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Effect of Signal Timing on Traffic Flow and 
Crashes at Signalized Intersections 

PAUL ZADOR, HOWARD STEIN, STEVEN SHAPIRO, and 

PHIL TARNOFF 

ABSTRACT 

The relationship of the timing of traffic signal clearance intervals (yellow 
phase plus red light in all directions) to traffic flow and crash rates at sig
nalized intersections was examined. specially designed traffic data-logging 
devices provided information on the presence and speed of vehicles and the sig
nal timing for 91 signalized intersections throughout the united States. Re
sults showed that intersections with more adequate clearance intervals had sub
stantially fewer rear-end and right-angle crashes than those with less adequate 
clearance intervals. The observed flow of traffic through the intersections 
after the onset of yellow was largely unaffected by variation in the lengths of 
clearance intervals, thus the proportion of drivers exposed to cross-street 
traffic decreased as the clearance interval lengths increased. Ideally, clear
ance intervals should be long enough to allow slower traffic approaching the 
intersection to cross before the cross-street traffic starts. However, for the 
intersections examined in this study, the group with the highest average crash 
rate also had the slowest average crossing speed, the widest cross streets, and 
the shortest and least adequate clearance intervals. Crash increases associated 
with deficient clearance intervals may be caused by abrupt stops by drivers who 
are reluctant to traverse wide cross streets with traffic waiting to start up 
or by vehicles unable to clear the intersection under cross-street red-light 
protection. 

The timing of traffic signal clearance intervals can 
affect crash rates at signalized intersections. The 
clearance interval is the period that covers both 
the yellow signal phase and any subsequent time dur
ing which signals for all approaches are red. When 
clearance intervals are not properly timed, some 
drivers may be forced to choose between abruptly 
stopping or loosing the cross-street red-light pro
tection while crossing ,the intersection. Abrupt 
stopping can cause rear-end crashes and the loss of 
cross-street red-1 ight protection can cause right
angle crashes. Loss of cross-street red-light pro
tection occurs because some drivers who do not stop 
after the onset of the yellow light will clear the 
intersection onl_y after the cross-street red light 
ends and the cross-street traffic begins to move 
into the intersection. These drivers are at in
creased risk of a collision with cross-street traf
fic. The proportion of drivers exposed to this risk 
depends on the proportion of drivers who do not stop 
and the proportion among them who do not clear the 
intersection before the cross-street light turns 
green. 

A method for setting the clearance interval to 
minimize the number of drivers who can neither stop 
safely nor clear the intersection before the onset 
of the red light was published by Gazis et al. in 
1960 (.!,). Their work suggests that the proportion of 
drivers at risk of a er.ash can be reduced to zero 
for drivers traveling at similar speeds, with 
similar perception and reaction times and similar 
deceleration rates. 

The 1982 edition of the Transportation and Traf
fic Engineering Handbook (2) recommends the use of 
10 ft/sec 2 as the threshold value for the deceler
ation rate in Gazis' timing formula. The higher 

value of 15 ft/sec 2 contained in the previous 
edition of the Handbook was reduced because research 
had shown the higher value to be incompatible with 
observed driver behavior, that is, drivers typically 
would not brake hard to stop after the onset of yel
low 11-2>• Repeated observations of driver response 
to the onset of yellow demonstrated that less than 
10 to 20 percent of all drivers are either able or 
willing to decelerate at rates in excess of 15 ft/ 
sec•. The 10 ft/sec• threshold allows cars to 
brake more slowly and results in a longer clearance 
interval. Studies have also shown that only about 10 
to 20 percent of all drivers will disregard the yel
low signai and continue through the intersection 
when deceleration rates less than 10 ft/secl would 
have been sufficient for stopping. Moreover, length
ening the clearance intervals was not f.ound to in
crease the percentage of drivers who disregard the 
yellow light <2>• 

A 1980 survey of intersections in the southeast 
reported that about one-half had clearance intervals 
shorter than those calculated by using the too-high 
15-ft/sec 2 deceleration rate recommended by the 
Handbook at the time of the survey (5). The survey 
also found that almost none of the- intersections 
were adequately timed compared with intersections in 
which clearance intervals were based on the more 
recently recommended lower deceleration rate of 10 
ft/sec 2 • 

Although driver response to the onset of yellow 
has been extensively researched, the effect on the 
rate of intersection crashes caused by departures 
from the recommended signal timing practice has not 
been systematically assessed. The measurement of 
this effect was the principal goal of the present 
study. The other goal was to model driver response 
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to yellow signal light changes at intersections. The 
results of an investigation of crashes at 91 inter
sections from eight metropolitan areas throughout 
the United States are reported herein. 

