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This report presents an evaluation of the operational effectiveness of pas5lny ldnos 
on two-lane highways in level and rolling terrain. Passfng lanes ari! dcflnC!d Js iHidod 
lanes in one ot• both directions of travel on a two- l ane highway to provld!! iHhllt1or~tll 
·passing opportunities. Passing lanes at intervals on a two-lailc highway .we •l !owet•w 
cost alternative to constructio~ of extended secttons of four-lane highway. 

The operational evaluation of pas~dng lanes was performed \'lith a computer slmul.1tlon 

r
!model of traffic operations on two-lane highways with and withoot passing !anos. fhls 

odel, known as TWOPAS, was validatad against traffic operational field data fOI' JlaSs· 
ng lanes. 

jrhe TWOPAS model was used to evaluate the effectiveness of passing lanes in improving 
traffir. operations on two-1 ane highways. The eva 1 uat ion found thc1t the ope rat lona l 
effectiveness Clf pass ing lanes is a function of traffic flow rate and pass ing lane 
lengtn. Quantitative estimates in the reduction of traffic platooning due to provi
sion of passing lanes are presented fn the report. Passing lanes were found to impact 
traffic operations fl)r effective lengths of 3 to 8 m{ (5 to 13 km) of highway, i nclud·j 
ing both the passing lane and the conventional two-l •JM highway downstl'eam of the pass . 
ing l3ne. A case study evaluation of alternative pass ~ ng improvs:nents was performedj 
using the TWOPAS s )~ulation model; this case study and a beneflt*COst evaluation of 
the results are pr~santed i n the report. . . 

n. ~e., ••••• , I ii':' ~: ... 5••••"'•"'. - , 
Two-lane highways; traffic operations> No restt·1ct1ons. This document is ava1l-
passing lanes; highway capacity; level able to the public through the :lationai 1 
of traffic service Technl r.ul Information Service, Springfield, 

Virginf.l 22161. 
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Many" highway agencies in the United States have regarded the con· 
s tr'uct.lon of a four-lane divided highway as the most de!;irable respoltse to 
operational proiJlems on t\·10-lane highways . Such improvements aro expensive, 
however, and funds for road tipgrading are very limited in many jurisdictions. 
rhts has led to a growing backlog 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 lmprovements on 
existing two-lane rural roads, thus covering a rr.·.1ch larger propor·tlon of 
the roads in need of upprading. Beth international research, 1 ' 2 and u.S . 
r·esearch and expet•ience ' 4 ' 5 ' 6 have shown that .the provision of passing 
lanes, turn ing lanes, localizeo 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 
options at·e also most appropriate for roads with lower traffic volumes 
which do not w~rrant major improvement projects and _on recreational or 
other routes with high seasonal demand . · 

This report provides an eva~uation of the operational effective
ness of passing lanes on two-lane highways in lGvel and rolling terrain. 
The results of a simulation case study of passing lane improvements is 
p,resented 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, shouluer bypass lanes at 
T-intersections, and two-way left-turn lanes is provided in the FHWA In
formati onal Guide entitled, "Low-Cost Methods for Improving Traffic Opera
tionals on Two-Lane Roads . "7 

A passing Jane is an e~.dded lane provided -in one or both direct
ions of tJ•avel on a convent ional two-lane highway to improve pas!:ling oppor· 
tunitieu. This definition includes pass ing lanes in level or rolling ter
t'a in , climbing 1 anes 011 . grades, and short four- I ane ser:t ions. The 1 ength 
of the added lane can vary from 1,000 ft (305 nl} t.o several miles. Figure 1 
illustrates plan views of several typical passing lane s~ctions. figure 2 
presents photographs of sQme typical examples of passing lanes. As i 1-
lustrated in the photographs, passing lanes may be operated so that ve
hicles traveling In the opposite direction are either permitted to pass 
where sight. distance is adequate or general ly prohibited from passing. 

Passing lanes are often constructed at regular intervals on two
lane highways to improve overall t1·affic operations by breaking up tNffic 
pl~toons and reducing delays caused by inadequate passing oppor tunities over 
substant ial lengths of highway. Pass ing lanes on a two-lane highway are often 
much more cost-effective than continuous four-laning for providing passi~g 
opportunities because locations with high construction costs (e .g .• major 
earthwork, expensive structures} can he avoided. 
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3. COMPUTER SIMULATION OF TRAFFIC OPERATIONS IN PASSING LANES 

This section of the report discusses tha computer simulation . 
model, known dS TWOPAS, doveloped to evaluate traffic operations in passing 
lanes on t\~o-lane highways. The i:nportant features of the TWOPAS model are 
described and the _model results are compared Hith fixed data. 

3.1 Development of the TWOPAS Simu·lation Model 

The TWOPAS computer simulation model is a modified versior. of 
TWOWAF simulation model trat was used in the development of Chapter 8 of 
.the 1985 HCM. 8 ' 9 . However, TWOPAS has the added capabiiity to simulata 
j)assing lanes on two-lane highways. The following features of T\10WAF were 
added or modified in the clevelopment of TWOPAS ; ),::·.:· · 

. ~,;..t: 

Simulation of passing lane operations, including: 

structural changes to incorporate passing lanes in 
either dir~ction of tr~vel at any location along the 
simulated road. 

operation of the lane addition transition area so that 
the initial lane choicG of a drivel' entering a p'lssing 
lane reflects: the geometries of the lane addition; 
tho speed, performance capabilities, and size o! the 
vehicle; and, the traffic situation at the time t~e ve· 
hicle approaches the lane addition. The . lane choice 
probabllfties are based on field data collected by 
lfarwood and St. John.3 

1'1Htl1st1c lane ~.;nanging with passing lane sections 
1Ht5od on the lane changing behavior ir. multilane high
way sections as represented in the multilane HILLCLIMS 
rnodo 1 • I 0 :.:ffit~·:;J~r· 

operation of the lane drop transition area based upon 
driver behavior at the lane drops of passing lane sec
tions stud1ud in the field. 

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

Gonuratloll of entering traffic headways based on the Borel· 
ldnnor distribution for platoon sizes (~sed in the Australian 
rRARR modetll) and the negative exponential distribution for 
intorplatoon headways. 

-~ 

d~:*'1~J~ti 

Modification of tho car-fol'lowing model to mimic t.he KLO-Pitt 
::ar· fo 11 owing mode 1 used in TWOWAF without the 1 arge osci 11 a-
t ions l n veh f c 1 e acce 1 erat ion and dece 1 erat ion observed in . . .... . 

\~r~ model. 4 ,,,.,, ;,?,~1\i\~t1~~.;.·_·.;.~.··-~.:.: .. •.r.~.~.-.·~.,!..\ .. :··:·~.~.:_:.:.·.:_~.~-:.·l:~ .. ;_:··.:.·.l .. 

·. ·.;·;·~···~:~.-~-~; .. ~.~ .• !~ .. ::· ...•. ·.·, .. ·-~··''.·.~~_;·· .. ->·'·._·.·:·.·::,: .. ; .• •:, •. _··,·.·.. Ni;.;: . ,:r-~··, ·' _,.. ·- ?~ ·:l;?f:~ . 
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Modif ication of printed output to include operation~! data 
-:\t up to 20 user-specified stations and 10 user-5pecified 
·.;ubsections on the simulated roadway. 

.· '::tCt~;J;);;~ · 
J\ more detailed descdption of the model is -provided in the TWOPAS User's 
Guide 12 and the TWOPAS Programmer's Guide. 13 

3.2 Comparison of the TWOPAS Model Results .with Field Data 

The orighal development of the TWOWAF model to simulate conven· 
tional two- lane hfgnways was based '"" traffic operat~onal field data col
lected in NCURP Project 3-19. 14 Its ability to realistically simulate 
two-lane highway traffic was validatP.d against ' field data both in the 
original development and after its modification by KLO Associates f<'r use i 
in the 1985 HCM development, :a In tL ..: current study, the simulation of · :. 
conventional two-lane highways was a,-,:r.epted as valid, but further v-1lida· 'of 

.tm~~rsf~~~:·~:~~:~:!:~~t ~~~~~~~~~!~~~~::~i~!!~;~~:lf:gh ,,~1! 
!~~s~h~~~~~e~~: t 1::1 ~~=t~~c~!!~~e~0~ n a~~e R~!~w~~~ ~~~e · Sct~d~~hn1 0~eap~:£.53 ·. ;fJii1h~:J~S1i~t!1~{} 
S.i te Rll is a passing lane on :t conventil)nal two- lane highway, while 
Site R02 is a shdrt four-lane section with passing lanes in both directions 
at the same locat_ion . Both validation .,s .i _tes are in le'lel to moderately 
roll i ng tP.t'ra in . '-t; - ·~;;:;;< 

~. 

Two hours of traffic operations with slightly differ·ent t1·affic 
flow rates were simulated at each site . Two r eplicated runs with the TWOP1\S ·•_·<.: .. ·~~-·-·,1~-~.:.·.·.~-~~·-·.~.:.·~-·=.·_. 
model were made for each set. of conditions tested. The simulation runs we r e . -~ 
each compared with averaged results for 2 or 3 hr of tra f fic operational . .,,.,_, 
field data for the same level of flow t•atc . fhe flow rate levols considared ·.·)t(.:.• 
in the validation runs 1•anged f1•om 150 to 500 vt~h/ hr in each direction of 
travel. 

