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Saturation Flows of Exclusive Double 
Left-Turn Lanes 

ROBERT w. STOKES, CARROLL J. MESSER, AND VERGIL G. STOVER 

The objectives of this study were to develop estimates of the 
saturation flows of exclusive double left-turn lanes, and to 
Investigate the physical and operating characteristics of the 
Intersection that may affect left-turn saturation flows. The 
results are based on observations of 3,458 completed left turns 
from exclusive double left-turn lanes on 14 intersection 
approaches in Austin, College Station, and Houston, Texas. 
Based on the results of this study and a review of the data from 
a limited number of related studies, an average double left. 
turn saturation flow rate of approximately 1,600 vehicles per 
hour of green per lane would appear to be a reasonable value 

Texas Transportation Institute, Texas A&M University System, Col
lege Station, Tex. 77843. 

for most planning applications. This flow rate can be assumed 
to be achieved for the third vehicle in the queue and beyond. 
Also, this flow rate appears to be applicable for mixed traffic 
conditions in which heavy vehicles constitute as much as 3 to 5 
percent of the left-turn traffic volume. 

The continuing emphasis on obtaining a more efficient utiliza
tion of the existing urban street infrastructure suggests that 
applications of the double left-tum lane concept will become 
increasingly widespread. Reliable estimates of double left-tum 
saturation flows have several important applications in traffic 
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management and design. Such applications include the follow
ing (1): 

• Determination of optimum signal timing and phasing 
arrangements, 

• Estimation of average queue lengths for use in the design 
of left-tum storage bays, 

• Estimation of double left-tum lane capacity, and 
• Estimation of the average and maximum delays experi

enced by left-turning vehicles. 

Although double left-tum lanes have been in use for a 
number of years, basic research on the saturation flows of such 
facilities has been extremely limited. Consequently, current 
methods for estimating the capacities of double left-tum lanes 
are based on minimal amounts of data and none has been 
widely accepted as being truly representative of real-world 
conditions. 

The capacity estimates derived from the limited data avail
able on double left-tum lanes suggest a substantial range in 
flow rates. This range could be attributed to various physical, 
operating, and/or environmental factors that may vary within or 
between intersection approaches. This paper summarizes the 
results of a study directed at (a) estimating exclusive double 
left-tum lane capacity, which is easily computed from satura
tion flow; and (b) quantifying the relationships between double 
left-tum lane saturation flow and the physical and operating 
characteristics of the intersections studied (2). 

The use of the phrase "exclusive double left-tum lanes" in 
this paper refers to two contiguous lanes of an intersection 
approach that are designed solely for left-turning vehicles and 
protected from opposing through- and cross-traffic with sepa
rate signal phasing. In the study, double left-tum movement 
capacity is dealt with on a microscopic level; that is, in terms of 
the time headways of individual left-turning vehicles. 

OBJECTIVES 

The primary objective of the study was to develop reliable 
estimates of exclusive double left-tum saturation flows. A 
secondary objective was to attempt to relate these flows to the 
physical and operating characteristics of the intersection 
approaches studied Specific objectives were as follows: 

I. Record, with an accuracy of ±0.1 sec, the time spacing 
between consecutive left-turning vehicles entering a signalized 
intersection from an exclusive double left-tum lane during 
saturated conditions (i.e., for queue lengths of five or more 
vehicles per lane). 

2. Examine the variability in these time spacings between 
and within intersection approaches. 

3. If possible, relate these time spacings and their variability 
in terms of the following physical and operating characteristics 
of the intersection approaches studied: (a) Width of turn lanes 
(ft); (b) Turn radius (ft); (c) Approach grade (percent); (<i) 
Turn-bay storage length (ft); (e) Turn-bay taper length (ft); (j) 
Turn-bay queue lengths (veh/lane); (g) Tum-lane blockages, 
(h) Tum-lane green time (sec); and (i) Percentage of heavy 
vehicles in the left-tum traffic stream (i.e., percentage of vehi
cles with more than four tires). 
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PREVIOUS RESEARCH 

Double left-tum lanes have been in use for a number of years. 
However, basic research on the saturation (capacity) flows of 
such facilities has been extremely limited. A literature search 
revealed only seven references (3-9) on the subject of double 
left-tum lane capacity. Moreover, only five of the references 
treated double left-tum lanes in detail. With the exception of 
Kunzman's limited work in 1978 (9), the literature search 
indicated that no fundamental research on double left-tum 
movement capacity has appeared in the literature in nearly 15 
years. 