STUDY APPROACH 

Data were obtained on police-reported crashes during 
1979 and 1980 and on the average daily traffic (ADT) 
volumes through the intersecting streets for the 91 
intersections studied. The physical layouts of the 
intersections were recorded, and specially desiqned 
devices for logging traffic data were used to moni
tor signal changes, vehicle speeds, and the times 
vehicles passed a point on the far side of the in
tersections, 

Preliminary data analysis identified six vari
ables related to traffic flow and crash rates at 
intersections: cross-street width, estimated average 
crossing time, indirect measures of yellow signal 
timing, indirect measures of the yellow and all-red 
phases of signal timing, the ADT for the monitored 
street, and its ratio to the cross-street ADT. These 
variables were used jointly to sort the intersec
tions into eight relatively homogeneous clusters 
through the standard statistical procedure of clus
ter analysis. The variation in crash rates between 
the intersection clusters proved to be statistically 
significant at the conventional 0.05 level. The 
eight intersection clusters were then ranked on 
crash rates in an ascending sequence, and neighbor
ing clusters with nonsignificant crash rate differ
ences were merged into five overlapping intersection 
cluster groups to smooth out the variations in the 
other variables. 

The average values of more than 30 intersection 
variables were determined for each of the five in
tersection cluster groups. These variables included 
nine crash rates based on alternative definitions, 
descriptions of the physical layout, and signal tim
ing as well as traffic flow measures both just be
fore and just after the onset of yellow. These mea
sures were analyzed, and factors associated with 
variations in clearance interval lengths, driver 
responses to the onset of yellow, and crash rates 
were identified. 

DATA COLLECTION 

Traffic Data Logging system 

Traffic data were collected at the far side of 
intersection~ by ~~ing th~ traffic data loggittg ay5-
tem developed by PRC Voorhees (8). This system in
cludes an arrangement of Leupold-Stevens steel
jacketed coaxial cables and cable transducers for 
the detection of vehicles and the traffic data 
logger (TDL) unit for the processing and storing of 
the signals received from both the cable transducers 
and the traffic signal power lines. 

A typicel cabla arrangement is shown in Figure 1. 
Cables Cl and C2 are approximately 3 ft apart and 
span the width of the street for one direction of 
traffic. The other two cables, CR and CC, are laid 
directly adjacent to C2 and only halfway into lanes 
1 and 2, respectively, When a wheel crosses a cable, 
the cable transducer produces a pulse that is re
corded by the TDL • 

The TDL consists of an internal clock, a micro
processor, and a cassette tape recorder. The TDL was 
designed to encode and record the time and the 
source cable for every cable actuation by the number 
of vehicle axles. For example, a two-axle vehicle 
traveling in lane 2 would produce six actuations: 
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Both wheels on the first and on the second axle 
would actuate Cl, C2, and CC (but not CR). Thus the 
record for this vehicle would contain six events 
(e.g., two actuations for each of the three cables), 

·1·ne TDL also monitored the power lines to the 
traffic signal through four separate input channels. 
The status of the traffic signal was recorded at 
each cable actuation. Signal phase changes and their 
times of occurrence were also encoded as independent 
events. 

The actuation data were processed first to repre
sent axles and then to simulate vehicles. Axles were 
accounted for by matching corresponding actuations 
of cables Cl and ~2. Axle speeds were calculated by 
dividing the known Cl to C2 distance by the elapsed 
crossing time, and axle lane position was determined 
from the actuation pattern of the cables. 

