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Double (or dual) left-turnlanes (DL TLSs) arearelatively new geometric
feature, and the literature on their design parametersis limited. The
effectivenessof the DL TL in improving the operation of an inter section
dependson several design parameters, among them, themost critical is
thelength of the DLTL. A procedurefor determining the length of the
DLTL wasdeveloped. First, the procedur e surveyshow driverschoosea
laneof the DLTL inthereal world and analyzesthereationship between
lane use and thevolume of left-turn vehicles. Second, the procedurefor -
mulatestheprobability that all arriving left-turn vehiclesduring thered
phase can enter the left-turn lanes; this means no overflow of left-turn
vehiclesfrom theDLTL and no blockage of theentranceof theDLTL by
thequeueof through vehicles. Thisprobability ispresented asafunction
of thelength of the DLTL and thearrival ratesof Ieft-turn and through
vehicles. The adequate lane length is derived such that the probability
of thevehiclesenteringthe DL TL isgreater than athreshold value. Third,
theadequatelength isexpressed in number of vehicles; later, thisvalueis
converted to the actual distancerequired on the basis of the vehicle mix
and pr eference between the two lanes. Recommended lengths are pre-
sented asafunction of left-turn and through volumesfor practical appli-
cation. The proposed approach isuniquein that it avoidslane overflow
and blockage of lane entrance.

The capacity and safety of a signalized intersection are greatly
affected by the volume of |eft-turning movementsand itstreatment.
In most cases, adding aleft-turn lane hel psto improve the efficiency
of the intersection. When the left-turn volume becomes large, the
queuelength becomesvery long inthe case of the singleleft-turnlane
(SLTL), which makesthe duration of theleft-turn signal phase very
long. Consequently, this increases the cycle length and lowers the
efficiency of the intersection. In such conditions, a second left-turn
lane, or thedouble (or dua) left-turnlane (DL TL) iswarranted. DLTL
refers to two contiguous lanes on an intersection approach that are
assigned solely for left-turning movements and that are protected
fromthe opposing and crosstraffic by aseparate signal phase. A typ-
ical DLTL layout and the patterns of vehicle arrivals are shown in
Figurel. DLTLsarearelatively new geometric feature, and no spe-
cific guidelinesfor geometric design exist in theliterature, including
the AASHTO Green Book (1). In particular, theanalytical procedure
for determining the lane length is not available except as a general
guide. This paper devel ops a procedure to determine the appropriate
lengths of DLTL and presents them for different combinations of
left-turn and through volumes for practical application.
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PROBLEM AND APPROACH

Thepurposeof DLTLSsis, in essence, toincrease the capacity of |eft-
turning movement by providing two service channels. Compared with
an SLTL, the DLTL can increase processing rate of the left-turn
vehiclesper unit time; asaresult, it reducesthe delay to theleft-turn
vehicles and the length of theleft-turn signal phase. This, inturn,
reduces the signal cycle. Consequently, the delay to the vehicles
on all approachesisreduced, and thelevel of serviceisimproved.
Although these general benefits have been recognized, the procedure
to determine the lengths of DLTL s has hot been established.

The problem addressed in this paper is determining the lengths of
DLTLs based on two general considerations: (a) minimizing the
chance of the overflow of left-turn vehicles onto the adjacent through
lane and (b) minimizing the chance of the queue of through vehicles
blocking the entrance to the DLTL. In other words, the length of
DLTLs s determined such that the chance of all left-turn vehicles
that arrive during the red signal phase enter the DLTL is maximal.
The conditions of lane overflow and lane blocking areillustrated in
Figures 1b and 1c.

The approach taken in this paper is the following: First, a series
of surveyswere conducted at DLTL sitesin Delawareto collect data
on how drivers choose one of thetwo lanesat aDLTL intersection.
Second, the factorsthat affect the adequate lanelength of the DLTL
were examined. Third, an expression of the probability that all left-
turn vehiclesenter the DLTL was developed when the arriving rates
and the length of the DLTL were given. Fourth, the adequate length
of the DLTL was determined to make the probability greater than a
threshold value. Thefinal product isaset of graphs and tablesthat
shows the adequate length of DLTL for practical use.

