposing single-lane approach
P10 = proportion of through and right-turning vehicles in opposing
single-lane approach computed as (1 — P 70)

n _ maximum number of opposing vehicles that can arrive during (g,74 _ gf 74), computed

as (9q74 _9r74)/2 Withn = 0
E| ; = through-car equivalent for each left-turning vehicle.

For Case 7B (single-lane approach opposed by a multilane approach), gaps are not opened in
the opposing flow by opposing left-turning vehicles blocking opposing through movements.
The single-lane model therefore does not apply and the multilane models fir = fis;
however, the single-lane model for f; is used. That is

2B & 278 1 }
8 g L1 48 (E 1)

fLT?B =5
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where

g = effective green time for the lane group (sec)
gr7p = portion of the effective green time that expires before a left-turning
' vehicle arrives (sec)
= G exp(0.860LTCY?) — ¢,
g,gp = portion of the effective green time during which left-turning vehicles
filter through the opposing flow (sec)

= g — gmeWhen g, = gop
= g — &mp When g, < geqp

Note that the practical minimum value of f; 1,5 may be estimated as 2(1 + PL)/g.

For Case 7C (multilane approach opposed by a single-lane approach), the single lane model
given in previous equ. applies with two revisions. First,

by gr7c, Where grrc = G exp(—0.882LTC*) — 1,

Second, Pt should be replaced by an estimated P; that accounts for the effect of left turns
on the other lanes of the lane group from which left turns are not made. These substitutions
give the left-turn factor (f.r-¢) as:

frric = [fmic + 0.91(N — 1)/N]

Fmic = 2 ] gdm[ : — } + &[ : — }
8 g L1+ PiE;, — 1) gl PUE,—1)

N—1
PL T PLT 1 + { g )g
c +— + 4.24
o i Epq B
l - 1
Epp = ( THO)




FRE A il i3 3]
9 a2 b palaa

where

g4c = 4.9431}3;?2(};‘;'%‘ = by R g g
gaier = mMax|(g47c — &src). O]
8. = & — &pc (When g¢c = gpic)
. i gq?C (W]IEII gq?C < gf?C)
g = effective green time (sec)
grc =G exp (—0.882LTC"") — 1,
(5 = actual green time for the permitted phase (sec)
L. TC = left turns per cycle
= v rC/3600
vy = adjusted left-turn flow rate (veh/h)
C = cycle length (sec)
f; = lost time per phase (sec)
v, = adjusted opposing flow rate per lane per cycle (veh/In/c)
= v,C/(3600N,)f;,

P; 1 = proportion of left turns in the lane group
N = number of lanes in the lane group
f, = left-turn saturation factor (f; = 0)
= (875 — 0.625v,)/1000
v, = adjusted opposing flow rate (veh/h)
P; 1o = proportion of left turns in opposing single-lane approach
Pryo = proportion of through and right-turning vehicles in opposing single-
lane approach
= (1—Prig)
n = maximum number of opposing vehicles that can arrive during
(847¢ — &r1c) computed as (g,7¢ — &r1c) 2, n =0

E| ;1 = through-car equivalent for each left-turning vehicle.
Note, however, that when the subject approach is a dual left-turn lane, f ;17¢= fm7c,

The worksheets shown in Figures below may be used to compute the left-turn factors for
multilane and single-lane opposing approaches, respectively.
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SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TURNS
OPPOSED BY MULTILANE APPROACH

General Information

Project Description

Input

EB W ] NB ] S8

Cycle langth, C ()

Total actual green time for LT Jane group,! G (s)
Effective permitied green time for LT lane group,’ g (s)
Opposing effective green time, g, (5)

Number of langs in LT lane group,2 N

Number of ianes in opposing approach, N,,
Adjusted LT fiow rate, v,7 (vehvh)

Proportion of LT volume in LT lane group, Py
Adjusted flow rate for opposing approach, v, (veh/h)
Lost time for LT lane group, f;
Computation

LT volume per cycle, LTC = v 7C/3600

Opposing lane utilization factor, f,y, (refer to Volume
Adjustment and Saturation Flow Rate Worksheet)

Opposing flow per lane, per cycle

Vo = e (veh/C/in)

gy = Ge-088ATCY ™ _y g, < g (except for exclusive
left-turn lanes)': 4

Opposing platoon ratio, Ry,

Opposing queue ratio, gr, = max(1 — Ra(go/C), 0]
0= TF T alod — b Vol! - Uolg S 049
{note case-specific parameters)’ |
0u=9-0g 1 gq 20 0
Gy=9-0rifgg< gy

Eus

- (N-tg
_ PL=Py E* {g,qm,qzq]
{except with multilane subject approach)®
fmin = 201 + P )/g :
fn= lova] * (0/8)| 55,87 =) } in S 1n 100

fir = [ + 0.91(N = 1)/N (except for permitted Jeft
turns)®

| Notes

1. Refer to Figure 10.6 for case-specific parameters and adjustment factors, .

2. For exclusive left-turn lanes, N is equal to the number of exclusive leff-turn lanes, For shared left-turn fanes, N is equal to the sum of the
sharsd left-turn, through, and shared right-turn (if one exists) lanes in that approach.

3. For exclusive left-turn lanes, Pyr = 1.

4. For exclusive left-turn lanes, gy = 0, and skip the next step. Lost ime, t,, may not be applicable for protected-permitted case.

5. Far @ multilane subjact approach, if P| 2 1 for a left-turn shared lane, then assume it to be a de facto exclusive left-turn lane and redo the
calculation.