Traffic platooninp: The primary measure of effectiveness for the 
validation-study was traff1c platooning. The TWOPAS model provides both 
spot platooning measures (percentage of vehicles delayed in platoons, based 
on vehicle headways) and section platooning measure!> (e.g., percent time 
delay}. However, the only m~asure of traffic platooning obtained in the 
field study was a spot platooning measut'e, the pet•centage of vehicles fol· 
lowing in platoons at headways of 4 sec or less. Therefore, this measure 
was used in the validation study. 

•' 
Figures 3 ar.cl 4 !>how excellent agreement between the simul a tion : ~;~) 

~~~~! n~n~ a~~~ ~d ~~as~u;::l~ f b=P~~t~~ a~~~~i ntghebo5~~tu~slt;'t~a0mnt:gd ldeovw:;s ~~e~~eo f J.d1¥ · 
entrance to the simulated r oadway is specified in the user inputdata for . :,~~±;~·:' .. · 

. :~,f~~~-3-__ ~_-.·_._·.·.;;~':_._l,,i·!;_:_·.~.: __ .~:(•::;~·v··.···~:-·.:.:~~-~:·-·.·.•_•,·•_-.:_-~_.: _._:::r s ·F~W~}~j:1~k .. t;::.:"''·:;,~-. SiWJr· 
. ; ;f> <§~1~r··~' ' · •.ji;[r':tf;~~:,_:·: . :·:·:····:·.···-•. ~···.···_._._·;···--·~~c"·.:_.= .. ·_;:;':.·_ .. •·• ... :·.·.:.~.·.:_-•.•• _·._.·-:·-.·~.-,·_::_1:_:·:·,c_·,··~··._.,-~.(······r-_·~~··.~._-.-.-.·~--~--.·:~.:-.::,·_.-•• ·_··:··.-·.:_, •• ~_-;_· .. :··;.·:·:.···!,·.·r_.'_,·_ .·_;_ .• ::_'.~~-_,· .. ~.--'_,:_•_-_~ .• -... __ .:.·_._-~.-•. ;~-~· •. _· 
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thP TWOPAS model and the beginning i:o the simul,1tcd I'OiHlway in llll! lt'i!·lll'rl 
direction was 1 ocated only 1, 000 ft ( 300 m) upstream of t.ht! twut !llllnq n f 
the passing I ane. Thus, the good agreement be t1·men the '• lmu !.1 t.lnll ilrltl 

field t'C!i~lts in Figure 3 confirms the ability of the lWOPAS modlll ln TIJ•. 
pt•oduce the specified input condit ions. · ·· 1foW1f 

::..,.· ... 

. The data in Figul' e 4 demonstrate that the TWOPAS moclol pr·ovJdw. 
an extremely realistic representation of the effect of a p.1s5 inn Llnf, 1111 
traffic platooning. This capabil ity is the single most impcrlM•l mod(d 
element for validation, since the 1985 HC/4 procedures for· two~larw rliql'ow.w~; 
are based on traffic platooning 2s a mea~ure of effectiveness. 

The level o f traffic p:atooning within a passitH1 •·1110 •;~u; t!f)ll 
also sho1ved good agt·eement with field results . In gencrol , tiH? lt!Vt!l of 
traffic platooning within~ passing lane section i~ ~pproxlmat~ly unr-hdlf 
of the level of platooning upstream of the passing lane. 

Jraffic speed: FigUJ•e 5 i llustr·ates the abi I i ly of llw IWOflt\ '; 
model to simulate traffic speeds. The figures pt'I!Sent compcidsons IJ;Jtwunn 
s imulated and field values of mean tr·affic speed fot' spot locallon!i Ul>
stream of, within, and downstream of passing la;;es. 

The ngure shows good agreement between the sfmulallo11 <.nd flnld . 
results, since all vf the plott.ed points lie relatively <:lo~.e lo the di.HJon.li 
line rept·esenting perfect agreement. £loth simul<ttion ancl fieltl t'CSllll•; <.!lnw 

that average traffic speeds increasP. slightly wittlin,l passim) ltliH! soct.ltlll, 
i.odicating that TWOPAS co1'responds well t.o observed traffi c IH!hilv lur . 

Passing rate : Figur·e 6 pr·r:sents :l compal'ison of llw s lmuL1t.i•w 
and· field results for passing rates with passing lilne •;ecllow. . flw p;, :.•. lnq 
rates ar·e presented as the number of completed pass1~s (HH' hour ptll' m II•!. 
The f igure shows very poor agreerrent between the simulation ,lfld flldd f'o
sults. Most of the plotted points lie well clhove · th~ <JI ;1qnn.11 linn In 
Figure 6, indicating that the sirnuiatt!cl passinq t'ales an! mur:h hl!lhnt• lhilll 

the passing rates ob.;et·ved in thu field. fhere is no nhv iow, t!xpl.ulttl lnn 
fot· the poor agreement between model and field t•estlll" fo t· P·l!;s!IHI !'illfl'i, 
but it appears \.hat the model prE.'t1ictions fot• passlnq raf.e~• ,Jp• nul rul ; .. 
able. Further investigation of this t~spccl of lhc modl!l h n•.HHill d to 
assure lllilt leap frog pas ses or· some ~ inti l i ll' 0ther lw,tahlllly •li'U not 
producing artificially hi~Jh passinq r;,la:; . ll is 1Ju'i ~d l>lll th,Jt ttw ldrJ!t 
passing rates result fr·om a definiti onal problem within Uw IWOI'A:; 1\HJtlnl 
that counts multiple passes from the inter·~ctions of l rulhidu.tl Jl•llr·, •II 
vehicle:; over short time JWriods. N!!Vt~r· lheless, lids tlt!ficli!IH.:y or tho ., . 
modnl does 110:: 1' npp!:ar to limit Its ab i lity to slmul.lll! lht! lt·.llflt: ;;lf 
platooning measures of pl'imary . importance on t)'fo~larw lli. !J!l~.11r ~· 
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ol . S !~IULATEO ROAD AND TRAFF fC CONDIT I Oft~ 

fhis section of the r•eport descr·ibes the simulated road Jnd 
tr·a f fi c conditions considered in the asses . nent- of the oper·at.ional ~f
fec tiveness of passing lanes _with the fWOPAS model . 

. · :Jh:;' 
. }~~F The oper·ational effectiveness of passing lanes was evaluated pl'i· 
. A~.;t_·_· madly f r•om the r•esults of 152 runs with ttie TWOPAS computer s imulation . 

:_; 1, rr.odel for· an 8-mi t•oad section ~o~ith and without passing lanes. The r·oa d 
·-: ~·· section used ~or the primary exper•iment .,~s a hypotheti cal two-lane r oad ·in 

nearly level. terrain with the chara~teristics shown in Table 1. 

TABLE 1 

CHARACTERISTICS OF ROAD SF.CTION USED IN PRIMARY EXPERIMENT 

2S percent no-passing zones 

i Nearly level terrain (maximum grade: ±1 . 5 percent) 

M;.)derate . ·ori zonta 1 curvature 

Passing Jan.· length: 0 (no pass ; ng lane); O;_,g_Smi; 0.50 'lli : 
0. 75 mi; 1.00 mi; 1.50 mi; 2.00 mi JF'" . 

ftass i ng Jane addition: no pref<.?rence between l'i ght and 
left lanes 

Passing lane drop : right lane drop 

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

Directional split : 50/50 

Vehicle mix: 5% trucks. 5% RVs 

Percentage of vehicles platooned upstream of passing 
Jane : "average" (see Table 2) 

Table 3 : 11ustrates the distribution of the 56 simulation runs used for the 
primdry experiment over the selected levels of passing lane l ength and flow _ 
r·ate. Two replicate runs were performed in cat:h of the 26 cells shown .in 
Table 3 . 'il:~ 

' 

:a?t¥~~~ 
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TABLE 2. 

UPSTREAM TRAFFIC PLATCONING LEVELS USED 
[N TWOP1\S S'!MV-'-ATIGN RLJNS 

Flow Ratea Uos.tr-eam P~atooning Levelb 
_Eeh/hr) lOvl AYer· ~~ High 

a 
b 

100 10 20 35 
200 20 35 ' so 
400 35 50 65 
700 50 65 ?0 

In one direct ton .of travel. 
Percentage of vehicles d~l~yea in ~latoons 

upstream .of passing lane. 

TABLE 3 

DISTRIBUTION OF TWOPAS SIMULATION RUNS FOR PRIMARY EXPERIMENT 
- lN CELLS DEFINED BY FLOW RATE AND PASSING LANE LENGTH 

NUMBER OF SIMUlATION RUNS 

Paning lone One - Woy F lov. ~ole ( veh . hr \ . 

length ( rni \ 100 200 400 700 TOTALS -
Convt'nlionof 

2 2 2 2 8 Two - lone 

0.25 2 2 2 2 8 

0.50 2 2 2 2 8 

1.75 2 2 2 2 8 
r---

I .00 2 2 2 8 
1-- ~ 

1.20 2 'Z 2 2 8 

2.00 2 2 2 2 8 
-

TOTAlS 14 14 14 14 56 

Note: l rni = 1.609 km 

;;:JfJ,;I~§¥1~> 
.. ::'.:i,;fW:1-t*~~~fr~i1;:~x ·. 
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4.~ SupplPmentat•y Studies 

···;;:i:Jpi,!~)~, · . 
--~~ . : 

.. Three supplemem .• u·y sets of simulation runs were performed. The 
f h·s t set of ;;upp lemeiltary runs was used to eva 1 uate the oper·ati ona 1 effect 
of variations in the level of traffic platooning upstream of a passing lane. 
The primary variables in this evrluation were upstream platooning level and 
flow rate. .The upstream platooning level \\'as defined as low, average, or 
high as a function of flow rate based on the criteria shown in Table 2. 
The sam!'! four levels of flow rate considered in the primary experiment were 
eva I ua ted in the supp 1 ementary studies: 100, 200, 400, and 700 veh/hr in 
each direction of travel. The supplementary studies evaluated only two of 
the seven levels of passing lane !ength considered in the basic runs: 0 
(conventional two·lane highway) and 1.00 mi. Two replicate runs were per- .:;:..\ 

· •liiiiit;i~I;~:~~Jii~~~~~~ii~~~~~E\l~.~~~r~~~~~:~~~::;K~~t:~~~- · ita· · 
pare the primary tuns for conventional two-lane highways and 1.0-mi (1.6-km) _ \ ,1;;:t0: 
passing lanes to identical geometr ic situations with two contrasting VQhici,e);;:,~!!t;/-' "'' ' 
mixes: 5 percent trucks and 20 percent RVs; and, 20 percent trucks and ?s~:~~i.~Y:~i.r. 

· ~ii~i:~t~i~i~S{f~1:::;:;~1ll~~~~~~~~:~~;~;~:~;:~f~~~£~~E~~~~: 'i~t'fl·· 
to tre identical highway with the grades in<;:reased t_o ±4 percent to produce F. 

ro 11! ng terrain. . ··-- -· , ;""' '.:.' .. ·.·,:_-.·.-.:.~.·.·.·:t.,'.:_~:~.•-·.~.·.• .. i ... ~,._;:_~_1t;_•_.i.~ .. ~.;L.-.· .. ·_:.'.:.·. : .\~~.f_,:.f_r:~.: . .:;·:~:s~ .. f~~:;~~ . : ·.~_;:~ ·. ._,. 'r;. -- ; 
c • I' '. . :-~! .· 

4.3 Measures of Effectiveness Aii1i,~ :;.;: 
The primary measures of effectiveness were used in this study to 

assess the operational benefits of passing lanes ~n two-lane highways were 
traffic speed and traffic platooning. Field studie~ generally provide spot . 
measures of traffic speed and vehicle platooning. An advantage of th~ 
evaluation of passing Janas with a computer simulation model t~ th~t mea
sures of traffic speed and vehicl£ platoon i ng over a highway sec~ion can· 
also be obtained, and section measures of this type are generally used in 
capacity and level of service evaluations. · 

The measure of traffic platooning used in thi~ study ~nd also in . 
the 1985 HCM procedure for two-lane highways is the percent of time vehicles 
are delayed by other traffic. The percent t.ime delay is the proportion of 
total trave1 time represented by vehicles which are following in platoons. 

The percent time delay for a 
.from the output of the TWOPAS computer 

highway section can be determined 

i . 
-.i 

~-
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:: ·~: ~;~ ·~:~;~~··.~·r::~:·t ,;~· .~~:~ t ;~ ~~~ :~~i ~~;·~~.~~ :~'~.~:~1 ~: · itt 
dr·iver, and traffic characteristics, and ad•:ances the vehicle accordingly. 
Percent time delay is determined in the mo.!el for all vehicles within a 

