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curbs are the standard, an asphalt v¡edge approxi-
mateLy I ft long and 2 in. high shoutd be added to
thè bottom of the ranp if the sidewalk is less than
1I ft wide. Another suggestion is to have sidewalks
that slope down (rnaximun of I:20) to a 6-in. curb
height at the beginning of the ranp.

4. Repavement of streets: Special care should
be taken to ensure that the bottom of the curb ramp
is not affected when the street is repaved. The
city of Charlottesville uses an 8-in. curb (and an
asphaLt wedge on ramps) so that a 6-in. curb is
retained after the street is repaved.

5, Sidewalk sl-ope: Where there is a sidewalk
slope to permit drainage from the sidewalk to the
curb, the ramp lengËh should be increased to nain-
tain the slope specified in the design. The follow-
ing equation should be used to calculate the ratnp
length:
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L= (EcH/RSytr .(ss/Rs)lÌ + c\ry

where

L = ramp length (ft);
RS = ramp slopet
SS = sidewalk slopet
CW = curb width (ft); and

ECH = effective curb height (ft¡ = 6¡¡ - (C.I'¡ .
q¡here CH is the curb height (ft).
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CONCLUSION

The guidelines for the clesign and placenent of curb
ramps presented in this paper are comprehensive.
Curb ramp design dinensions based on sidewalk width
and placement relative to obstructions, crosswalks,
and types of intersections are addressed.
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Abridgment

The two-vray left-turn lane (TWLTL) is recognized as
a possible solution to the safety and operational
problens on tyro-way streets that are caused by the
conflict between midbÌock teft turns andl through
traffic. The extent to which a TWÍ,TL can inprove
the efficiency of traffic operations ilepends on the
traffic volu¡nes anil driveway densities involved.
Although the principle of the complex reLation be-
tvteen these factors and the operational effective-
ness is intuitively apparent, it has yet to be quan-
titatively expressed for two-way, four-lane streeÈs.
McCoy, Ballardr and wiyaya (1) have reporteâ on the

Operational Effects of Two-\üay Left-Turn Lanes on
Two-rffay, Four-Lane Streets

JOHN L. BALLARD AND PATRICK T. McCOY

One method of relieving excessive congest¡on on a two-way street that has a
substant¡al number of m¡dblock left turns ¡s the construction of a two-way
left-turn lane (TWLTL). Although the safety effectiveness of the TWLTL has
been the subject of many studies, few stud¡es have been made of its operational
effect¡veness. The ob¡ect¡ve of th¡s study was to quant¡fy the effects of a
TWLTL on the efficiency of traffic flow on a two-way, four-lane street. By
us¡ng computer s¡mulat¡on models specifically developed and val¡dated for the
purpose of this study, traffic operations were s¡mulated over a range of traffic
volumes and dr¡veway densities. The reduct¡ons in stops and delays that result
from a TWLTL were computed from the outputs of these simulation runs.
lsograms of stops and delay reduct¡ons were prepared to fac¡l¡tate the use of
the results of this study to evaluate the potential cost-effect¡veness of TWLTL
¡nstallat¡ons-
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operational effectiveness of
two-lane streets.

An extensive review of the

a IWLTL on two-vtaYt

literature anil a na-
tionwide survey of experience v¡ith the TI{LTL etere
conilucted by Neneth (2) in developing guidel"ines for
the apptication of the TWTTL; in nosÈ cases it Ítas
considered to have noÈiceably inproved the quality
of traffic flow. r,ikewiser in developing guidelines
for the control of access on arterial streetsr GIen-
non and others (3) reported that enpirical data
pertinent to the deternination of the operational
effectiveness of the TWLTL vtere lacking.

fn response to the need of traffic engineers to
be able to ¡nore precisely pre¿lict Èhe oPeratlonal
effectiveness of a TIiILTL an¿l more clearly define
those circutnstances that justify its installation, a

series of studies of the operational effects of a
TIIILTL were conducteal at the University of Nebraska-
Lincoln. The objective of these studies was to
quantify tshe effects of a Tf{IrTt on the efficiency of
traffic flow on a two-vtay street. The results of
the first study, as reported by Mccoy' Ballard' and
wiyaya (À) 

' were limited to the stu¿ly of a lIfff,TL on
t9¡o-wayr two-lane streets.

A continuation of the previous study led the
Transportation Research Group at the University of
Nebraska-Lincoln to studty the oPerational effective-
ness of a TWLTL on a two-etay, four-lane street. The
procedure and findings of this study are reported in
this paper.