6. For permitted left turns with multiple exclugive left-turn lanes fiy = f,.

Figure: Supplemental Worksheet for Permitted Left Turns Where Approach Is Opposed by Multilane
Approach.
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SUPPLEMENTAL WORKSHEET FOR PERMITTED LEFT TURNS
OPPOSED BY SINGLE-LANE APPROACH

General Information

Project Description

Input

£B | WB | NB | S8

Cycle length, C (s)

Total actual green tima for LT lane group,’ G (s)
Effective permitted graen time for LT lane group,’ g (s)
Opposing effective graen time, g, (s)

Number of lanes in LT lane group.2 N

Adjusted LT flow rate, viy (vehvh)

Proportion of LT volume in LT lane group, Py
Propartion of LT volume in opposing flow, Py 1,
Adjusted fiow rate for opposing approach, v, (veh/h)
Lost time for LT lane group, t,

Computation

LT valume per cycle, LTC = v(7C/3600

Opposing flow per tane, per cycle,

Vgie = ¥,Cr3600 {veh/Cin)

Oppasing piatoan ratio, Ry,

- :t(jr[g-gi?;}l;c“m)} —t g (except exclusive

Oppasing queus ratio, qr, = max{1 - Ry,(9,/C), 0]
0q = 4-943anc0'752qru1'051 —i 0 =9
Q=90 ifng O Or

0u=0-0rif g < O

n = max{(gq - V2. 0]

Prio = 1= Puto

E,1 (refer o Exhibit C16-3)

ELz = max((1 ~ Prug")Pie. 1.0]

fnin = 2(1 + Pir)Vg

Qaite = Max[Qq ~ G O] (except when left-lurn volume
is Q)4

i = = 1000+ el ]+ it o)

(fmm S fm S 1.':0)

Notes

1. Refer to Figure 10.6 for case-specific parameters and adjustment factors.

2. For exclusive left-turn tanes, N is equal to the number of exclusive left-turn lanes. For shared left-turn lanes, N is equai to the sum of
the shared ieft-turn, through, and shared right-turn (if one exists) lanes in that approach.

3. For exclusive left-tum lanes, g =0, and skip the next siep. Lost time, 1, may not be appiicable for protected-permitied case,

4. If the opposing left-turn volume is 0, than g = 0.

Figure: Supplemental Worksheet for Permitted Left Turns Where Approach Is Opposed by Single-Lane
Approach.
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To compute the appropriate values for G, g, g, g4, and g, for protected-plus permitted left-
turn phases, one can use the models presented in the previous section when the left turn can
move only in a permitted phase. When left turns can be made during protected-plus-
permitted phases, the protected portion of the phase is separated from the permitted portion
and each portion is treated separately. Two left-turn factors are then determined: one for the
protected phase and another for the

permitted phase. The left-turn factor for the protected phase is determined as discussed
earlier, and that for the permitted phase is obtained from the appropriate model, but with
modified values of G, g, gf and g, (which are denoted as G*, g*, g¢ *, g,*). Figure below
shows the equation for obtaining G*, g*, g¢*, and g,* for different cases. For example, Case
2 shows the case with an exclusive left-turn lane and a leading green G which is followed by
a period G/Y; during which the left-turn movement is given the yellow indication and the
through movement is still given the green ball indication. This is then followed by a period
G,, during which both the NB and

SB traffic streams have first the green ball indication and then a full yellow indication, Y,.
This results in an effective green time for the NB permitted phase g* of G, + Y,, and for the
SB direction, g* of G, + Y, - t.. The reason for this is that there is no lost time for the NB
traffic during the permitted-left-turn phase, since the movement was initiated during the
protected portion of the phase, and the lost time is assessed there.

This results in different effective green times for NB and SB traffic streams. Similarly, if the
NB left turns are made from a shared lane, g  would be computed from the total green time
of G;+G/Y;+G,, which includes the leading phase green time. However, in computing the
appropriate g, only the portion of g, that applies to the permitted phase should be used. This
results in gr being gy - G;-G/Y;+t;. Also, in computing the appropriate g, for the NB traffic
stream, it is noted that this should be the portion of the NB permitted green phase (g*) that is
blocked by the clearance of the opposing queue. However, the permitted NB phase does not
account for the lost time, and g is obtained as g 4+ t;,. Similar considerations are used to

obtain the modified equations for g*, G*, g¢, and g, for the different cases shown.
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Figure: Green Time Adjustments for Protected-Plus-Permitted Phasing.
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Figure : Green Time Adjustments for Protected-Plus-Permitted Phasing (continued).
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Pedestrian and Bicycle Adjustment Factors

These factors are included in the saturation flow equation to account for the reduction in the
saturation flow rate resulting from the conflicts between automobiles, pedestrians, and
bicycles. The specific zones within the intersection where these conflicts occur are shown in
Figure 10.7. The parameters required for the computation for these factors as presented by
the HCM are shown in Previous Table. The flow chart shown in Figure below illustrates the
procedure. The procedure can be divided into the following four main tasks:

1. Determine average pedestrian occupancy, OCCpeqq

2. Determine relevant conflict zone occupancy, OCC,

3. Determine permitted phase pedestrian-bicycle adjustment factors for turning movements
ApBT

4. Determine saturation flow adjustment factors for turning movements (for fi, left-turn

movements and fr,y, for right-turn movements).

Opposin
(i L
L

Peds l Peds
Receiving lanes 4
Cross street — ;/ |
— Bicycle-vehicle —
— E—— corflict zone —p—
B — =<

Pedestrian-vehicle
conflict zone

| _
1
. ‘) T
1

Peds | Bikes
:
[
1

Turni
ines)

Figure Conflict Zone Locations.
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Compule pedestrian
oocpancy, (O .,

S

Dretermine relevant
occupancy, (W00,

PR
Left turns from |-way
streets

Left turns from
T-oway slreets

Right turns opposed
by throwsh bicycles

Ripght turns with no
opposing bicycles

M il
All ped ooccupancy Compute bicycle
is rebevant occupancy
]r i .
2 ™
Dietermine averape tr 2 &l
ocoupancy after R*_'I"‘_"dnl‘;g!:('.t'
quene clears ped
b =