~~~~~r!e~e:!~:;~Y ;~e~~~~~~w~~g t:~ ~~~~:~~~:~:h~~d v:~!~~:r ~~;~~~~ew~~~~ ~~: :j,ii{{Mf\ 
speed selection 1s constrained by that vehicle. 

. The percent time delay can b~ approximated In field (tudiAs by 
, .,, counting the percentage of vehicles traveling at- headways of S sec or less 
~ -at a given point on the road. This 5 sec h€adway criterion is recommended 

In the 1985 HCM. 8 Other researchers have recommended varf ous headway cri • 
tera for platooning, with the majority of recoimT.e!'lc~tions being _between 
4 and 6 sec.3•9•lS•l 6 Theoretically, the probability of platooning at a 
given spot on the high\.,ay is proportional to the percent distance del~yed, 
rather than to the percent time delayed. Since a vehicli travels fa1•ther 
in a given time when unimpeded-than when following another vehicle, spo~. 
measures will always underestimate the percent time delay~d. Consider, 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 speed of 50 mi/hr (time= 6 min) ; 
This vehicle spends 50 percent of its travel distance delayed in platoons, 
but its percent time delayed is 54.5 (6/111'100} . Spot field measures will 
tend to reflect the lower value. 

Two measures of spot platooning are available on the fwOPAS out
put for user-specified sections. The first measure is the spot equivalent 
af percent tiro1e delay (or its complement , percent unimpeded); this measure 
is -the percentage of vehicles passing a selected highway location that ~re 
fol \owing so closely that their speed selection is constrained by the lead· 
ing vehicle. The second measure is the ~·ercentage of vehicles following in 
platoons based on a 4 sec headway critedon. 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 

· · mor~ sensitive to the presence of a passing lane than the s~cond measure; 
(2) it produced statistical models of the operational effectiveness of 
passing lanes (see Section 5.4) with higher correlation coefficients than 
the second measure; and {3) it is consistent with the definition of percent 
time de 1 ay used ·in the 1985 HCM. 

The assessment of the operational effectiveness of passing lanes 
based on the Th'OPAS model results is presented In the following discussion. 
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 itse,!f _and t~e-.,~~,~rstream section of conventional 

'~~~~~~. 12 . , •• 

--:_ ?:-~- _ .. ' 

·,·_ · 'i1i~\~~~~rt~ ;}ff.~f~lJ 



 

two-lana hign11.1ay wher·e tt•affic operations are strongly affected by the 
-?:,t passing lane . l"he determination of the eff~tlve length of a passing lane, 
•s,_ including this downstream pot•tion, is then discussed. The determination of 

-_:i~i1, optimum design length for the pas!ling \ann itself is illustrated bascod on a 
· :<:t~·,: cost-effectiveness analysis. Finally, a procedure for predicting changes 
- · in spot platooning over the length of a passing lane is presented. :?;~!\ 

.: 7-,:=·· 

5.1 Tr·avel Soeed alld Percent Time Oelay_Ovet' an Extonded Road Length 

Figure 7 illustrates the effectiveness of passing lanes of various 
lengths in improving traffic operations on two-lane ~ighways. figure 7 is 
based on results obtained with the TWOPAS simulation model for the 56 runs 
for the primary experiment identified i n Table 3. · 

The curves presented in Figure 7, for passing lanes of varying 
lengths, rept·esent their effectiveness in increasinfJ traffic speeds and 
oecreasing the percent of timu vehlclQs spend delayed in platoons on a 
two-lane highway in moderately rolling terrain. The vehicle soeed and 
platooning lf!eas,Jres in Figure 7 are averages over an s~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 p~ss-
lng lane and downstream of the passing lane. Figure 7 illustrdtes that 
passing lanus produce relatively small increase~ In vetticle speeds, but can 
dramatically decrease vehicle platooning. Further simulation of passing 
lanes with the TWOPAS model has enabled the development of _tM predictive 

:~:•l ::::,: ::.:·::: :: t 1 ::•:: :::: ::• :::: presented be 1 011, • .~f); 
:l_ Figure 8 illustrates the (:~1.11nstream 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 sa~e T~OPAS simula· 
tion runs <ts Figure 7 for the flow rates considered, However, Figure B· 
presents the percentage of vehicles delayed in platoons ut specific spot 
locations on the highway, as opposfld to Figure 7, which ·is basad on the 
percentage of time vehicles are pla':ooned over a section of highway . Fot· o1 ,,. 
flow rate c•f 400 veh/hr, the effects of passing lam~s can still llo sub- --T: 
stantial 7 mi (11 km} downstream of the beginning of tM passing lane, ,., 
especially for longer passing lanes. At the higher flow rate of 701\ veh/hr, 
nearly all of the operational benefits of the passing lane .ll'e gom! within 
5 mi {8 km), although there is a small residual effect even at 7 ml (11 km) 
dow~stream. The length of the pa, sing lane has a strong Influence on the 

·:~~r: improvement in traffic operations immediately downstl'~am of the ~assfnn 
·lf;(,- lane, but this differential between pas~;;!Q~r,i't~,ne lengths la[~.~ly disappears 

~-y_}_:i,·;_:_-_;_._: ___ :_· __ .f __ -.:·:_-_.-;_;u·:·,:~-?!_r:-li-__ ·,t_·:,·-_her downs1:,::~:~,. . . . , . 
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5.3 Concept of Effective Length of a Pas s ing Lane 