SruULÀTION MODELS

The two conputer simulation models developed ln this
seudy were \dritten in the general purPose si¡nulation
system (GPSS/E) language (4'5). These nodels are
basically the same, excepÈ that one is for a te¡o-
way, four-Iane street with a Tgü,TL and the other is
for a two-wayr four-Iane street without a TwtTL. A

brlef description of the input' logic, andl outPut of
these nodels follows.

fnput

The input to the ¡nodels consists of tv¡o tYPes of
infor¡nation: traffic characteristics ancl streeÈ
geonetry. The traffic characteristics are the vol-
u¡ne ancl average sPeed of traffic in each lane in
each direction anil the Percentage of the traffic
volume turning left into each driveway on the
street. Because of the nature of the GPSS/H lan-
guage, the street geonetry is defined in terns of
secÈions. Each lane on the street is dividecl length-
wise into 2O-ft sections. Driveway locations and
fÍlúTL entry points on the street are ilefinecl by the
numbers of the sections in which they are located.

Logic

In both noilels traffic enters the street segrnent at
either encl in accordance with the traffic volumes
and arrival patterns sPecified in the inPut. À

vehicle entering the segnent in the curb lane will
traverse the length of the segrnent gtithout Èurning.
A vehicle entering the rnedian lane will take one of
thEee courses:

I. It vtill traverse the entire segnent and exit
in t.he rnedian lane at the other endt

2. If the median lane is blocketl, it ¡nay at sotne
point rnove to the curb lane (change lanes) anil exit
at its ends; or

3. It may traverse a portion of the segment an¿l

exiÈ by turning teft at one of the driveways.

The course taken by each vehicle entering the
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segrnent is ileter¡nined probabilisticall.y in accor-
dance v¡ith the lift-turn percentages specified in the
input. In the ¡node1 without the lwtTL' turning
vehicles rernain in the ¡nedian lane until they reach
the ilriveway into which they turn. However, in the
model with a lr!{l,Tt, a turning vehicle enters the
TWLTL, if possible, at the point designatecl in the
nodel input for the driveway. At this point the
speed is reduced and the vehicle Proceedls until it
reaches the driveway into which it turnsr or until
it is stoppecl by a vehicle already in the TWLTL. In
both rnodels a turning vehicle ¡nust have an accept-
able gap (deternineil probabilistically) in the op-
posing traffic strean before it can turn left.

Output

The output fron the model-s includles number of ve-.
hicles entering ancl exiting the segrnent, nunber of
left turns attempted ancl conpletedr number of stopst
travel ti¡ne in the segmentr stopped-time delay, and
number of lane changes. the travel tine, stops, antl
delay totals are output separately for through vehí-
cles in each lane, turning vehicles, and aII ve-
hicles.

PROCEDURE

The operational effects of a TWLTL on a two-rday'
four-lane street v¡ere determineil in this study by a
pair-wise comparison of the outputs from the two
rnodels for identical traffic volumes and driveway
¿lensities. The two ¡nodels r{tere used to sinul"ate
traffic operations on a street segment (with antl
without a TwLTt) undler four levels of balanced traf-
fic vofune in each direction (350' 700, I'050' anil
11400 vehicles,/hr), three levels of left-turn volune
in each direction (35. 70' and I05 vehicl-es/hr)' and
three leveIs of driveway density on both sides of
the street (30' 60' and 90 driveways/¡nile). These
values were selectedl as being co¡nparable to the
range of levels of volu¡nes antl driveway density that
were used by Gtennon and others (3) in developing
guidelines for control of access on trvo-way, four-
Iane arterial streets.

The average running speeils used for each traffic
volume level were 35 mph for 350 and 700 vehi-
c]-es/hr, 30 rnph for 1r050 vehicles/hr' and 25 nph
for 1'400 vehicles,/hr. According to the Eighway
Capacity Manual (!) 

' these speedl-volurne relations
were reasonable for a tt¡o-wayr four-lane urban arte-
rial street. only one configuration of driveway
.locations--one that had evenly spaced driveways
throughout the segment anil the same number of ilrive-
rúays on each side of the street--was evaluated for
each density fevel because it was beyond the scoPe
of this scudy to investigaËe the differences in
traffic operations within driveway density levels.

In condlucting the computer simulation experinents
with each model' the variability Ì¡as recluceil by
using connon ranilon nunbers so that the sane traffic
flovr and gap acceptance sequence was always useil for
each drivevtay configuration. Therefore, for a given
co¡nbinatíon of traffic and left-turn volume levelst
the differences in traffic operations were due only
to the effects of the driveway configurations an¿l

the TWLTL. Every simulation run was initializecl by
running the nodel for a feÌ¡ ninutes to achieve sys-
ten stability. Then the model etas run for I hr of
sinulated tine.