I/R-:I-:'rml Q0C = pod OCC + bhike

Relevant O1OC - |
f I\l}[:{' - (Ped OCC * Bicycle OCC)
Emnpul-: turning-vehicke adjustment,

unscreened COC

Ap.:'r function of: N, and N

i oo 1.0 }
o : ; :
| Determine pedestrian-hicycle saturation flow adjustment
\ Tactors for right Euz‘nx.._l'nw or kefl lurmhl"..\n.. Tunction

'{;Jr: lane Lype, signal phasing. % turning, % protected

lurn

Figure: Outline of Computational Procedure for fr,, and fipp, -

Step 1. Determine Average Pedestrian Occupancy (0CCpqq )- In this task, the pedestrian

flow rate is first computed from the pedestrian volume using Eq. below, and the average
pedestrian occupancy is then computed from the pedestrian flow rate using Egs. below:

Voeds = Voo ) (Voedy = 5000)

OCC ooty = Vpeie/ 2000 (voeq = 1000, and OCC,y, < 0.5)

OCCpegy = 0.4 + pegy/10,000 (1000 < vy, = 5000, and 0.5 < OCC gy = 0.9)

where

Vpede = Pedestrian flow rate
Vped = Pedestrian volume
gp = pedestrian green walk + flashing don't walk time (sec) (if pedestrian
signal timing is unknown, g, may be assumed to be equal to g (sec))

C = cycle length (sec)
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Step 2. Determine Relevant Conflict Zone Occupancy (0CC,). Two conditions influence
the computation of this factor. These are

(1) right turning bicycles and automobiles weave to the right before reaching the stop line,
and

(2) left-turn movements are made from a one-way street. When the first condition exists, the
bicycle/automobile interaction within the intersection is eliminated; the bicycle volume
should therefore be ignored and only the impact of pedestrians should be considered. For
both of these conditions, the HCM gives the relevant conflict zone occupancy as:

0CC, = 0CC

pedg

where 0CC,.q, = average pedestrian occupancy.

When bicycle interaction is also expected within the intersection, the bicycle flow rate
(Vpicg ) Is first computed from the bicycle volume using Eq. below, and the bicycle conflict

zone occupancy (0OCCy;, ) is then determined from the bicycle flow rate using Eq. below.
The relevant conflict zone occupancy (OCC,) is then computed from the pedestrian
occupancy (OCCq, ) and the bicycle occupancy (OCGy.g ) Using Eq. below.

Voicg = Vbic (C/8) (Voicg = 1900)
OCChig = 0.02 + (vyiee / 2700) (Vbicg < 1900 and OCCy, = 0.72)
OCC, = OCCpuy T OCChicy — (OCC 504 )(OCCiicy )
where

Vpicg = bicycle flow rate (bicycles per hr)
Vhic = bicycle volume

As in the previous case, when bicycle flow rates are collected directly in the field, these
values should be used and previous Eq. not used.

When left turns are made from an approach on a two-way street, a comparison of the
opposing queue clearance (g,) and the pedestrian green time (g,,) is first made to determine
whether g, is less or greater than g,. If g, = g,, then the pedestrian green time is used
entirely by the opposing queue and the pedestrian adjustment factor for left-turn movements
(fipb) is 1.0. However, if g, < g, then the pedestrian occupancy after the opposing queue
clears (OCCeqy ) Is determined from the average pedestrian occupancy (OCCpeqq ) Using Eq.
below. The relevant conflict zone occupancy (OCC,) is then determined from OCCeq, USINg
below. Equation is based on the fact that left turning vehicles can go through the intersection
only after the opposing queue has cleared, and that accepted gaps in the opposing flow v,
must be available for left turning vehicles.
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OCCpegu = OCCroasl 1 — 0.5(24/85)
OCC, = OCC,,le —(5/3600)v,7

where

OCCpeqy = pedestrian occupancy after the opposing queue clears
OCCpeqe = average pedestrian occupancy
g, = opposing queue clearing time (sec)
q, = pedestrian green walk + flashing DON'T WALK (sec). If the pedes-
trian signal timing is unknown, g, may be assumed to be equal to the
effective green (g).

Step 3. Determine Permitted Phase Pedestrian-Bicycle Adjustment Factors

for Turning Movement (A, ). Two conditions are considered in the determination of the
Appr - These are (1) number of turning lanes (N, ) is the same as the number of the cross-
street receiving lanes (N,.. ) and (2) number of turning lanes is less than the number of the
cross-street receiving lanes.

When N, isequal to N, the proportion of the time the conflict zone is occupied is the
adjustment factor, as it is unlikely that the turning vehicles will be able to move around
pedestrians or bicycles. The permitted phase pedestrian-bicycle adjustment factor (Apyr ) is

therefore obtained from Eq. below:
Ap!:-T = OCCr I[fwturn o Nrec)

When N, is less than the N,.., the impact of pedestrians and bicycles on the saturation
flow is reduced as it is more likely that the turning vehicles will be able to move around
pedestrians and bicycles. The A,y in this case is obtained from Eg. below.

turn {: NFEC)
where:

Ny = the number of turning lanes.

N, = the number of receiving lanes.

It is recommended that actual field observation be carried out to determine the number of
turning lanes (N, ) and the number of receiving lanes (N,..). The reason for this is that at
some intersections, left turns are illegally made deliberately from an outer lane or the
receiving lane is blocked by vehicles that are double-parked, making it difficult for the
turning vehicles to make a proper turn. Simply reviewing the intersection plans and noting
the striping cannot identify these conditions.
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Step 4. Determine Saturation Flow Adjustment Factors for Turning Movements
(fLpb for left-turn movements, and f gppfor right-turn movements).

These factors depend on the A ,,rand the proportion of the turning flow that uses the
protected phase. The pedestrian-bicycle adjustment factor for left-turns (f,,) is obtained
from Eq. below and that for right turns (fg, ) is obtained from Eq. below.

