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NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States .
Government assumes no liability for the contents or use thereof,

The contents of this report reflect the views of the contractor, who is
responsible for the accuracy of the data presented herein, The contents do not
recessarily reflect the official policy of the Department of Transportation.

This report does not constitute a standard, specification, or regulation,

‘Me United States Government does not endorse products or manufacturers. ..oade or
manufacturers’ names appear herein only because they are considered essent xal
to the objective of tm.s docuaent. _
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This report presents an evaluation of the operational effectiveness of passiny ldnes

on two-lane highways in level and rolling terrain. Passing lanes are defined as added
lanes in one or both directions of travel on a two-lane highway to provide additional

passing opportunities, Passing lanes at intervals on a two-lane highway are a lowere
cost alternative to construction of extended sections of four-lane highway.

The operational evaluation af passing lanes was performed with a computer simulation
model of traffic operations on two=-lane highways with and without passing !anes. This
hudei. known as TWOPAS, was validated against traffic cperational field data for pass:
ing lanes,

The TWOPAS model was used to evaluate the effectiveness of passing lanes in improving
traffic operations on two-lane highways. The evaluation found that the operational
effectiveness of passing lanes is a function of traffic flow rate and passing lane
lengtn. Quantitative estimates in the reductien of traffic platooning due to provi-
sion of passing lanes are presented in the report, Passing lanes were found to impact
traffic operations for effective lengths of 3 to 8 mi (5 to 13 km) of highway, includ-
ing both the passing lane and the conventional two-lane highway downstream of the pass-
ing lane. A case siudy evaluation of alternative passing improvements was performed
using the TWOPAS simulation model; this case study and a benefit-cost evaluation of
the results are presented in the report,
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1. INTRODUCTION

Many highway agencies in the United States have regarded the con-
struction of a four-lane divided highway as the most desirable response to
operational problems on two-lane highways. Such improvements are expensive,
however, and funds for road dpgrading are very limited in many jurisdictions.
This has led to a growing backleg of rural roads requiring improvement. In
this situation it is possible to provide major upgrading on only a small
proportion of the network, while many other candidate road sections con-:
tinue to operate unsatisfactorily.

An alternative approach is to provide lower-cost improvements on
existing two-lane rural roads, thus covering a mich larger proportion of
the roads in need of ug?rading. Beth international research,!'? and U.S,
research and experience3'4'5'8 have shown that .the provision of passing
lanes, turning lanes, localized alignment improvements, and other rela-

; tively low-cost measures can be highly cost-effective in improving both
! - traffic operations and safety on existing two-lane rural roads. These
i : options are also most appropriate for roads with lower traffic volumes
; which do not w-rrant major improvement projects and on recreational or
f & other routes with high seasonal demand. .

This report proevides an evaluation of the aperational effective-
ness of passing lanes on two-lane highways in level and rolling terrain.
The results of a simulation case study of passing tane improvements is
presented in the Appendix. Further guidance on the use of passing lanes
and other two-lane highway operational improvements such as turnouts, con-
tinuous paved shoulders, intersection turn lanes, shoulder bypass lanes at
T-intersections, and two-way left-turn lanes is provided in the FHWA In-
formational Guide entitled, "Low-Cost Methods for Improving Traffic Opera-
tionals on Two-Lane Roads."? '

2. PASSING LANES

A passing lane is an added lane provided in one or both direct-
ions of travel on a conventional two-lane highway to improve passing oppor~
tunities. This definition includes passing lanes in level or rolling ter-
rain, climbing lanes on grades, and short four-lane sections. The length
of the added lane can vary from 1,000 ft {305 m) to several miles. Figure 1
illustrates plan views of several typical passing lane sections. Figure 2
presents photographs of some typical examples of passing lanes. As il-
lustrated in the photographs, passing lanes may be operated so that ve-
hicles traveling in the oppoesite direction are either permitted to pass
where sight distance is adequate or generally prohibited from passing.

Passing lanes are often constructed at regular intervais on two-
lane highways to improve overall traffic operations by breaking up traffic
platoons and reducing delays caused by inadequate passing opportunities over
substantial lengths of highway. Passing lanes on a two-lane highway are often
much more cost-effective than centinuous four-laning for providing passing
opportunities because locations with high construction costs (e.g., major
earthwork, expensive structures) can he avoided.

1
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3. COMPYUTER SIMULATION OF TRAFFIC GPERATIONS IN PASSING LANES

This section of the report discusses the computer simulation
mode), known as TWOPAS, developed to evaluate traffic operations in passing
lanes on two-lane highways. The important features of the TWOPAS model are
described and the model results are compared with fixed data.

3.1 Development of the TWOPAS Simulation Model

The TWOPAS computer simulation model is a modified version of
TAOWAF simulation model that was used in the development of Chapter 8 of

‘the 1985 HCM.8'9,

However, TWOPAS has the added capabiiity to simulate

passing lanes on two-lane highways. The following features of TNDWAF were

added or modified in the development of TWOPAS:

3

Simulation of passing lane cperations, including:

structural changes to incorporata passing lanes in
either direction of travel at any location along the
simulated road.

operation of the lane addition transition area so that
the initial lane choice of a driver entering a passing
lane reflects: the geometrics of the lane addition;
the speed, performance capabilities, and size o! the
veliicie; and, the traffic situation at the time the ve-
hicte approaches the lane addition. The lane choice
probabilities are based on field data collected by
Harwood and St, John.?

reatistic lane umanging with passing lane secticns
hased on the tane changing behavior ir multilane high-
way SQctiuns as represented in the multilane HILLCLIMB
modol, : -

operation of the lane drop transition area based upon
driver behavior at the lane drops of passing lane sec-

tions studied in the field.

passing maneuvers by opposing direction vehicles where
these vahicles are permitted to pass.

- Genaration of entering traffic headways based on the Borel-

Tannar distribution for platoon sizes (used in the Australian
IRARR model!l) and the negative exponential distribution for
interplatoon headways, ,

Modification of the car-foliowing model to mimic the KLD-Pitt
car-following model used in TWOWAF without the large oscilla-

“tions in vehicle acceleraiion and deceleration observed in
that model.




lation of traffic operations at the same sites using the TWOPAS modeil.

" delay)}. Howaver, the only measure of traffic platooning obtaxned in the

s everm s g I"':'\*‘JL”)" TR e |

HModification of printed output to include operational data
at up to 20 user-specified stations and 10 user-specified
subsections on the simulated roadway.

A more detailed description of the model is -provided tn the TwﬂPﬁa User's
Guide!? and the TWOPAS Programmer’'s Guide,!3

3.2 Comparison of the TWOPAS Model Results with Field Data

The original development of the TWOWAF model to simulate conven-
tional two-lane hignways was based on traffic operational field data col-
lected in NCHRP Project 3-19.1'% 1Its ability to realistically simulate
two-lane highway traffic was validated against field data both in the
original development and after its modification by KLD Associates for use
in the 1985 HCM development.® In th. curreni study, the simulation of
conventional two-lane highways was aszepted as valid, but further valida-
tion was performed to test the abi! :ty of the TWOPAS mode! to simulate the
operational effects of passing lanes., This validation was peirformed through
comparison of the traffic operational field data for pasgcing lanes col-
lected by Harwood and St. John to the results obtained from computer simu-

Two field sites in Oregon were used for validation purposes.
These sites are designated Sites R0Z ard R11l; the site codes, locations,
and characteristics are documented in the Harwood and St. John report.d -
Site R1l is a passing lane on a conventional two-lane h1ghwey, while
Site RO2 is a short four-lane saclion with passing lases in both directions
at the same location. Both validation gites are in level to moderately
rolling terrain, - SR

Two hours of traffic operations with slightly different traffic
flow rates were simulated at each site. Two replicated runs with the TWOPAS
model were made for each set of conditions tested. The simulation runs were
each compared with averaged results for 2 or 3 hr of traffic operational
field data for the same level of flow rate. The flow rate lavels considared
in the validation runs ranged from 150 to 500 veh/hr in each directicn of
travel.

