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ABSTRACT

The Virginia Department of Highways and Transportation uses a special
mountain pavement marking (MPM) on two-lane highways in mountainous areas.
This special marking consists of a single, broken yellow line supplemented
with "PASS WITH CAUTION" signs. The standard MUTCD passing and no-passing
zones are not marked, with the result that passing maneuvers are not prohib-
ited even when sight distances are inadequate for prevailing speeds. This
practice has been criticized by the Federal Highway Administration, highway
safety officials, and motorists. The Research Council undertook a study to
evaluate this centerline marking pattern, and the results are presented here.
The methodology adopted included a before and after study. The before study
entailed a literature review, a questionnaire survey of motorists and offi-
cials of other states, the photographing of passing maneuvers at different
sites, the collecting of data on traffic characteristics, and an analysis of
accident data. The information obtained on passing maneuvers was then used to
develop guidelines on minimum lengths of passing zones and minimum sight
distances, based on the speed of the passing vehicle and the speed difference
between the passing and impeding vehicles. The after study entailed the
collection of data on passing maneuvers and traffic characteristics at sites
marked with the MUTCD marking patterns based on the guidelines developed. It
was determined that traffic characteristics did not significantly change when
centerline markings were changed from MPM to the standard MUTCD and that the
minimum length of passing zones and minimum passing sight distances given in
the MUTCD are inadequate for safe passing maneuvers. It was also determined
that the minimum sight distances discretionally used in Virginia are too
conservative. The data collected on passing maneuvers during the after study
showed that guidelines developed in the study for minimum requirements of
passing zones and sight distances were adequate for passing maneuvers on
two-lane highways in mountainous areas.
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INTRODUCTION

The long standing policy of the Virginia Department of Highways and
Transportation is to use the centerline marking standards outlined in the
MUTCD. The Department, however, has been using a special marking on two-lane
highways in mountainous areas since the early 1940s. This special marking,
designated "mountain pavement marking (MPM)," consists of a single, broken
yellow line supplemented with "PASS WITH CAUTION" signs. Passing maneuvers
are not prohibited by the use of the solid yellow line even when sight dis-
tances are inadequate for prevailing speeds. The decision to pass is, there-~
fore, left entirely to the judgement of the motorist. The argument in favor
of this marking pattern is that motorists can legally pass slow moving vehi-
cles, which will not be possible for long distances if these roads are marked
in compliance with the MUTCD standards, because of their circuitous alignment.

This practice of marking two-lane highways in mountainous areas has been
criticized by the Federal Highway Administration, highway safety officials,
and motorists. In keeping with the national emphasis on providing uniform
road markings and the Department's continuing interest in promoting safety and
efficiency on the highways of the Commonwealth, the Research Council undertook
a study to evaluate the MPM.

The final report of this study consists of two volumes. This volume
presents =--

1. a detailed statistical analysis of the collected data,
2. an analysis of headway distributions in queues, and

3. a step-by-step development of the kinematic pass model.



Volume I of the report contains the summary of findings and consists
of -~

1. the methodology used in carrying out the study,

2. results obtained from analysis of data collected during the before and
after phases of the study,

3. a description of the models developed for minimum passing sight
distances and minimum lengths of passing zones in mountainous areas,

4. recommended guidelines for establishing passing and no-passing zones
on two-lane highways located in mountainous areas, and

5. the expected consequences of implementing the recommendations on
mountainous roads in the Commonwealth of Virginia.

DESCRIPTION OF STUDY SITES

The criteria used in selecting the study sites are given in Volume 1.
The locations are given in Table 1 and their general characteristics in
Table 2.

Site S-1 on Route 501 has a sag-shaped vertical alignment that differ-
entiates it from the rest of the sites. The curvatures of the approaches of
the site are flatter than those for the other sites, except those on site S-2
on Route 311. Also, site S-1 has a relatively long sight distance, which
permits motorists to drive at a higher operational speed.

Site S-2 has a very steep grade; however, it is provided with flat
horizontal curvatures on both approaches. At this site most of the passes are
started on the steepest portion on the upgrade at the entrance of the site and
are completed after a low crest caused by the succeeding flatter grade, which
is located approximately in the middle of the site.

Sites S-3 and S-4 have relatively short available sight distances (700 ft.
to 800 ft.) flanked by sharp horizontal curves on both approaches.

Site S-5 on Route 116 has a moderate available sight distance, steep
grade, and sharp curves on both approaches.
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TRAFFIC OPERATING CHARACTERISTICS

Using the reduced data, standard statistical analyses were performed on
traffic operating characteristics. In this section, the results of the
statistical analyses are presented., The analyses were undertaken under the
following categories in order to develop criteria for passing zones and
passing sight distance requirements.

0 Peak~hour volumes at the study sites

o Speed distribution (mean, 85th and 15th percentile speeds)

o Speed difference between the opposing lanes

o Speeds of passing and impeding vehicles

o Speed of passing vehicle and 85th percentile operating speed

Peak~Hour Characteristics at Study Sites

Table 3 shows the average traffic volumes for selected time periods. It
indicates that sites S-1, S-3, and S-4 do not have distinct peak-~-hour volumes,
but sites S-2 and S-5 do. At sites S-2 and S-5, the morning peak starts
around 6:00 a.m. and lasts until about 8:00 a.m.; the afternoon peak commences
about 3:00 p.m. and ends about 6:00 p.m.

Speed Distribution

Percentage and cumulative percentage distributions of operating speeds
for the study sites are shown in Figure 1, and.the mean, 85th percentile, and
15th percentile speeds are summarized in Table 4.

It should be noted that apart from site S-1, which has a relatively long
site distance, the 85th percentile speeds are approximately between 40 and 50
mph and the mean speeds between 35 and 45 mph. The 15th percentile speeds are
in the range of 30 and 40 mph. On the average, speed differences between the
85th percentile and 15th percentile speeds are 10 mph.

Speed Difference Between Opposing Lanes

The difference in speed between opposing lanes on two-lane, two-way
highways is usually not high enough to be considered in the determination of
minimum passing sight distances. However, for two-lane, two-way highways in
mountainous areas, the speed difference between the upgrade and downgrade
slope may be large enough to be considered.
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To determine whether there was a significant difference between the
speeds on the opposing lanes, the normal approximation test (means test for
two independent samples with standard deviation known) was used. The test was
carried out for a 957 confidence level, Since the accuracy of speed data
provided by the electronic data acquisition system is # 1.0 mph,(2) the
tolerance error could not be less than that. Therefore, the maximum tolerable
error was set at * 1,0 mph to estimate required sample sizes. The estimated
sample size and desired sample size are shown in Table 5 along with the
results of the means test on the speed difference between the upslope and
downslope.

At the 957 confidence level, the speed difference between the upslope and
downslope was not significant at sites S-1 and S$-4. It is reasonable for the
speed difference not to be significant at site S-1 as there is a sag vertical
curve at this site. Site S-4 has the least grade (+ 4.,37%) among the study
sites with a continuous slope. At the rest of the study sites -- 5-2, S-3 and
S-5 =~ the speed differences ‘between the opposite lanes were significant. All
of these sites have gradients greater than 5%.