Frop = 10 Ppr (1 — Apsr)1 — Prga)

where:

Pt = proportion of left turn volumes (used only for left turns made from a single lane
approach or for shared lanes)

A ppr = permitted phase pedestrian-bicycle adjustment factor for turning movements
(obtained from Eq. above)

Pt = the proportion of left turns using protected phase (used only for protected/permissive
phases)

pr.’:r = 1.0 Py (1 — AphT)(l — Pgria)

where:

Prr= proportion of right-turn volume (used only for right turns made from single-lane
approach or for shared turning lanes).

Appr = permitted phase pedestrian-bicycle adjustment factor for turning movements
(obtained from previous Egs.).

Prra = the proportion of right turns using protected phase (used only for protected/permissive
phases).

Figure below shows a supplemental worksheet that can be used to carry out these
procedures.
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SUPPLEMENTAL WORKSHEET FOR PEDESTRIAN-BICYCLE EFFECTS
ON PEAMITTED LEFT TURNS AND RIGHT TURNS

General Information

Project Description

Permitted Left Turns

EB w8 NB S8

Effective pedestrian green time,'< g (s)
Conﬂlctlnq pedestrian volume, ' voeq (/h)
= Voo {C/g5) _
ooc,,.., = Voagg 2000 1 (Vpagg S 1000) OF
_G_Qi.i:fy‘lﬂm if (1000 -w,,ﬂs 5000) )

| _Opposing queus clasring green.”” g (s)
Effective pedestrian green consumed by opposing
vehicle queue, qqu,.lfgqaq,ﬂwfms 10
OCC et = OCCouty [T~ 050605
Opposing flow rate,” v, (veh/h)
OCC, = 0CCoug, (o0
Number of cross-strest recelving lanes,' Ny,
Number of tufning lanes,’ Nym
Aoyt = 1= 0CC, if Nrye = Ny

13 1=08(0CC,) if Nrge > Nogen
Proportion of left tums,” P,r
Proportion of left turns using protected phase,® vy
| fipn = 1.0 - Pyr{t — Ayt = Pypa)
Permitted Right Turns

Effective pedesirian green time, "< g, (s)

[Conflicting pedestrian volume, vy, (/)

Conflicting bicydie volume. ™7 vy, (bicycles/h)
vﬁﬁ = vm(ugé

bccwzndw 1nc53'1f{1000w,.§smy

Effective green,' g (s)

= Vie(C70)
ﬁﬁéh =002 +
£ = Volpedg * - ( ' cﬁ)

Number of cross-sireet muving lanes,’ Ny

Number of turning lanes,’ Ny

Aot = 1~ OCC, Vo = Mo

Apr = 1 = 0.8(0CC,) if Nrye > Niym

Proportion of right turns,” Pey

Proportion of right turns using protacted phase 8 P

frps = 1.0 = Peg{1 = Apyr)(1 = Pa) m‘

Notes

1. Refer to Input Worksheet. 5. Rofer to Voluma Adjustrnent and Saturation Flow Rate Worksheet.
2. f intersection signal timing is given, uss Walk » flashing Don't Walk (use G+ Y if 8. ideally determined from field data; altsmatively, assume it equal to
no pedestrien signals). If signal liming must be estimated, use (Green Time ~ Lost (1 = parmitted phase fy)/0,85.

Time per Phasa) from Quick Estimation Control Delay and LOS Worksheel. 7. 1 v = 0 then vy, =0, OCCyq = 0, and OCC, =
3. Refer to supplemantal workshets for left turns. 8, Pu;umnpmwmmdpmmdsmmmcuﬂwmnm{(nm
4, |f unopposad left turn, then g, = 0, v, = 0, and OCC, = 0CC,pq, = OCCpeqe * Qoum)- If only permitied right-tum phase exsts, then Py;, = 0.

Figure: Supplemental Worksheet for Pedestrian-Bicycle Effects.
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Field Determination of Saturation Flow

An alternative to the use of adjustment factors is to determine directly the saturation flow in
the field. It was shown in Chapter 8 that the saturation flow rate is the maximum discharge
flow rate during the green time. This flow rate is usually achieved 10 to 14 seconds after the
start of the green phase which is usually the time the fourth, fifth, or sixth passenger car
crosses the stop line. Therefore, saturation flow rates are computed starting with the headway
after the fourth vehicle in the queue.

Two people are needed to carry out the procedure, with one being the timer equipped with a
stopwatch, and the other the recorder equipped with a push-button event recorder or a
notebook computer with appropriate software. The form shown in Figure below. It is
suggested that the general information section of the form shown in Figure below be
completed and other details such as area type, width, and grade of the lane being evaluated
be measured and recorded.

An observation point is selected at the intersection such that a clear vision of the traffic
signals and the stop line is maintained. A reference point is selected to indicate when a
vehicle has entered the intersection. This reference point is usually the stop line such that all
vehicles that cross the stop line are considered as having entered the intersection.

The following steps are then carried out for each cycle and for each lane:

Step 1. The timer starts the stopwatch at the beginning of the green phase and notifies the
recorder.

Step 2. The recorder immediately notes the last vehicle in the stopped queue and describes it
to the timer and also notes which vehicles are heavy vehicles and which vehicles turn left or
right.

Step 3. The timer then counts aloud each vehicle in the queue as its rear axle crosses the
reference point (that is, “one,”  “two,”  “three,” and so on). Note that right- or left-
turning vehicles that are yielding to either pedestrians

or opposing vehicles are not counted until they have gone through the opposing traffic.

Step 4. The timer calls out the times that the fourth, tenth, and last vehicles in the queue
cross the stop line, and these are noted by the recorder.

Step 5. In cases where queued vehicles are still entering the intersection at the end of the
green phase, the number of the last vehicle at the end of the green phase is identified by the
timer and told to the recorder so that number can be recorded.