Axles were then combined to represent vehicles by 
an algorithm on the basis of matching lane position 
and speed criteria and the relative distances be
tween t:he axles. suorout1nes were developed to sort 
out the records for special cases such as those that 
were caused by the axle configurations of large 
trucks or by a vehicle occupying two lanes. Un
matched, isolated axles were retained as single-axle 
vehicles. Experience with the TDL system indicated 
that single-axle records resulted when one of the 
axles of a two-axle vehicle was incorrectly identi
fied from its actuations. Traffic signal timing was 
also decvded. 

The TDL Rystem and the associated software were 
tested at two sites, one in Richmond, Virginia, and 
one in Miami, Florida (see Table 1). About 95 per
cent of all vehicles noted by human observers were 
detected by the system, and more than three-quarters 
of those detected were correctly identified. "The 
mean speed, as measured by hand-held radar guns, waa 
7 percent greater than the mean speed obtained by 
the TDL system at the Richmond site and 1 percent 
less than that obtained by the TDL system at the 
Miami site. 

Intersections 

The traffic flow and crash results reported in this 
paper were based on data collected at 91 intersec
tions during 1980 and 1981. Data were collected both 
during the day and at night, but only the daytime 
(6:00 a.m. to 8:00 p.m.) traffic observations and 
crashes were used in this report. An obsei:vation 
period ranged from 1,5 hr to almost a complete day. 

Intersections were selected from eight jurisdic
tions located in different regions of the united 
States: Chicago, Illinois1 Denver, Colorado, Miami, 
r.1.or1aa1 Montgomery county, Maryland1 Richmond, 
Virginia, San Diego, California1 San Jose, Califor
nia, and White Plains, New York. A summary of the 
test locations and the applicable yellow signal 
traffic laws is given in Table 2. The jurisdictions 
were chosen on the basis of their willingness to 
cooperate in the study, availability of crash data, 
and availability of PRC Voorhees personnel. The 
intersections chosen represent a wide range of in
tersection parameters, including 

1. Average approach speed (35 to 55 mph), 
2. Cross-street width (20 to 124 ft), 
3. Yellow phase (2.8 to 5.7 sec), and 
4, All-red phase (0 to 3.0 sec) • 

Intersections located within some of the juris
dictions often were similar in one or more design 
and signal timing characteristics. For example, 
almost all of the Denver intersections had a 3-sec 
yellow phase followed by a 2-sec red phase and did 
not have any left-turn signal phases. All-red phases 
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l I 
FIGURE I Schematic illustration of TDL installation. 

were not present or were very short (less ·than O. 5 
sec) at t he Sa n Jose sit es . I nters ect i ons i n Rich
mond , Sa n Diego, and San J ose were t ypica lly complex 
with many independen t activated pha ses . I n Miami 
many o f t he i nter sec tions had permiss i ve le f t-turn 
phasing. 

Crash Data 

Police-reported data were used to identify the in
tersection crashes during 1979 and 1980 that in-

TABLE I Traffic Data Logging System 
Validation Tests 

Test Conditions 

No. of lanes 
ADT 
Spec.d limit (mph) 
JnlcTSection IVidt h (ft) 
Timing (sec) 

Yellow 
All-red 

Mean radar speed (mph) 
Mean TDL speed (mph) 
TDL performanc~ 

Vehicle detected 
Percent 
No. 

Correctly identified 
Percent 
No. 

Richmond, 
Virginia 

2 
23,108 
45 
33 

3.5 
1.5 
39.6 
37 .2 

94 
312 

73 
293 

Miami, 
Florida 

3 
20,000 
55 
40 

5.0 
1.0 
43.6 
43.9 

96 
200 

81 
192 

volved two vehicles. Crashes in which both of the 
vehicles t r a veled on t he mon i tor ed s t r eet were 
grouped t oge t her i c rashes in whic h o ne o f t he two 
vehicles traveled on t he moni tored str eet and the 
other on the c r o s s s treet were plac ed in a s e cond 
group. Cr a shes not fitt ing e ither group weJ: e not 
analyzed i n the pres ent paper, The s hared-approach 
stree t c r a s he s of the first group were mostly rear
end crashes. The cross-street crashes of the second 
group were mostly right-angle crashes. 