Traffic platooning: The primary measure of effectiveness for the
validation study was traffic platooning. The TWOPAS model provides both
spot platouning measuras (percentage of vehicles delayed in platoons, based
on vehicle headways) and section platooning measures {(e.g., pernent Lime

field study was a spot platooning measure, the percentage of vehicles fol-
lowing in p]atoons at headways of 4 sec or less. Therefore, this measure
was used in the validation study.

Figures 3 ard 4 snow excellent agreement between the simulation
model and field measures of spot platesning both upstream and downstream of
passing Tanes. It should be notea that the spot platooning level at the
entrance to the 51mulated readway is specvf:ed in the user 3nput data for
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the TWOPAS model and the beginning fo the simulated roadway in the trealed
direction was located only 1,000 ft (300 m) upstream of the boginning of
the passing lane. Thus, the good agreement between the simulation dﬁﬁ
field results in Figure 3 confirms the abitity of the TWGPAS mudvl ko .ra
preduce the specified input conditions.

. The data in Figure 4 demonstrate that the TWOPAS model provides
an extremely realistic representation of the effect of a passing lane on
traffic platconing. This capability is the single most important madel
element for validatien, since the 1985 HCM procedures for two-liane nighways
are based on traffic platooning a2s a measure of effectiveness

The level of traffic piatooning within a passing anp saclion
also showed good agreement with field results. [In general, tha fevel of
traffic platooning within a passing lane section is approximately one-nalf
of the level of platooning upstream of the passing lane.

Traffic speed: Figure 5 iliustrates the ability of the IWOPAS

mode! to simulate traffic speeds. The figures present comparisons batween

simulated and field values of mean traffic speed for spot locations up-
stream of, within, and downstrean of passing lanes.

The figure shows good agreement between the simulation and field
results, since a1l aof the plotted points lie relatively close to the diagenai
line representing perfect agreement. B8oth simulation and field resulls snhow
that average traffic speeds increase slightly within a passing lane sectiun,
itndicating that TWOPAS corresponds well to ebserved traffic behavior

Passing rate: Figure 6 presents a comparison of the simulatioe
and field results for passing rates with passing lane sections. Tha passing
rates are presented as the number of completed passes per hour per mile,
The figure shows very poor agreement between the simulation and field eo-
sults. Most of the plotted points lie well above the diagonal line In
Figure 6, indicating that the simuiated passing rates are much higher thap
the passing rates observed in the field. There is no chvious explanabion
for the poor agreement between model and field resulls for passiag vates,
but it appears Lhat the model predictions for passing rates are pot refi-
able. Further investigation of this aspect of the madel i< nweved to
assure that leap frog passes or some <imilar other instability are not
producing artificially high passing rates. L is possiblo that the high
passing rates result from a definitional problem within the IWOPAL model
that counts multiple passes from the interactions of ‘individual pairy ot
vehicles over short time periods, HNevertheless, this deficiency of the
modal does not appear to limit ils ability to simulate the teafflig
platooning measures of primary importance on two-lane highways.
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4. SIMULATED ROAD AND TRAFFIC CONDITIONS

This section of the report describes the simulated road and
“traffic conditions considered in the asses-nent of the operational ef-
fectiveness of passing lanes with the TWOPAS model,

4.1 Primary Experiment

: The operational effectiveness of passing lanes was evaluated pri-
marily from the results of 152 runs with the TWOPAS computer simulation:
model for an B-mi road section with and witheut passing lanes. The road
‘section used Yor the primary experimeni w3s a hypothetical two-lane road ‘in
nearly level terrain with the characteristics shown in Table 1.

TABLE 1

CHARACTERISTICS OF ROAD SECTION USED IN FRIMARY EXPERIMENT

25 percent no-passing 2ones

v Nearly level terrain (maximum grade: *1.5 percent)

» Moderate .orizontal curvature

. Passing lane length: 0 (no passing lane); 0.25 mi; 0.50 mi;
J.75 mi; 1.00 mi; 1.50 mi; 2.00 mi e

Passing lane addition: no preference between right and .
Teft lanes i

Passing lane drop: right lane drop

Flow rates: 100, 200, 400, and 700 veh/hr in each direction
of travel

Directional split: 50/50

. Vehicle mix: 5% trucks, 5% RVs

Percentage of vehicles platconed upstream of passing
lane: ‘“average" (see Table 2)

Table 3 {1lustrates the distribution of the 56 simulation runs used for the
primary experiment over the selected levels of passipg lane length and flow
rate. Two replicate runs were performed in each of the 26 cells shown 1

- Table 3. SLCC SN .




TABLE 2~

UPSTREAM TRAFFIC PLATCONING LEVELS USED ..
IN TWOPAS STMUCATIGN RUNS

Flow Rate? _Unsgtream ??atomﬁng_i.eveib
_{veh/hr) Low - Average High
100 10 .20 35
200 20 R ' 50
400 35 h 50 S
700 50 65 70

4 {n one direction of travel,

Percentage of vehicles delayed in platoons
upstream of passing lane,

TABLE 3

DISTRIBUTION OF TWOPAS SIMULATION RUNS FOR PRIMARY EXPERIMENT
IN CELLS DEFINED 8Y FLOW RATE AND PASSING LANE LENGTH

NUMBER QOF SIMULATION RUNS
Passing Lone One ~Way Flow ate {veh, hr} ]
Length (mi} 100 200 - 400 700 litorals
Conventional 3 ) ) 2 8
Ywo ~ Lone
0.25 2 2 2 2 8
0.50 2 2 2 2 8
L5 2 2 2 z 8
1.00 2 2 2 8
— "
1.0 .2 2 2 2 8
2.00 2 2 2 2 8
TOTALS 14 t4 14 14 58
Note: 1mi = 1,409 km
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4,2 Supplementary Studies

: Three supplemencary sets of simulaticen runs were performed. The
first set of uupplementary runs was used to evaluate the aperat¥cnal effect
of varfations in the level of traffic platooning upstream of a passing lane.
The primary variables in this eveluation were upstream plateoning level and
flow rate. The upstream platooning level was defined as low, average, or
~high as a function of flow rate based on the eriteria shown in Table 2.

The same four levels of flow rate consideraed in the primary experiment were
evaluated in the supplementary studies: 100, 200, 400, and 700 veh/hr in
... each direction of travel. The supplementary studies evaluated onjy twe of
““ the seven levels of passing lane length considered in the basic runs: 0
(conventional two-lane highway) and 1.C0 mi. Two replicate runs were per~
‘formed for each condition studied.

A second set of supp]ementary simulation runs were performea to
invest1gate the effect of vehicle mix on the operational effectiveness of
passing lanes. The primary experiment was performed with a vehicle mix
‘including 10 percent heavy vehicles: 5 percent trucks and 5 percent recre-
ational vehictes (RVs). A set of supplementary runs was performed to com-
pare the primary runs for conventional two-lane highways and 1.0-wmi (1.6-km)
passing lanes to identical geometric situations with two contrasting vehici
mixes: 5 percent trucks and 20 percent RVs; and, 20 percent trucks and
5 percent RVs.

’ Finally, a third set of supplementary runs runs was performed to -
. -determine the effect of differences in terrain on the operational ef-
fectiveness of passing lanes, The runs for the primary experiment were
made in nearly level terrain with maximum grades of 1.5 percent. Addi-
tional runs were made to compare selected runs from the primary experim ot
to the identical highway with the grades 1ﬂcreased tn 4 perrent to produae
rolling terrain. . : ‘ : .

w20 4,3 Measures of Effectiveness

The primary measures of effectivensss were used in this study to
assess the operational benefits of passing lanes on two-lane highways were
traffic speed and traffic platooning. Field studies generally provide spot
measures of traffic speed and vehicle platooning. An advantage of the
evaluation of passing lanes with a computer simulation model i that mea-
sures of traffic speed and vehicle platooning over a highway section can ™ -
also be ebtained, and section measures of this type are generally uspd in
capacity and level of service evaluations. ,

The measure of traffic piatooning used in this study and also in
the 1985 HCM procedure for two-Tane highways is the percent of time vehicles
are delayed by other traffic. The percent Lime delay is the proportien of -
total trave! time represented by vehicles which are following in platoons.