Speed of Passing and Impeding Vehicles

The speed data for the passing and impeding vehicles are plotted in
Figure 2. Despite the different conditions at the sites, the figure illus-
trates a good correlation between the speeds of the passing and impeding
vehicles., This illustrates that most of the passing motorists determined a
similar desired speed to overtake and complete the pass based upon the speed
of the impeding vehicle. Also, the least squares regression line indicates
that the desired speed difference increased directly with an increase in the
speed of the passing vehicle, although the increments were small. The speeds
of impeding vehicles varied from 15 to 45 mph, whereas those of the passing
vehicles ranged from 30 to 64 mph. These figures indicate that at these sites
motorists did not attempt to pass if their desired speed was less than 30 mph.

To investigate the acceptable speed difference between the passing and
impeding vehicles on mountainous roads, a cumulative distribution curve was
constructed as shown in Figure 3. Since the graphic representation indicates
a normal distribution, a ¥~ goodness-of-fit test was performed to confirm the
normality of the data. The actual speed difference obtained for the 36 passes
recorded are found in Appendix A. The computed y~ value (0.21) was smaller
than the ¥ value (3.84), which indicates that it could be reasonably
assumed thag'gge distribution of the speed differences was normal at a 5%
significance level.

11
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Several percentile speed differences were estimated as shown in Table 6.
They were computed by the formula

m=m+ Z'S,
where m = speed difference for a particular percentile level.

The difference in speed between impeding vehicle and passing vehicles
used by the AASHTO Blue Book is 10 mph.(3) This is close to the 15th percen-
tile speed difference obtained in this é?udy. It should be noted that approx-
imately 557 of the passing vehicles passed the impeding vehicles with a
difference in speed of 15 mph or greater. This finding may indicate that the
motorists tended to aim at a relatively high desired passing speed on these
mountainous roads with limited sight distance in order to complete the pass in
the shortest possible distance.

TABLE 6

SPEED DIFFERENCES BETWEEN PASSING AND IMPEDING VEHICLES
FOR DIFFERENT PERCENTILE LEVELS

Percentile Z-Score Percentile Speed Difference,
mph )
15th Percentile - 1.038 11.4
35th Percentile - 0.386 14.4
45th Percentile - 0.126 15.5
50th Percentile 0.0 16.1
85th Percentile + 1,038 20.8

Passing Speed vs. Off-Peak 85th Percentile Speed

The MUTCD employs the prevailing off-peak 85th percentile speed as a
variable to compute the minimum passing sight distance.(4) As shown in
Table 7, the off-peak 85th percentile speed was found to be approximately
equal to the mean passing speeds. which indicates that it is reasonable to use
the prevailing off-peak percentile speed to provide proper minimum passing
sight distances.

16



TABLE 7

SPEED OF PASSING VEHICLE VS. OFF-PEAK 85TH PERCENTILE SPEED

Site Mean Speed of Off-Peak 85th

No. Passing Vehicle, Percentile Speed,
(mph) (mph)

S-1 56.0 54.0

5-2 45,5 46.5

S-3 48.3 46.0

S-4 42,0 40.5

S=5 41.9 42,0

ANALYSIS OF DATA ON PASSING MANEUVER

A major objective of this study was to investigate the passing maneuver
performed in the geometrically restricted sections on two~lane, two-way
highways in mountainous areas. In this section, the results of the statis-
tical analyses performed upon the distance elements extracted from the films
are presented.

Figure 4 is a schematic presentation of the passing maneuver. Among the
distance elements shown in the figure, PD, D3, b, GZ’ and X' were extracted
from the passes filmed with the 16-mm camera; ang thé definitions of these
elements are shown in the figure. These extracted data are listed in Appendix
A along with the type of vehicles involved, speeds of passing and impeding
vehicles, speed differences, and the types of passing maneuvers.

In order to reach a general conclusion, however, emphasis was placed more

on statistical inferences than on the individual distances extracted from the
films. 1In this section the statistical inferences are discussed.
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P = Passing vehicle
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PD = Passing distance — the distance traveled by the passing
vehicle while it is on the left lane.

Dy . = Distance traveled by the paésing vehicle from the "head
and tail" position, where the passing vehicle catches up
with the impeding vehicle, to completion of the pass.

Dg = Distance traveled by the passing vehicle from the abreast
position to the completion of the pass.

X' = Space headway retained by the passing vehicle just before
it encroaches onto the left lane: before spacing.

62 = Space headway left for the impeding vehicle by the passing
vehicle when it completes the pass: after spacing.

C = Clearance distance hetween the passing and oncoming vehicles
at completion of passing maneuver.

FIGURE 4 . DISTANCE ELEMENTS EXTRACTED FROM THE FILMS.
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Passing Distance (PD)

PD in this study is defined as the distance through which the passing
vehicle travels to complete a pass after it has encroached on the left lane;
i.e., the distance through which the passing vehicle travels on the left lane
with its body partially or completely in the left lane. Generally, PD is
described as a function of the passing speed, and in the case of the MUTCD
sanctioned guidelines, it is the prevailing off-peak 85th percentile speed.(4)
Therefore, the PDs extracted from the films were plotted as a function of the
passing speed as shown in Figure 5.

A correlation analysis showed that the correlation coefficient (r) was
0.62 and the correlation between PD and speed was significant at a 57 signifi-
cance level. However, the standard error of estimate turned out to be 92.4
ft., which would be substantially large for developing guidelines. An analy-
sis of variance was, therefore, conducted to determine the variables that
significantly affect PD. The four variables considered were passing speed,
available sight distance, speed difference, and grade.

The analysis revealed that these factors had significant effects in the
order of the above listing, with grade being the least significant factor.
The data used for this analysis are listed in Appendix A. See Appendix B for
a summary of the results of the analysis of variance.

Distance Traveled After the Head & Tail Position (D,)

D, is the distance traveled by the passing vehicle to complete a pass
after it has caught up with the impeding vehicle at the latter's rear bumper.
Here, the percentage of_ D, to PD was computed and the result was plotted as
shown in Figure 6., A Y~ goodness-of-fit test was performed in order to
examine the normality of the cumulative percentage. It wag found that the
computed y~ wvalue (3.67) was substantially less than the ¥ 9 value (7.82),
which indicated that the data could be assumed to be normal??’ istributed.
The mean percentage was 69%, which is close to the two-thirds (0.67) PD
described in the AASHTO Blue Book.(3)

Distance Traveled After the Abreast Position (D,)

D, is the distance traveled by the passing vehicle to complete a pass
after it has come abreast of the impeding vehicle. Weaver and Woods state
that this distance is approximately two-thirds PD(5) based on a study
conducted by Weaver and Glennon(6) concerning passing sight distance
requirements. -

19
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FIGURE 5. PASSING DISTANCE AS A FUNCTION OF PASSING SPEED.
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To investigate the situation on two-lane, two-way highways in mountainous
areas, the percentage of D, to PD was computed and the result was plotted as
shown in Figure 7. 1In this study, it was found that the ratio of D3 to PD was
smaller than two-thirds PD.