The analytical challenge wasto develop an expression that com-
putes the probability that all left-turn vehicles enter the DLTL.
Using this expression, the adequate lane length in number of vehi-
cleswas determined. Thisvaluewas converted to the actual distance
considering lane use preference and vehicle mix.

LITERATURE REVIEW

Compared with the literature on SLTLs, little specific work has
been done on thelengthsof DLTLs. Thefollowing paragraphs pre-
sent literature on SLTLs, which has some bearings on the design
of DLTL.

Thework on SLTLsisclassified into twoissues: oneon thewarrant
of SLTLsand the other onthelength of SLTLs. Regarding thewar-
rant of SLTLs, Agent (2), the Highway Capacity Manual (HCM)
(3), and Neuman (4) presented the condition in which aleft-turning
laneon asignalized intersection would bejustified. The general agree-
ment for justifying SLTL isto limit the chances that the left-turn
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FIGURE 1 DLTL layout and pattern of vehicle arrivals: (a) typical DLTL and arrival patterns, (b) left-turn
vehicles overflowing DLTL, and (c) through vehicles blocking entrance of DLTL.

vehiclesinterferewith thethrough movement. Inthe caseof DLTLS,
the basis for the warrant should take into account the more compli-
cated issue of the effects of DLTLs on the efficiency of the inter-
section operation as well asthe effects of DLTLs on the approach in
question. Spring and Thomas (5) stated that the performance of
DLTLs depends on both the geometric design and the characteris-
tics of the demand on the basis of many surveys of actual DLTLs.
They aso cited the lack of technical analysis about the geometric
design of DLTLs. NCHRP Report 375 (6) and the HCM 2000 (3) pro-
vide ageneral criterion of 300 left-turn vehicles per hour (vph) asthe
volume at which to consider using DLTL.

Regarding the latter issue of thelength of SLTLs, the HCM 2000
(3), Messer and Fambro (7), the AASHTO Green Book (1), Marcus
et al. (8), Koepke and Levinson (9), Neuman (4), and Kikuchi et al.
(20) laid out the general principleson the design of thelength of aleft-
turnlane. All suggested theimportance of considering lane overflow;
some suggested considering |ane blockage al so.

None of these works, however, presents acomprehensive discus-
sion on lane lengths of DLTLS, except for the conventional rule of
thumb; that is, first, compute the necessary lanelength assuming that
an SLTL isto beinstalled; second, divide this length by a number
representing lane use. Marcuset d. (8) suggested equal use between
the two lanes. Koepke and Levinson (9) recognized the difference
inlane use and suggested that thetotal length of the SLTL bedivided
by 1.8 to account for uneven distribution of vehicles between the
two lanes.

Thisapproach of dividing thedesign length of an SLTL by acon-
stant value, such as2 or 1.8, hastwo problems. First, use between the
two lanes varies not only from site to site but also with the approach
volume and vehicle mix for the same site. Second, and more critical,
such an approach disregards the possibility that the entrance of the
DLTL is blocked by the queued through vehicles in the adjacent
through lane (Lane 3 in Figure 1a). Thelatter issue needs serious
attention because the possibility that the through vehiclesintheadja-
cent lane block the entrance to the left-turn lane becomes greater in
the case of DLTLsthan the case of SLTLs. Thelength of DLTLsis
much shorter (about half) than that of the SLTL.

SURVEY RESULTS ON PATTERN
OF LANE SELECTION

The arrival patterns of left-turn and through vehicles are important
factors because they directly relate to the possibility of the overflow
of the DLTL and the blockage of the entrance of the DLTL. To

understand how each left-turning vehicle chooses alane of DLTL,
aseriesof surveyswas conducted at seven intersectionswith DLTLS
in Northern New Castle County, Delaware, during 2002—2003. All
intersections were four-leg, right-angle intersections, with a sepa-
rateleft-turn signal phase. A total of 193 signal cycleswere observed;
ineach cycle, thenumber of vehiclesusing each DLTL wasrecorded.

Figure 2 shows how the drivers chose between Lane 1 and Lane
2 (see Figure 1). Each point represents the total |eft-turn vehicles
arrived and the proportion of the number of vehicles that chose
Lane 1 (see Figure 1) per signal cycle.