The percent time delay for a highway section can be determined
from the output of the TWOPAS computer simulation model. During traffic

S
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simulation, the model “reviews" the position and trajectory of sach vehicle
at l-sec intervals, selects a new speed for the vehicle based on vehicle,
driver, and traffic characteristics, and ad:ances the vehicle accordingly.
Percent time delay is determined in the mas2l for all vehicles within a
specified hiyhway section as the percentajge of vehicle reviews where the
vehicle reviewed is following so closely behind ancther vehicle that its
speed selection is constrained by that vehicle,

=y The percent time delay can be approximated in field studies by
.. counting the percentage of vehicles traveling at headways of 5 sec or less
%4t a given point on the road. This 5 sec headway criterion is recommended
- in the 1985 HCM.® Qther researchers have recommended various headway cri-
tera for platooning, with the majority of recommendations being between
4 and 6 sec, 3915118 Theoretically, the probability of platooning at a
given spot on the highway is proportional to the percent distance delayed,
rather than te the percent time delayed. Since a vehicle travels farther
in a given time when unimpeded than when following another vehicle, spo®
measures will always undercstimate the percent time delayed. Censider, for
example, a vehicle which travels 5 miles at its free speed of 60 mi/hr
(time = 5 min) and 5 miles at a following specd of 50 mi/hr (time = 6 min}.
- . This vehicle spends 50 percent of its travel distance delayed in platoons,
g‘ but its percent time delayed is 54.5 (6/11%100;. Spot field measures will
3 L

tend to reflect the lower value.

Two measures of spot platooning are availabte on the TWOPAS out-
put for user-specified sections, The first measure is the spot equivalent
of percent time delay (or its compliement, percent unimpeded); this measure
is the percentage of vehicles passing a selected highway location that are
following so closely that their speed selection is constrained by the lead-
L ing vehicle. The second measure is the percentage of vehicles following in
: ¢ ~ platoons based on a 4 sec headway criterion. The first measure described

above was chosen as the measure of spot platooning for the passing lane
effectiveness analyses presented below in Section 5 because: (1) it was
“more sensitive to the presence of a passing lane than the second measure;
{2} it produced statistical models of the operational effectiveness of
passing lanes (see Section 5. 4) with higher correlation coefficients than
2 ; _ the second measure; and (3) it is consistent with the definition of pe“cent
5 time delay used in the 1985 HCM. .

5. OPERATIONAL EFFECTIVENESS OF PASSING LANES

The assessment of the operational effectiveness of passing lanes
] based on the TWOPAS model results is presented in the following discussioen,
M ' The primary assessment of passing lane effectiveness is provided in a dis-
cussion of passing lane effectiveness over an extended road length, includ-
ing both the passing lane itself and t nstream section of conventional




two-lane highway where traffic operations are strongly affected by the

passing lane. The determination of the effective length of a passing lane,
including this downstream portion, is then discussed. The determination of
aptimum design length for the passing lane itself is illustrated based on a
‘cost-effectiveness analysis. Finally, a procedure for predicting chan es
in spot platoanlng gver the length of a passing lane is presented.

5.1 Trave) Soeed and Percent Time Delay Over an Extended Road Length

Figure 7 illustrates the effectiveness ef passing lanes of various
tengths in improving traffic operations on two-lane aighways. Figure 7 is
based on results obtained with the TWOPAS simulation model for the 56 runs
for the primary experiment identified in Table 3.

The curves presented in Frgure 7, far pass1ng lanes of varying
Tengths, represent the1r effectiveness in increasing traffic cpeeds and
decreasing the percent of time vehicles spend delayed in platoons on a
two-lane highway in moderately voiling terrain, The vehicle speed and
platooning measures in Figure 7 are averages over an 8-mi (13-km) highway
section with the passing lane located at the beginning; thus, these curves
represent the combined effects of improved traffic operations in the pass-
ing lane and downstream of the passing lane. Figure 7 illustrates that
passing lanes produce relatively small increases in vehicle speeds, but can
dramatically decrease vehicle platooning, Further simulation of passing
lanes with the TWOPAS model has enabled the development of the predlctive
equations for passing lane effectivenass presented below, - ‘

5.2 Downstream Effect of a Passing lane

; Figure 8 illustrates ine downstream effects of passing lanes of
various lengths on vehicle piatooning for flow rates of 400 and 700 veh/hr
in each directon of travel. Figure 8 is based on the sane TWOPAS simula=
tion runs as Figure 7 for the flow rates considered. However, Figure B -

presents the percentage of vehicles delayed in platoons at specific spot
locations on the highway, as oppesed to Figure 7, which is based on the

percentage of time vehicles are platooned over a section of highway., For a
flow rate of 400 veh/hr, the effects of passing laries can still be sub-

stantial 7 mi (11 km) downstream of the beginning of the passing lane,

especially for longer passing lanes. At the higher flow rate of 70" veh/hr,
nearly all of the operational benefits of the passing ltane are gone within

S mi {8 km), although there is a small rasidual effect even at 7 mi (i} km)

downstream. The length of the passing lane has a strong influence on the
improvement in traffic operations tmmediately downstream of the gassing
lane, but this differential batween passing iane 1engths largely disappears
further downstream. ;
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5.3 Concept of Effec;ive Length of a Passing Lane

‘The "effective length” of a passing lane includes both the passing
lane itself and the downstream section of two-lane highway wheare platooning
is lower than it would have been without the passing lane. Table 4 presents
the estimated reductions in percent time delay for three different effec-
tive tengths =~ 3, 5, and 8 mi (&, 8, and 13 km) -- as well as for dif-
ferent lengths of passing lane. The data in Table 4 for an effective
length of 8 mi (13 km) are based directly on the results cbtained from the
TWOPAS model. The data for effective lengths of 3 and 5 mi (5 and 8 km)
are estimates of the percent time delay that would be required within the
effective length of the passing lane to produce the observed simulation
results for the 8 mi (13 km) section., The estimates were based on the
assumption that, if the effective length of a passing lane is 5 mi (8 km},
then the percent time delay in the highway section between 5 and 8 mi
(8 and 13 km) downstream of the beginning of the passing lane will be the
same as the values tabulated in Table 4 for a conventional two-lane highway
with no passing lane. The percent time delay for an effective length
(L) other than 8 mi (13 km) can be estimated with the following equation:

(8)(PTDG) - (8-L)(PTD,)
0 = — T , (1)

where: PTBL = Percent time delay for an 8-mi (13-km) section contain-
: ing a passing lane with an effective length of L.

‘ PTBB = Percant time delay for an 8-mi (13—km) section contain-

ing a passing lane with an effective length of 8 mi
(13 «m).

PTD, = Percent time delay for an 8-mi {13-km) section of
conventional two-lane highway without passing lanes
* ‘ (i.e., the column of Tabie 4 for a passing lane iength
! of zero).

-

i

Effective length of passing lane (mi). l

3 \L
The percentitime delay for passing lanes in Table 4 is limited to a minimum
of half of the percent time delay of a two-lane highway at the same flow rate.