A X2 goodness-of-fit test was performed to investigate the normality of
the cumulative percentage distribgtion. The computed ¥~ value was 1.46, which
was considerably lower than the y 0 value (5.99) and indicated that the
data could be assumed to be normal?? gistributed at the 57 significance level.
The mean percentage was 567, which is approximately 107 lower than the value
cited by Weaver and Woods.(5) It should be noted that their figure was based
on passing maneuvers on two-lane roadways with more favorable geometric
conditions than those in mountainous areas.

After Spacing (G.)

G, is the space headway maintained by the passing vehicle over the
impedifig vehicle (now traveling behind) when it completes the pass. The after
spacing data were plotted as a function of the passing speed as shown in
Figure 8. A linear regression analysis was performed and the result is also
shown in the figure. The correlation coefficient (r) was 0.50 and the corre-
lation between the after spacing G, and the passing speed was found to be
statistically significant at a 5% significance level.

This regression analysis led to another important finding. In the
figure, the gap-speed relation was plotted based on the rule of thumb for the
gap between two consecutive vehicles, which is defined as the distance between
the rear bumper of the leading vehicle and the front bumper of the following.
It is computed as

Gap in feet = (20 ft.) x (velocity in mph)/10.

The speed of the impeding vehicle was used in this case since it is the one
most affected, in terms of driving safety, by the length of the gap. The
relations for two levels of speed difference are shown in Figure 8, along with
the regression line between G, and the passing speed. This comparison indi-
cates that G, is approximately equal to a gap which can be estimated by the
rule of thumg plus 20 to 30 ft. Since most of the passing vehicles were
passenger cars, as shown in Appendix A, this distance of 20 to 30 ft. rea-
sonably represents the length of the passing vehicles.

In other words, it can be said that the use of the rule of thumb to
compute the gap between the preceding vehicle and the following vehicle
reasonably reflects the actual maneuver. This finding was later used in
developing the kinematic pass model.
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Before Spacing (X')

X' is the space headway that the passing vehicle retains just before it
encroaches onto the left lane. The data on X' were plotted as a function of
the passing speed as shown in Figure 9. The regression line, A, is the result
of a regression analysis for all the samples taken on the upslope. The
correlation coefficient (r) was 0.27, and the correlation between X' and the
passing speed was not significant at a 5% significance level. However, as
shown in Figure 9, the samples in the two dotted circles were extreme cases
and were excluded. The correlation coefficient for the rest of the data
became 0.57 and the correlation was significant at a 5% significance level.
The regression line for the second analysis is shown as the regression line B
in Figure 9.

This result led to a noteworthy finding. In comparing the regression
lines for the space headway G2 and X' as shown below,

)

XI

1.80 V + 4,96

1.99 V - 25.30

The coefficients for the passing speeds were found to be very close, which
suggests that both regression lines behave similarly with respect to vari-
ations in the passing speed. Therefore, the ratios of the space headways
(F,), i.e., X' to G,, were computed for several levels of passing speed as
shown in Table 8. Xlthough F, became greater with an increase in speed, its
average was approximately 0. 76 Prisks's study reported that X' was approxi-
mately 0.65 of G,.(7) Prisk reported that the average before spacing was 54
ft. as compared with an 83 ft. after spacing.(7) 1In this study on mountainous
highways, an average of 56 ft. was obtained for the before spacing compared
with an average of 79 ft. for the after spacing. Therefore it can be said
that as far as these elements are concerned, motorists' perception of the safe
spacing during the passing maneuver has not changed substantially since
Prisk's early study, despite the improvements made in the capabilities of
vehicles.
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TABLE 8
RATIO OF THE SPACE HEADWAYS: Fl = X'/G2
Speed of Passing X' = Fl G2 G Fl
Vehicle (mph) (£t 1) (££.)
30 34 59 0.58
35 44 68 0.65
40 54 77 0.70
45 64 86 0.74
50 74 95 0.78
55 84 104 0.81

Average Fl = 0.71
NOTE: X' is the space headway that the passing vehicle maintained when
it encroached onto the left lane., The regression line B in Figure
5-6 was used.

G, i1s the space headway left for the impeding vehicle when it com-
p%etes the pass.

Prisk's study reports that X' is about two~thirds of G
ence 7)

9 (Refer-

ANALYSIS ON QUEUE HEADWAYS

The data on queue headways were analyzed to examine their general dis-
tribution patterns and to evaluate the impacts, if any, of different pavement
marking patterns on these distributions. A queue was defined in this study as
two or more vehicles traveling in the same direction, with a maximum time head-
way of 6 seconds between any two consecutive vehicles. The samples of queue
headway used for the analyses were extracted from the data collected with the
electronic data acquisition system.

Queue Headway Distribution

Queue headway data for each lane of the study sites were grouped in 0,5-second
intervals. The probability for each interval was computed and plotted in a histogram
as shown in Figure 10. To develop general distribution patterns for these data,
theoretical distribution curves were fitted to the actual probability data and
tested using the chi-square goodness-of-fit test.
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It was found that the shifted (1.0 second) negative exponential distri-
bution would approximate the actual distribution most reasonably at a 5%
significance level for all cases except for the off-peak before data on both
directions at site S$-2 and the peak and off-peak after data on the upslope
(southbound) at site S-5.

The negative exponential curve fitted the data at a 2.57%7 significance lev-
el for the off-peak before data on the downgrade (eastbound) at Site S-2. How-
ever, as for the data on the upgrade at this site, negative exponential curves
did not fit well. The negative exponential curve shown in Figure 10 (lower right,
page 29) had a computed ¥~ value of 23,86 against the theoretical x -value of
21.96 at a 0.57% significance level with 8 degrees of freedom. A negative ex-
ponential distribution fit the peak-hour after data on the southbound lane at
site S-5 at a 0.5% significance level, whereas the off-peak-hour after data fit
a negative exponential distribution at a 1.07 significance level., These theo-
retical distribution curves are also given in Figure 10, The constant of the
negative exponential distribution ranged from -0.80 to -0.40 for both the be-
fore and after data.

Since the general characteristics of queue headway distributions did not
differ among the sites with different geometric and traffic operating charac-~
teristics, the means test was conducted on the queue headways. The before data
were used for this test since they provided more combinations for comparison.

First, the mean queue headways on opposite lanes at each study site were
compared in pairs and Table 9 gives the results. Apart from site S-1, which
has a sag-shaped vertical curve, each study site is located on a continuous slope.
The results showed, however, that the difference in mean queue headways on op-
posite lanes was not significant at a 5% significance level, except for site
S-1. The difference was not significant at a 1.0% significance level at site
S~1. This result indicates that a difference in grades does not have a signif-
icant impact on the queue headway distribution.

The mean queue headways at all study sites except site S-1 were then
compared in pairs to determine whether there were significant differences in
the mean queue headways between the pairs of sites. These tests were carried
out separately for upslope and downslope queues. The results, shown in Table
10, indicate that there was no significant difference between queue headways
at a 57 significance level, except for a few pairs of upslope queue headways.
It can, therefore, be concluded that, in general, the different physical
characteristics among the sites did not have much influence on the queue
headway distributions. The mean queue headway ranged from approximately 2.2
to 2.8 seconds.