When thetotal |eft-turn volumeissmall, the choice of laneisrather
random, with each driver choosing the lane that allows him or her
the best access to the desired lane downstream. When the total |eft-
turn volume becomes large, the drivers become concerned about the
possibility of not being able to clear the intersection in one cycle.
Thus, each driver chooses the lane with the shortest queue length.
Asaresult, the queue lengths become nearly equal between the two
lanes (equilibriumisreached in achoice situation). The general ten-
dency is shown by the two converging curves (these were added
by the authors.). The curves show the tendency that the points are
approaching theline of 0.5. Thevehicletypeisaso afactor; withfew
exceptions, large trucks chose Lane 2 (see Figure 1a) because of the
availability of alarger turning radius.

The survey also providesthe basic dataon the | eft-turn volumes
for the analysis; the arrivals of left-turn vehicles vary between
4 and 22 vehicles per red phase. The duration of the green phase
varied between 10to 30 s. The percentage of large truckswasless
than 10% for all cases.
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FIGURE 2 Relationship between total left-turn
volume and proportion of lane use.
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BASIS FOR DETERMINING LENGTH OF DLTLs
Situations That Must Be Avoided

The length of DLTLs should be determined so that the following
two conditions can be avoided:

* Overflow of the DLTLs (Figure 1b) and

* Blockage of the entrance of the DLTLs by the through vehi-
clesinthe adjacent lane. Under this situation, the |left-turn vehicles
cannot enter the DLTL despitethe availability of space (Figure 1c).

Theleft-turn vehicles and thethrough vehicles are potential adver-
saries; an overflow of left-turn vehicles onto the through lane could
impede the movement of through vehicles, and at the sametime, a
queue of through vehicles could prevent the left-turn vehicles from
entering the DLTL by blocking the entrance. Hence, if the length of
the DLTL islong enough so that &l the left-turn vehicles can enter
the DLTL, then conflict between the two flows is minimized.

Additional reasons why the lane length should be based on the
need for al left-turn vehicles to enter the DLTL are as follows:
(a) theleft-turn green phase appears before the through green phase;
thus, once dl theleft-turn vehiclesenter DLTL, through vehiclescan
proceed unimpeded; and (b) evenif thethrough vehicles are blocked
by the overflow of the left-turn vehicles, the blocked through vehi-
clestill can shift to another through lane (because at most approaches
with DLTL, morethan onethrough laneisavailable) to proceed, but
if the left-turn vehicles cannot enter the DLTL because of blockage
of the DLTL entrance, then those |eft-turn vehicles must wait for
another signal cycle.

Threshold Probability

A threshold probability refersto the minimum value of probability that
all arriving left-turn vehicles enter the DLTL. This situation may be
interpreted as the average number of signal cycles, of 100 cycles, for
which the arriving left-turn vehicles can enter the DLTL. Thethresh-
old probahility isdetermined by the policy of thelocality and must be
consistent in theregion. For reference, Pline (11, p. 17) suggests, “ The
length of storage lane (referring to SLTL) is based on random arrival
with afive percent probability of left turn overflow.” Another refer-
ence is the traditional concept of using the 30th-hour volume for
design volume; this can mean that 99.7% [30 h of (24 x 365) hours]
of the time the roadway is under capacity. The authors' research sug-
gests avalue between 95% and 99%. These values are al so consistent
with a statement in the AASHTO Green Book (1, p. 494), “left-turn
demands should be accommodated as near as practical to the point at
which the motorist desiresto turn left.”

Other Factors

Other factorsthat must be considered are the signal timing and vehi-
clemix. Because the length of the DLTL isafunction of arrivals of
left-turn vehicles per signd cycle, the shorter thered phase, thesmaller
the number of vehiclesthat accumulates; hence, the length can be
shorter. The vehicle mix (proportion of large trucks and buses) is
another factor that needs to be considered for actual length. Most
large vehicles stay in Lane 2. Waysto account for the vehicle mix
when computing the lane length are discussed |ater in the paper.
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STEPS FOR DETERMINING DLTL LENGTH

Thefollowing steps are suggested to determine the adequate length
of aDLTL:

Step 1. Observe the traffic flow pattern and the characteristics
of the intersection. Thisincludes the total volumes of |eft-turn and
through vehicles, vehicle mix, flow pattern after turning left, and
the geometry and traffic control schemes. Determine the volume
split between the two lanes of the DLTL (e.g., 60/40, based on the
anticipated desire of the drivers).