It should be noted that the base values of percent time delay fer
a normal two-lane highway in Table 4 are significantly higher than those
specified in the HCM for ideal conditions. This is. because the simulated
results were derived for non-ideal conditions of terrain, no-passing zones,
“and traffic composition. Since these conditions can vary from one case to
another, it is reccmmended that Table 4 be eatered using a given base value
of percent time delay, rather than the traffic flow. In other words, the
estimated two-lane highway percent time delay should be used to select the
appropriate row of Table 4, regardless of traffic flow. Linear interpola-
tion in Table 4 is acceptable.
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TABLE 4

- EFFECT QF PASSING LANES ON OERCENT TIME DELAY OVER
AN EXTENDED ROAD LENGTH

PERCENT TIME DELAY
Qe - Way Paniing Lane Langth {mi)
Flow Rate
{vehshe) || o | 0,25 J 050 | 0.8 | 1.00 | 1,50 | 2.00
Effactlve Lasgth = 0 mi Y
100 n i1 Fi] 28 U 22 bh]
200 50 4 42 38 kFs n i)
400 70 49 &5 42 0 57 sa
700 82 81 bl 75 1 68 &
Effactive Langth = § mi
109 n 3 3 2 9 7 17
200 0 w |8 w | o s | 2
40¢ 0 &8 62 57 L7 4 18
700 82 ) 74 71 44 & 52
Effactive Langth * 1 mi
100 k| 30 20 17 17 17 17
00 30 39 i) % - 2% 25
400 70 & 57 49 L} 35 15
700 n 77 59 43 59 45 43

&/ Covenllanat Twa = lune highway with o poising lane
&/ As plotred in Figwe §

Note: 1 mi = 1,609 km

The results in Figure 8 indicate that the effective length of a
passing lane could vary from 3 to 8 mi (5 to 13 km) depending on passing
lane length, traffic flow and composition. Geometric and traffic contro
features of the downstream roadway that rastrict passing opportunities and
encourage formation of platcons, such as steep grades, narrow lanes, and

no-passing zones, may reduce the effective length of a passing lane. '

The concept of effective length is used for analysis purposas in
Table 4 to determine the overall effect of a passing lane on level of ser-
vice aver an extended highway section. For most cases, effective length
can be estimated from Figure 8, with adjustnents for factors which might
hasten or slow the downstream overtaking or catch-up process. [f the two
lane highway downstream of the passing lane has faew passing opportunities,
for example, the affective length determined from Figure £ shouid be re-
duced. . ; : i




4 In some cases, the effective length of a passing lane is con-

- strained by other road features, such as small towns, four-lane sections,
or additionai passing lanes a few miles downstream. In thesa situations,
the distance to the downstream constraint should be used as the effective

é?ngth Jﬁr analysis purposes, if this is less than that estimated from
qure 8,

The optimal design Jength for a passing lane can be determined
through a cost-effectiveness analysis. This can be illustrated by the
cost-effectiveness data in Table 5. This table presents the percent time
2 _ ) delay over an effective length of 8 mi (13 km) for passing lanes of various
S design lengths, the difference between the percent time defay for each -
- design length and a conventional two-lane highway, and the ratic of this b
; difference to the design length. This ratio represents the effectiveness =
of passing lanes in reducing vehicle platooning per unit length. The use
of design length in the denominator of the cost-effectiveness ratio repre-
sents the cost of constructing passing lanes, which can vary widely depend-
) - ing on terrain, The passing lane lengths used to compute the cost- e
] % effectiveness ratios in Table 5 have been increased by 600 ft (180 m), half " .
| of the combined iength of typical lane aadition and lane drop tapers, to -

account for the cost of constructing these transition areas.

E o 5.4 Optimai Design Length for Passing Lanes

Table § shows that for flow rates af 200 veh/hr oy less in one
diraction of travel, the highest cost-effectivenass per unit !anqth ts ob-
tained for passing lanes with design lengths hntwuuﬂ 0% amnd Q.75 mi
(0.8 and 1.2 km), Passing lanes shorter than 0.5 mi (0.8 km) or tenger
than 0.75 mi (1.2 km) are not as desirabloe hacause they provide less op-
erational benefit per unit length,

As flow rate increases above 200 vel/br, the optimal design length
for a passing lane alse increases. At a flow rate of 400 veh/he {n one
direction of travel, the optimal design lenglh for a passing fane s 0,75
to 1,0 mi (1.2 to 1.6 km). At very high flow rates, such as J00 veh/hw in
one direction of travel, the optimal design lfength of passing lanes ranges
from 1.0 te 2.0 mi {1.6 to 3.2 km)., Howsevar, the use of passing lanes longer
than 1.0 mi (1.6 km) in length may not be desirable, even for highways with
peak flow rates of 700 veh/hr in one direction of travel, because longer
passing lanes would he suboptimal throughout nhﬂ ramaindar of Lhe day when
traffic volumes are lowar.

Cost~affectiveness analys’s indicates that short passing lanes
are usuaily more effective per unit length, and therefore per doilae spent
on construction, than long passing lanes. Thus, the overall level of ser-
vice on a highway can often be improved more by constructing three 0.5-mi
(0.8~km) passing lanes spaced at intervals than by constructing one 2-mi
(3.2~km) passing lane. The optimal design iangth for passing lanes on a
specific section of two-lane highway should be based on the highest hourly
flow rate that occurs frequently (e.g., on a daily basis) on that specific
highway section, The design hour velume, which occurs in only a few hours
out of each year, may be too high to se“ve 4% the basis for tha choice of a
cost-effective passing iane length.. i
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TABLE 5 =

EFFECTIVENESS OF PASSING LANES PER UNIT LENGTH

IN REDUCING PERCENT TIME DELAY

Passing Lane}|Percent Time
tength (mi }[|Daloysda/

Reduction rom
Conventional
Tweo - Lane Highway

~ Reduciion Per

Unit Length of
Passing Lane

FLOW RATE = 100 veh /he

None
0,25
0,50
0,75
1,00
1.50
2,00

33
32
28
26
24
22
20

FLOW RATE = 200 veh/hr

None 50 s —
.25 44 4 11
(.50 42 8 13
0,75 38 12 14
1,00 37 13 it
1,50 33 i7 10,
2.00 30 20 9,
FLOW RATE = 400 veh /he
Neone 70 e A
0,25 &9 L 2
0,50 &5 5o 8
0.75 62 I 13
1,00 &0 10 0
1.50 57 13 8
2.00 50 20 9.
FLOW RATE = 700 veh /hr

None B2 — Sl
0,25 g1 1 2
0.50 77 5 8
0,75 75 8
i,00 72 9
1,50 48 g
2,00 &3 9

9/ Based on effactive length of 8 mi

b/ Unit length increased by 600 ft, to account for
cost of constructing lane addition and lane drop tapers

MNote: | mi

1#,=0.305m
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5.5 Changes in Spot Platooning Over the Length of 4 Passing lane

The effectiveness of a passipng lape in improving traffic opera-
tions on a two-lane highway was also assessed by using the TWOPAS model to
compare the percentage of vehicles delayed in platcons at a spot location
immediately downstream of a passing lane with the percentage of vehicles
that would have been delayed in platoons at the same locatinn had the pass-
ing lane not been present. If the traffic flow on a conventicnal two-lane
highway in level or moderately rolling terrain has veached an equilibrium
condition, the percentage of vehicles delayed in platoons will not change
markedly over a relatively short length of highway, so the comparison de-
scribed above is roughiy equivalent to a comparison between the percentage
of vehicles delayed in p'atoons at spot jocations upstream and downstream
of . passirg lane.

Effect of passing lane length and flow rate: A mode} was desired
to predict the passing lane effectiveness as a function of design length
and flow rate. A preliminary examination of the results of the $6 simula-
tion runs with the TWOPAS model for the primary experiment (identified in
Table 3) produced the resulis shown in Figure 9. The effectiveness of a
passing lane in reducing vehicle platooning was found Lo increase with

~ircreasing passing lane length; however, the siope of the relatianship be=

tween platooning reduction effectivensss and passing lana lenglh, shown in
the upper portion of Figure 9, decreases with increasing longlh. This
finding confirms the hypothesis developed in rarlfer research by Harwood
and St. John? that the effect of passing lane length on traffic plalooning
is nonlinear. The relationship between platooning reduction afrectivaness
and passing lane length illustrated in Figure 9 was found to bo |28l wx-
plained in statistical models by a logarithmic transform of Lhe pansing
tane length.