33



*19A9T POoUBDTITUSTS %0°'T @Yl 3B JUBDTITU3TS Jou ST ISBD STUL,

%0°4 - = aN %0, + = 48 G -8
% - = dd %+ = A -8
%G - = 48 %G + = aN € -8
%34 —~ = dd %34 + = dM 2 - S
JueuuITTe TROT}IoA padeys Feg --- (%2°C +~%5'9 - = aN) (%5'9 +~%2'€ ~ = 48) T -8
adoTsunoq _adotsdpg *oN ©%1S

*UOTIBTA®D DPIBPURIS = § ‘UBOK = X ‘soTdues Jo IaqunN = U

‘uosTaedwod STY3} 10J posSn aasdm elep aJ03aq 9yl ATuQ

*MOT9q WMoys aae s93TS Apnis oyl 1e sjusTpead ayl :HION
JUBOTITUHTS 30N 68°0 €T 62 66 XA 2 9TT |'SIH ¥Bed-FIO
JUBOTITUITS 0N 0€° 1 8e°T Lh'e 64T LT 89°'¢ 8CT sanoy yead |9IT "®3U |G - S
JUBOTITUITS JON 89°'T AR 92'2 65 en'T 49°2 09 0€T *@¥4 | 7 - S
JUBOTITUSTS 3ON .0 61°1 92°2 60T AN 04’2 89 022 *°¥|€ - ¢
JUBOTITUSTS 30N 80°0 €T 1€°2 25T €e'1 AN 462 |"STH Heeq-JIO0
JUBOTITUSTS ON 40 ST A €91 0€"T 6z'e €91 Sanoy yeed |TI€ eI |2 - 8
gHUBOTITUSTS 12 FARN! 61°2 84 et 69°'2 65 705 *o3¥ |1 - S
(967 =2) G0'0 Aommvmm Aommvmm. %y Aommvﬂm Aommvﬂm by (pejexedes JT)
= 10 }® 189], 2I008-3 SIANCH HBOI-JIO JTaquiny *ON
aouBOTITUBTS | peorndwo) adoTsumo( adoTsdq J0 SINOY Hrag oqnoy | o118

FJOTSNMOA *SA Hd0ISdN

6 J14vi

!SAVMAVAH I0AND J0 NOSIYVIWOD

34



‘19497 20ueOIITUSTIS %C°'(Q ' 1I® JUROTJTU8IS JON

q

‘ToAaT 9ouedTITudTs %O°1 ® Ie JUueOITJTUdIS JoN,

sanoy yead-330 = HIO
Sanoy yead = Hd
‘JuswudrTe Jed1liaa padeys-3es 9yl 03 9np pPOPNIIXD sem T-S 93ITS AION
- - *31S 30N #8°0 | "BTS 30N 66°0| *8TS IoN 960 | *8¥S 30N €6°T]| °'BrS IoN H8'T|HAO § - S
- -- ‘3TS 0N G0°0| 8BTS ION [¥'T | ¢ ITuBIS 7G'7| q°ITUSIS H/°T| HA S - S
- - *31S 30N €T1°T | °*81S 30N €/°T| °3Tu8TIS 86°T VAR
- - *315 0N /%0 | °8TS ION ZR°0 € -8
WAS - - *31g 30N 26°0|HJO T - S
- - Hd ¢ - S
mmoama:
- —_— *81s 0N 9%°0 | °3TS 30N €9°0| °STS IOoN 6/°0 | °8¥S IoN T¥'0| °B1Ss 0N O%'0|HdO G - S
- -— *81S 30N £0°T| °8T$s IoN o0€°T ] *8rs IoN €0°T{| °*S¥S ION %6°'0} HI G - S
—- - *31s 30N 00°0 | °*8ts 10N 9z'0| -915 30N TI£°0 v - 8
- ~-- *315 0N €0 | °8TS ION [€°0 € -89
WXS *81S 20N 90°0 | HdO ¢ - S
— - Hd Z - S
meHmGBOQ
31837 31837 3897 1897, 3S9] 1597,
*ITu8Tg 9100G-2 | "JTudTS 21095-2 | *JTuBTS 21008-2z | *Jrudrg 9100G-2 | *IJTUSTS 9100§-2 | *JTUSTS 91098-2
HdO 6 - S Hd S - S v-§ € - S HdO T - S Hd Z - S dnoip
TIATT HONVOIAINDIS %G IV
SdNO¥H VIVA TIV ¥0d SAVMAVAH ANFND 40 NOSTIVAROD

OT AT4VL

35



N/

Impacts of Different Pavement Marking Patterns

Using the queue headway data taken at sites S~1 and S-3, the impacts of
the different pavement marking patterns upon the queue headway distributicn were
examined. Figure 10 shows the distribution for the before and after phases at
these sites. When the before data were collected, the sites had been striped
with the MPM; for the after data collection, the standard MUTCD marking pat-
terns were used. An 800-ft. section of site S-1 was striped as a passing zone
and the rest as a no-passing zone. At site $-5, the entire stretch was marked
as a no-passing zone. At both sites, the approaches were marked as no-passing
zones for more than a mile and connected with the adjacent sections striped with
the MUTCD sanctioned marking patterns.

It was found that the general distribution characteristies did not change
for the before and after data as was shown in Figure 10, (pages 28, 29, 30, 31
and 32). Although there was not much difference between the headway
distributions for the two cases, it was observed that the number of very short
headways found in the before data decreased and that the distribution spread
toward the longer headways. These phenomena occurred for all cases except for
the northbound lane of site S-5 during the off-peak hours. However, the queue
headway distribution for this case was similar to the distribution for other
cases with the MPM.

It can, therefore, be said that the standard MUTCD marking patterns would
not only clearly indicate suitable stretches of road for passing maneuvers but
also encourage motorists to refrain from driving with very short headways, as
shown in the queue headway distribution. Nonetheless, the difference in mean
queue headways between the before and after phases was not significant at a 5%
significance level as shown in Table 11.
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KINEMATIC PASS MODEL

The kinematic pass model was developed to investigate the correlations be-
tween the passes in the assumed scenario and the actual passes. It was first
developed based on kinematic principles only, then modified for improvement bv
incorporating the analytical results of the actual data.

Pass Scenario

The first kinematic pass model developed was based on the scenario illus-
trated in Figure 11, The definitions of the distance elements in this figure
will be found in Appendix C,

In developing the first pass model, the following fundamental assumptions
were made.

1. Passing vehicle (P) initially travels at the same speed as that of im-
peding vehicle (I); i.e., V - m, where V is the desired speed of passing
vehicle in ft./sec. and m the speed difference between the passing and
impeding vehicles in ft./sec.

2. Passing vehigle accelerates at a constant acceleration rate
a (ft./sec.”), until it achieves the desired passing speed, V, in the
right lane.

3. After completing the acceleration phase, passing vehicle encroaches on-
to the left lane and maintains the same speed, V, throughout the rest
of the passing maneuver.

4. Impeding vehicle maintains the same speed, V - m, throughout the pass-—

ing maneuver.