FINDINGS

The redluctions in stops Per hour ancl delay in ¡nin-
utes per hour that result fro¡n Èhe installatlon of a
TvilLTL on a Èvro-way, four-lane street nere conPutefl
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Table 1. Reductíon in stops by dr¡veway dens¡ty.

Reduction ir Stops (no./hr) by Left-Turn
Volumec

35 vehicles/ 70 vehicles/ I 05 vehicles/
hr/1,000 ft hr/l,000 ft hrl1,000 ft
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Figure 1. Reductíons in stops for 60 driveways/mile,

Figure 2. Reduct¡ons in delay for 60 driveways/mile.

?oo 400 600 800 tooo tæo
Tr8ffic Volum€ iñ Each D¡rection (vph)

fectiveness of a TWLTL on a tvro-way, four-lane
street fro¡n the standpoint of user costs, energy
consurnption, and air quality. The reduction values
for stops and delay are directly applicable to pro-
cedures for evaluating traffic engineering irnprove-
rnents, such as the procedure outlined by DaIe (7).
Therefore, to facilitate this application of the
results of this study, isograms of the reductions in
stops and delay were constructe¿l fro¡n the data in
Tables I anil 2. The stops-reduction and delay-reduc-
tion isogra¡ns for 60 driveways/mile are shoçn in
Figures I and 2.

CONCLUSIONS

Based on the findings of this study it is concluded
that the installation of a TWÍTL on a two-way, four-
lane street improves the efficiency of traffic oper-
ations over a wiile range of traffic volunes, left-
turn volurnes, and driveway densities. Under bat-
ance¿l traffic fLow conditions a TWI,TL is particu-
larly effective at traffic volunes greater than ?OO
vehicles/hr in each direction with more than 7O
midblock left turns per 1r000 ft fron each ¿lirection.

The findings of Èhis stu¿ly are si¡niLar to those
of a previous study (f) of the operational effects
of two-eray left-turn lanes on two-way streets. The
pattern of reductions in stops anil delay nere simi-
lar; however, the mâgnitude of the reductions was
greater for tlro-Lane roads than for four-lane roads.

The stops- and delay-reiluction isograns ilevel-
oped in this study facil-itate the quantitative eval-
uation of the operational effectiveness of a TWLTL
under baLanced traffic flow conditions on a two-yray,
four-lane street. when useal within the context of a
cost-effectiveness analysis, these isograms contrib-
ute to the identification of the circunstances uniler
which the installation of a TtVLTt on a tvùo-way,
four-lane street rrould be justified.

This stutly is only a starti the need for further
research is obvious. Addlitional stuilies need to be
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lTotal number of drivewys on both sides of street.
iVolume in each direction, including left turns (divided equally in each lane).
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Table 2. Reduct¡on in delay by driveway densitv.

Reduction in Delay (min/hr) by Left-Tum
Volumec

Drivewav Traffic
Densityá Volumeb
(no./mile) (vehicles/hr)

35 vehicles/
hI/1,000 ft

70 vehicles/ 105 vehicles/
hr/1,000 ft hr/1,000 ft

-:-:-:i

350
700

1,050

350
700

1,050

350
700

1,050

Lt
6.2

s8.6

1.9
4.6

36.3

0.9
3.0

44.6

2.7
8.7

112.6

5.9
23.9

_d

4.1
22.2

t42.3

60

90

lTotal number of drivewys on both sides of street.
"Volume in each direction, including left tu¡ns (divided equâlty in each lane)
:Volume in each directionoJammed flow in no-TWLTL case-

by a pair-wise comparison of the outputs from the
two si¡nu}ation tnodlels. These reductions are given
in Tables I ancl 2. The data in these tables reveal
thet in no case did the TffiTL increase stops and
delay, and in every case there nere reiluctions in
stops andl delay. As expected, the amounts of these
redluctions increased within each Level of ilriveway
density as the trafflc vo}une vras increased¡ in
every case but two the anount of these reductions
increased within each level of drl.veway density as
the left-turn volumes were increased.