As 1llustrated in the lower portion of Figure 9, platoaning re-
duction effectiveness tends to increase with flow rate At low velumes amd
decrease with flow rate at high volumes., This affect wan found Lo be best
explained in statistical models by the linear sum of two Lerms, ona tevin
representing the flow rate and a second term representing the rveciprocal of
the fiow rate,

The following multiple regression model was found to best repre-
sant the combined effects of passing lane length and flow rate on platooning
reduction effectiveness; 2]

RPD = 34.2 + 10.8 gn (LEN) - 0.0153 FLOW - f200 (2

whero,
RPD = reduction in percentage of vahicles delayed in platoons
due to the passing lane; )
LEN = length of passing lane not including tapers (mi),
FLOW = flow rate in one direction of travel (veh/hr).
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. lane, Table & incorpcrates the assumption that the percentage of traffic

The model presented in Equation (2) explaias 90 percent of the variation in
platooning reduction effectiveness (i.e,, R? = 0.90),

Effect of upstream plateoning: The percent of vehicles platooned
on the conventional two-lane highway upstream of a passing lane represents
the upstream level of service. A set of supplementary runs were conducted
with the TWOPAS model to determine the effect of the level platooning up~
stream of a passing lane on its platooning reduction effectiveness. The
results of these runs indicate that platooning reduction effectiveness
iacreases with upsiream platooning at low flow rates and decreases with
upstream platooning at high flow rates. This effect was incorporated in a
regression mode! of the combined effects of passing lane length, flow rate,
and upstream platooning on the platooning reduction effectiveness of a
passing lane:

RPD = ~ 6.84 + 10.9 &n (LEN)

+0.0823 FLOW - %

+ 9,59 2n(PUD) - 0.0247 FLOW*2n(PUD}

where,

PUD = perc. itage of vehicle delayed in platocns upstream of pass-
ing iane; : ;

and the other varijables are as defined above.

The model presented in Equation (3) explains 89 percent of the
variance in platooning reduction effectiveness (i.e., RZ = 0.89). The
multiplicity of terms in the modeil iilustrates the complexity of the rela-
tionships and interactions thalL influence the effectiveness of passing
lanes. Equation (3) is valid for the range of passing lane lengths from
0.25 to 2.00 mi {0.4 to 3.2 km), for the range of flow rates from 100 to
700 veh/hr, and for the range of upstream percentage of vehicles delayed in
platoons from 20 te 70 percent. Equation {3) can be used for passing lanes
on highways with up tc 25 percent heavy .ehicles in the traffic stream in
level, moderately rooling, or severely rclling terrain. However, Equa-
tion (3} is not applicable tc ciimbing lanes in mountainous terrain.

Table 6, which is based directly on Equaticn (3), provides a mre
convenient methoa to determine the effectiveness of passing lanes in renuc-
ing vehicle platooning. When entered with appropriate values for the fength
of a passing lane, the flow rate and the upstream percentage of vzhicles
delayed, Table 6 indicates the percent reduction in vehicle platsoning re-
sulting from immediately upstream to immediately downstream of a passing

delayed in platoons dcwnstream of a passing ltane will always be at least
10 percent., Linear interpolation in Table 6.is atceptable.




TABLE &

-

REDUCTION IN PERCENTAGE OF VEHICLES DELAYED IN

PLATOONS DUE TO PASSING LANE lNSTALLATIﬁN_ 3

BigimnVit PASSING LANE LENGTH (MILES) ¥

Flaw lare

e IR IERE

(¥ ]

oo | 125 | 150 rl.?s i 2.50

"UPSTREAM: 20% DEL (ED

160 2.9 | 10,0 | 10,0 | 10,0 {10.0 ! 10.0 | 10.0 | 10.0
00 §.1 10.0 | 10.0 | 10,6 ; 10.0 | 10, 10,0 | 10,0
100 7.7 10,0 | 10,0 |10.0 { 10,0 | 0D { 10,0 | 10,0
400 8.9 10,0 | 10, 19.0 | 10,0 | 0, 10.0 | 10.0
UPSTREAM: 30% DELAYED
169 5.8 | 133 1 17,8 12.,0{ 200 20,0 | 26,0} 20.0
200 8.0 15.5 19.9 | 20,0} 0.0 § 200} 20,0 ] .0
300 B.6 | t6.1 | 20,0 | 20,6} 20,0} 200 | 20,0 | 20,0
400 8.3 | 14.4 { 2000 | 20,0 | 20,0 { 20,0 | 20.0 | 20,0
G0 8.9 | 14.4 | 200 ] 2000} 200 | 20,0} 29.0 | 20.0
400 8,9 | t6.4 | 20,0 | 20,0 | 26,0 | 20.0 ] 20.0 | 20.¢C
T30 5.8 | 16,4 [ 200 | 20,6 | 20,0 | 20.0 ] 20.0 | 20.0
LPSTREAM: 0% DELAYFD
100 7.8 | 5.4 | 19.8 | 22.9 7 284 ] 27,41 29,0 | .0
00 9.3 | 169 | 21,3 ] 24.4 | 26,9 | 8.8} 30.0 ] 30,0
o)1) 9.2 | 16,8 | N2 | 24,3 26,8 28,71 30.0 | 300
20 8,7 16,3 0.7 1 .81 282 8.1 29,9 ¢ 10,0
500 8,1 15.4 .t W2 5.8 7.1 29.3 1 10,0
500 7.4 | 149 | 193] 22.5] 4.9 | 26.9] 28.8 | 30.0
700 5.6 14,1 19.6 | 21,7 | 4,1 26,1 1 37.8 | 29,2
UPSTIEAM: 0% CELAYED
100 .4 | 17,0 | 21,4 ] 4,8 7.0 290 10,6 7 32,0
200 10.3 17,9 2,31 28,51 27,9 %91 3.6 11.0
0 .7 | W73 ] 2,7 4.8 27,2 9. ] 0.8 | 12,4
400 8.7 | 6.2 | 20,4 | 23,8 26,2} ™., ' 29.9 | 1.3
500 7.5 15,0 19.4 | 22,6 | 23,01} 27 8.7 | 0.1 ;
500 8,2 13,7 1 18,2 F 1,31 3.7 ) 28 ) ra | 28,9
700 4.9 12,4 | 16,8 ] 20,0 | 22.4 | 24,4} 26,1} 278
UPSTREAM: 50% DELAYED ‘
00 10,7 | 18,3 | 22,7 1 25,8} 2831 303 | L9 | 3.4
200 1.2 | 18,7 | 3.2} 6.3 | 28,7 ¢ 36,7 | 3.4} 319
100 10.1 17,7 2,01 8.2 7,87 9.6 3131 2.8
400 8.6 | 14,2 } 20,6 § 23,7 | 26,1 1 28,1 ¢ 29,81 21,3
500 7.0 14,5 18,9 | 22,1 | 28,5} 26,5| 29.2 | 29.8
500 5,2 | 1.8 17,21 203 | 22,8 24,8 2.4 1 27.%
00 3.3 0 1o 15,8t 188 21,0 23.0] 24,71 26,1
UPSTREAM: 70% DELAYED
100 L8 | 9.4 23.81 26.9] 29.4 % M| 3.0 4.5
200 11,9 19.3 23,91 7.0 29,9 el N0 34,8
00 0.4 1 18,0 | 22,47 25,8] 26,0} 30,0 N,6§ 33,1
100 8.4 | 18,1 20,57 1.7 ] 26,1 28,0 9.8} 31.2
00 4.3 1 14,1 18.5] 21,61 24,0 ] 281 | 7,71 29.2
00 4.4 12,0 6,4 19,81 22,0 2.0} 25.5] 27.1
700 2.3 9.8 4.2 17,44 19,81 21,8 23,51 4.9
Nata: ! ® 1,809 km

1/ Panting Lana Langth Nor Inciuding langth of Lane Addition and Lane Bron
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Effect of vehicle mix: An investigation-cf the effect of vehicle

mix on the plateoning reduction etfectiveness of passing lanes was conducted :
using the resuits from the supplementary simulation runs described in Sec- : i
tion 4.2. These runs considered the operational effects of three alterna- i
tive vehicle mixes: (1) 5 percent trucks and 5 percent recreational vehicles
(RVs), the vehicle mix on which Equations (2) and (3) are based; (2) 5 per~
cent trucks and 20 percent RVs; and {3) 20 percent trucks and 5 percent RVs.