First Kinematic Pass Model

The first pass model was based on purely kinematic principles. One impor-
tant assumption made for this model was that the acceleration phase (D,) be per-
‘formed entirely in the right lane and that the passing vehicle encroaches onto
the left lane after the completion of the acceleration phase as shown in Fig-
ure 11. 1In other words, only the constant speed phase exists on the left lane.
Based on this assumption, the equation for the passing distance shown below was
developed and is given in Appendix C.
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172, -x) « Y x + g2

where
PD = passing distance in feet,
V = passing speed in ft./sec.,

m = speed difference in ft./sec. between passing and impeding vehicles
when passing vehicle is on the left lane,

. 2
o = acceleration in ft.,/sec.”,

G1 = space headway between passing vehicle and impeding vehicle
before the passing maneuver commences, in feet,

G, = space headway after the completion of a pass, in feet, and

X = length of impeding vehicle in feet.

Based on the assumptions meuntioned in the previous subsection, a computer
program was developed using FORTRAN IV, The program and its printout are found
in Appendix D. This printout provides not only the passing distance but also

other distance elements and important ratios between the distance elements nec-—
essary for evaluating the kinematic model.

Required Input Data

One hundred and eight cases were computed for this study, and the combi-
nations of these cases are summarized in Table 12. 1In order to avoid confu-
sion associated with unit congersions, speed was expressed in ft./sec. and the
acceleration rate in ft./sec.”. The following variables were used to run the
pass model.

NO. = Case number (1 to 108)

TYPE = Vehicle types involved (1 for PC vs. WB - 50; 2 for PC vs. PC)
v = Passing speed in ft./sec.

FM = Speed difference in ft./sec.
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TABLE 12

COMBINATIONS OF INPUT DATA USED FOR THE PASS MODEL

Type of ' Passing Speed Speed Difference Grade®
Vehicles {mph) (ft./sec) (mph) (ft./sec) (%)
pc® vs. WB - 50° 30 44.1 10.0 14.7 2.0
PCb vs. PCb 35 51.5 12.5 18.4 6.0
40 58.8 15.0 22.1 10.0
45 66.2
50 73.5
55¢ 80.9

NOTE: The total number of combinations = 2 x 6 x 3 x 3 = 108 cases.

a \ . . .

Grade was input in terms of the acceleration rates. The acceleration rate

changes according to grade and the speed range in which the passing vehicle travels.
b \ . . . =

PC = Passenger car = x = 20 ft.; WB - 50 = semitrailer combination x = 55 t.

c55 mph was added as transition to higher speed driving.
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GR = Grade (2.0%, 6.0%, and 10.0%)

ALPHA = Acceleration rate on upslope in ft./sec.2
X = Length of impeding vehicle

G1 = Starting space headway in feet

C-2 = After space in feet

Among these variables, ALPHA, G,, and G must be determined in advance in
such a way that the values used for %he 1nd1v1dual cases must reflect the real-
ity. The ALPHA's used for this study are shown in Table 13. These values were
computed based on the acceleration rates given in reference 8. As for G, and
G, 1t was found in this study that the gap between the passing vehicle and impeding
vehicle was close to that computed by the rule of thumb as discussed in a previ-
ous section. This gap is the space between the rear bumper of the preceding
vehicle and the front bumper of the following vehicle. It should not be con-
fused with the space headway. Based on this finding, space headways G, and G
were computed as shown in Table 14. It should be noted that the speed used for
the computations of both space headways is the impeding speed (V - m). In the
case of the starting space headway, G,, the speed of the passing vehicle is still
the same as that of the impeding vehicle (V - m) because of the assumption made
in the previous section, whereas for the "after" space headway, G,, the vehicle
to be affected by the headwav is the impeding vehicle. Therefore, the speed
to be used for Gz can still be the impeding speed (V - m).

The computer printout in Appendix D provides all the input data along with
the calculated distance elements and important ratios (F F., and FB)' These

ratios are defined as follows: L 2
F1 = Ratio of before spacing to starting space headway
T
(X /Gl)'
F2 = Ratio of the distance traveled by the passing vehicle

from the head & tail position to the completion of the
pass, to the passing distance (D3/PD).

F3 = Ratio of the distance traveled by the passing vehicle
from the abreast position to the completion of the pass
to the passing distance (Dg/PD).

It should be noted that only passenger cars were used as passing vehicles
in this kinematic pass model.
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TABLE 13

ACCELERATION RATES ON VARIOUS GRADES AT VARIOUS
SPEEDS IN FT./SEC/SEC

Grade, Passing Speed (V) in MPH
A a a a
30 35 40 45 50 55
2.4 6.76 6.47 6.17 5.59 5.00 4.27
6.0 5.44 - 5.22 5.00 4.34 3.68 2.95
10.0 4,12 3.90 3.68 3.02 2.35 1.62

a . .
The wvalues in these columns were interpolated.

Source: Reference 8, p. 23.
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Results of the First Kinematic Pass Model

Figure 12 shows parts of the computer printout, extracted from Appendix
D. It was found that the first pass model had some deficiencies in approxi-
mating the actual passing maneuver. The following two problems were readily
identified.

1. Several cases had negative distances for D, (see Figure 12, column D.).
This means that the passing vehicle collidés with the impeding vehic%e
during the acceleration phase since the former is still traveling in
the right lane from the assumption made,

2. In all cases, the total passing distance decreased with an increase in
gradient (see Figure 12, column TOTALD). This does not conform with
actual passing maneuvers performed on an upslope.

In spite of these problems, this original pass model provided vital infor-
mation for the modification undertaken later. For example, the total time spent
on the left lane (column TPD in Figure 12) computed by the model closely re-
sembled that of the actual passes. Also, the values of F,, F., and F. were found

important for the purpose of comparing the kinematic pass modél and tge field
measurements.

Modified Kinematic Pass Model

In order to alleviate these problems caused by the original assumption,
the statistic Fl taken from the field measurements was incorporated into the
first model,

The field measurements of this study showed that X' was approximately 70%
of G,. Since most of the passes in this study involved passenger cars, it can
be s3id that G, and G, are the same (see Table 14). Therefore, it was reason-
able to say that X' iS approximately 70% of G,. For this reason, the modifi-
cation was made based upon the assumption tha%

In other words, the passing vehicle would encroach onto the left lane when the
starting space headway (G,) of the acceleration phase is reduced to approxi-
mately 707% of its originai distance (0.70 Gl)' The model developed based on
this assumption is given as