Step 2. Determinethe threshol d probability—the probability that
all arriving left-turn vehicles can enter the DLTL. Thisvalue can be
between 95% and 99%.

Step 3. Determine the design volumes for the total through and
left-turn movements. Accordingly, determinethearrival ratefor each
movement during the red signal phase, which is denoted as TH and
LT for the through and the I eft-turn movements, respectively.

Step 4. Assume aDLTL length and compute the probability that
all the left-turn vehicles can enter the DLTL lane.

Step 5. Check whether the probability isgreater than the threshold
probability. If not, increase the lane length and repeat Step 4.

Step 6. Convert the length in number of vehicles to the actual
length considering the vehicle mix, lane use, buffer length required
between vehicles, and taper.

In these steps, the input is demand (the arriving traffic volume)
and signal timing, and the output isthe necessary length of the DL TL
that meetsthethreshold probability criterion. Among the steps, the
main contribution of this paper isfor Step 4, which isthe derivation
of the probability that the left-turning vehicles can enter the DLTL
for agiven length of the DLTL.

PROBABILITY THAT ALL LEFT-TURN VEHICLES
ENTER DLTL

This section formulates the probability that all Ieft-turn vehicles
that arrive during the red phase enter the DLTL. This probability
is presented as a function of the length of the DLTL (L) and the
average arrival rates of the left-turn vehicles (LT) and the through
vehicles (TH).

Assumptions

The system to be modeled is a signalized intersection with signifi-
cant traffic activity, for which at |east one of the approachesrequires
aDLTL. Thetwo lanes of the DLTL have the same length.

The assumptions are as follows:

1. Arrivalsof both theleft-turning vehicles and through vehicles
follow the Poisson distribution. The probability that k vehicles that
wishto enter the DLTL arrive during thered phaseis, expressedin
Equation 1:

k ALT
Probo = (L€ )
k!

whereLTistheaveragearrival rate of left-turn vehiclesper red phase.
Similarly, the probability that j through vehiclesarrive during thered
phaseis expressed in Equation 2:
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i TH
Prob(j) = (TH).'e
)

o)
where TH is the average number of through vehicles that arrive on
thelaneadjacentto DLTL (Lane3in Figure 1a) per red phase of the
through movement. Although TH and LT arethe averageratesinthe
respective Poisson distributions, the actual number of vehicles that
arrives during each red phase is arandom number. It is denoted as
random variables LV and TV, for left-turn and through vehicles,
respectively.

2. Thesystemisstable. The average number of left-turning vehi-
clesthat arrives during the red phaseisless than the maximum num-
ber of vehiclesthat can be discharged during the green phase. Asa
result, by the end of the green, al left-turn vehicles in the DLTL
(those that were waiting and those that arrived during the green
phase) clear theintersection. Further, al through vehiclesin the adja-
cent lane (Lane 3in Figure 1a) clear during the through green phase.

3. The number of through lanes is assumed to be one.

Probability Formulation

Let usdenotethelength of the DLTL asL in number of vehicles. The
possible combinations of LV and TV, the numbers of left-turn vehi-
cles, and through vehicles that arrive per red phase, are the follow-
ing: LV<2L, TV<L;LV<2L, TV=L; LV>2L, TV<L;andLV>
2L, TV = L. Among these possible combinations, the following two
situationsallow for al theleft-turn vehiclesto enter the DLTL, with-
out left-turn vehicles overflowing or the through vehicles blocking
the entrance of the DLTL:

Case1:LV < 2L and TV < L. The number of left-turn vehicles LV
that arrives during thered phaseislessthan 2L (or lessthan twicethe
length of asinglelane), and the number of through vehicles TV that
arrives during its red phase is also less than L. This means that |eft-
turn vehicles do not overflow and through vehicles do not block the
entrance of the DLTL. (The case of Figure 1a.)