The effect of the different vehicle mixes on passing lane effec-
tiveness over a range of flow rates is illustrated in Figure 10. There is
no consistent trend in the vehicle mix effect, A regression analysis found
no statistically significant effect of vehicle mix on platooning reduction
effectiveness. Therefore, the findings represented by Equations (2) and
(3), based on 10 percent heavy vehicles in the traffic stream, are presumed
to be applicable to a range of vehicle mixes with up to 25 heavy vehi¢les
in the traffic stream,

Effect of terrain: A similar analysis to that for vehicle mix
was conducted to determine whather terrain has apn effect on the platooning
reduction effectiveness of passing lanes using results from the supplemen-
tary simulat.on runs described in Soction 4.2, The terrainsg considered
were nearly .evel terrain with 11.5 percent grades used in the development
of Equatiors (2) and (3) and more severely rolling terrain with 4 percent
grades.

The effect of the different terrvarns on passing lane effective-
ness over a ramge of flow rutes {s illustrated in Figure 11. The dif~
ferences between the operational effects of the two tcrrain types il-
lustrated in Figure 11 srve minimal and there is no consistent trend. A
regression analysis found uno statistically significant effect of venhicle
mix on platoonirg reduction effectiveness. Therefore, the findings repre-
sented in Equations (2) and (3) based on modurately rolling terrain are
presumed to be applicable to a range of terrain from levei through severely
rolling.

6. CONCLUSIONS AND RECOMMENDATIONS

The following conclusions can be drawn from the research findings
presentad in this repurt:

1. The findings ~f this study confirm the findings of previous
research that traffic piatooning measures are more sensitive
to flow rate on two-lane highways than traffic speed measures.
Furthermore, traffic platooning measures were also found to

. be more sensitive to the presence of a passing lane than
traffic speed measures. These findings confirm the choice
of a traffic platooning measure, percent time deiay, as the
‘level of service criterion for two-lane highways in Chapter 8
of the 1985 HCM.
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Passing lanes are effective in improving the level of ser-
vice and reducing the percemt time delay on twe-lane high-

ways by providing passing opportunities and breaking up
traffic platoons,

The effectiveness of passing lanes in reducing percent time
delay on two-lane highways can be determined from Table 4 of

this report as a function of traffic flow rate and passing
lane tength, ‘

Passing lanes provide traffic operational benefits on two-
lane highways over an effective length from 3 to 8 mi (5 to
13 km).  This effective length includes both the passing
lane itself and a portion of the conventional twe-lane
highway downstream of the passing lane. The effective
length of a passing lane is primarily a function of “low
rate, with shorter effective lengths at higher Ylow rates,
Other geometric and traffic control features that encourage
the formation of platoons, such as steep grades, narrow

tanes, and no-passing zones may also reduce the effecti
length of a passing lane. o

Short passing lanes are generally more highly utilized and
more cost-effective per unit length in improving traffic
performance than extended sections of four-lane highway for

- two reasons. First, the traffic entering the passing lane

~ from a normal two-lane section is more highly ptatooned, and
- thus “"primed" to make the most of the extra lane. Second,
the benefits of platoon break-up in the passing lane carry
over as rediced delay on the downstream two-iane highway,
until new pltoons form over a number of miles. A read with
regular passing lanes thus has a cyclic pattern of platooning,
with zones of build-up, passing, and improved downstream op-
erations. This cycle makes best use of a relatively smal)
highway investment, and provides an intermediate quality of

traffic operations between those of a two-:ane and four-lane
highway, 3l

A nonlinear relationship was found between the length of a
passing lane and jts operational effectiveness. /s demon-

strated in Table 5, the optima)l length of a passing lane

generally varies from 9.5 t6 1.0 mi (0.2 to 1.6 km) depend-
ing on flow rate. Passing lanes of 0.5 to 0.75 mi (0.8 to
1.2 km) in length are optimal at flow rates of 200 veh/hr ar
less in one direction of travel, At 400 veh/hr, the optimal
passing lane length is 0.75 to 1.0 mi (1.2 to 1.6 km). At

very high flow rates, such as 700 veh/hr in one direction of
;. travel, the optimal length of a passing lane is 1,0 mi (1.6 km).
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7. The level of spot platooning downstream of & passing lane
was determined to be a function of flow rate, passing lane
length, and the level of traffic platooning upstream of a
passing lane. Relationships to predict thece offects are
presented in Equations (2) and (3) in Section 5.5 of this
report. No effect of terrain or vehicle mix on the level of
spot platooning downstream of a passing lane was found.

The following recommendations for further research on two-lane
highway operations and passing. lane effectxveness were develoned in the,

research,

1. A capacity and tevel of service analysis procedure for two-
. lane highways with passing lanes should be developed and
7 incorporated in Chapter 8 of the 1985 HCM. The operational

effectiveness data on passing lanes in Section 5 of this
repert provide 2 foundation for this development effort.

2.  Climbing lanes on two-lane highways have different opera-
=, tional characteristics than passing lanes in level or roli-
ing terrain. Research is needed to quantify these dif-
ferences, expanding on the work of Botha,!7? and develop a
procadure for incorporating c¢limbing lane effects in
Chapter 8 of the 1985 HCH,

3.  Further research is needed in the variation of percent time
delay and spot platooning over lengths of two-lane highway
as a function of flow rate, availability of passing oppor-
tunities, and geometrics. Ideally, a macroscopic input/
output model of two-lane highway sections is needed whera
upstream traffic characteristics and highway section char-
acteristics can be used to predict downstream platooning.
This research can be performed with traffic simulation, but

should be validated in field studies.

4,  The TRARR model developed by the Australian Road Research
Board has capabilities similar to TWOPAS. A formal compari-
son between TRARR and TWOPAS should be made to determine

their simitarities and differences and select one model for
further two-lane highway research. :

(4]

The TWOPAS computer simulation model provides an excellent
tool to examine the uperational effectiveness of passing
lanes. The model provides a very realistic representation
of the effects of passing lanes on traffic platooning.

However, the unusually high values of passing rate within
passing lane sections simulated by TWOPAS should be inves-
tigated to determine the source and impact of this problem.
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APPENDIX

SIMULATION CASE STUDY OF PASSING IMPROVEMENTS

This appendix presents a case study of six alternative operational
improveménts for a typical section of two-lane highway. Where a single
isolated operational improvement, such as a passing lane, is installed on a
two-lane highway, the procedures presented in Section 5 of this report
provide a method to estimate its operationail effectiveness. Wheie several
improvements are used in series along the same highway section, the inter-
actions between the individual improvements can be complex and may best be
examined with a computer simulation model,

Two existing computer models have the ability to simulate traffic
operations on two-lane highways with and without passing lanes. These are
TWOPAS model, developed for the Federal Highway Administration by Midwest
Research Institute, and the TRARR model, developed by the Australian Road
Research Board., The TWOPAS model is an updated version of the TWOWAF model,
which was used to develop the capacity and level of service procedures in
Chapter 8 of the 1985 HCM. The TRARR model!! has been developed over a
period of years in Austealia and now includes the capability to simulate

¢, both passing lanes and turnouts,

The followirg discussion illustrates the application of the TWOPAS
computer model to evaiuate alternative operational improvements for a typi-
cal two-lane highway section in a midwestern State. ;

Study Site

The case study focuses on a 36-mi (58-km) section of conventional
two-lane highway on State Route 25 between Town A and Town B, illustrated
on the map in Figure 12. At the west end of the site, Route 25 connects
with 4 four-lane divided freeway near Town A; this freeway serves a mzjor
metropolitan area located 40 mi (64 km) north of Town A. At the east end
of the site near Town B, Route 25 connects with two-lane highways sevwing a
vacation and resort area and serving a medium-sized metropolitan area lo-
cated 80 mi (129 km) south of Town B. Towns A and B each have between 5,000
and 10,000 residents; there are no other sizeabl- towns and no Junctlnns
with State primary highways on Route 25 between Towns A and B. B

Route 25 currently carries aporoximately 7,000 veh/day with
1,000 veh/hr in the design hour in both directions of travel. The peak
flows generally cccur for traffic going to and from the resort area to the
east of the site on Friday and Sunday evenings. At these times, the site
experiences long platoons of vehicles in the peak direction of travel and
much lighter flows in the opposing direction. The traffic mix typically
includes 5% trucks and 15% recreational vehicles.
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The site is located in level to gently rolling terrain with maxi-
mum grades of 2 percent. The land use alony the site is primarily agricul-
tural with a few residences and roadside businesses.