DATA ANALYSIS 

Six variables, chosen after extensive preliminary 
analyses of the data, were used for grouping the 
intersections on the basis of their similarities and 

TABLE 2 Intersection Locatioru; and Yellow Signal Laws 

Jurisdiction 

Chicago, Illinois 
Denver, Colorado 
Miami, Florida 
Montgomery County, Maryland 
Richmond, Virginia 
San Diego, California 
San Jose, California 
White Plains, New York 

No. of 
Intersections 

2 
16 
13 
ID 
15 
II 
21 

3 

Yellow Signal 
Law' 

Stop on yellow 
Enter on yellow 
Enter on yellow 
Enter on yellow 
Stop on yellow 
Enter on yellow 
Enter on yellow 
Enter on yellow 

aThe ,:tws were c:ucgoriled ns elt ht:t alloviing an appro11chln1 molorist to ontor the 
interictct ions during yellow or re,1ulring that motorbu slop lh?(nre the int"ra,ction ff 
they can safely do so. 
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d i fferences. The variable s were c r oss- stree t width 
(ft), average crossing time (sec), the reciprocal of 
the braking deceleration rate i·mplied by the yellow 
phase (DECEL(Y)] (sec 2/ft), the reciprocal of the 
braking deceleration rate implied by the yellow plus 
Li .. , ail-red phase LDECEL(Y+AR) l (sec"/ft), the ADT 
on the monitored street (MADT), and its ratio to the 
c ross- s t reet AD~ (ADT Ratio). 

DECEL(Y) was computed by algebraically solving 
the Gazis timing £ormula QJ for the deceleration 
rate with the observed yellow phase as the clearance 
interval, and DECEL {Y+AR) was computed the same way 
from a combination of the yellow and all-red phases. 
That is, DECEL(Y+AR) = V/{(Y+AR) - t - [(W+L)/VJ) in 
terms o[ the notation used in t .he Randbook ( 2) • For 
some intersections, the yellow phase was so short 
that it was not su£ficient for a vehicle to clear 
the intersection even if it entered at the beginning 
of the phase. Thus the estimated value for the de
celeration rate based on yellow alone became nega
tive. The resulting numerical instability in the 
~ci .. tmaJ-a fer th~ d~CelCtatf.Vi"a i:Qi.~ WOUJ.0 have 
rendered averages based on it also unstable. The use 
of the reciprocal deceleration rate circumvented 
this problem. 

A standard cluster analysis package [Ward's 
algorithm with the STD option (!) 1 was used to sort 
intersection data on the six variables into eight 
disjoint intersection clusters. It was found tha t 
cluster membership accounted for about 75 percent of 
th~ total intersection variance {R: 0.75) for 
t he six va riables. 

The rate of crashes per ADT on the monitored 
street (MADT in 10 ,OOOs) was adjusted in proportion 
to the inverse of the cycle length to a l low for the 
resulting variation in the proportion of vehicles 
that encountered the onset of . a yellow light. The 
formula used included the average cycle length 
(about 72 sec) as a scale fac tor: 
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ACR = 10,000 x (72/Cycle length) 
x (Frequency of shared-approach and cross
street crashes/MADT). 

Statistical variability in the adiusted cras h 
rate (ACR) was stabilized by taking square roots, 
and the variation in (ACR) 172 among the intersec
tion clusters was tested by means of analysis o f 
variance. The relationship between cluate11~ember
ship and the crash-rate measure [(ACR) I was 
statistically significant (F7

1
93 ~ 4.36, p < 0.001). 

The eight disjoint intersection clusters were 
then ranked according to crash rate estimates in 
ascending order. Neighboring clusters with crash 
r .ates that were similar except for statistical fluc
tuations were identified by using the Waller-Duncan 
multiple range test (SAS Institute, 1982), and the 
intersections in clusters with similar average crash 
rates were pooled. This procedure yielded five par
tially overlapping groups of intersections. The 
first and second groups, for example, inc:l11n~,:I in
t ersection clusters 1 to 4 and 2 to S, respectively, 
and overlapped in clusters 2 to 4, but the fifth 
group included clusters 6 to 8 and overlapped with 
neither the firat nor the second group. 