ppa = Zf{v -2 Y 2G1‘M—2 _ (V-M)1/0'6 G, _

a 2 M 2a o

45



*TIAOW SSVd  OIIVWANIN 10 INOINT¥d YILNJWOO TVILIVd °CT TENOIA
06 - M "sa Dd
SE* 0L* °508 *8C2 °9Gv]* 1921 611 %g°1 ZU*~ *80C 1T18°f *99f *BG- 195 °6GZ-°"TG6]°001 °STI °g5 2Z9°1 0*01 1°2Z 6°08 .~. "é6
0G° WL® *ZTL *v91 *6eg{*080T1 99° 2Z0°1 6€* “*LSS 6879 °*997 °Tel °t95 01~ “gIG{*001 °GLT °SS Se°2 0°3 1*22 608 °1V -1
16* 61° *91L *9ni *reZ|*2tot 95+ 18" ¥3° °I1§9 Go°® °*39{ °G8Z 195 L8 9|00l “6C1 *6% (2w 07 122 6°08 “Le
Ay (L°* *62Z9 *rwl *BZy|*1%6 18 IL°Y1 L1t 690 LO0°S 662 “OU *Z8% °*C11-"48GC]°06 "G21 °SG GrL°*2 o0°0! 1°22 &°ft °V G
0s* 08° *009 "8ll *042)*698 19" 86" L¥* “wer L9 662 .Wm— *Z8y  *Z1 °*Slt]*06 °*GZT °LGC ¥I*L 0°3 te2zz sttt "1 A
13° 18° *26% *O1L *1€2|*628 *G* LB 13° °{$S 2G°L 66T °€SZ *ZBv °*0L *912[°06 °SC1 °GS o00°G 0°C 1°22 &g-ter 1 “tv
ges 18° °00S °*96 “GeZ|°GeL O0L* @11 0C *ZvE 9l°G *peZ *20T “v0¢ *Z9~ °*e0v|°p8 “SIT *Sg 2o*¢ ©0°0F 1°2Z 299 ~1 *9¢
ac.‘no. 98y *28 *01Z]°969 8G" L6° IS*  *9Tv 829 -0vZ °9L1 “v0é *TT 182|088 °GIT °GS ("% 0°3 te2z 2*99 *1 1Y
05° ®B° *Z8F *fL *6BI|°TL9 CG* 60" ZI* *IGy GE°9 cOWZ "vIZ *kOv ‘v °BIZ1°08 °SIT °"G& 65°G  0°¢ 1*z2 Z2°*99 *1 Vg
Iv® S8 TZET 09  *CHI[T91S  ¥9* GIC1 LI* 582 2Z6°v 991 “COT °*LET  c*we~- °r@2lcor *S01 °sg @9°¢ o0t 1°Iz @65 U by 4
veS YET “edh TS CCYL[TLYS  wHT bbT T 2R Y 1 3 S -cxj Thel AR T Y *tiZf*er GO0l °5%c oDp*¢ 03 1222 ¥ es 1 *92
b6 £8° *CBF 0% *ewl|cig¢s  2ZS* 26° 2Z3°* *09C €19 961 °*e21 °CLE BT “1LT)*0L GOV *GSG 11°9 o©0°2 1=z %8s °1 b X4
ge* B8 ~e0C "9E  *Iel|°wvvy S99 MZ°1 w1 °31Z BI°Y  COwT °35¢ 892 °f(&~ °*622{°09 °S6 °S¢ 96°C 0°0} V*ZT STIG 1 b A
(v 06° *B62 *0C  *921)°fZy SS* 90°1 Is5°  °2ST 06°v DvT *2T1  *892 *914 *ULT[°09 *S6 & Z2°*6 0°3 1°22 s*15 *t YR
iy 16° *962 82 9l {°llv —mu B6* 03* 512 1€°G *O0®l *gCT  °892 *§ “8CL1|°09 *S6 °*SE 1v°9 0°2 =2z 615 °1 °91
vo* €6° 622 *91 *gOI{*BZT 99° 6€°T 0L (Gl f¥°C 00T IS *012  *8S- L1l *0G 68 *GS Zl°¥ 0701 1°2Z i-wv °1 3
Se* 5T °IZ2Z "2V *fe6 [°vlC GS* 11°1 ftv* *081 80°¢ <00V *08 *01Z *0C~ °¥C1[°*0G °*68 °SC wv°G 0% 1°22 1wy 1 ‘8
Sy 36° *61Z 01 *98 .mwn 1¢°  3p°1 83° .naw Ly*y g0l *86 “pte °Zi- °goO1}{"0S °s8® "S5 91°9 ©0°¢ 1°22 1wy "1 *1
t14) (1 .pu.—.hm. €14) (235) (1d4) (L) (1) L) L) 14y (14)2Ss714)(%) (S/713)1t5/71 42
Vid v24 ¥v34 v2Q v10 01wvi01L €4 4 | ] ad 0d1 60 8d £a Z0 10 Z9 19 X 1320v 30vH9 41045 033dS 3IdA1 "ON
337vA 331SNArgy ~ SINAvA TYNISINO
seexvy 13004 SS¥Yd  eees

46



*@ANNILNOD 2T ©oandtg

od "sA D2d
6ve 6GL° "Gyl 90§ *88E]"CCTT €0°2 wv<Z 1§°- “081 €£2°Z *99{ *?8l- "6fv °652-°(56|"001 <001 °62 ¢3°T o0°01 122 6°08 °2 Jcm_
95 19° L33 *WIZ °*Ge2]*2ZS6 G8° 2Z0°1 (1* *e2v O0F€°S °99C °fI “6Cy  *01- *¢2G|*00Y *0DY *02 G&°*2Z ©0°3 1°22 6708 °2 “101
96" 69° *%i9 “Ge6l *0G2] w8y 0L° @° Tvs  *TZE  9¥°9  "99C LG1 “eCv L@ °z9gjcool 0Ol 0z LZTv 0°C 1°22 6°08 °2 *901
€5 ©9° *13% 102 *fL2]°0vy B1°1 Ge°1 S1°- *{GZ se*C °*662 °*9w- °99C ~Cll-*285)°06 ‘06 “0Z 3i°Z 0°0}% 1°22 ¢°t1 *2 *06
15" 69° *626 °C9! =wzZ2i*$sL 61° 16° 3IZ* *8LT *1°S  *662 Ty 99¢ 21 *si¢[-066 *06 ‘02 89°F 03 1°22 &“¢r *2 ‘69
§6° TL° *91G *0GI *9slf-21e 69° v¥* 3e*  *3ICv £6°S "662 “LCT °997 ‘0L *9¢2]*06 °06 °0Z 00°S 0°2 122 s*cr °2 1]
*tev “Isl *002{°1v9 10°1 92°1 10°- *f§2 98G°C *0¥Z °C- *06c "29- *s06[*0€ °0B °-02 20°C 0OV 1%22 Z°93 °2 “1e
£5° iLc t1Zv C1ZU *tetfezeS rL® 96° O "ClIT 69°v 0wz "IL *00C V1 "t18z|*08 08 *DZ e{*v 0°3 1°22 2°39 .~. *08
2C" 24° *Cls *s Ul *£61[°995 69° 98° 3%* *3eC  92°G °0%Z *600 “00% 6% ~°GIZ|*08 ~08 °02 65°5 0°2 1°22 2°99 *2 *61
§G* 11* °*HIiC *8h °Sel]°gav G6°* 22°1 30° 361 €€°C °981 "0l 6Lz “wv- *18Zl°0L °0L 02 3¢ o601 1°2Z @°83 ¢ -2t
15° €L° °92C <18 ~p2Uf"esv LL* 66° 0K® *ieZ 21w *981 °95 682 < “11z]*or ot "0z 00°S 03 1*22 8°85 °¢ *1
g6 wg* *12¢ *2z8  *tll{*@Cw» OL° 06° v* 192 ¥S°v 991 °19 “6£2 82 ctlt}e0L 0L 0z L1*9 ©°2 ¥*2Z 8°8s 2 *0t
cg* L "952 *69 L0V} °{9C GO°T 6€°1 wp°~ °vil 09°Z °0¢l *961 "ES- *62Z[%09 *"09 *DZ 06°C 0°D1 t1*2T SIS ¢ “€9
1S* 30 *LvZ 09 "S6 [*ZvL 280 60°1 ZZ® LT IETE Ot *1g *991 *91- *T2t}°09 09 02 22°% 0°I 122 s°13  *2 ~29
gc~ Lf° *ZvZ 9% 18 [*0CC €2* L6° L€ *ZHL ILl°T 0L °Z3 *981 °S *gct|*09 *09 02 tv*9 0°2 122 &§*1s *Z 19
v3® 92° *wyl *Ge *wi ["6GC €2Z°1 21°l 61°~ °18 vE*1 00T "6l1- *Ovi *8S~ *221]|*06 *0S *02 2l=v 0°01 1°ZZ 1°ve *Z “vs
3G e1° *BLI *BE 19 |*esZ V6° tZ°1 o1 0l 6v*Z o0l °oOF ovl  °0f~- °*vg1{®06 °05 °0Z +ebv°G 0°3 122 T°wy 2 °£5
L3° 08 *vil “vg  *19 .oWN gL* oU°1 8Zz° i3l B2 c00O1 *3Z *ovf *21- *golj*0s °*0S 02 9t°9 0°Z 1°22 1°%e 2 *Zs
t14) t14) 14 {eidy C14) €23S5) (id)  (L4) (13 t14) (i pjendr (13 (1S /14r4x) (S/14)18714)
Vid4 v24 v3d v20 VIO O07viol €4 24 | &) 04  0dt 60 80 to 20 10 ~u‘ 19 x 1339y 30v¥9 41045 Q33dS IdAl °ON
3377vA 331SNrOY SINTYA IYNIIT YO
P