Table 1 gives a summary of the estimates of double left-tum 
saturation flows reported in the research identified through the 
literature search. Also given is a summary of the efficiencies of 
double left-tum movements relative to single left-turns and 
straight-through movements. The average double left-tum sat
uration flows for the limited data available and given in Table 1 
span a considerable range of values. However, with the excep
tion of Ray's data (4), and the Highway Capacity Manual 
(HCM) data for through-movements (5), the efficiency factors 
appear to be fairly uniform. Also, note that with the exception 
of the HCM data, the left-tum flow rates do not appear to be 
substantially lower than through-lane flow rates. This suggests 
that the flows for all movements on a particular approach are 
equally affected by the physical and operating characteristics of 
the intersection. That is, those approaches with relatively low 
double left-tum flows also appear to have proportionately 
lower single left-tum and straight-through flows. 

DATA COLLECTION AND ANALYSIS 

Based on an examination of the possible methods for obtaining 
the data required, it was decided that the most satisfactory and 
economical procedure, from both field study and data analysis 
time standpoints, was a combination of photographic and field 
measurement techniques. 

By using time-lapse photography, more than 3,400 com
pleted left turns were recorded on 14 intersection approaches 
with exclusive double left-tum lanes in College Station, Austin, 
and Houston, Texas. These three cities were selected for study 
because they represented a cross-section of Texas cities in 
terms of population and traffic conditions. 

A filming speed of 9 frames/sec was used because this speed 
made it possible to estimate left-tum departure headways to 
within 0.1 sec. A total of approximately 4 hours of peak-period 
data was collected. This was considered a sufficient sample for 
estimating double left-tum saturation flows and for making 
statistical inferences concerning the factors affecting saturation 
flow. 

The Statistical Analysis System (SAS) Computer Program 
Package was used in the statistical analysis phases of the study 
(10). This package has been extensively tested and has been 
widely accepted for statistical analyses. 

The sample data were used to test specific statistical hypoth
eses concerning the following: 

1. The saturation flow region of the queue, 
2. Variability in the estimates of left-tum departure head

ways, and 
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TABLE 1 DOUBLE LEFI'-TURN SATURATION FLOWS AND RELATIVE 
EFFICIENCY FACTORS 

Double Left-Turn Double Left-Turn Hovement 
Saturation Flaw Efficiency Fae tora 

(vphg) 

Relative to Rolative to 
Source and Inside Outside Single Through 
Conditions Lane Lane Average Left-Turn Movement 

Cap~!:!1 :~1.: i ~~:~ 1 e (f!tt-Tu rnb 1500 1636 1568 0.91 0.91 

Ray (4) 
Pe"nn1ss ive Doub 1 e Left-Turn 1240 1230 1235 0. 75 _c 

Exclushe Double Left-Turn 1375 1315 1345 0.82 

HCM (5) 
0 . 72~ ID7 foot Lanes 1200 960 1080 0.90 

11-foot Lanes 1320 1056 1188 0.90 0. 79d 
12-foot Lanes 1440 1152 1296 0.90 0 . 86 

Assmus (7) 
ExcluSive Double Left-Turn 1540 1550 1545 0.97 

Kunzman (9) 
Queue < 4 veh/1ane 1439 0. 96 0.90 
Queue > 5 v eh/ 1 ane 1581 0. 92 0.93 
A 11 Queue Lengths 1523 0.93 0 . 91 

a Efficiency factor defined as the ratio of average double left-turn flow to average single 
b left ... turn flow or avert,ge straight-through flaw as indicated~ all flows are per-lane flows. 

Left-1urn option in outside lane. 
c Dato not available . 
d Assumes straight-through flow of 1500 vphg. 

3. Some of the factors that may affect left-tum departure 
headways. 

The statistical hypotheses were tested at the 5 percent signifi
cance level. The statistical procedures employed are discussed 
briefly in the following subsections. 

Saturation Flow Region of the Queue 

The initial task in estimating double left-tum saturation flows 
was to identify the portion of the queue, in terms of vehicle 
storage positions, for which departure headways could be 
assumed to be uniform. Two basic statistical procedures were 
employed to accomplish this task: analysis of means and 
regression analysis. 