Computer Simulation Approach

A computer simulation study was used to investigate the opera-
tional effects of improvement alternatives for the westernmost 10 mi (16 km)
of the case study site. The purpose of this.computer simulation study was
to select the most appropriate operational improvements for the selected
10=mi (16-km) section and to indicate the general approach that should be
used to improve the remainder of the site,

Computer simulation of the study site was performed using the
TWOPAS modei. The traffic volume and geometric data (including grades,
horizontal curves, sight distances, and locations of passing and no-passing
zones) used as input to the model are based on an actual two-lane hiqhway
site in a midwestern State that is currently under consideration for im-
provement.

The case study site was simulated for three levels of traffic flow
rate {400, 800, and 1,000 veh/hr in both directions of travel combined) and
two direction splits (70/30 and 30/780). The percentage of vehicles platooned
entering the study section ah the upstream end of the site in each direction
of travel was selected to be appropriate for the flow rate. Relatively low
levels of platooning were specified for entering traffic in the eastbound
direction, since this traffic has just left a multilane freeway. Relatively
high ievels of platooning were specified fur westbound traffic¢ hecause tnrs
traffic has traversed an extended length ofst -lane htghwa}

Qperational Improvement Alternatives

Six alternative improvements were considered in the computer simu-
lation study and were compared to the existing two-lane highway. These al-
ternatives werea: i

' Two passing tanes {one in each direction);
. Four passing lanes (two in each direction);
. Eight passing lanes (four in each direction};

. One 3,5-mi (5.6-km) four-lane section;

. Two 1.78-mi (2.8-km) four-lane sections; and -

One 7-mi {1l=km) four-lane section.




s--tional analysis performed with the TWOPAS model for the normal two-lane

-1{; 76.7 to 30.2, an improvement from Level of Service E nearly to Lavel of

All of the passing lanes considered in the computer simulation study were
1.0 mi (1.6 km) in length. The alternative with eight passing lanes pro-
vides continuous alternating passing lanes over 8 mi (13 km) of highway.

The locations of the six improvement alternatives are illustrated
in Figure 13.

Operational Effectiveness

Figures 14 and 15 illustrate summarize the results of the opera-

highway and the six improvement alternatives.

Figure 14 presents the effectiveness of the improvement alterna-
tives ai decreasing platooning over the 10-mi (16-km) study section, The
table shows that the improvement alternatives are all effective in reducing
percent time delay, especially at higher traffic volumes, In one case, the
most effective improvement alterpative decreased percent time delay from

Service A,

Figure 15 presents the effectiveness of the improvement alterna-
tives on overall travel speeds on the 10-mi (16-km) section. The results
show that these alternatives have a relatively modest effect on travel
speeds. The greatest speed increase found for any alternative was 6.8 mi/hr
{10.2 km/hr). These results indicate that percent time delay is more sensi-
tive than speed to the presence of a passing lane or four-lane section,
Just as percent time delay was found to he more sensitive tham speed Lo
variations in flow rate in the 1985 HCM. .- %

Safety Effectiveness

~ The safety effectiveness of each improvement alternative was do-
termined on the basis of percentage accident reduction estimates for pass-
ing lanes and short four-lane sections. Passing lanes were estimated to
reduce accident rates by 25 percent and four-lane sections were assumed Lo
reduce accident rates by 34 percent based on the rasults of a safety eval-
uation by Harwood and St. John.3 Estimated accident reductions were based
on a typical two-lane highway accident rate of 1.75 accidents per million
veh-mi {1.09 accidents per million veh-km) and were assumed to consist of
2 percent fatal accidents, 48 per injury accidents, and 50 nt
property-damage-cnly accidents. . : b :

Benefit-Cost Analysis

. The operational improvement alternatives were compared Lhrough a
benefit-cost anmalysis. In this analysis, both the traffic operational and
safety benefits and the improvement construction costs are quantified in
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‘dollar terms. Benefit-cost analysis Is necessary Lo ovaluate Uhe resiiits

of the case study, because none of the othar evatuat fon mothods  Incfuaing
cost-effectiveness analvsis, provide a method Lo combing bulh tralfic e

- erational and traffic safety benefits,

Table 7 presents ostimates of construction conty, winual detbay
reduction, and annual accident reduction for use fn Lhe bonet | L-coat ALy
sis. The construction costs for the six design alternatives are based s
the following estimates:

o Low-cost passing lanes: b H0O,uon/mi

LR Low-cost short four-lare sections: $1,100,000/ni
K Extensive four-laning: - $1,500,000/mi

The difference between the construction costs for short foie=lane 4pct fips
and extensive feur-taning arises because the locations of sho L foyp- lane
sections can be selected to minimize construcllon custs.

: Both the delay reduction and accident vaduct fon bonet fty present el
in Table 7 were estimated for the current traffic votume loval ef 7 wohy
day. lhe effect of the alternative improvements on Leatlin speoils ey psent s
in Figure 15 were Jdeveloped through computoer simulation af specific how !,
Plow rates, fhe annual delay reductions o trave! time savings ln fahle 7
were determined from the speed differencas In Fiqure 15 and the fullawing
daily traffic distribution:

Tﬁo-Way

Flow Rate No. of Hours YT No. of Vehiclas
(veh/hv) _per Day per Ny
1,000 1.0 1,000
800 2.0 1,600 .
400 8.0 3,200
100 1z.0 1,200
0 _1.0 4
24.0 7000

This daily traffic distribution is assumed to repeat itsell each tay, o
days per year, ) - s ‘




TABLE 7
CONSTRUCTION COSTS AND EXPECTED ANNUAL BENEFITS OF ALTERNATIVE

L

THPROVEMENTS

\ Normal two~lane

Operational
Improvement
“Alternative

"~ 2 passing lanes
4 passing lanes
8 passing lanes
1 3.5-mi four~lane section
2 1.75-mi four-lane sections
1 7-mile four-lane section

Note: 1 mi = 1,609 km

A2
A3
A4
AL
A6
A7

EFFECTIVENESS OF ALTERNATIVE M

TRYVEL

IN SIMULATION CASE STUDY

Expected Annual

Expected Annual

ST om o
IR - S e 6

Construction Delay Reduction
Cost (%) {veh-hr) Accident Reduction
0 9
1,115,900 10,100 '
2,230,000 13,500
4,460,000 26,900
3,975,000 24,000
4,100,000 26,700
16,870,000 1

TABLE 8

39,000

PROVEMENTS IN REDUCING

Annual Delay

TIME ANG TRAFFIT PLATGONING 5

Reddction in

1 7-mi four-lane section

HNoter T T E TG ke

2,740

Operational : . Annuval Delay Reduction Reduction in Percent

Improvement ‘ Reduction {veh-hr) Percent iime Delay

Alternative (veh=hr) per Lane-mi Time Delay per lane-mi

2 passine lanes 10,100 4,530 8.8 3.9

4 passing lanes 19,500 4,380 18.9 4.2

8 passing lanes 26,900 3,020 28.4 - 3.2

1 3.5-mi fouyr-lane saction 24,000 73,320 26.6 3.7

2 1.75-mi Four=lane section 26,700 3,580 “Er 29,6 4.0
39,000 SR 46,2 - 3.3




A weakness of bonefit-cost analysis for application to twoe-lane
highway 1mprovements is that, in order for the traffic operatioinal benefits
to be guantified in dollar terms‘ they must be quantified as a delay reduc-
tion or travel time savings based on increased traffic speeds, It has been
established in the 1985 HCM that percent time delay is a more satisfactory
measur2 of service for two-lane highways than speei. However, there is no
accepted method to convert traffic operational benefits expressed as a re-
duction in percent time delay into dollar terms.