Step 6. The width of the lane and the slope of the approach are then measured and recorded
together with any unusual occurrences that might have affected the saturation flow.
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FIELD SATURATION FLOW RATE STUDY WORKSHEET

General Information Site Information

Analyst intersection _

Agancy or Company Area Typs Q CBD Q Other
Date Performed Jurisdiction

Analysis Time Pariod Analysis Year

Lane Movement Input
w.w ~ . S

Movemants Allowed
O Through

Q Right turn

o O Left turn

qrede »

Identify all lane movements and the lane studied

,- . aien

Input Field Measurement

veh. in Cydle 1 Cycle 2 Cycle 3 Cyded | Cytles Cycle
queus Time| WV | T [Time] HV| T |Time] BV | T |Time| HY{ T |Time{ HY | T [Time| HV | T

O~ M N b L Py =

=]

10
1
12
13
14
15
16
17
18
19
20
End.of saturation =
End of gresn posemcad
No, veh. > 20 ‘ ]
No. veh. on yaliow

Glossary and Notes

HV  =-Heavy vehicles (vehicles with more than 4 tires on pavemnt)

T = Tuning vehicles (L= Left, R = Right}

Padestrians and busas that biock vehicles should be noted with the fime that they block traffic, for example,
| P12 = Pedestrians blocked traffic for 125

B15 = Bus blocked traffic for 158

Figure: Field Sheet for Direct Observation of Prevailing Saturation Flow Ratio.
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Step 7. Since the flow just after the start of the green phase is less than saturation flow, the
time considered for calculating the saturation flow is that between the time the rear axle of
the fourth car crosses the reference point (t,) and the time the rear axle of the last vehicle
queued at the beginning of the green crosses the same reference point (t,). The saturation
flow is then determined from Eq. below.

3600
(ty — t,)/(n —4)

Saturation flow =

where n is the number of the last vehicle surveyed. The data record on heavy vehicles,
turning vehicles, and approach geometrics can be used in the future if adjustment factors are
to be applied.

Capacity and v/c Analysis Module
In this module, results of the computations carried out in the previous modules are used to
determine the important capacity variables which include:

e Flow ratios for different lane groups

e Capacities for different lane groups

e (v/c) ratios for different lane groups

e The critical (v/c) ratio for the overall intersection
The adjusted demand volume obtained for each lane group in the volume adjustment module
is divided by the saturation flow for the appropriate lane group determined in the saturation
flow module to obtain the flow ratio (v; /s;) for that lane group.

C; = 5{&/C)

the volume-to-capacity (v/c) ratio is then computed for each lane group.
X; = (v/c)

Similarly, using Eq. below, the critical volume-to-capacity ratio X. is then computed for
the intersection.

I B
X =E{.(l’.f5}csﬁ

The identification of the critical lane group for each green phase is necessary before the
critical volume-to-capacity ratio (X,) can be determined for the intersection.

This identification is relatively simple when there are no overlapping phases because the lane
group with the maximum flow ratio (v; /s;) during each green phase is the critical lane group
for that phase. When the phases overlap, however, identification of the critical lane group is
not so simple. The basic principle used in this case is that the critical (v/c) ratio for the
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intersection is based on the combinations of lane groups that will use up the largest amount
of the capacity available. This is demonstrated by Figure below, which shows a phasing
system that provides for exclusive left turn lanes in the south and north approaches and

overlapping phases.

B ,>_
|
(a) Lanc grouping

e~
i

Phase 1 Phase 2ZA Phase 2B Phase 2C

(b) Signal phasing
Figure: Illustrative Example for Determining Critical Lane Group.

There are only two lane groups during Phase 1-that is, EBLT/TH/RT and WBLT/TH/RT.
The critical lane group is simply selected as the lane group with the greater (v; /s;) ratio. The
three other phases, however, include overlapping movements, and the critical lane group is
not so straightforward to identify. It can be seen that the NBTH/RT lane group moves during
Phases 2A and 2B and therefore overlaps with the SBTH/RT lane group which moves during
Phases 2B and 2C, while the NBLT lane group moves only during Phase 2A and the SBLT
lane group moves only during

Phase 2C. The NBTH /RT lane group can therefore be critical for the sum of Phases 2A and
2B, whereas the SBLT lane group can be critical for Phase 2C. In determining the critical
lane group, any one phase or portion of a phase can have only one critical lane group. If a
critical lane group has been determined for the sum of phases i and j, no other lane group can
be critical for either phase i or j or for any combination of phases that includes phase i or j.
Note also that in determining the signal timing for any intersection—that is, for design of the

intersection—the critical lane group is used.
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Two possibilities therefore exist for the (v/s) ratios for the overlapping Phases 2A,2B, and
2C.

1. NBTH/RT + SBLT
2. SBTH/RT + NBLT

The critical lane flow ratio for the intersection is therefore the maximum flow ratio of
the following:

EBLT/TH/RT + NBTH/RT + SBLT

EBLT/TH/RT + SBTH/RT + NBLT

WBLT/TH/RT + NBTH/RT + SBLT

WBLT/TH/RT+ SBTH/RT+ NBLT

It is also necessary to determine the total lost time L before the critical (v/c) ratio can be
computed. The general rule is that it is assumed that a lost time of t; occurs when a
movement is initiated. Therefore, the total lost time L for each possible critical movement
identified above is 3tL, where ¢t is the lost time per phase. Thus, in general, L = nt;, where
n is the number of movements in the critical path through the signal cycle. Note that the lost
time for each phase (t;) is the sum of the start-up lost times (t; ) and the yellow-plus and red
interval (y) minus the extension time (e).

The computation of the critical volume-to-capacity ratio (X.) completes the definition of the
capacity characteristics of the intersection. As stated earlier, these characteristics must be
evaluated separately and in conjunction with the delay

and levels of service that are determined in the next module. Following are some key points
that should be kept in mind when the capacity characteristics are being evaluated.