The "effective length'' of a passing lane includes both the passing 
lane itse l f and thG downstream section of t\olo-lane highway whet·e platooni ng 
is lower than it would have been without the passing lane. Table 4 presents 
the est ·lmat~d reductions in percent time delay for three different effec
tive lengths -- 3, 5, and 8 mi (5, 8, and 13 km) -- as well as for di f
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 obtained from the 
TWOPAS model. The data for effective lengths of 3 cmd 5 mi (5 and 8 km) 
ar·e estimates of the percent t i me delay that would be required wi thin the 
effective length of the passing lane to produce the observed simulation 
resul ts for the 8 mi {13 km) section. The estimRtes were based on the 
assumption that, if the effective length of a pas.sing lane is 5 mi (8 km), 
then the perr.ent time delay in the highway section between 5 and 8 mi 
(8 and 13 km) downstream of the begi nning of the passing lane will be the 
~arne 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: 

where: 

\ 

\ 

(8)(PT08) - {8-L)(PT0
0

) 

PTOL = L (1) 

PTDL = Percent time de l ay for an 8-mi (13-km) section contain- -~~1J 
ing a passing lane with an effective l ength of L >·i~·-

PT08 = Percent time delay for an 8-mi (13-km) section c~ntai n- :,'%·J · 

PTO = :::c:::~::::g.:::: :::h.:n6:::·:::::.:·::::i:: :fmi f~( 
0 convention a 1 two-1 ane highway without passing l anes · :~F 

(i.e., the column of Tabie 4 for a passing lane 1ength 
of zero). 

\ " 

\ • L = Effective length of passing lane (mi). L 

The percen~time delay for passing .lanes in Table 4 is l imited to a m1n1mum 
of half of the percent t i me delay of a t wo-lane highway at the sa~e fl ow rate . 

It should be noted that the base values ~f perc~nt time del ay for 
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 condi tions of terrain, no-passing zones , 

· and traffic composition. Since these conditions can vary from one case to 
another, it is recommended that Table 4 be entered us i ng a given base value 
of percent t i me delay, rather than the traffic flO\~. In ott1er words, the 
estimated two-lane highway percent time delay shou l d be used to sel ec t the 
appropriate row of Table 4, regardless of traffic flow. Linear interpola
tion in Table 4 i s - acceptable. 
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TABLE 4 

. EFFECT OF PASSING LANES ON ~EnCENT TIME DELAY ~VER 
~TENDED ROAD LENGTH 

':,' -;. . 

PERCENT TIME D(I.AY 
o .. ,.wq Poni"'J Ul,. unoth (ml) 
.Flow P.or• 
( Vlit{ht} ow 0.2S o.~o 0.15 1.00 

(If•~"·· l.a.>Qih • a ml Ill 

100 33 J2 21!1 26 24 
200 lO 46 42 38 37 
400 70 69 45 62 6() 
700 8l 81 77 15 71 

Woctlve l.ar>gth • 5 ml 

100 , I 31 2$ 22 19 
200 30 41. 37 ll 29 
400 10 68 62 57 54 
700 82 t 8G 74 11 66 

Effec:tl•c l.af1o9th • l "'I 

100 33 30 20 17 17 
200 lO j9 29 2S 25 
400 70 67 S7 49 Q 
700 82 79 69 63 55 

sV (.'oventloml two •lane highway with ~a potting r.,,. 
IV ~ plotted in flgwe S 

No111 I ml • 1.609km 

uo 2.00 

~2 20 t· ll 30 

'' so 
.\8 63 

17 17 
2$ 25 
A9 38 
6() S2 

I 
17 17 
2$ H 
3~ 35 
45 AI 

· .;t~l\ 
--~-~~~F:i·-.-... ·. 

The results in Figure 8 indicate that the effective length of a 
passing l ane 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 restrict passing opportunities anli .. ... 
encourage formation of platoons, such as steep grades, narrow lane s , and W~>· 
no-passing zones, may reduce the effective length of a passing lane . ~'':-''' ' 

The concept of effective length is used for analysis purposes in 
rable 4 to determine the ove1·al1 effect of a passing lane on level of ser
vice ~ver an extended highway section. For most casos, effective length 
can be estimated from Figure 8, with adjustn.ants for factors which might ,>···· 
hasten or slow the downstream overtaking or catch-up process. {f the two- .';~~: : 
l ane highway downstream of the passing lane has few passi'lg opportunities, };:~ · 
for example, the effectivf! length determined from Figure 8 should be re· :.l;''? ' 
duced. ·• .;: /1.\·•·+ · .\~_·-.·~,-.·· • . •.: :~::~·~~<- . :=.r,~·;;._~-;~:;;~ "~· : .. 
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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 
length for analysis pul'poses , if this is less than that estimated from · 
FigUI'C 0. 

5.4 OptimAl Ooslgn Length for Passing Lanes 

The optimal design .length for a passing lane can be determined 
tht•ough a cost-effectiveness analysis. This can be illustrated by the 
cost·effectlvoness data in Table 5. This table ,presents the percent time 
delay over an effective length of a rni (13 krn) for passing lanes of various 
design lengths, the differente between the percent. time clelay for each 
design length and a conventional two-lane highway, and the ratio of this 
difference to the design length. This ratio represents the effectiveness 
of passing lanes 1n reducing vehicle platooning per unit length. The use 
of design length in the denominator of the cost-effectiveness ratio repre
~ents the cost of constructing passing lanes, which can vat·y widely dopend-
1 ng on terra 1 n. The passing 1 ane lengths used to compute tlu! cost
effectiveness ratios in Table 5 have been fncroasod by GOO ft (100m), half 
of the combined length of typical , lano add1t1on and lilno drop lapors, to 
account for the cost of constructing these transition aroas. 

Table 5 shows that for flow r·atos of 200 vch/IH' or lc!is In onu 
direction of travel, the highest c:ost-flffor.tfvtmns~ po1· tllllt. len~th Is ob
tained for paHfng lanes wtth dssign lengths llii~W•Jun 0. !i ilnd 0./5 ml 
(0.6 and 1.2 km). Passing lanes shortor thl\n 0. & ml (0.11 km) or• longor· 
th-ln 0. i'5 mf (1.2 km) are not as dosh·ahlo hor.•JII!IO tlwy JH'nvldo loss ow 
erational benefit per unit length. 

As flow rate Increases ohovo /.00 vah/ht' , tho uJJ\. Inhll rloslnn longth 
for a passing lane illso Increases. At 11 rlllW ''•II.U ul •HIO vuh/hl' In ono 
dit•ectfon of trave'l, tho optimal doslun lonnlh fnr ,, P·l'i'i!no laue Is 0. 75 
to 1.0 mf (1.2 to 1.6 km). At vor·y ltfoh flow t'lll.o r. , sw:h ,,s /00 v~h/ht' in 
one direction of travel, the optimal design tonuth nf Jhis~lt1!J Janos t'anges 
from 1.0 to 2.0 mi (1.6 to 3.2 km). llownv:tr, tho uso or p<uslng Janos longer 
than 1.0 mi (1.6 km) In length may not ho ctoslrnhlo, ovon fnl' highways wilh 
peak flow rates of 700 voh/hr in one dlrocllon of travol, hocause longer 
passing lanes would b«! suboptimal throughout ~hu t'Ornl\lndot• of .. the day when 
traffic volumes ar·e lower. ·L l&~i'· 

Cost-effectiveness analys!s Indicates that short passing lanes 
are usually more effective per unit length, and lhoroforo p~r dollar spent 
on construction, than long pass~ng la~os. Thus, the ovPrall level of ser
vice on a highway can often bo improved moro by constructing three 0.5-mi 
(0.8-km) passing lanes spaced at intet•vals than by constructing on~ 2·mi 
(3.2-km) passing lane. The optimal design tangth 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 dally basis) on that specific 
highway section. The design houl' volume, which occurs in only a few hours 
ou~ of ~ach year, m~y be too high t~ ,..~.~ ~-Y-~h,i't the basis for the choice of a 
cost-effective pass1ng lane lengt.h . .. :'):;t;·:~;~;~:~~:i-r. ·· 
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TABLE 5 ~· 

EFFECTIVENESS OF PASSING LANES PER UNIT LENGTH 
IN REDUCING PERCENT TIME OELAY 

Paning Lone Percent Time 
Reduction 'rorn Reduciion Per 
Conventional Unit length of 

Length (mi) DelayedQ/ Two-lone Highway Paning Loneb/ 

FLOW RATE : 100 veh/hr -
None 33 - -
0,25 32 I 2.8 
0,50 28 5 \_, · 8.2 
0.75 26 7 -~- 8.1 
1.00 24 9 ·:--~~ir ~ . 8,1 
1.50 22 II '=WH 6.8 
2,00 20 IJ 6.2 

FLOW RATE = 200 veh/hr 

None 50 - -
0,25 46 " 11.1 

0.50 42 8 13.1 
0.75 38 12 14.0 
1,00 37 13 ll.7 
1.50 33 i7 10.6 
2.00 30 20 9.5 

FLOW RATE = 400 veh/hr -
N<.'ne 70 -- -
0,25 69 f 1 2,8 
0.50 65 5 8.2 
0.75 62 a 13.1 
1.00 6C 10 9,0 
1.50 57 13 8.1 
1.00 50 20 9.5 ---

FLOW RATE= 700 veh/hr 

None 82 - -
0.25 81 I 2.8 
o •. 'io 77 5 9,2 
0.75 75 7 8.1 
1,00 72 10 ?.0 
1,50 68 14 0,7 
2.00 63 19 9.0 

V Based on effective length of 8 ml 
!1J Unit length increoted by 600ft. to account for 

cotl of constructing lone addition and lone drop taper& 

Note: I mi = 1.609 km 
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5. 5 Changes fn Spot Platoo~1irw Ove!: llw __ ~-~!9_!-h __ y f_~- ~l~~J_~·we 

The effectiveness of a passing lane in improving tr·affic opc!l•a· 
t ions on a two-1 ane highway was a I so asses -;cd by us i nq liHl fWOPAS model to 
compare the percentage of vehicles delayed ir. pl.:ttoons at a spot location 
immediately downstream of a passing _ lan~ with th~ percentage of vehicles 
that would have been delayed in platoons at the same location had the pass
ing lane not been present. If the traffic flow on a conventional two-lane 
highway in level or moderately rolling terrain has reached an equillbtium 
condition 1 the percentage of vehicles del~yed In platoons will not change 
markedly over a relatively short length of highway, so the comparison de
scribed above is roughly equivalent to a comparison between the percentage 
of vehicles delayed in p~~toons at spot locations upstream and downstream 
of ,, passirg lane. 