Case2:LV < 2L, TV =L, and all left-turn vehicles arrive before
the Lth through vehicle arrives. This means that the entrance to
DLTL isnot blocked by the queue of through vehiclesbefore all the
left-turn vehicles arrive, even though TV = L, and all left-turn vehi-
cleshave spaceinthe DLTL.

The expressions for the probabilities that Case 1 or Case 2
occur are

Prob (all left-turn vehicles can enter DLTL)
= Prob(LV < 2L, TV <L)
+ Prob(LV < 2L, TV = L, and al left-turn vehicles
arrive before the Lth through vehicles) 3)

Probability of Case 1: Prob (LV < 2L and TV < L)

Prob(LV < 2L, TV < L) is computed by the sum of the products of
the probabilities of LV < 2L and TV < L, which is obtained through
Equations 1 and 2.

2L L-1 kK o-LT i~ TH
Prob(LV < 2L, TV < L) = (LD'e ~ (HYe (4)
= £ k! j!
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Probability of Case 2: Prob (LV < 2L and All Left
Turns Arrive Before Lth Through Vehicle]

Thisprobability isobtained by asum of the product of Prob (LV and
TV, whereLV < 2L, TV=L) and aconditional probability, Prob (the
arrival sequence is such that the all |eft-turn vehicles arrive before
the Lth through vehicle 0LV and TV). The product is summed over
therangeof 0<LV<2L andL < TV < w; that is,

2L

Zn Z[Prob(LV =k, TV = |) x Prob(al left-turn vehicles
=¥
arrive before the Lth through vehicles|LV = k, TV = j)]

The probability of thefirst terminthe bracket aboveisasfollows:

(LD e (TH) e ™
K i

fork<2Landj =L (5

Prob(LV = k, TV = j) =

The second term, aconditional probability, Prob (al left-turn vehi-
clesarrive before the Lth through vehicles/LV =k, TV =j), iscom-
puted by the proportion of the vehicle arrival sequences that all
left-turn vehiclesarrive beforethe (L — 1)th through vehiclearrivesin
the possible number of arrival sequences. It is expressed asfollows:

4G {+ L - D[k x(L - DI}
ke G (k+ () xk)

(6)

where the denominator representsall possible sequencesthat k 1 eft-
turn vehicles (LV =k) and j(= L) through vehicles (TV =]) are present
in the arriving vehicles. The numerator isthe number of possible
sequences that, in the first k + L — 1 vehicles, there are k left-turn
vehiclesand L - 1 through vehicles. This condition meansthat the
through vehicles will not block the entrance of the DLTL because
the last left-turn vehicles enter the DLTL before the entrance is
blocked by thethrough vehicle (athough the total number of through
vehiclesis greater than L).

The probability of Case 2, hence, is obtained by a sum of the
product of Equations 5 and 6,

2L o

Z) Z[Prob(LV = k, TV = j) x Prob(al leftturn vehicles
S

arrive before the Lth through vehicleg LV = k, TV = j)]

L o aLmke ayie™ .. ,CO

“22H W TR )

Probability of Case 1 or Case 2: Probability
(All Left-Turn Vehicles Enter DLTL)

In summary, the probability that all left-turn vehicles can enter the
DLTL whenthelength of DLTL, L, isgiven, isobtained by the sum
of Equations4 and 7.
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Prob (All arriving left-turn vehicles can enter the DLTL)

2L L-1 (LT)ke—LT (TH)JefTH

:Z,,Z K T

L = OLD*e " (THYe™ ., ,C.O

220w TR——oS

Asseenin Equation 8, thefactorsthat affect the probability arethe
average arrival rates of left-turn and through vehicles (LT and TH),
thelength of the DLTL, and L.

Our objectiveisto find the value of L for which the probability
in Equation 8 is greater than athreshold value, a.