In the analysis of means procedure, average left-tum head
ways were calculated by turn lane (Figure 1) for the entire 
sample (i.e., for all intersection approaches), by turn lane and 
approach, and by turn lane and city. The average headways 
were calculated for all vehicles observed entering the intersec
tions, for selected segments of the queue, and by individual 
storage positions. In calculating the means by queue segments, 
the following regions of the queue were considered: 

llt 
LANE No. 2 3 

FIGURE 1 Lane numbering scheme. 

where 11i is the queue storage position for left-turning vehicles 
in Tum Lane i, for i = 1,2 (Figure l); and nk(i) is the total 
number of vehicles queued in Lane i at the start of the left-tum 
green phase. Duncan's Multiple Range Test was used to test the 
hypothesis that average left-tum headways do not differ by 
vehicle storage position. Table 2 presents an aggregate sum
mary of average left-tum headways for the total sample. 

The regression analyses involved evaluating the following 
models: 

TABLE 2 AVERAGE LEFT-TURN DEPARTURE 
HEADWAYS FOR THE TOTAL SAMPLE 

(1) 

(2) 

Data Set Sample Mean Standard Standard Error 
and Lane Size Headway Deviation of Mean 

( sec/veh) 

All Vehicles 

Lane I 1707 2.4 I. 34 0.03 
Lane 2 1751 2. 4 l.29 0.03 

i2n;2nk(i) 

Lane 1 1500 z. 3 0.81 0.02 
Lane 2 1598 z. 3 l.04 o.Ol 

22ni2nk(i) 

Lane l 1249 Z.2 0.64 0.02 
Lane 2 1347 Z.2 o. 98 0.03 

32ni2nk(i) 

Lane l 1000 2 . I 0.60 0.02 
Lane 2 1101 2 . I l.00 o .. o3 

42n12nk(i) 

Lane l 752 2 .0 0. 58 0.02 
Lane 2 859 2 .l 1.09 0.04 

5 2 n; 2 nk( i) 

Lane l 509 2.0 0.60 0.03 
Lane 2 623 2.1 1.17 0.05 
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where 

Tc(i) = time (sec) after the start of the left
turn green phase for the rear axle of 
the left-turning vehicle in queue 
storage position Di to cross the 
intersection stop line from Turn Lane 
i (i = 1,2); 

B0, B1, B*0, B*1 = regression coefficients; 
ei, e*i = random error terms; and 

hL(i) = left-tum headway (sec) for vehicles 
in Turn Lane i (i = 1,2). 

In Equation 1, the parameter of interest is B1, where the 
sample estimate of B1, denoted by b1, is an estimate of depar
ture headway (sec/veh). The parameters of the model given in 
Equation 1 were estimated from the entire sample, as well as 
from subsets of the sample. The subsets of the sample used to 
estimate the parameters of the regression models were identical 
to those used in the analysis of means. 

A less direct analysis of the saturation flow region of the 
queue was performed by evaluating regression models of the 
form given in Equation 2. The intent of the analyses involving 
Equation 2 was to find I1i for which the hypothesis B1 = 0 could 
not be rejected. fu addition, the corresponding b0's should then 
be estimates of minimum average departure headways. 

Variability In Estimates of Left-Turn 
Departure Headways 

The purpose of the second phase of the analysis was to deter
mine whether the average left-tum headways for the saturation 
flow region of the queue differed significantly between or 
within intersection approaches, and/or by tum lane. The fol
lowing three procedures were used to investigate the variability 
exhibited by the estimates of left-tum departure headways. 
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1. Duncan's Multiple Range Test was used to test the 
hypothesis that average left-tum departure headways do not 
differ significantly between intersection approaches. 

2. A series of two-sample t-tests was performed to test the 
differences in departure headways between cities. The tests 
were performed on a per-lane basis by using the t-test 
(TTEST) procedure of the SAS Computer Program Package 
(JO). The TTEST procedure tests the significance of the dif
ference between means from two independent samples. The 
tTEST procedure also performs an F-test on the hypothesis 
that the variances of the two samples are equal. The procedure 
then calculates two t-statistics: the usual two-sample t that 
assumes equal variances, and an approximate t that does not 
assume equal variances (11). 

3. A paired t-test was used to test the hypothesis that aver
age left-tum departure headways do not differ between the two 
lanes of the double left-tum movements within each of the 
three cities studied. 