Effect of pJssing lane le~and flow r·ate: 1\ model WtlS desir·ed 
to predict the passing lane effect1veness as a function of design length 
and flow rate. A preliminary examination of the results of the 56 slmula
t.ion runs with the TWOPAS model for the primary experiment (idtmtifle<l In 
Table 3) produced the results shown in Figure 9. Tile l!ffectivenass of ,, 
passing lane in reducing vehicle platooning was found to lncrl!ilse with 
i~::reasing passing lane length; howe ... er, the slope of the t'nlatlnnshlp he· 
tween platooning r·aduction effectiven~,ss and p.1ssir.g lane lcnoth, <jhown In 
the upper portion of Figure 9, decr1~ascs with Increasing lonvt.h. l'hir. 
finding confirms the hypothesis developed in l'arller r·escllf'Ct\ hy lltn·wond 
<ind St. John:! that the effect of passing lane l<mgth 011 tt•nrfh: pl;ll.uonlnq 
i,s nonl ineal'. The r·elationship between platooning r·cduct.lon •t frm:tlvnru• H 
and puss1ng lane length illustrated in Figure 9 w.1s found to hn l ~, o;t; •• .•
plained In statistical models by a logarithmic t.t'ansform of th(• JIM,liillll 

Jane lcl"t\lth. 

As illustrated in th~ low~t' t>ortlon of Figun.• •), p i.1Lnnnlnu r·n~ 
duction effectiveness tends to increase with flow rate .\l I•M vulutne!~ .11ul 
dt'!ct•ease with flow t·ate at high volumes. This P.ffect w•• ~· f•HIIHI to lw btH;t 
explained in statistical models by the linear sum of two l(!I'IIIS, onn t.rmn 
represent 1 ng the f1 ow rate and a . second term represent i n~J the t•cclproca l of 
the flow rate . 

The following multiple regression model was found to best reprr.
sallt the combined effects 0f passing lane length and flow rat~ on platooning 
n!duction effectiveness: ·f~ 

RPO = 34. 2 + 10.8 .en (LEN) ·- 0. 0153 FLOH - ~~~e (2) . 

RPO = reduction in percentage of vehicles delayed in platoons . 
due to the passing lane; -.•;:m-J~;·· 

LEN = length of passing lane not includin~ tapers (mi) · ·, 3.!~;\i.:i•-
FLOW :: flow rate in one dir-ection of travel {veh/hr). ' J\f:;:; .. · 

;_j:·i • ' :i~.t~_,_,_;:·_~:,}.~_:· .. · . . ~~EJJC ,. . . ::4;~~-- · 20 
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The model pr•esent~d in Equation (2) explai.ts YO percent of the variation in 
pl-1tooning reduction effectiveness ( i, e., f~ = 0. 90). 