®)

Prob (all left-turn vehicles can enter DLTL) = a. 9

Computation of L for Given Values
of LT, TH, and o

The probability shown in Equation 8 is computed for different val-
uesof LT, TH, and L. The following arrival rates of left-turn and
through vehicles are used; these volumes are generally consistent
withtherange of values considered for left-turn and through vehicles
in NCHRP Report 395 (12):

* Arrivals of left-turn vehicles = 300, 500, 700, and 900 vph/2
lanes and

* Arrivasof through vehicles =300, 500, 700, and 900 vph/lane
(Lane 3inFigure 1a).

Given this range of values and approximately 100 s of red phase
for each movement per cycle, the corresponding values of LT and
TH are 8, 14, 19, and 25 vehicles per red-signal phase. These assume
a20-sgreen (or 100 sof redin 120-ssigna cycle) for the movement.

Figure 3 showsthe case of LT = 14 and TH = 19. The increasing
Scurve showsthe probability that all left-turn vehicles can enter the
DLTL increases with L; the longer the length of the DLTL is, the
greater the chance that all left-turn vehicleswill enter the DLTL. In
the graph, for the threshold probability of o = 0.95and a = 0.99, the
corresponding L is 26 and 30 vehicles, respectively.

Table 1 shows the computed lane length (L) for 16 cases of LT
and TH in combination with o = 0.95 and 0.99.

In Table 1, when TH is given, except for the case of TH = 8, the
value of L isrelatively stable regardless of the value of LT. This
means when TH issmall (e.g., TH = 8), the length is controlled by
the chance of overflow of the DLTL, which is a function of LT.

Transportation Research Record 1881

TABLE 1 Computed L for 16 Cases of LT and TH

Combinations (o = 0.95/0.99)
LT per Red Phase
8 14 19 25

% 8 13/15 | 13/16 | 14/17 | 17/19

g £ 14 20/23 | 21/24 | 21/24 | 2124

E 3 19 25/29 | 26/30 | 26/30 | 27/30

04 25 32/36 | 33/37 | 33/37 | 33/37

However, when thevalue of TH increases (e.g., TH = 14), thelength
iscontrolled by the chances of 1ane blockage, which isrelated to the
vaueof TH and not LT.

DETERMINATION OF LENGTH IN DISTANCE

The adequate |ane lengths obtained here, L*, are expressed in terms
of the number of vehicles. Hence, the values must be converted into
the actual distancefor practical application. Thisstep requires con-
siderationsof laneuse, vehiclelength, vehiclemix, and the additional
length required for turn lanes (e.g., deceleration and taper).

Adjustment to Lane Use

Differencesinlane use need to be considered in determining the lane
length. When theratio of design volumes between thetwo DLTLsis
p:q, then the length must be adjusted to the lane that accommodates
the higher volume. Thus, the lane length in number of vehicles, L,
becomes,

Lc = 2L* xmax[p/(p +q) or g/(p + q)] (10)

Suppose that the expected arrival in each lane of the DLTL hasa
ratio of 60:40; then the lanelengthisL. = 2L* x 60/100. Thisvalue
isstill in terms of the number of vehicles.

Consideration of Vehicle Mix and Vehicle Length

The adeguate lanelength devel oped in Equation 10is converted into
the actual |ength required to store the vehiclesin meters (or in feet).
This conversion requires information about the vehicle length, the
buffer distance between vehicles when stopped, and vehicle mix in
each lane.

To calculate the effects of different vehicles (e.g., trucks, buses,
recreational vehicles), the concept of passenger car equivalent (PCE)
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FIGURE 3 Probability (all left turns can enter DLTL) versus length of DLTL

(LT =14, TH = 19).
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was introduced. By multiplying PCE by L, as defined in Equation
10, the equivalent number of passenger cars results. This number is
then multiplied by the actual distance required for one passenger car
to obtain the required lane length.

PCE is the concept used in highway capacity analysis; in this
application, it is expressed as follows:

PCE =1+ (Es —1)Props + (Er —1)Prop; 11

where Propg, and Propy, arethe proportion of busesor recresational
vehicles, and trucks, respectively. Ez and E; are the PCEs of abus
or recreational vehicle and atruck in terms of the vehicle distance
required in aturning lane. The approximate values are as follows:

Vehicle Type Symbol  PCE
Busor recreational vehicle  Eg 21
Truck Er 29

The values of Egz and E; were developed on the basis of the
design dimensions of vehicles found in the Green Book (1) and a
survey done by Kikuchi et al. (10), in which the average distance
required per stopped “passenger car,” including the buffer between
the vehicles, is7 m.