Factors Affecting Left-Turn 
Departure Headways 

The intent of the final phase of the analyses was to examine 
some of the possible sources of the variability observed in the 
left-tum departure headway estimates. The potential headway
influencing factors investigated are summarized in Table 3. 

The initial step in investigating the effects of the numeric 
factors (i.e., factors other than lane blockages) in the sample 
was to calculate the simple correlation coefficients (r) between 
the departure headways and the individual factors. The correla
tion (CORR) procedure of the SAS Computer Program Pack
age was used to compute the sample correlation coefficients 
(JO). 

Note in Table 3 that in the final analyses only three levels of 
lane blockages were considered. Specifically, only the block
age, no blockage, and blockage code 23 conditions were con-

TABLE 3 HEADWAY-INFLUENCING FACTORS INVESTIGATED 

Factor 

Lane blockagea 

Headway compressionb 

Approach grade 
Green time 
Percent heavy vehicles 

Tum radius 
Tum bay storage length 
Tum bay taper length 
Tum lane width 

Contraction 

NOBLK 
BLOCK 
BLK23 
COMPRES! 
COMPRES2 
GRADE 
GRNTIME 
PERHVl 
PERHV2 
PERHVTOT 
RADIUS 
STORAGE 
TAPER 
WIDTHl 
WIDTH2 
TOTWIDTH 

Definition 

No lane blockages (code 00) 
Lane blockage codes 12, 21, and 23 combined 
Blockage code 23 
Ratio of total queue length (vch) to available green time (sec) 

for Lane 1 and Lane 2, respectively 
Approach grade (%) 
Left-tum green time (sec) 
Percentage heavy vehicles (veh with more than four 

tires) in Lane 1, Lane 2, and Lanes 1 and 2 
combined, respectively 

Simple tum radius (ft) 
Tum-bay storage length (ft) 
Tum-bay taper length (ft) 
Width (ft) of Tum Lane 1 
Width of Lane 2 
Width of Lanes 1 and 2 combined 

"Code 00 = no blockage observed, code 12 = Lane 1 blocked by Lane 2, and so forth. See Figure 1 for lane numbering scheme. 
b As the demand (queue length) per cycle increases relative to capacity (left-tum green time), there may be some compression, or 
shortening, of left-tum departure headways as vehicles attempt to fully utilize available capacity. It would be expected that the effects 
of this compression factor be more pronounced in those situations in which the available green time is not sufficient to fully serve the 
queue of vehicles waiting on the approach. 
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sidered in the analyses. These revised definitions of the block
age codes were formulated to facilitate the testing of statistical 
hypotheses suggested by the data. The effects of turn lane 
blockages on left-tum departure headways were evaluated by 
testing two hypotheses: 

• The average departure headways for blockage codes 12, 
21, and 23 combined do not differ significantly from those for 
the no-blockage condition (code 00). 

• The average departure headways for blockage code 23 do 
not differ significantly from those for the no-blockage condi
tion (code 00). 

The first hypothesis was tested for each lane of the College 
Station and Houston sites. The second hypothesis was tested 
for Lane 2 of the College Station and Houston sites individu
ally, as well as for Lane 2 of the two cities combined. No turn 

lane blockages were observed at the Austin sites. The t-test 
(TTEST) procedure of the SAS Computer Program Package 
was used to perform the statistical tests (10). 

RESULTS 

Saturation Flow Region of the Queue 

Three slightly different estimates of the saturation flow region 
of the queue were developed. The estimates of the saturation 
flow region of the queue and the corresponding headway esti
mates-developed from the analysis of means and the regres
sion models given in Equation I-were in fairly close agree
ment. In terms of the precision of the departure headway 
estimates, the estimates obtained from the regression models 
given in Equation 2 were inferior to those obtained from the 
other two estimation procedures. The estimates obtained from 
the analysis of means were selected as the best estimates. The 
results of the analysis of means suggest that the saturation flow 
region of the queue can be defined by the region 3 S I1j. S nk(i)· 
The decision to use the estimates obtained from the analysis of 
means was based on the following considerations. 