1. When the critical (v/c) ratio is greater than 1.00, the geometric and signal
characteristics are inadequate for the critical demand flows at the intersection. The
operating characteristics at the intersection may be improved by increasing the cycle
length, changing the cycle phase, and/or changing the roadway geometrics.

2. When there is a large variation in the (v/c) ratio for the different critical lane groups
but the critical (v/c) ratio is acceptable, the green time is not proportionately
distributed, and reallocation of the green time should be considered.

3. A protected left-turn phase should be considered when the use of permitted left turns
results in drastic reductions of the saturation flow rate for the appropriate lane group.

4. When the critical v/c ratio approaches 1.0, it is quite likely that the existing signal and
geometric characteristics will not be adequate for an increased demand flow rate.
Consideration therefore should be given to changing either the signal timing and/or the
roadway geometrics.

5. If the (v/c) ratios are above acceptable limits and protected turning phases have been
included for the turning movements with high flows, then changes in roadway
geometrics will be required to reduce the (v/c) ratios.
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The computation required for this module may be carried out in the format shown in Figure
below. Note that in row 2 of Figure below, “Phase Type,” when left turns are made from
exclusive lanes during a protected permissive phase, the protected phase should be
represented by a separate column. The protected phase is considered to be the primary phase
and is designated as “P,” the permitted phase is considered as the secondary phase and is
designated “S,” and the column containing the total flows is designated as “T.”
However, certain quantities (such as lane group capacity) should be computed as the sum of
the primary and secondary phase flows.

It also should be noted that both lane groups with shared left-turn lanes and lane groups with
only protected or permitted phasing have only a primary phase.

Performance Measures Module

The results obtained from the volume adjustment, saturation flow rate, and capacity analysis
modules are now used in this module to determine the average control time delay per vehicle
in each lane group and hence the level of service for each approach and the intersection as a
whole. The computation first involves the determination of the uniform, incremental, and
residual delays.

Uniform Delay. The uniform delay is that which will occur in a lane group if vehicles arrive
with a uniform distribution and if saturation does not occur during any cycle. It is based on
the first term of the Webster delay model.

Uniform delay is determined as:

(1 — 8/CY
I — (g/C)[min(X;, 1.0)]

where

d; = uniform delay (sec/vehicle) for lane group i
C = cycle length (sec)
g; = effective green time for lane group 7 (sec)

X, = (v/c) ratio for lane group i

I

Incremental Delay. The incremental delay takes into consideration that the arrivals are not
uniform but random and that some cycles will overflow (random delay), as well as delay
caused by sustained periods of oversaturation. It is given as

Skl X;
(X, - 1 + 22
\' C.;T
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CAPACITY AND LOS WORKSHEET

General Information

" Project Description

Capacity Analysis
Phase number
. ._Phasa type

i Lane group

Adjusted fiow rate, v (veh/h)
Seturation flow rats, s (veh/h)

' Losttime, t {s),t, =} +Y -8
| Effactive green time, g (8), g =G +Y~4

- Green ratio, g/C

{_Lans group capacity,’ ¢ = s(g/C), (vevh)

i v/c ratig, X B

__Flow ratio, v/s

! - Critical lane group/phase (V)

. Sum of flow ratios for critical lane groups, Y,
Y. = ¥ {cdtical lane groups, v/s)

Total fost tima per cycle, L (s)

: Critical flow rate to capacity ratio, X,

Ko = (YHOVC L)

i

. Lane Group Capacity, Control Delay, and LOS Determination
BB - o _WB

T SB

Lane group

ferduansecndaad

- Adjustad flow rate,2 v (veh/h)
* Lane group capacity. ¢ (veh/h)
i vicratio X = vic

. _Total green ratio.? g/C
. Uniform delay, dy = % E‘,‘_]' (siveh)

{ Incremental defay calibration® k

~ Incremental dalay,‘?
- 0,=B00T[(X - 1) + (x-ﬂz*-a- J(s/veh)

__lnitial-queue delay, d, (sfveh)
Uniform dalay, d, (s/veh)
_Progression adjustment factor, PF . ‘
. Delay, d = d,(PF) + d, + ds (s/veh) : : ; :.
_ LOSbylansgroup : ' : ' : '
" Doty by spprozch, oy = IV (st | ' |

__LOS by approach
" Approach flow rats, v, (ve/h)

~ Intersection delay, d; = L%L(m {sheh)
A

Notes

1. For permitted lefttums, the minimum capacity is (1 + P )}(3800/C).
2. Primary and secondary phase parametsrs are summad o obtain lana group paramaters.
- 3. For pretimed or nanactuated signals, k = 0.5, Otherwisa, refer to Table 10.1.
4. T=analysis duration (h}; typically T = 0.25, which is for the analysis duration of 15 min.
I = upstream filtering metering adjustrnent factor; | = 1 for isolatad intersections,

Figure: Capacity Analysis Worksheet.
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where:

d,; = incremental delay (sec/vehicle) for lane group i.

c; = capacity of lane group i (veh/h).

T = duration of analysis period (hr).

k; = incremental delay factor that is dependent on controller settings (see Table below).

I; = upstream filtering metering adjustment factor accounts for the effect of filtered arrivals
from upstream signals (for isolated intersections, 1=1; for nonisolated intersections see Table
below).

X; = v/c ratio for lane group I.

Table: Recommended k Values for Lane Groups under Actuated and Pretimed Control.

Unit Degree of Saturation (X)
Extension
(UE) (sec) = (.50 .60 .70 (.80 (.90 = 1.0
=20 0.04 0.13 0.22 0.32 0.41 0.50
2.5 0.08 0.16 0.25 0.33 0.42 0.50
3.0 0.11 0.19 0.27 0.34 0.42 0.50
3.5 0.13 0.20 0.28 0.35 0.43 0.50
4.0 0.15 0.22 0.29 0.36 0.43 0.50
4.5 0.19 0.25 0.31 0.38 0.44 0.50
5.0 0.23 0.28 0.34 0.39 0.45 0.50
Pretimed or 0.50 0.50 0.50 0.50 0.50 0.50
nonactuated
movement

Note: For a given UE and its k,,,, value at X = 0.5: k = (1 — 2k (X — 0.5) + k. k = ke, kK = 0.5
'For UE = 5.0, extrapolate to find k. keeping k = 0.5.