Length of DLTL

Theactual length of the DLTL must consider decel eration distance,
storage, and taper. What the authors have devel oped so far has been
the storage length. NCHRP Report 375 (6) recommends a 70- to
130-m deceleration length. However, deceleration usually can take
place within the lane, and Pline (11, p. 17) stated, “It is customary
to forgo most of the decel eration length and to provide only the stor-
age length and taper.” The assumption that deceleration can take
place in taper and the storage lane is perhaps reasonable when the
approach speedislow but may not be valid when the approach speed
ishigh. In this paper, the authors followed the NCHRP Report 375
suggestion; however, the distance required for deceleration could be
incorporated easily. The suggested length of taper in NCHRP Report
375 (6) is30to 54 m based on an 8:1 to 15:1 taper rate.

For each lane, the adequate lane length, LR and L™, is determined
by combining Equations 10 and 11 and ataper for the DLTL.

For Lane 1: L™(in meters) = 2L* x p/(p +q) x PCE, x 7
For Lane 2: L™ (in meters) = 2L* xq/(p + q)
xPCE, x 7

12
For through Lane: L = (in meters) = L* x PCE; x 7

Thethird lineisadded to check the effects of heavy vehiclesonthe
through lane, which might becomecritical in controlling thelength of
the DLTL. The adequatelength for the DLTL, isnow determined as

LA = max(L®, L, LY) + taper (13)

This procedure indicates that the adequate lane length must take
into account the volume distribution among the three concerned lanes
and vehicle mix.
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Example Values

Table 2 showsthe DLTL lane length for a set of example values of
vehicle mix, vehicle arrival rates, and lane use as defined here.
Thegivenvaluesare

* Threshold probability o = 0.95
* Leftturnarriva per hour, 300, 500, 700, 900/hor LT =8, 14, 19,
and 25 per red phase
* Through vehiclearrival per hour per lane, 300, 500, 700, 900/h
or TH =8, 14, 19, and 25 per red phase
* LaneuseLanel: Lane2=6:5
* Vehicle mix:
—Case 1 trucks 5%, buses 5%, passenger cars 90%
—Case 2 trucks 10%, buses 5%, passenger cars 85%

Step 1. Calculate the necessary lane length L* according to
Equation 8 in number of cars.

Step 2. Calculate PCE according to the vehicle mix ratio.

Step 3. Calculateeach lanelength LR, LR, LRT using Equation 12.

Step 4. Determinetheadequate DLTL length LA using Equation 13.

Thevaluesin Table 2 do not include taper length. A taper length of
30 to 54 mis suggested by NCHRP Report 375 (6).

DISCUSSION OF RESULTS

This section details the comparison of the lengths obtained from the
proposed procedure with those suggested in the references, which
do not consider the blockage of the entrance of DLTL by thethrough
vehicles. The procedure suggested in the references is rather gen-
eral. Recall that Marcuset . (8) and Koepke and Levinson (9) sug-
gest thefollowing: first obtain thelength, assuming that itisan SLTL ;
second, dividethisvalueby 1.8 or 2.0. Thisisthelength solely based
on avoiding the lane overflow.

TABLE 2 Actual DLTL Length in
Meters (Feet) for Different Arrival
Rates and Vehicle Mix Ratio
Without Taper

Case 1*

L eft-turn vol/h
300 | 500 [ 700 | 900
124 | 124 | 133 | 162
(407) | (407) | (436) | (532)
190 | 200 | 200 | 200
(623) | (656) | (656) | (656)
238 | 247 | 247 | 257
(781) | (810) | (810) | (843
304 | 314 | 314 | 314
(997) | (1030) | (1030) | (1030)

300

500

gh vol/h/In

700

900

Q| Throu

d

L eft-turn vol/h
300 [ 500 | 700 900
114 | 114 | 123 149

(374) | (374) | (404) [ (489)
176 | 184 | 184 184

(577) | (604) | (604) | (604)
220 | 228 | 228 237

(722) | (748) | (748) | (778)
281 | 290 | 290 290

(922) | (951) | (951) | (951)

1 Trucks 10%, Buses 5%, Pass cars 85%
2 Trucks 5%, Buses 5%, Pass cars 90%

300

500

700

Through vol/h/In

900




78

2 07 — Method proposed
338 (overflow and lane
5 %—’ 20t blockage considered)
e
‘5); 10l Method in literature
5= Divided by 1.8

0 ) ) ‘ Divided by 2.0

8 14 19 25LT

FIGURE 4 With and without consideration of lane blockage by
through vehicle.