seven

13004 SSvd

47



The detailed development of this model is given in Appendix C. The partial re-
sults of this modified model are shown in Figure 12 under "Adjusted Values."
The entire results will be found in Appendix D.

The modified pass model provided better correlations with the actual pass-
ing maneuver than did the first model. These results also identified the follow-
ing findings.

1. The adjusted ¥, values obtained by the pass model (D./PD, column F3A
in Figure 12) Tanged from 0.44 to 0.59, which is far’less than the value
(2/3) stated by Weaver and Woods(5), whose study was conducted on the
passing maneuver on two-lane highways with relatively favorable
geometric conditions. The field data in this study spread from 0.40
to 0.70, with the average being 0.56.

2. The adjusted F, values by the model (D,/PD, column F2A in Figure 12)
for the "PC vs. PC" passes ranged from 0.65 to 0.80. The field data
ranged from 0.50 to 0.80, for an 0.69 average.

3. The modified passing distance (PDA) showed that although steep grades
directly affect the passing distance, the difference incurred would be
very small up to 50 mph. Beyond 50 mph, this difference would reach
more than 100 ft. between the 2% and 10% gradients, as shown in Figure
12, column PDA.

4, Grade does affect the total passing distance, which includes the whole
acceleration phase (see column TOTALD in Figure 12). This indicates
that motorists require a longer time to accelerate to the desired speed
on a steeper grade. The major portion of the acceleration phase takes
place in the right lane. '
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Table B-3.

(a) Summary of Data

One-Way ANOVA for Available Sight Distance

Route 501
ASD = 1,400 ft.
Grade=+3.2~ %6.5

Route 82
ASD = 1,700 ft.
Grade = level

Pass.Speed Pass.Dist.

Pass.Speed Pass.Dist.

(mph) (ft.) (mph) (ft.)
Sample Size 9 9 27 27
I X ij 512.1 5,725 1,590.7 23,309
Mean, Xi. 56.9 636.1 58.9 863.3
Stand. Deviation 4,67 96.9 4.70 177.6
£ (Xij=-Xi.)?2 171.3 60,439 595.0 819,924
a Data from Reference 8.
Speed total = 2,102.8 Overall mean X..= 2302:8.55 4
mph
Passing distance total = 29,034
Overall mean X.. = ggégii = 806.5 ft.
(b) ANOVA Table on Passing Speed
Source of Degree of Sum of - Mean F—Valﬁe
Variation Freedom Squares Square :
Treatment 1 27.0 27.0 1.23
Error 34 746.3 21.95
Total 35 773.3
F =1.23 < Fo = 4.13 (not significant at a = 0.05)
(c) ANOVA Table on Passing Distance
Source of Degree of Sum of Mean F-Value
Variation Freedom Squares Square
Treatment 1 264,552 264,552 10.217
Error 34 880,363 25,893
Total 35 1,144,915

F =10.22 > 4,13 (significant at o = 0.05)
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Table B-4, One-Way ANOVA for Grade

(a) Summary of Data
Rte. 130 and 220 ' Rte. 311 and 116
ASD = 700' ~ 800" ASD = 900' ~1100"
Grade=+4.0 ~+5.5% Grade=+7.0 ~ +8.0%
Pass.Speed Pass.Dist. Pass.Speed Pass.Dist.
(mph) (ft.) (mph) (ft.)
Sample Size 7 7 13 13
I X ij 325.3 2,875 533.0 6,455
Mean, Xi. 46.5 410.7 41.0 496.5
Stan. Deviation 3.60 59.4 6.32 82.3
I (Xij-Xi.)? 77.7 21,171 480.0 81,319

Speed total = 858.3
858.3

Overall mean X.. = 26 = 42.9 mph
. . _ _ 9330 _
Passing Distance = 9330. Overall mean X..——76—-466.5
feet
(b) ANOVA Table on Passing Speed .
Source of Degree of Sum of Mean F-Value
Variation Freedom Squares Square
Treatment 1 137.7 137.7 4.44
Error 18 557.7 30.98
Total 19 685.4

F=4,44 > Fo = 4.41 (significant at o = 0.05)

(c) ANOVA Table on Passing Distance

Source of Degree of Sum of Mean F-Value
Variation Freedom Squares Square

Treatment 1 33,495 33,495 5.88
Error 18 102,490 5,694

Total 19 135,985

F =5.88 > Fo = 4.41 (significant at a« = 0.05)
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APPENDIX C

DEVELOPMENT OF A KINEMATIC PASS MODEL

First Kinematic Pass Model:

Assumption: Acceleration phase performed entirely on right
lane. Passing vehicle encroaches on right lane at attainment of
passing velocity.

! i ;
D1 | D2 | D3 Ke D4
| . i i
N l i
| D8 D9
| | |
| | |
| P~ P~ agiell aekel
TR T T LT T T T T T T
-0 O IO T
o x] I
i f '. ‘ |
I D10 | D11 |
1 i T '
G1. Ips i Ds D7 | G2
| ' PD !
;
First Assumption
PD-D2+D3+2(Gl-M2-X)+y-(X+G2)
B M 2a M

Figure C-. Distance Elements of the Passing Maneuver.

Descriptions of the distance elements are given below:

D

i

1 Distance traveled by passing vehicle during the
acceleration phase from the speed of impeding
vehicle (V-m) to the desired passing speed (V).



Do

10

11

XY

Distance travelled by passing wvehicle to catch up with
impeding vehicle (head and trail position) frocm the
point at which the passing speed (V) is attained.

Distance travelled by passing vehicle from the head and
tail position to completion of pass.