The data in Tables I and 2 ln¿licate that the
effect of driveway density within each 1evel of
traffic volune ?ras not consistent over the range of
traffic and left-turn volumes. The lack of a drive-
eray density effect r¿lthin eâch left-turnlng volutne
is best explained by the fact thaÈ the left-turning
volume was spread evenly across each driveway;
therefore, for the 90 driveways/nile case, approxl-
nately one-third less left-turning volurne existed at
each driveyray than.in the 30 driveways/rnile case.
This leads to nore queuing at 1eft turns in the
30-driveway case. AIso, .vehÍcles waiting to turn
left at several driveways wÍll ¡nake use of the same
gap ln the oncorning traffic streatn. Hence the ef-
fect of ilriveway dlensity in the atnount of reduction
in stops and delay is ninimized. Sinitar flndíngs
are reported by Mccoy, Ballaril, and Wiyaya (l) for
the trro-way, two-lane streets.

The reductions in stops anil delay deter¡nined ín
thls study provide a basis for evaluating the ef-

Trsff¡c Volum€ ¡n Eâch D¡rect¡ôn
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conducte¿l for more levels of traffic volumer left-
turn volune, and drivevtay density. Further studies
should address unbalanced as well as balanced traf-
fic flow condlitions, and the effects of driveway
configuration need to be evaluated.
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Functional Analysis of Stopp ing-Sieht-Distance Requirements

TIMOTHY R. NEUMAN, JOHN C. GLENNON, AND JACK E. LEISCH

A basic highway design concept is that the driver should be provided a suffi-
cient visible length of highway to enable coll¡sion avoidance. Translating this

concept to appÌopr¡ate standaÌds and criteria ¡s an ¡mportant design considera'

tion. The concept of safe stopping-s¡ght d¡stance (SSD) as developed by

AASHTO is reviewed and discussed, A funct¡onal SSD model is offered as a

means of demonstÌat¡ng shortcomings and inconsistencies in AASHTO design

policy. ln addition, the geometry of SSD is evaluated through the use of s¡ght'
distance prof¡les, S¡gn¡f¡cant conclusions are presented that relate to SSD de-

sign values on horizontal curves and special problems w¡th trucks on hot¡zontal

curves, The functional SSD model is helpful in understanding acc¡dents at lo-

cat¡ons that have ¡nadequate SSD.

Stopping-sight dístance (sSD) is an irnportant high-
way design feature. The concept of providing a

sufficient length of highway visible to the driver
for collision avoiclance is basic to the safe design
of highways. floweverr translatíng this eoncept to
design stan¿lards and criteria is noÈ as simple as it
may appear.

A critieal review of current design practice for
SSD is presenteil in this paper. The concepts and
conclusions Presented are drawn fro¡n a study of SSD

conducteil for FHWA as a Part of a research project
entitled, "Effectiveness of Design Criteria for
Geometric Elernents. r

A concept of sSD that focuses on highway opera-
tional requirements has been developecl. Shortcom-
ings anil inconsistencies ín AASIITo design policy are
revealeil by applying this operational SSD concept.
AIso' by using sight-distance Profiles' addiÈional
insights are gained on the relation betvreen sight
distance and highway safety.

OPERÀTIONAL AND SAFETY CONCEPT OF SSD

Analysis of the operational and safety asPects of
SSD reguires an understanding of the concepÈ of SSD

as it relates to highway operations. The geonetric

design policy published by AASHÍO discusses the need
for SSD (1-3):

If safety is to be built into highways the
designer must provide sight distance of suffi-
cient length in which drivers can control the
speed of their vehicles so as to avoiil striking
an unexpected obsÈacle on the traveled way....

The ¡ninimum sight distance availabl-e on a

highway shoulil be sufficiently long to enable a

vehicle traveling at or near the tikely top speed
to stop before reaching an object in its path.
while greater length is ilesirable' sight distance
at every point along the highway should be at
least that required for a belovr average operator
or vehicle to stop.

This short discussion alludes to many of the
operational elenents of SSD: vehicle performance¡
diiver abiJ-ity, and the roadway alignment. This
AASIII'if, operational model of SSD Provides a reason-
able starting point for considering SSD and highway
operations.

AASHTO SSD Operational Model

AASHTo defines mini¡num SSD require¡nents in terns of
a passenger car encountering a stationary object in
its path. This basic functional model has not
changed since 1940. The following review of the
evolution of AASHTO SSD polícy illustrates the rea-
soning behincl this rnodel. It also ¿lenonstrates the
neeil to go beyonil this sirnple abstraction to gain
insighÈ on the safety relations of SSD.

In 1940 AASHO fornally recognized the need for a

sight-distance requirement to help drivers avoidl
collision circumstances other than Passing encoun-
ters. Although AASEO recognized that a clear sight
line to the pavement was desírable, analyses of how