For the method suggested in the references, the authorsfirst cal-
culated the length of SLTL for which the value of Equation 1 was
greater than 0.95 (a = 0.95). For the valuesof LT = 8, 14, 19, and
25, the obtained values of SLTL were 13, 20, 26, and 33 (in vehicles),
respectively. Each of these valueswasdivided by 1.8 and 2.0. The
corresponding lane lengths (in vehicles) were 8, 12, 15, 19 and 7,
10, 13, 17, respectively.

For the proposed approach, according to Table 1, the length of
the DLTL for LT = 8, 14, 19, and 25 depends on the value of TH.
For TH =8, 14, 19, and 25, at a = 0.95, the corresponding range
of DLTL lengths(in vehicles) are 13-32, 13-33, 14—33 and 17-33,
respectively (see Table 1). Figure 4 compares the recommended
length of the DLTL with the reference.

The upward lines in Figure 4 show the length obtained by the
method suggested in the reference. Each of the vertical long ovals
indicates the range obtained by the proposed method. The proposed
values are much greater than the onesin the references because the
authors considered the possibility of lane blockage, whichisafunc-
tion of TH. Clearly, the method in the reference underestimatesthe
length because it does not consider the effects of TH.

The probability that al left-turn vehiclesenter the DLTL isafunc-
tion of LT and TH; hence, it isafunction of the duration of thered
phasesfor |eft-turn and through movements. For agiven hourly vol-
ume, ashorter red left-turn phase will result in agreater probability
that all left-turn vehiclesenter theDLTL. Thus, if theexisting DLTL
has a high incidence of |ane overflow or blockage, the possibility
of shortening the signal cycle or thered phasefor theleft-turn and
through movement isan alternative. Thiseffect also can beanalyzed
with Equation 8 by changing thevaluesof LT and TH corresponding
to the duration of red phase.

Inaddition, the number of through lanes affectsthenecessary DLTL
length. With morethrough lanes, the queue of through vehicleswait-
ing in each lane decreases. Asaresult, the probability that thethrough
vehiclesblock the DL TL entrancewill decrease. Although thisgenera
rel ationship must exist, the specific rel ationshi p between the number
of through lanes and the probability of lane blockage cannot be
obtained easily because many more variables enter in the equations,
including the choice of lane by thethrough vehicles. The best approach
for the multithrough lane case is to derive the arrival rate of the
through vehiclesfor thelane adjacent to DLTL andto useitas TH
in Equation 8, or if itisnot possible, thento divide thetotal through
vehiclearrival by the number of through lanes and use thisvalue as
TH in Equation 8.
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CONCLUSIONS

Length of the lane is perhaps the most important design factor of
DLTLs. Thelength must be sufficiently long so that neither the left-
turning vehicles overflow onto the through lane nor the queue of
through vehiclesblocksthe entrance of the DLTL. This paper devel-
oped a procedure to determine the lane length in which both the
chanceof lane blockage and lane overflow were considered. Included
in the proposed procedure is a calculation of the probability that all
arriving left-turn vehicles enter the DLTL . Examplevalues are pre-
sented; however, for application to thereal world situation, theauthors
recommend that the procedure be followed in each caseto obtain the
most appropriate value for the specific site.

The proposed procedure can be used for designing the lanelength
for new DLTLsand for evaluating thelanelength of existing DLTLSs.
For thelatter, if the existing length is not sufficient, the formulacan
be used to compute the adequate single red phase period. Animpor-
tant decisionissueishow to determine thethreshold probability. This
issueisfundamental to many design problemsin traffic engineering:
the question of what level of service should be provided.
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