Distance travelled by on-coming vehicle while passing )
vehicle travels from the critical position to the completion
of the pass.

Distance traveled by impeding wvenicle while passing
vehicle is in the acceleraticon phase.

Distance traveled by impeding vehicle while passing
vehicle completes Dz.

Distance traveled by impeding wvehicle while passing
vehicle completes D,.
-t

Distance travelled by passing vehicle to reach the abreast
position with impeding vehicle from the point at which the
passing speed (V) is attained. ’ '

Distance travelled by passing vehicle from the abreast
position to completion of pass.

Distance traveled by impeding vehicle while passing
vehicle completes Dg.

Distance traveled by impeding vehicle while passing
vehicle completes Dg.

Space headway maintained by passing vehicle before
it accelerates: "starting” spacing.

Space headway left for impeding vehicle by passing
vehicle when it completes the pass: "after” spacing.

Space headway retained by.passing vehicle just
before it encroaches on the left lane: "before”
spacing. :

Length of impeding vehicle.



PSD

Cc-2.

Passing distance denoting the distance traveled
bv passing wvehicle while it travels on the left
lane.

Critical position from which passing vehicle can

still abort the pass and return to the right lane
with reasonably comfortakle and safe deceleration
rates.

Passing sight distance: summation of the distance
between the critical position and the completing
position of the pass, the clearance (C), and the
distance traveled by oncoming vehicle during the
same time period (D4).

Distance Elements of the Passing Maneuver

In this subsection the equations to compute the major

distance elements necessary to develop a computer program of

the passing maneuver are introduced. The units used for

their development are:

Speed and speed difference
Distance elements

Acceleration and deceleration = ft/sec

ft/sec

ft
2

The assumptions made to develop the following equations are

found in the "Kinematic Pass Model' section of the text,

o} Dl
D
where

I

From Figure D-1, Dl is readily computed as follows:

v - m?t1 +

(V - m) +

Qg
ST N T
[y*]

m m
E(V"Z‘)a

m

speed difference between passing and impeding
vehicles when passing vehicle is on the left lane

¢: acceleration
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V: speed of passing vehicle

t,: time spent during the acceleration phase

. _m
(tl = a).

o X'
From Figure C-1, X' is computed by the following
equation:
! = -
X Gl + DS Dl
=G, + (Vv -mty, - (¥ - m)t, - : a t 2
1l 1 1 2 1l
R
B | 2 a
o) D2

In order to derive an equation to compute D it is

2
necessary to know t, (time required to reach the head &

tail position). t2'is derived as shown below. According to

the assumptions made, the passing vehicle maintains the same

speed (V) throughout DZ'

Dz + X = X' + DG
ve. + X =[G 332-+(v-)t
27 T\ 7™ mitsy
2
1 m
mtz"(Gl ET>‘X
2
_ 1 _nm -
£, = = (G = 3= X)



Using this resul+% D2 is computed as

m

v
E(Gl--z-—a-"X),

In order to derive an eguation for calculating D3

it is required ts know t3 time required to complete the

pass from the head & tail position). From Figure C-1, =
and D3 are derived as shown below. Note that passing speed

is constant (V) throughout Dy .

»,

- ¥ -
D3 { + D, + G

7 2
Ve, = X + (Vv - m)t, + G,
- 1

Therefore, D3 is expressed as

A
Dy = Vey = - X + Gz)
v 2 v
PD = Dy + Dy =7 (6] - = - X) 4+ _
2a (X+G2)
o) D8

D8 is the distance traveled by passing vehicle to
reach the abreast position after the completion of the

acceleration phase. As is the case for Dz,it is necessary to



v
ki £,

S

M

Xnow the time required by passing vehicle (ty) to travel this

distance.
— 4
D8 = X' + DlO
vt = G, - = 33 + (V - mt
4 1 2 o : 4
2
_ 1 m
t4—a(Gl ZJ).
Therefore,
2
= =Y -
D8 =Vt, = = (Gl 20L)

The same procedure applies to computing D but in

9'
this_case it is tS.

D =D + G

9 11 2
Vt5 = (V - m) ts + c;2
+ =.G_2_
S m
Therefore,
VG
= _ 2
D9 - VtS T m

Besides these major distance elements, some auxiliary
computations are required as shown in the computer program
in Appendix D. Among them the following ratios are of
importance in order to investigate correlations between the

theoretical model and the field measurements.



Fl = Ratio of the space headway retained by passing
vehicle when it encroaches on the left lane to
the space headway it maintained when it started
the acceleration phase (X'/Gl).

F2 = Ratio of the distance traveled by passing vehicle
from the head & tail position till its completion
of the pass to the passing distance (D3/PD).

FB = Ratio of the distance traveled by passing vehicle

from the abreast position till its completion of
the pass to the passing distance (Dg/PD).

MODIFIED KINEMATIC PASS MODEL

Assumption: Passing vehicle encroaches on the left lane, when the
starting space headway (Gl) of the acceleration phase is reduced to

about seventy percent, i1.&8., X' = 0.7 Gl‘
| D,a R D, . C,A D, .
D, ay
e P
| (E1- -~ o] [©]
~
g4 ~N

G‘ DS 06 D7 GZ

Figure C-2. Distance elements of the modified passing maneuver.
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Descriptions of additional distance elements.

DlA = Distance travelled by passing vehicle on right lane
during acceleration phase.

D = Distance travelled by impeding vehicle while passing
S5A : . . . ‘ .
vehicle is on right lane during acceleration phase.

Y = Distance between passing vehicle and impeding vehicle,
when impeding vehicle attains passing speed (V).

PDA = D2A + D3

= D, +D, - D + D

1 2 1A 3?
let t' be the time in seconds it takes the passing vehicle to reduce
the gap G, to 0.7 G,.

1 1
Assuming that X' = 0.7 Gl’ then
DlA + X! = Gl + DSA
(V-m)t' + % (t")2 + 0.7 Gy = G + (V-m)t"
2
a AN 2 .
5 (") = 0.3 Gl
0.6 Gy
t' =
o
- 2
Dy, = (v-m) 0.6 G, + of.[0-6 01
a 2 o
= (ema 28 C1 + 0.3 6



D2+X_

|
<
+
=

(e

=Gl—ﬁ
20
Dy + X = Gy + (V—m)tl-g (v-g) + (V-m)t,
Vty + X =Gy + (Vv-mlt; - 2 (v -3) + (v-mt
o 2 2
1 _me
25 C1-5;-%
2
v m
Dz-—ﬁ(Gl""&‘—X)
Doa = D3 + Dy - Dyp
= D w-m + ¥V (g -DI _ gy
a 2 m 1 20
- (V-m) 0.8 &1 _ 0.3 G
2 1
Dy = X+ Dy + G,
v
= Y (x + Gg.)
p 2



PDA = D2 + D3

A

= B v-0 + ¥ (g -ﬁ—x)

o 2 m 1 20

- {(V-m) -\/0'6 1 4+ 0.3 G1 + L (x+c)

= m 2

m m v m2
=-a(V—5)+ﬁ(Gl+G2-§-&)

- (v-m) (4/2:% C1) - 0.31 6

o

S DDyl (g -
T« 2 m 1 20

v -m ¢ V2B 1 0.31 Gy

o4
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