Table: Recommended I-Values for Lane Groups with Upstream Signals.

Degree of Saturation at Upstream Intersection, X,

0.40 0.50 (.60 0.70 0.80 0.90 = 1.0
I 0.922 0.858 0.769 0.650 0.500 0.314 0.090

Note: 1=1.0—091 X2¥and X, = 1.0.
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Residual Demand Delay. This delay occurs as a result of an initial unmet demand Q,
vehicles at the start of the analysis period T. That is, a residual event of length @, exists at
the start of the analysis period. In computing this residual demand, one of the following five
cases will apply.

Case 1: Q,,= 0, analysis period is unsaturated

Case 2: @, =0, analysis period is saturated

Case 3: Q, >0 and @, can be fully served during analysis period T, i.e., unmet

demand @, and total demand in period T (qT) should be less than

capacity cT, i.e., Q, +qT <cT

Case 4: Q,=0, but Q,, is decreasing, i.e., demand in time T, (qT) is less than the capacity cT
Case 5: @, =0, and demand in time T exceeds capacity cT

Residual demand is obtained as:

1800Q,,; (1 + u;)t;
c;T

3i

where

(p; = 1nitial unmet demand at the start of period T; vehicles for lane group i
¢; = adjusted lane group capacity veh/h

T = duration of analysis period (h)

{; = duration of unmet demand in 7 for lane group / (h)

t; = delay parameter for lane group i

and
Qbf
¢;(1 — min (1, X;))
c,T
Oyl 1 — min(1, X;)
where X is the degree of saturation (v/c) for lane group i.

t;=0if Q, = 0,elset; = min| T,

u; = 01ft; < T.elseu; =1 —



FRE A sl 3 3]
9 a5 palaa

Total Control Delay
The total control delay for lane group i is given as:

d; e dgl.'PF -+ dz; Gz d_;r'

where:

dl = the average control delay per vehicle for a given lane group

PF = uniform delay adjustment factor for quality of progression (See Table below)

d;; = uniform control delay component assuming uniform arrival

d,; =incremental delay component for lane group i, no residual demand at the start of the
analysis period

d5;= residual delay for lane group i

Table 10.9
Progression Adjustment Factor (PF) PF= (I — P jfpx"{f — g/C) (see Note)
Arrival Type (AT)
Green Ratio (g/C) AT-1 AT-2 AT-3 AT-4 AT-5 AT-6
0.20 1.167 1.007 1.000 1.000 0.833 0.750
0.30 1.286 1.063 1.000 0.986 0.714 0.571
0.40 1.445 1.136 1.000 (.895 0.555 0.333
0.50 1.667 1.240 1.000 0.767 0.333 0.000
0.60 2.001 1.395 1.000 0.576 0.000 0.000
0.70 2.556 1.653 1.000 0.256 0.000 0.000
Default, fF 1.00 0.93 1.00 1.15 1.00 1.00
Default, RP 0.333 0.667 1.000 1.333 1.667 2.000
Note: 1. Tabulation is based on default values of f, and R,

1
2. P = R, g/C (may not exceed 1.0).

3. PF may not exceed 1.0 for AT-3 through AT-6.
4. For arrival type see Table 10.3.

It should be noted that while the adjustment factor for controller type (k) accounts for the
ability of actuated controllers to adjust timing from cycle to cycle, the delay adjustment
factor (PF) accounts for the effect of quality of signal progression at the intersection. PF
accounts for the positive effect that good signal progression has on the flow of traffic
through the intersection and depends on the arrival type. It has a value of one for isolated
intersections (arrival type 3). The six different arrival types were defined earlier under

“Specifying Traffic Conditions.” Table above gives values for PF. When @, is greater
than zero, which it is for Cases 3, 4, and 5, it is necessary to evaluate the uniform control
delay for two periods: (1) the period when oversaturation queue exists (i.e., X = 1) and (2)
the period of undersaturation when X < 1. A value of X = 1 is used to determine the portion
of the uniform control delay during the oversaturated period (t) using earlier Eg. and the
actual value of X is used to find the portion of the uniform control delay during the
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undersaturated period (T - t). The value of d; is then obtained as the sum of the weighted
values of the delay for each period as shown in Eq. below:

_dgd I d(PF)t—T)
T T

d,

where:

d, = saturated delay (d; evaluated for X = 1) hr.

d, = undersaturated delay (d, evaluated for actual X value) hr.
T = analysis period.

It is obvious from above Eq. that when the oversaturated period is as long as the analysis
period (Cases 4 and 5, i.e., T =t), the du term drops off and the uniform delay is obtained
directly from earlier Eq. using X = 1. However, when left turns are made from exclusive left-
turn lanes with a protected-permissive phase, a special procedure described in the following
paragraphs is used to estimate d, and d,,.

Special Procedure for Uniform Delay with Protected-Plus-Permitted Operations.