First, from a theoretical standpoint, it can be argued that the 
regression estimates (Equation 1) of departure headways should 
be more precise than those obtained from the analysis of 
means. However, it appears that at least one of the basic 
assumptions of regression analysis was not satisfied. Specifi-
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cally, it was found that the variance of the error term in the 
regression models was not constant across the sample. The 
procedure used to test the constancy of the error variance was 
to 

1. Array the observations by queue storage position and 
lane, 

2. Divide the total observations into two equal data sets for 
each lane, 

3. Fit separate regression functions to each half of the total 
observations, 

4. Calculate the mean square errors (MSEs) for each, and 
5. Test for equality of the error variances by the F-test. 

The resulting variance ratios were significant at the 5 percent 
level. 

Thus, evaluation of the constancy of the error variance 
suggests that the regression estimates of the departure head
ways may be biased. The data in Table 4 demonstrate the nature 
of the suspected bias. Note that, with the exception of Lane 2 
for the Austin sites, the estimated headways (i.e., the slopes) 
are all less than or equal to 2.0 sec. The regression estimates 
suggest average flow rates in excess of 1,800 vehicles per hour 
of green per lane (vphgl) for the majority of the study sites. 
Relative to generally accepted straight-through flow rates of 
1,700 to 1,800 vphgl, the regression models appear to have 
underestimated average left-tum departure headways. (See 
paper by Stokes, Stover, and Messer elsewhere in this Record 
for discussion.) 

Variability in Departure Headways 

The results of Duncan's Test indicated significant differences in 
the average left-tum headways between the intersection 
approaches studied. However, there was a general pattern to the 
Duncan rankings of the headways; that is, the headways were 
generally grouped by city size. Specifically, the Houston sites 
(the large city studied) tended to exhibit significantly shorter 
average headways than did the College Station and Austin sites 
(the small- and medium-sized cities studied). 

Table 5 presents the 95 percent confidence intervals for the 
average left-tum departure headways for the saturation flow 
region of the queue [i.e., for 3 S I1j. S nk(i)] for each of Lhe three 
cities studied. F -tcsts were performed on the hypothesis that 
the average headways do not differ between cities. The F-tests 

TABLE 4 EQUATION 1 REGRESSION MODELS BY CITY 
FOR 3 5 n; 5 nk(i) 

Inte rcept Slope 

Mean 
C1ty Sample Es t1mate Std. Estimate Std. Sq. Err . 

,2 and Lane S1ze (sec) ~rr . (sec/veh) Err. (MSE) 

Austin 
Lane 1 175 2.Z o. 37 1. 9 0. 06 2. 79 0.84 
Lane 2 180 l. J 0 . 31 2.2 0.05 2 .09 0.91 

College 
Station 

Lane 1 486 2.. 5 0.20 1. 9 0 . 04 2. 57 0 .86 
Lane 2 592 2 . 2 0,26 2.0 0. 04 5.07 0.80 

Houston 
lane I 339 2 .4 o. 22 1. 8 0 .05 1. 04 o. 79 
Lane Z 329 2. 5 0. 24 I. 7 0,06 1.33 0 . 74 
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TABLE 5 95 PERCENT CONFIDENCE INTERVALS FOR 
AVERAGE LEFT-TURN HEADWAYS (hL) BY CITY FOR 
3 ~Di~ Dk(i) 

95t. Confidence Intervals for Average Headways (sec/veh) 

lan e Aust in College Station Houston 

- -
2 .1 2 hl 2 2. 3 2 .o 2 hl 2 2 .2 1. 9 ~ hl ~ 2 .1 

2.1 2 hl 2 2 .3 2.1 

indicated significant differences between the average headways 
of the double left-tum lanes of the three cities studied. A series 
oft-tests was performed to test the differences in average left
tum headways between cities. The following conclusions can 
be drawn from the tests: 

• The average departure headways for the Austin and Col
lege Station sites are not significantly different for either tum 
lane for the saturation flow region of the queue. (Lane 1: t = 
1.92 and p-value = 0.06. Lane 2: t = 0.81 and p-value = 0.42). 

• The average departure headways for the Houston sites are 
significantly shorter than those for the Austin sites for each turn 
lane for the saturation flow region of the queue. (Lane 1: t = 
3.67 and p -value < 0.01. Lane 2: t = 4.78 and p -value < 0.01). 

• The average departure headways for the Houston sites are 
significantly shorter than those for the College Station sites for 
each tum lane for the saturation flow region of the queue. (Lane 
1: t = 2.22 and p-value = 0.03. Lane 2: t = 3.72 and p-value < 
0.01). 