Efrect of upstream platooning: The percent of vehicl~s platooned 
on the convention<tl two-lane high~-1ay upstream of a passing lane repr·esents 
the upstream level of service . ~ set of supplementary runs were conducted 
with the TWOP.r\S model to determine the ~ffe·:t of the level platooning up-:
stream of a pas5ing lane on its platooning reduction effectiveness. Thf. 
results of these runs indicate that platooning reduction effectiveness . . , 

~~~~~:!~s p ~!~~o~f~;r:~m hf ~~t~f~~ n;a~e\ . 10;h~~ 0~t~!~~s w:~di :ceocr;pe::ae;edwii~h a .· ;;~{;~f;lJ!~W{1Jti;J, 
regression model of the combined effects of passing lane length, flow rate, ,,, ...,_, ·rc ·-~ 

· ~;f~;.;":;tr:~~ :l~t:o~:n~ :: :h:n p(~~:o:ning reduction effecU~~:~;s of(:) . •_t·:~J~1 
.·~~t 0. 0823 FLOW - Ftb~ · · .. ., .. ""''"''/i: ·•···.ocfW·-~ 

+ 9.59 in(PUO) - 0.0247 FLOW7.£n(PUO) 
wher'e, ·.;*lM-·· 

PUO = perc~ 1tage of vehicle delayed in platoon~ upstream of pass
ing iane; 

and the other variables are as defined above. ;~;J;;~f~~f; .;:~; 
. ·. :, .:.· 

The model presented in Equation (3) explains 89 percent of the 
variance in platooning reduction effectiveness (i.e., R2 = 0.89). The 
multiplicity of terms in the model illustrates the complexity of the rela
tionships and interactions tha:. influence the effectivf!ness 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), fot· the range of flow rates from 100 to 
700 veh/hr, and for the range of upstream pP-rcentage of vehicles delayed in 
platoons from 20 to 70 percent. Equation ~ 3) can be used for passing lanes 
on highways with up to 25 percent heavy .ehicles in the traffic stream in 
level, moderately rooling, or severely rolling terrdln. However, Equa
tion (3) is not applicable to climbing lanes i n mountainous terrain. 

Table 6, which is based directly on Equation (3), provides a mrre 
convenient method to determine the effectiveness of passing lanes in reuuc
ing vehicle platooning . When entered with appropriate values for thP length 
of a passing lane, the flow rate and the upstream percentage nf V'~hicles 
delayed, Table 6 indicates the percent reduction in vehicle plat~oning re
sulting from immediately upstream to immediately downstream of a passing 
lane. Table 6 incorpc~ates the assumpti on that the percent~~e of traffic 
delayed in platoons r:!~wnst1·eam of a passing lane will a!· .. ays be at least 
10 percent. Linear interpolation in Table 6. i~ acceptable. 
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TABLE 6 

REDUCTION IN PERCENTAGE OF VEHICLES DELAYED tN 
PLATOONS DUE TO PASSING LANE INSTALLATION 

!/·;~~~: .. . 

FASSING LANE lfNGTH (MIUS) V 
ow ~ore -

v.h/Hr) .25 .!0 .75 1,00 us 1,50 1.75 2.CO 

'vPSTAEAM: 20% OEV ( f0 

100 2,9 10.0 10,0 10.~ ., .. I 10.0 10.0 10,0 
200 6,1 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
300 '1,7 10,0 10.0 10.0 10.0 10.0 10.0 10,0 
400 8.9 10,0 10.0 10.0 10.0 ; 10.0 10.0 10.0 

UPSTilEAM: JO'!b OEl.AYEO 
lC:J 5.8 ll.l 17.8 20.0 20.0 20.0 20.0 20.0 
200 8,0 ''·' 19,9 20,0 20.0. 20,0 20.0 2'),0 
JCO 8, 6 16.1 20.0 20.0 20.0 20.0 20.0 2•J,O 
4Cil a.a 16.4 20.0 20,0 20,0 20,0 20.0 20,0 
sco 8.9 16.4 20.0 20.0 20.0 20,0 20.0 20.0 
600 8.9 16,4 20.0 20.0 20.0 20.0 2(1.•) 20.C 
;co 8.8 16,4 20,0 ~0.0 20.0 20.0 20.0 20.0 

... PSUE.>\M: ~0% OELAVF;l 
!00 7,8 U,4 19,8 22.? ' 2.5.4 27,4 29,0 }<'1,0 
200 9,3 16.9 21.3 24.4 26,9 28.8 JO.O 30.0 
300 9,2 16.8 21.2 24.3 26.8 28.7 30.0 30.0 
UJO 8.7 14,3 20.7 23.8 26.3 :ZB.l 29,9 lO.O 

I 500 9.1 15.6 20,1 23.2 25.6 27.6 29.3 JO,O 
)()() 7.4 14.9 19,3 22 • .S 24.? 26.? 28.6 30.0 
;oo 6.6 14,1 18.6 21.7 24,1 26, 1 27.8 29.2 

UPSHEAM: 50~o DELAYED 
100 ~ .. 17.0 21,4 ~4.5 27.\: 29.0 l 30.6 32.1 
200 10.3 17,9 22.3 25,5 27.1 29,9 31.6 lJ.O 
300 9,7 17,3 21,7 24.8 27.2 29, 30,9 J2,4 
~oo 8.7 !6,2 20.6 23,8 26.2 "·· i "·' JI,J 
soo 7,5 15.0 19,4 22.6 u.o 27 •· 28.7 lO. t 
!;()() 6 .2 13.7 1&,2 21.3 23.7 25 • . ' 27.4 28,9 
700 4.9 12,4 16,8 20.0 2~ Z4,, . 26.1 27.S 

uPSUEAMt 60'¥4 OELAYEO 
iOO 10.7 18.3 22.7 2.5. irr"""frr lO.J ll. 9 33.4 
~00 11.2 18,7 l3.2 26.3 28,7 30,7 32.4 33,9 
JOO 10.1 17.7 22, I 25,1 27,6 29.6 31.3 J2.il 
400 8.6 16.2 20,6 23.7 26,1 28,1 29,8 J 1.3 
soo 7,0 IA,S 18,9 22 . 1 24,S 26,5 28.2 29,6 
!;()() 5.2 12,8 17,2 20.3 22.3 24,8 26,4 27.~ 
7(.1() 3.5 11.0 IS.' 18.6 21,0 23.0 24.7 26. I 

UP'HREAM! 70'!Co DELAYED 
100 11,8 19,4 23 .8 26.9 29,4 ll,J JJ.J 34,5 
200 11,9 19.5 23,9 27.0 29,$ 31,4 33.1 34,6 
300 10.4 18.0 22.4 25,5 2&.0 lO.O 31.~ 33,1 
~oo 8.6 16. I 20.5 23.7 26.1 28, I 29,8 lU 
!00 ld 1 .. . 1 18.5 21,6 24,1 26,1 2'1.7 29.2 
!;()() 4.4 12.0 16.4 19.5 22,0 24.0 2U 27 . I 
700 2.3 9.8 14.2 17,4 19.8 21.8 23.5 24.9 

Nare: I ...; • 1,609 km 
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Effect of vehicle mix: An investigation of the effect of veh icle 
mix on the platooning reduction etfectivene's of passing ·lanes was co~ducted 
using the results from the su~plementary simulation runs described fn Sec· 
tion 4.2. These runs considered the ooerational effects of three alterna
tive vehicle mixes: (1) 5 percent tru~ks and 5 percent recreational v~htclcs 
(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 S percent RVs. 

The effect of the different vehicle mixes on passing lane eff~c
tiveness over a range of flow rates is Illustrated in Figure 10. There is 
no consistent tr~nd 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 
(J), 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 vehicles 
in the traffic ;tream. 

Effect of ten·a!n: II sfmllat· analysis to that for vehicle mix 
was conduc"'ielft.'"cJ determine whothor tor!'llfn has all effect on the platooning 
redur.tion effectiveness of p,lsslng la11os ur.lno t•osults from the supplP.men
tat•y simulat".on t•uns described In Sor. llon ~ . 2 . lhe t€!t'l'ains considered 
were nearly .evel tet·raln with J.l. 5 porcont nt·nctcs us11d in the development 
of Equatior.:~ (2) and (3) and more sevu,·ely t•ol llno terrain with ±4 percent 
grades. 

The effect of the dlffdr~nt torrnins on passing lane effecti~e
n.ess over a ra1\ge of flow t';,tes Is lllusl,·atotl In Figure 11. The dif
ferences between the ,:porallonal effects of the two t\: :Tain types i 1-
Justrated in figill'C 11 ~··e minimal and there is 110 consistent trend. A 
regressipn analysis found "o statistically significant effact of vehicle 
mix on platooning reduction effoctlvuness. Therefore, the findings repre
sented in Equations (2) and (3) based on mQdurately rolling terrain are 
preoumed to bu applicable to a range of terrain from level through severely .. 
ro I 1 i ng. · , ,/J£,1~)i~}h:· , 1i'~;·c · · 

6. CONCLUSIONS ANO RECOMMENDATIONS -(t~l: .• . ,); .. 
'!)~~ ~"':..~ ' . . : :"*:-:..·~ 

- ~~!ljf::'." · 

The following conclusions can be drawn from the research findings 
presented in this rep~rt: 

1. The findings r.f this study confirm the findings of previous 
research that traffic platooning 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 measut·es. These findings confirm the choice 
of a traffic platooning measure, percent time delay, as the 
level of service criterion for two-lane highways in Chapter 8 
of the 1985 HCM. 
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2. Passing lanes are effective in improving the level of ser
vice and reducing the perceAt time delay on two-lane high
ways by providing passing opportunities and breaking up 
traffic platoons. 

6. 

The effectiveness of passing Jan~s in reducing percent time 
delay on two-Jane highways can be determined from Table 4 o 
this report as a function of traffic flow rate and passing 
lane length. 

Passing lanes prov1de traffic operational benefits on twoR 
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 two-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 flow rates. 
Other geometric and traffic control features that encourage 
the formation of platoons, such as steep grades, narrow 
lanes, and no-passing zones may also reduce the effectjv~·-'' 
lP.ngth of a passing lane. 'j:;r1;~~~:, 

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 platooned, and , 
thus "primed" to make the most of the extra lane. Second, 
the benefits of platoon break-up in the passing lane cari'Y ·· 
over as rediced delay on the downstream two-lane highway, 
until new pltoons form over a number of miles. A road with 
regular passing lanes thus has a cyclic pattern of platooning, 
with zones of buildnup, passing, and improved downstream op
erations. This cycle makes best use of a relatively small 
highway investment, and provides an inter~ediate quality of 
traffic operations betwee~ .t~ose of a two- :ane and four-lane 
hi ghway. :.W> · · ~+~- . 
A nonlinear relationship was found between the length of a 
passing lane and its operational effectiveness. ts demon-
strated in Table 5, the optimal length of a passing lane 
generally varies from 0.5 to 1.0 mi (0.3 t~ 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 or 
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). 



 

r 
! 

7. The level of spot platooning downstream of a 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 the~e ••ffects are 
p1·esented in Equations (2) and (3) in Section !> . 5 of this 
report. No effect of terrain or vehicle mix on the level of 
spot platooning downstream of a passir1g lane was found. 

. :. ~~r· 

. tflm. 
·· :11~Wr;;.,. · 

The following recommendations for further research on two- lane 
highway operat1ons and passing . lane effectiveness were develooed in the 
research. · ~.-~;;~e;~!i!C}}j:~~·-·· :p · · ·::-'W/ . 

l. 

2. 

A capacity and level of service analysis procedure for two
lane highways with passing lanes should be developed and 
incorporated in Chapter 8 of the 1985 HCM. The operational 
effectiveness data on pass i ng lanes in Section 5 of this 
report provide a foundation for this development effort. 

Climbing lanes on two-lane highways have different oper·a-

'?#.j'. ~ ~~nat~r~~~~~cte;ei:etai~~h tr:n n~~~~~nl01 a;~:n~ try' e~~~ 5~r d ~~! 1- -;~f{· 
ferences, oxpanding on the work of Botha,t7 and develop a 
procedu1·e for incorporating climbing lan12 effects in 

3. 

4. 

5. 

Chapter 8 of the 1985 HCM. i~t:< · 

~~~!;{~~~:lf.G!~~1~~~}}t::~~;;J1~~::H;;~~i~n~i~::~~; ·.,if~, 
upst1·eam traffic characteristics and highway section char- - '''" 