The uniform delay given by earlier Eq is based on the queue storage as a function of time.
When there is only a single green phase per cycle for a given lane group, the variation of the
queue storage with time can be represented as a triangle. When left turns are allowed to
proceed on both protected and permitted phases, the variation of queue storage is no longer a
simple triangle but rather a more complex polygon. In order to determine the area of this
complex polygon, representing the uniform delay, it is necessary to determine the proper
values of the arrival and discharge rates during the different intervals. If the protected phase
is considered the “primary” phase and the permitted phase is considered the secondary phase,
then the following quantities must be known to compute the uniform delay.

e The arrival rate g, (vehicle / sec), assumed to be uniform throughout the cycle

e The saturation flow rate S;, (vehicle / sec) for the primary phase

e The saturation flow rate S, (vehicle / sec) for the unsaturated portion of the secondary

e phase (The unsaturated portion begins when the queue of opposing vehicles has not
been served.).

e The effective green time g (sec) for the primary phase in which the left-turn traffic has
the green arrow.

e The green time g, (sec) during which the permitted left turns cannot be made because
they are blocked by the clearance of an opposing queue (This interval begins at the
start of the permitted green and ends when the queue of the opposing through vehicles
Is completely discharged.).

e The green time g, (sec) during which the permitted left turns can filter through gaps in
the opposing flow. This green period starts at the end of g,.

e The red time r during which the signal is effectively red for the left turns.
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The equations for determining these queue lengths depend on whether the phasing system is
protected and permitted (leading) or permitted and protected (lagging). Shown below are the
three conditions under the leading phase system and two under the lagging phase system.

* Protected and Permitted (Leading Left Turns)

Condition 1. No queue remains at the end of a protected or permitted phase. Note that this
does not occur for uniform delays if v/c < 1.

Condition 2. A queue remains at the end of the protected phase but not at the end of the
permitted phase.

Condition 3. No queue remains at the end of the protected phase, but there is a queue at the
end of the permitted phase.

* Permitted and Protected (Lagging Left Turns)

Condition 4. No queue remains at the end of the permitted phase. This means that there will
also be no queue at the end of the protected phase, since all left-turning vehicles will be
cleared during the protected phase.

Condition 5. A queue remains at the end of the permitted phase. Note also that if v/c < 1,
this queue will be cleared during the protected phase.

These different queue lengths and the uniform delay for any one of the five conditions are
determined from the equations given in Figure below.
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SUPPLEMENTAL UNIFORM DELAY WORKSHEET FOR LEFT TURNS FROM EXCLUSIVE
LANES WITH PROTECTED AND PERMITTED PHASES

General Information

Project Description

vic Ratio Computation

EB W8 NB S8

Cycls length, C (s)

Protected phase eff, green interval, g (s}
Opposing queue effective gresn interval, g, ()
Unopposed green interval, g, (s)

Rei time, r (s)

r=C-g9-g,-0,

Arrival rate, g, (vehvs)

—_—
%= 3600 maxfX, 1.0]
Protacted phase departurs ralg, s, (veh/s}
s

$p= o

3600 :
Parmitted phase departure rats, s, (veh/s)

= S0+
5 G

If Isading lefl (protected + permitted)
v/c 1atio, Xogem = Gl * 9

TTRm

If lagging left {permitted + protected)
, Gafr + 0g + Gu)

vlc fatio, Xogem = 'T

If leading left (protecied + permitied)
v/t ratio = W9

o= 25
If lagging left (permitted + protected)

/g ralio, Xy 18 N/A

Uniform Queue Size and Delay Computations

Queus at beginning of green arrow, O,

Queus at beginning of unsaturated green, Q,
Residual queus, Q;
Uniform delay, d,

Uniform Queue Size and Delay Equations

Case Q Qu Q d,
g S 108X 10 1 a,f 048 0 [0.5049 O, + Q%[5 q,} + 0,0, + Q. s, - 9,)]
X S108X 10| 2 G | O+gg | 0,-g-0 | [05040CNI, +9(0, + Q) + 9@, + Q) + 0,5, - ,)]
I Xy > 10 & Xy S 10| 3 Q,+gr 0By |9y 0,5 —9) | [05Ma,Cllg Q, 9,0, + Q) +r(G, Q) + Q, s~ 9,)]
It Xy < 1.0 (lagging lefts)| 4 0 a,{r * 90) 0 10.50/(a ,CNI{r + 90Q, * Q (s, - )]
" Koo > 1.0 fagging lefts) | 5 0, -0,(8-%)| gir+g) 0 [0.50/(a,C)N(r + 0,00, + ¢,Q, + Q) + Q¥(s,-q,)]

Figure: Supplemental Uniform Delay Worksheet for Left Turns from Exclusive Lanes with
Primary and Secondary Phases.
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Approach Delay

Having determined the average stopped delay for each lane group, we can now determine the
average stopped delay for any approach as the weighted average of the stopped delays of all
lane groups on that approach. The approach delay is given as:

My

E (d.r'r;v:')

i=1
dy=""1—

Hr‘
2 ¥i
i=1

where

d, = delay for approach A (sec/veh).

d;, = adjusted delay for lane group on approach A (sec/veh).

v; = adjusted flow rate for lane group i (veh/h).

n, = number of lane groups on approach A.

The level of service of approach A then can be determined from LOS Table.

Intersection Delay
The average intersection stopped delay is found in a manner similar to the approach delay. In
this case, the weighted average of the delays at all approaches is the average stopped delay at

the intersection. The average intersection delay is therefore given as:
A,

dy= >

A=1

dpvy

A,
4 A
A

where:

d; = average stopped delay for the intersection (sec/veh).
d, = adjusted delay for approach A (sec/veh).

v, = adjusted flow rate for approach A (veh/h).

A,, = number of approaches at the intersection.

The level of service for the intersection is then determined from earlier Table for LOS using
the average control delay for the intersection. The computation required to determine the
different levels of service may be organized in the format shown in previous Figure. It
should be emphasized again that short or acceptable delays do not automatically indicate
adequate capacity. Both the capacity and the delay should be considered in the evaluation of
any intersection. Where long and unacceptable delays are determined, it is necessary to find
the cause of the delay. For example, if (v/c) ratios are low and delay is long, the most
probable cause for the long delay is that the cycle length is too long and/or the progression
(arrival type) is unfavorable. Delay therefore can be reduced by improving the arrival type,
by coordinating the intersection signal with the signals at adjacent intersections, and/or by
reducing the cycle length at the intersection.

When delay is long but arrival types are favorable, the most probable cause is that the
Intersection geometrics are inadequate and/or the signal timing is improperly designed.