The differences in the av1<rage headways between the two 
lanes of the double left-tum movements within each city were 
also examined. As indicated by the data in Table 6, the average 
differences (D) between the Lane 1 and Lane 2 headways were 
generally positive, indicating that the Lane 1 headways tended 
lo be slightly longer than the Lane 2 headways. Note, however, 
that none of the differences were significant at the 5 percent 
level. Thus, iL can be concluded that any differences in the 
departure headways for vehicles in Lane 1 and Lane 2 within 
each city are not large enough to be detected with the given 
sample sizes. 

Factors Affecting Departure Headways 

Two basic statistical procedures we.re used to investigate the 
factors in the sample that might have an effect on left-tum 

TABLE 6 I-TEST OF DIFFERENCES IN LEFT-TURN 
HEADWAYS BETWEEN LANES BY CITY FOR 3 ~ oi ~ 

Dk(i) 

Std . Std . Err. Sign 1f ican t 
City Variable Mean Dev. of Mean Prob > ltl at 5% Level 

Aust in o• -0. 08 1.30 0.10 -0. 81 0.4202 NO 

College 
Stat ion 0.10 1. 79 0. 08 1. 29 0.1967 NO 

Haus ton 0.07 0.95 0.05 1.19 0,2341 NO 

a D = hl(l) - hl( 2 ). 

-
2 hl 2 2. 3 1.8 2 hl 2 2.0 

saturation flows. Correlation analyses were used to assess the 
effects of the numeric factors in the sample. The effects of turn 
lane blockages were evaluated by using analysis-of-means pro
cedures. 

Table 7 gives a summary of those factors that exhibited 
significant linear correlations with departure headways in the 
saturation flow region of the queue. Note in the table that 
approach grade (GRADE), the headway compression factors 
(COMPRESl and COMPRES2), and average left-tum green 
time (GRNTIME) exhibit significant correlations with both the 
Lane 1 and Lane 2 headways. Figure 2 shows these general 
relationships in terms of saturation flows. 

TABLE 7 SIGNIFICANT8 SIMPLE CORRELATION 
COEFFICIENTS (r) FOR THE NUMERIC FACTORS IN 
THE SAMPLE FOR 3 ~ Di ~ Dk(i) 

Lane 1 Headway 

Factorb r 

TAPER 0.0885 
STORAGE 0 . 0833 
GRADE 0.0952 
PERHVl 0.0778 
COMPRES! -0.1126 
COMPRES2 -0. 0897 
GRNT !ME 0. 0977 
WIDTH! 
WIOTH2 
TOTWJOTH 

a Significance level = 0.05. 
b See Table 3 for definitions. 
c For hypothesis r= 0. 
d Not significant at 5% level. 

Prob > Irle 

(0.00821 
(0.0084 

(0.00261 
(0.0138 
(0. 0004 
(0.0048 
(0.0021 J 

Lane 2 Headway 

Prob > I rl 

0. 0965 (0.0013) 

-0.1758 (0.0001) 
-0.1645 (0.0001) 
0. 2235 (0.0001) 

·0.0915 (0. 0024) 
-0.0827 (D.0061) 
-0.0941 (0.0018) 

The pos1t1ve relationship between saturation flow and 
approach grade (Figure 2a) is not surprising. It appears reason
able to expect departure headways to increase and saturation 
flows to decrease as the approach grade increases. However, 
given the limited range of approach grades in the sample 
(Figure 2a), Lhe exact nature of the relationship remains open 10 

question. 
The r:elationships between saturation flow and the headway 

compression and green time factors (Figures 2b-2tf) are not as 
easily interpreted as the other relationships examined. 
Although it appears reasonable to expect flow rates to increase 
as the tum lanes become busier, one should not lose sight of the 
implications of this assumption. Specifically, the effects of the 
compression and green time factors would appear to be related 
to driving behavior, not to quantifiable features of the turn 
lanes. That is, the observed effects of the compression and 
green time factors would appear to imply that drivers recognize 
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FIGURE 2 Plots of average left-turn saturation flow against approach grade, 
headway compression factors, and average left-turn green time. 

that available green time is short (relative to the demand on the 
approach) and that they respond by assuming a relatively more 
aggressive driving posture. If the compression and green time 
factors are related to driving behavior, the magnitudes of the 
effects of these factors are probably highly variable. 