:m; ~~~:~~~~:J:t::~'i~ri~,f·::~J:t:, ~~~~~ \~·~~ .~ ::;i~~: "fi~t~i~~~~~". 
~~~,.,~R~~~~: ~a01~~~~ i ldictvi~1s0psei~i ~~r t~~ ~~~i;~.1 i a~ ~:~a recs~:;~:i- ::~!2~--
son botwoen fRARR and TWOPAS should be made to determine 
tholl· slmllal'itles and diffet•ences and select one model .for )~r· 
further two-lane highway research. ·-.~~ .. , . :· .•;:> 

.. tltt~WJW· · · The TWOPAS computer simulation model provide~ an excellent 
tool to exam ine the uperatlonal effectiveness of passing 
lanes. The model pr•ovides a very realistic representation 
of the effects of passing lanes on tra ffic platooning. 
However , the unusua lly high values of passing rate within 
passing lanP. sections simulated by TWOPAS s~ould be inves 
tigated to dete rmine the source and impact of this problem. 
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APPENDIX 

SIMULATION CASE STUDY OF PASSING IMPROVEMENTS .. . 
. ,J 

.-y ' - - .1' .' 

This appendix presents a case study of six alternative operational 
impt·ovem~nts for a typical section of two-lane highway. Where a single 
isolated operational improvement, surh as a pass ing lane, is installed on a 
two-lane highway, the procedures presented in Section 5 of this report 
provide- a method to estimate its operational effectiveness. Whe;·e se•Jeral 
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. Th4se 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 modeP 1 has been developed over a 
period of years in Aust.f'·'ilia and now includes th£: capabil i ty to simulate 

r1 both passing lanes and turnouts. 

lhe followir .g discussion illustrates the application of the TWOPAS 
computer m6del to evaluate 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 ot conventional 
two-lane highway on State Route 25 between Town A and Town 8, illustrated 
on the map fn Figure 12. At the west end of the site, Route 25 con~~cts 
with a four-lane divided freeway near Town A; this freeway serves a mtjor 
metropo 1 itan area 1 ocated 40 mi (64 km) north of Town A. At the east. end 
of the site neat' Town B, Route 25 connects with two-lane highways se!••ling a 
vacation and resort area and serving a medi um-sized metropolitan area lo
cated 00 mi (129 km) south of Town 8. Towns A and B each have between 5,000 
and 10,000 residents; there are no other sizeabl · towns and no junctions .. 
with State primary highways on Route 25 between Towns A and B. :j:;;:: 

Route 25 currently carries aporoximately 7,000 veh/day with 
1,000 veh/hr in the design hour in both directiohs of travel. The peak 
flows generally occur for traffic going to and from the resort area to the 
cast of the -site on friday and Sunday evenings. At these times, the site 
experiences long platoons of vehicles in the peak di rection of travel and 
much 1 ighter flows in the opposing direction. The traffic mix typically 
i' nclud~s S% trucks and 15% recreational vehicles. 
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The site Is located In level to gently rolling terrain with maxi 
mum g1·ades of 2 percent. The land use along the site is primarily agricul
tural with a few residences and roadside businesses. 

Computer Simulation Approach· 

A computer simul~tion study was used to investigate the opera
tional effects of improvement alternatives for the we~ternmost 10 mi (16 km) 
of the case study sit~. 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 gener~l approach that should be 
used to improve the remainder of the site . 

C'Jmputer simulation of the study site was performed usi ng the 
TWOPAS modei. The traffic volume and geometric data (including grades, 
horizontal curves, sight distances, and locations of passing and no-passing 
zonesr·used as input to the model are based on an actual two-lane highway 
site in a midwestern -Stata that is currently under· consideration for im· 
provement. -

The case study t. ite was sim!.llated fol' three levels of traffi<: flow 
rate (400, 800, and 1,000 veh/hr in both directions of travel combined) and 
two direction splits (70/30 and 30/70). The pP.rcentage of vehicles platooned 
entering the study section at the upstream end of the site in each dir·ection 
of travel was selected to be appropriate for the flow rate. Relatively low 
l~vels of platooning were specified for entering traffic in the eastbound 
direction, since this traffic ha:- just left a multi.lane fre12way. l~elatively 
high levels of platooning were ~pecified f0r westbound traffic because lnis 
traffic has traversed an extP.-nded length of .two-Jane highway . . · 

Opera tIona 1 lmproveme n t A 1 te rna t I v es ':_c~~.~f. " 
Six alternative improvements were considered in the computer simu

lation study and were compared to the e?.Cisting two-lane highway. These al-
ternatives were: gt~\;:; ·. 

-~:.-t-· · ·; . 

Two passing lanes (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 1.75-mi (2.8-l<.m) four-lane sections; and 

One 7-mf (11-km) four-lane section. 
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All of the passing lanes considE>l"ed in the computer simulation study were 
1.0 mi (1.6 km) in length. The alternativ~ with eight passing lanes pro~ 
vides continuous alternating passing lanes over 8 mi {13 km) of highway . 

. j~f:.: The locations of the six improvement alternatives are i llustratetl ·)?,?··:. 
in figure 13. ··· • 

Oper~tional Effectiveness 

Figures 14 and ~5 illustrate summarize the results of the op~ra
·if·: tional analysis performed with the TWOPAS model for the .normal two~lane 

~) highway ••:;:::::: :::::::·:::~:·:.::~~::·:., or the Jmpr:':~ent alte;:~-
t~ves al decreasing platooning over the lO~mi (16~km) study section. The 
table shows that the improvement alternatives are all effective in r educi11g 
percent time delay, especially at higher traffic volumes. In one case, the 
most effective improvement alternative decreased percent time delay f rom 

· 76.7 to 30. 2, an improvement from Level of Service E nearly to Leve I of 
Service A. 

Figure 15 presents the effectiveness of the improvement alterna
tives on overall travel speeds on the lO~mi (16-km) section. The r·esulls 
show that these alternatives have a relatively modest effect on travel 
speeds. The greatest speed increase found for any alter·nativo was 6.8 mi/hr 
(.10.9 km/hr) . ThP.se results indicate that percent time delay is more sensi~ 
live than speed to the presence of a passing lane or four-lane secti on , 
just as percent time de 1 ay was found to he more sensitive than speNI t o 
variations in flow rate in the 1985 HCM. 

Safety Effectiveness 

. The safety effectiveness of each improvement alternative was dt! 

termined on the basis of percentage dccident reduction estimates for pas~
ing lanes and st.ort four-lane sections. Passing lanes were estimated to 
reduce accident rates by 25 percent and four-lane sections were assumed t.o 
reduce accident rates by 34 percent based on the results of a safety e va l
uation by Harwood and St. John. 3 Estimated accident reductions were bast!d 
on a typica1 two-lane highway accident rate of 1. 75 accidents per mi llion 
veh-mi (1.09 accidents per million veh-km) and were assumed to <.onsist of 
2 percent fat a 1 accidents, 48 percen.L.i nj ury ace i dents, and SO pe.rce.n t . 

property-damage-en ly acci:;~;t0\tf~~j;;[~f~(~ . ~~;~ti~( • }/~~~~ · .. 
Benefit-Cost Analysis 

The operational improvement alternatives were compared through a 
benefit-cost analysis. In this analysis, both the traffic operationill and 
safety benefits and the improvement construction costs ar:.e quantifie_ui n 
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·dollar terms. Benefit-cost analysis Is noco•~·1t'Y ln nv.l h lii iH lltn fl">~tl ~ ~ 
of the case :;t~.:dy, because none of the othnr· nv;lluatlon mnl.h !h l ~, i rH I•Hii ll !J 
cost-effectiveness analysis, pr•ovidP. J mothod lu ~cimhlnn huth l.r·,lllli ••it 
erational and traffic safety bcnsfits. 

Table 7 presents r~ s timates of C0115ll'l1Ct.fon cw.t. ~i , ·IIHIU<! I •lnLty 
reduction, and annual acc.idtmt t'IHh•ction for usl' 111 lhtJ hnnulll. ·· ui•il ·lll.ti't 
sis. The construction costs for· the six dcsiqn .tltorn<lliV•!•; •tt'tl h•i'itHi or: 
the following estimates : 

Low-cost passing lanes: ~ f>IH), dOII/m I 

Low-cost short four-lar ·c sect ion s: ~l,IOtl,(tllll/nll 

Extens ive foUJ•-laning: ~1,500,000/ml 

i he difference between t he construction costs for· s,hor·t l'uur·l ;uw ;,.,, t Inn•• 
dlld CXtensfve four·lanJng urises beCiliiSO the Joc,ltlllll'> llf "oiiHI I. (tiiii ' • J;if)l' 
sections can IJ(I selected to minimize constl'llcllon .;usl~ . 

Both tlw delay r'educt ion .111d accident l'IHl111:t ton IHmnl II.•, !"'"i••ilt,ql 
lt1 Tablo 7 were estimated for the t:ur rent tr·af flt: voiiJOIIl lovnl "; / , ll(iO ·; 1•1t • 
diiy. lhe effect of the· alter native impr·ovl)ml!nt5 on lt' ;lfl' lt: '• i•ll•~tl'. !H· .r·.Ht ll fld 
I n fiqut·e 15 wero developed through compul.tJt' ~1 :~1il<llion ,1f •qwr:ltlc lw" ' '' 
flow r·ates . l'he annual del ,lY r•educllons o;· lt··w~> ! ll fll!..: !; .wlniJ ~· In r.,hln I 
were dc:termint?d from the speed d if fer·enc~ s In liqut' l! l!i .mil tlw llll fnv.illtJ 
daily traffic distt ibution: 

. :?:ifj~, 

Two-Way 
F'·ow Rate 
illh/ hl') 

1,000 
800 
400 
100 

0 

No . of llour·s 
pet· Day 

1.0 
2. 0 
8 . 0 

12.0 
1.0 

24.0 

No. of VultlciJor, 

__ !!!:!..!: . .!~·~Y . 

L,OOO 
l ;600 . 
J . 200 . 
1 ,2011 

I) 

7:07'iil 

This daily traffic distribution i s assumed to repeat il5t.!ll «hlc h !lily, "• ' • 

days per year . . .,.'ti:tr'.> 
·: ~~\l;~j;:,: · . 
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TABLE 7 

CONSTRUCTION COSTS AND EXPECTED ANNUAL BENEFITS OF ALTERNATIVE IMPROVEMENTS 
lN SIMULATION CI~SE STUO~ ,'~:f~ii)\)t::;'r;['( tFr:: ~ 