The operational benefits of the improvement alternatives are il-.
lustrated in Table 8, which shows the effectiveness of each improvement
alternative and the cost-effectivenass per lane-mi in reducing travel time
and traffic platooning {i.e., percent time delay}. The travel time savings
in Table 8 represent the combined effect of all traffic volume levels con=-
sidered in the analysis. The reduction in percent time delay in Table 8
represents one particular traffic volume level -~ 800 veh/hr -- which is
typical of the entire range of fluw rates. The improvement lengths used to
compute the effectiveness per lane-mi in Table 8 have each been increased

by 600 ft (180 m) to account for the cost of constructing the lane addition ;
and lane drop tapers.

Table 9 prt;ents the benefit-cost analySIS of the s5ix das1qn al-
ternatives, arranged in order of increasing construction cost. As in Ta-
ble 8, both the traffic operational and safety benefits in Table 9 are
appropriate for the current traffic volume level.

g The operational benefits in Table 9 were estimated at $9.75 per
veh-hr of delay reduced, as estimated by Chui and MacFarland. 18

The safety benefits were estimated at $725,000 per fatal accident
reduced, $54,600 per injury accident reduced, and $3,500 per property-
damage+only accident reduced. These estimates are based on 1975 cost esti-
mates for fatalities, injuries, and property damage in traffic accidents
developed by the National Highway Traffic Safety Administration.!® These
© NHTSA cost estimates were converted from involvement costs to accident
costs with estimates of the number of fatalities per fatal accident, number
of injuries per fatal accident and per injury accident, and amount of
" property damage per accident on rural highways. The resulting accident
cost estimates were then updated to 1985 levels to account far inflation.

The improvement construction costs in Table 9 have been expressed
an an annualized basis using an estimated service life of 20 years for the
operational improvements and a discount rate (minimum attractive rate of
return} of 4 percent. The imprcvement construction costs have been an-
nualized so that they are expressed on a comparable basis with the annual
delay reduction and safety estimates.
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TABLE 9

BENEFIT-COST ANALYSIS OF ALTERNATIVE IMPROVEMENTS
: IN SIMULATION CASE STUDY

. Expected Annual Annualized Marginal
Operational Bernefits ($) _ Construction B/C 8/cC

Improvement Alternative i Operational Safety Total Cosi {3) Ratio Ratio

A2 2 passing lanes o 38, 500 97,700 196,200 82,500 2. - 2.38
A3 4 passing lanes 190, 100 191,200 381,300 165,000 2,31 = 2.24
A5 1 3,5-mi four-lane section 234,000 229,500 463,500 294,100 1. U 0.64
AG 2 1.75-mi four-lane sections 260,300 229,500 489,800 303,400 1, 0.78
A4 8 passing lanes 262,300 382,500 644,800 324,000 ;2 1.61
A7 1 7-mi four-lane section . 380,200 454,700 834,900 789,600 1. 0.41

Note: 1 mi = 1.609 km

The benefit-cost ratio for each improvement alternative shown in
Table 9 i5 computed as the ratio of the total traffic operational and safety
benefits to the annualized construction cost. The marginal benefit-cost
ratio is computed for each incremental expenditure as the ratio of the add*-
tional traffic operational and safety benefits from a more expensive improve-
~ment to the additional cost of constructing that improvement. A ;

Interpretation of Results

Table 9 shows that, at the current traffic volume level, all six
of the improvement alternatives have benefit-cost ratios of 1.0 or more and
are therefore considered cost-effective. The benefit-cost ratios for the
imprevement alternatives range from 2.38 for construction of two passing
lanes to 1.06 for continuous four~laning of the western-most 7 mi (11 km)
of the study site. whn

Review of the marginal benefit-cost ratios in Table 9 indicates
an obvious choice among the six improvement alternatives at the current
traffic volume level. The first alternative (twn passing tanes) would cost
$1,115,800 to construct and would be cost-effective with a benefit-cost
ratio of nearly 2.4. The second alternative (four passing lanes} would cost
an additional $1,115,000 to construct, but provides an additional traffic
operational and safetyv benefit of $185,100 per year. The additional ex-
penditure required to construct four passing lanes rather than two has a
marginal benefit-cost ratio of 2.24 and is therefore economically justified.
Simitarly, the continuous passing lane altervative has a marginal benefit-
cost ration of 1,61, indicating that the addiiional expenditures to construct
eight passing lanes rather than four is cost-effective. The other improve-
ment alternatives, whirh invelve four-iane sections of varying length, have
marginal benefit- ¢ost ratios ltess than 1.0 and are therefore no mically
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justified, However, these alternatives might become cost-effective in the
future as traffic volumes increase.

The benefit-cost analysis results indicate that when the 10-mi
(16-km) study site is considered in isolation, the most desirable opera-
‘tienal improvement alternitive is to construct eight passing lanes, twe in
each direction, at a cost of $4,460,000. It should pe noted, however, that
the construction of four passing lanes has a substantially higher marginal
benefit~cost ratio than the construction of eight passing lanes. Thus, it
“would be more cost-effective to construct only vour passing lanes in the
10-mi (16-km) study site and use the funds saved to construct additionai
passing lanas elsewhere on the same route. The recommended alternative has
the advantage requiring over 38,000,000 less in- construction expenditure
than continuous four-laning; four passing lanes wilt provide 46 percent of
the benefit of continuous four-laning for only 21 percent of the cost.

The benefit-cost analysis results in Table 9 indicate that the
expectad safety benefits are as important, or more important, than the
traffic operationz) benefits in providing the justification for che con-
struction of passing lanes at this site. This finding should e kept in
mind because passing lanes may be even more cost-effective at sites with
higher than average accideni rates.

While the benefit-cost ratios for many of the design alternatives
considered in this example are only slightly above 1.0, it should be Lept
in mind that greater speed increases from operational iasprovements would be
expected at sites in more diffi{zyit terrain or with higher speed variance;
furthermore, the traffic operational benefits might appear larger if the
analysis were net constrained to consider speed rather :han percent time
lay as the measus: o effectiveness.

The conclusion that passing lanes are preferable to four-lane
sections at this site is based the current traffic velume of 7,000 veh/day
and is valid at sites where little or no traffic growth in future years is
projected. At the case study site, however, the responsible highway agency
projects that over the next 20 years the {raffic volume will more than
double to 14,680 veh/day. with a design hour volume of 2,350 veh/hr. This
anticipated traffic volume growth calls for further consideraticn of the
~benefit-cost analysis results. Simple engineering economics iri.cate that,
if the traffic operaticnal and safety benefits i.icrease lineaty (s traffic
volumes grow by a factor of 110 percent, the anpual traffic ¢ -rzxtiopal and
safety benefits over a 20-year period will incrpase by an avsru.e of 45 per-
cent. Thus, all of the improvement alternatives would beccye nare cost-
effective.

The projected design hour volume of 2,350 veh/hr is at or above
the capacity of most two-lane highways, even with added passing lanmes. Thus,
if the projection of traffic volume growth is correct, the ultimate design
for this facility should be a continuous four-lane highway. In that case,
the passing lane alternative adopted shouid be consistent with the uitima e
four-lane design. If the uitimate design is a feur-lane undivided highway,
then short four-lane sections should be considered now to increase passing




... comparable length,

opportunities. If the ultimate design is a four-lane divided highway,
passing lanes in one direction at a time could be installed noa with the
three-lane ravemaht eventually being converted to one roadway of a divided
highway.

[f the short four-lans alterpative is adopted, the benefit-cost
results in Table 9 indicate that the most cost-effective among the four-
lane alternatives is two 1.75-mi (2.8-km) four-lane sections. It is
espec1a!ly important to note that two separate four-lane sections spaced
2 mi (3 km) apart are more effective than a single four-lane section of

The findings of the benefit-cost analysis indicate that a staged
construction approach should be used. Passing lanes or short sections of
four-lane highway should be constructed at intervals along the highway.

The funds saved by not constructing a continuous four-lane highway section .

at the westernmost end of the study site could be used to provide passing
lanes or short four-lane sections through more of the 36-mi (58-km} study
site, These sections can become part of a continuous four-lane highway if
and when traffic volumes warrant, The staged construction approach not

only maximizes the immediate traffic operational and safety benefits per
dollar spent, but also provides the option to delay or cancei future con-
struction of a continuous four-lane highway if the anticipated traffic

volume growth does not occur.
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