The t-test was used to test the hypothesis that tum lane 
blockages have no effect on the average left-tum departure 
headways for the saturation flow region of the queue. The 
results of the tests for the saturation flow region of the queue 
are summarized as follows. 

• Turn lane blockages have no significant effect on the left
tum departure headways of Lane l of the College Station sites 
(t = -1.01 and p-value = 0.31). 

• Turn lane blockages have a significant effect on the left
tum departure headways of Lane 1 of the Houston sites (t = 
2.25 and p-value = 0.02). Specifically, the departure headways 
of Lane 1 of the Houston sites for lane blockage conditions 
appear to be shorter than in the cases in which no lane blockage 
is encountered. 

• Turn lane blockages have a significant effect on the left-
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FIGURE 2 continued. 

tum departure headways of Lane 2 of the College Station sites 
(/ = -2.20 and p -value = 0.03). The departure headways for the 
no-blockage conditions appear to be shorter lhan in the cases in 
which lane blockages are encountered. 

• Turn lane blockages have no significant effect on the left
tum departure headways of Lane 2 of the Houston sites (t = 
-0.33 and p-value = 0.75). 

• In the case in which Lane 2 of the double left-tum move
ment is blocked by the adjacent through lane (Lane 3), the left-

tum departure headways for Lane 2 are not significanlly dif
ferent from those in which no blockage occurs, for either the 
Houston or College Station sites (Houston: t = -0.74 and 
p-value = 0.47; College Station: t = -1.59 and p-value = 0.12). 
For the two cities combined, the departure headways for Lane 2 
for the no-blockage condition do not appear Lo be significantly 
different from the departure headways for the case in which 
Lane 2 is blocked by the adjacent through lane (t = -1.88 and 
p-value = 0.06). 
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SUMMARY 

It is indicated in the analyses that saturation flow for each lane 
of a double left-tum movement is obtained after the second 
vehicle in the queue. Vehicles, after the second in line, enter the 
intersection at the saturation flow rate until at least the last 
vehicle in the initial queue has entered the intersection or until 
the end of the effective left-tum green time. 

It is suggested by the analyses that average left-tum depar
ture headways vary significantly between the intersection 
approaches studied. However, much of the variability in the 
departure headways can be accounted for if the headways are 
grouped according to city size. Also, the study results indicate 
that, within each city, the departure headways do not differ 
significantly between the two lanes of a double left-tum move
ment. 

Table 8 gives a summary of the 95 percent confidence 
intervals for average left-tum saturation flows (SL) estimated 
for the three Texas cities studied. As indicated by the data in the 
table, the left-tum saturation flow estimates developed in this 
study are generally higher than those that have been reported 
by other researchers (see Table 1). The average fl.ow rates given 
for the Houston sites are on the same order of magnitude as the 
flows commonly reported for straight-through movements. 

TABLE 8 95 PERCENT CONFIDENCE INTERVALS FOR 
AVERAGE LEFT-TURN SATURATION FLOWS (vphgl) BY 
CITY FOR 3 ~ ni ~ nk(i) 

Lane 

Grand Mean 

95'.t Confidence Intervalsa for Average Left-Turn 
Saturation Flow (sL) 

College 
Austin Station Houston 

15652sL21714 1636 2 ;L 2 1800 1714 2 SL 2 1895 

1565 2 sL 2 1714 1565 2 sL 2 1714 1800 2 sL 2 2000 

1636 1636 1800 

a Calculated from (l/hL) x 3600. using hL's from Table 5. 

The factors affecting left-tum departure headways were the 
subjects of some exploratory analyses. Although the results of 
these preliminary investigations were inconclusive, they sug
gest several complex relationships in the operating characteris
tics of double left-tum lanes. It is indicated by the illvestiga
tions that approach grade, the headway compression factors, 
and average left-tum green time exhibit significant linear cor
relations with both th~ Lane 1 and Lane 2 departure headways. 