' :_ +~i\i}:· 
Opet·ational 
Improvement 

·Alternative 

Al Normal two-lane 
A2 · 2 pis~ing lanes 
A3 4 passing lanes 
A4 8 passing lanes 

Construction 
Cost ($) 

Expected Annual 
Delay Reduction 

( veh-lw) 
Expected Annual 

Accident Reduction 

AS 1 3.5-mi four-Jane section 
A6 2 1.75-mi four-lane sections 
A7 1 7-mile four-lane section 

0 
1' 115,000 
2,230,000 
4,460,000 
3,975,000 
4,100,000 

10,670,000 

TAOLE 8 

~- ··.: -- . 

0 ' Jf _-
10 1100 ,, 

. -~-19,50u _ 
_26, 900 ' ·-
24,COO 
26,700 
39, 

EFFECTIVENES~ OF ALTERNATIVE IMPROVEMENTS IN REDUCING 
TR,lVEL TIME AND TRAfFIC PLATOONING ---- -

Operntiona I 
Improvement 

fl. I terJH!t ive 

A2 2 passin~ lanes 
A3 4 passing lanes 
A4 8 passing lanes 
AS 1 3.5~mf four·l~n~ soctfon 
AG 2 1. 75-mi four· lane section 
A7 1 7-mi four~lane section 

Annual Delay 
Reductfon 

~eh:!!.!:l_ 

10,10.; 
19,500 
26,900 
24,000 
26,700 
39,000 

Annual :Jelay 
Reduction 
(v~h-hr) 

pet· lane-mi 

4,530 
4,380 

. 3,020 
3,320 
3,580 
2,740 

Reduction in 
Pet·cent 

Time DelE_ 

0 
2.3 
4.5 
9.0 
5.4 
5. 4 

!0 . 7 

Reduction in 
P'ucent 

lime Delay 
E.!!:_ lane-mi 

3.9 
4.2 
3.2 

. • 3. 7 
4.0 

.· 3. 3 



 

A wt!akness ·of b·~nefit-cost analy_?is for application to two-lane 
highway improvements is that, in order for the traffic operatio11al be-nefits 
to be quantified in dollar terms, they must be quantified as a delay re1d-.
tion or travel time savings based on incre~sed traffic speeds. It has been 
established in the 1985 HCM tnat percent time delay is a more satisfactory 
measur'a of service for two-lane highways than spee1. 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 a~e i l - . 
lustrated in Table 8, which shows the effectivane~s of each improvement 

;;.r·. alternative ar:d the cost-effectiveness per lane-mi in t•educing travel time 
:YJ. .. and traffic platooning {i.e., percent time delay). The travel time sav i ngs 

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 fl~w rates. The improvement lengths used to 
compute the effectiver.ess per lane-mi in Table 8 have each been increased 

· by 600 ft (180m) to account for the cost of constructing the lane addition 
~nd lane drop tapers. · 

Table 9 prt3ents the benefit-cost analysis of the six oesign al
te~natives, arranged in order of increasing construction cost. As in Ta
ble 8, both the traffic operational and safety benefits in Table 9 are 
apprr.priate for the current traffic volume level. 

The operational benefits in Table 9 were estimated at S9. 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. 19 These 
NHTSA cost estimates ~ere 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 re3ultlng accident 
cost estimates were then updated to 1985 levels to account for i~flation. 

The improvement construction costs in Tar1e 9 have been expressed 
on an annualized basis using an esti~ated service l1fe of 20 years for the 
operational improvements and a discount rate (minimum attractive rate of 
return) of 4 percent. The imprcvement construct ion costs havP. been an
nua 1 i zed so that they are expressed on a c~mparab l e basis with the annua I 
delay re.duction and s<~fety estimates. 
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A7 

TABLE 9 

BENEFIT-COST ANALYSIS OF ALTERNATIVE IMPROVEMENT$ 
- IN SIMULATION CASE STUDY 

Ope1•at iona I 
Improvement Alternative 

2 passing lanes 
4 passing lanes 
1 3.5-mi four-lane s&ction 
2 1. 75-mi four-lane section~ 
8 passing lanes 
1 7-mi four-lane section 

Expected Annual 
Benefits ($) 

Ope rat 1 onal Safety 

~8,50(1 
190,100 
234,000 
260,300 
262,300 
380,200 

97,700 
191,200 
229,500 
229,500 
382,500 
454,700 

Total 

196,200 
381,300 
463,500 
489,800 
644,800 
834,900 

Annualized 
Construction 

Cosl. ($) 

82,500 
165,000 
294,100 
303,400 
329,000 
789,600 ·. 

8/C 
Ratio 

Marginal 
B/C 

Ratio 

2. 38 2. 38 

i: ~~ A~; ·_·. ~: ~! 
1.61 0.78 
1. 96 1.61 
1.06 0.41 

Note: 1 mi = 1. 609 k.m 

The benefit-cost ratio for each improvement alternative shown in 
Table 9 is 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'
tfonal t1·affic opet·ational and safety benefits from a more expensive improve· 
ment to the additional cost of constructing that improvement. .:;f~:->;' . ',~~~w; 
Interpretation of Results 

Table 9 shows that, at the current traffic volume level, all six 
of the imrrovement alternatives have benefit-cost ratios of 1.0 or more and 
,we ther•efore considered cost-effective . The benefit-cost ratios for the 
improvement altematives range from 2. 38 for construction of two passing 
lanes to 1.06 for continuous four"laning of the western-most 7 mi (11 k.mL 
of the study s i tc . · ,'!~'{ · 

. ·-:".'~- :-

Review of the marginal benefit-cost ratios in Table 9 indicates 
an obvious choice among the six fmprov~ment alternatives at the current 
traffic volume level. The first alternative (t~o passing lane5) would cost 
$1,115,000 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 safetv 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 l'lerefore economically justified. 
Similarly, the continuous passing lane altert'ative has a marginal benefit
cost ration of 1. 61, indicating that the addi\ional expenditures to construct 
eight passing lanes rather than four is cost-effective. The other improve
ment alternatives, whir.h involve four-lane sections of varying length, have 
marginal benefit-cost ratios less than l.O;~~d are therefore ,.'~~\\ii}Jjfp<?mically 
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justified. Howevet·, these alternatives mig_ht become co::.t··effective in the 
future as traffic volumes increase. 

The benefit-cost analysis results indicate that. when the 10-rn·i 
(16-km) study site is considered in isolation, the most desirable opera

·tiona1 improvement alternJtive is to construct eight passing lanes, two in 
each direction, at a cost of $4,460,000. It shoulJ De 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 ~our pas!ing lanes in the 
10-mi (16-km) study site and use the funds saved to construct additionai 
pa!ising lanes elsewhere on the same route. The recommended alternative has 
the advantage requiring over $8,000,000 less in · construction expenditure 
than continuous four-laning; four passing lanes will 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 
expected safaty bertofits are as important, or .not·e important, than the 
traffic operational benefits in providing the justification fo· ~he con
struction of passing lanes at this site. This finding should c kept h 
mind because passing lanes may be even more cost-effective at sites with 
higher than average accident rates. 

While the benefit-cost ratios for many of tl"le design alternatHes 
considered in this example are only slightly above !.0, it should be ~ept 
in mind that greater speed increases fr·om opeNtional impr·ovements wottld be 
expected at sites in more diffi~;.;lt ter~.air. or with h:CJt>Pr speed vadance; 
furthermore, th~ traffic operational benefits might aprear larger ~f the 
analysis were not constrained to consider speed rather ~han per~ent time 

.,.,., ........ ay as the measU..'.! Ill' effectiveness. 

The conclusion that passing lanes are preferable to four-lane 
sections at this site is based the current traffic volume of 7,000 veh/day 
and is valid at sites where little or no traffic growth in future 1ears is 
project~d. At the case study site, however, the responsible highway agency 
projects that over the next 20 years the traffic 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 consideratiC'·, of the 
benefit-cost analysis results. Simple engineering economics i~:.cate that, 
if the traffic operational and safety benefits ·;.tcrease linewiy .s traffic 
volumes grow by a factor of 110 percent, the annual traffic ~·~r~~ional and 
safety benefits over a 20-year period will increase by an av~r": ·e of 45 per
cent. Thus, all of the improvement alternatives would been:~. r •. we cost
effettive. 

The projected design hour volume of 2,350 veh/~r is at or above 
the capacity of most two-lane highways, even wlth added pdssing lanes. Thus, 
if the projection of traffic volume growth i'j correct, the ultimate design 
for this facility should be a continuous four-lane highway. In that case, 
the passing lane alternative adopted should be consistent with the ultima e 
four-lane design. If the ultimate design is a four-lane undivided highway, 
then short four-lane sections should bo cun~idered now to increase passing 
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opportunities. If the ultimate design is .i1 four-lane divided highway, 
passing lanes jn one direction at a time could be installed no~ with the 
three-lane p-av!llllent eventually being converted to one r•oadway of a divided 
highway. _'f~1;:-

If the short four-lane alternative 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 
especidlly important to note that two separate four-lane sections spaced 
2 mi (3 ~) apart are more effective than a single four· lane section of 
comparable length . ~;l~;i 

The findings of the benefit-cost analysis indicate that a staged 
construction approach should be used. Passing lanes or short sections of 
four- lar,e highway should be constn1cted at intervals along the highway. 
The fu!1ds saved by not constructir;g a continuous four-lane highway section 
at the westernmost end of the study site could be used to provide passing 
lanes or short four-Jane 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 operatiJnal and safety benefits per 
dollar spent, but also provides the option to delay or cancel ruture con
struction of a continuous four-lane highway if the anticipated traffic 
volume growth does not occur. 
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