Two general, and apparently contradictory, trends regarding 
the effects of tl.lm lane blockages on left-tum departure head
ways are suggested by the study results. First, it appears that 
the effects of lane blockages vary by lane and city size. For 
College Station (the small city in the study), the effects of the 
lane blockages appear to be focused on the departure headways 
of Lane 2 (outside lane), where the blockages tend to increase 
the departure headways. For the large city in the sample (i.e., 
Houston), the effects of the lane blockages appear to be 
focused on the Lane 1 (inside lane) departure headways, where 
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the blockages tend to reduce the deP.arture headways. Second, 
for the specific lane blockage condition in which Lane 2 of the 
double left-tum movement is blocked by the adjacent through 
lane, it appear,s that this blockage condition has no significant 
effect on the Lane 2 headways for either the College Station or 
Houston sites individually, or the College Station and Houston 
sites combined. 

Based on the results of this study and a review of the data 
from a limited number of related srudies, an average double 
left-rum saturation flow rate of approximately 1,600 vphgl 
would appear to be a reasonable value for most planning 
appHcations. This flow rate can be assumed to be achieved for 
the third vehicle in the queue and beyond. Also, this !low rate 
appears to be applicable for mixed traffic conditions in which 
heavy vehicles constitute as much as 3 to 5 percent of the left
tum traffic volumes. 

The double left-tum saturation flows observed at the 
Houston siles were approximately 1,800 vphgl. When com
pared with the flow rates typically reponcd in the lilerature for 
left-Lum and straight-through movements, Lhe Houston flow 
rates appear to be high. However, the Houston flow rates may 

indicative of the maximum flows that can be realized on 
double left-LUm lanes in an urban environment. 

ft is suggested by the results of this study that average double 
left-tum saturation flows may be substantially higher than pre
viously believed. However, the results are based on data from 
only three cities in Texas. Consequently, in assessing a site
specific problem, engineers and planners may find it useful to 
collect local data to spot-check the applicability of the flow 
rates reported in this study. 
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Use and Effectiveness of Simple Linear 
Regression To Estimate Saturation Flows 
at Signalized Intersections 

ROBERT w. STOKES, VERGIL G. STOVER, AND CARROLL J. MESSER 

In tbls paper, data from 14 Intersection approaches with exclu
sive double left-turn lanes ln three Texas cities are used to 
Wustrate tbe use of simple linear regression to estimate satura
tion Oows. Some tbeoretlcal conslderatlons and potential bias 
ln saturation Hows estJmated by simple linear regression are 
also briefly dlscussed. Average left-turn saturation Hows In 
excess of 1,800 vehicles per hour of green per lane for the 
majority of the study sites wltWn each city are suggested by the 
regression estimates. Relative to generally accepted stralght
tbrougb flow rates, the regression models appear to have sub
stantJaUy underestlmated average left-turn departure head
ways. 

When a queue of vehicles is released by a traffic signal, the 
departure flow rate quickly increases until after the first few 
vehicles, when a uniform average departure rate is reached. 
This uniform departure rate is called the saturation flow rate of 
the intersection approach. Because the flow al signalized inter
sections is controlled by the amount of green time allotted, 
saturation flow under these conditions is defined as the flow 
rate that would result if there were a continuous queue of 
vehicles and they were given 100 percent green time (1). Sat
uration flow is generally expressed in vehicles per hour of 
green time (vphg). 

A method commonly used to estimate saturation flows at 

Texas Transportation Institute, Texas A&M University System, Col
lege Station, Tex. 77843. 

signalized intersections is the headway method. In this method, 
interarrival times (headways) of all saturated vehicles are mea
sured at the intersection stop line, a saturated vehicle being one 
that has had to stop or almost stop in the queue behind the 
traffic signal. In the headway method, saturation flow is calcu
lated directly as the reciprocal of the average headway of 
saturated vehicles. 

One of the problems in estimating saturation flows from 
observed headways is accurately defining the saturation flow 
region of the queue. This problem is usually addressed by one 
of two procedures. The first and more straightforward of the 
procedures is to simply plot the average time headways of a 
queue of vehicles entering an intersection from a stopped 
position. These plots typically take the form shown in Figure 1. 
The saturation flow region of the queue can be identified by 
examining the plot and making a subjective determination of 
the vehicle storage positions for which departure headways 
could be assumed to be equal. Formal statistical procedures 
such as analysis-of-variance and multiple comparisons can be 
used to examine the departure headways in a more objective 
manner (e.g., see paper by Stokes, Messer, and Stover 
elsewhere in this Record). 

A second approach to the problem of determining the satura
tion flow region of the queue involves the use of a formal 
optimization process such as simple linear regression. The 
regression models used in this process are typically of the 
following form: 