Intersections that were included in cluster 
groups that did not have significantly diffe.rent 
mean adjusted crash rates were pooled. The descrip
tive sta tis tics for these f i ve groups--labeled A 
thorough E--are given in Table 3. 

l'.s the d~t~ in Table 3 indica te , the a verage s of 
many of the variables increased or decreased steadi
ly across the five intersection cluster groups. This 
pattern of variation was further investigated by 
linearly regressing the variable averages on an 
index calleo the ri>la ve ank of t.~e i::tcrscctio:i 
cluster group. (By definition, the value of the rel
ative rank increased steadily from cluster group A 
to cluste·r group E approximately in propcrtion to 

TABLE 3 Intersection Averages for Characteristics by Cluster Group 

Cluster Group Average Regression on Relative Rank 

Variable" A B C D E R2 Constant Slope 

( CR)1/2 0,92 1.11 1.26 J.53 l.84 1.00 0.70 1.40 
(SACR) ' l2 0.54 0.68 0.78 0.96 1.21 1.00 0.38 1.00 
(CACR)''' 0.59 0.71 0.81 LOI 1.1 8 0.99 0.45 0.9 1 
(A<.:Kl)1i2 1.25 1.23 1.23 1.47 1.52 0.84 I.I I 0.51 
($ACRI )111 0.79 0.78 0.76 0.89 0.92 0.77 0.71 0.24 
(CACRI ) 112 0.73 0.76 0.79 0.99 1.03 0.91 0.63 0.51 
SCR 1.50 2.18 2.29 2.34 2.73 0.80 1.50 1.55 
CCR 1.31 1.84 1.90 2.24 2.24 0.78 1.32 1.30 
(SCR+CCR) 1i2 1.34 1.71 1.80 1.94 2.05 0.83 1.33 0.95 
R clearance (sec) 4.76 4./3 4 .91 4.9 6 5.23 0.91 4.58 0.74 
Yellow (sec) 4.07 3.73 3.72 3,70 3.88 0.07 3.89 -0,16 
All-red (sec) 1.16 1.39 1.37 I.I I 0.81 0.60 1.49 -0.70 
Clearance ratio I.I 0 I.OR 1.04 0.97 0,90 0.99 I.I G -0.32 
Yellow ratio 0.85 0.79 0.76 0.75 0.74 0.67 0.84 -0.14 
All-red ratio 0.24 0 .29 0.28 0 .22 0.16 0.66 0.32 -0.17 
Green phase (sec) 43.3 46.7 45 .0 39.7 31.3 0.79 50.8 -21.0 
Red phase (sec) 24.5 26.2 36.4 37.0 51.2 0.92 16.9 39.8 
Cycle lcngt h (se~) 73.0 78.0 86.5 81.6 87.2 0.61 73,) 17.9 
DECEL(Y) (sdi:2 /rt) 0.074 0.062 0.052 o o~o O.D42 !J.86 0.077 - 0.044 
IJECEL(Y+A R) (scc2 /ft) 0.117 0.115 0.105 0.094 0.076 0.98 0.13 -0.064 
F(Y) 1.99 1.53 1.28 1.30 1.18 0.67 1.92 -1.02 
F(Y+AR) 2.96 2.72 2.36 2.30 1.89 0,94 3.15 -1.54 
RF(Y+AR) 2.74 2.50 2.30 2.47 2.35 0.43 2.67 -0.43 
FDIFF -0.22 -0.22 - 0.07 0,] 7 0.46 0.97 -0.48 1.11 
Approach speed (ft/sec) 55.2 53.8 52.4 51.7 48.8 0.97 56.6 -9.2 
ADT ratio 4.7 3.1 2.7 2.4 1.3 0.88 4.8 -4.4 
Cross street ADT (OOOs) 8.1 11.7 15.5 14.9 19.4 0.86 6.9 15.3 
Monitored street ADT (OOOs) 21.1 25 .3 25.0 21.2 16.6 0.50 26.3 -9.7 
Cross-street width (ft) 38.1 39.4 48 .7 52.3 67 ,7 0 .9 5 28.7 45.0 
Crossing time (sec) 0.70 0.74 0.98 1.05 1.45 0.95 0.46 1.14 
Presence of left-turn lane(%) 12 22 20 19 10 0.16 0.20 -0.08 
Relative rank 0.17 0,30 0.39 0.58 0.83 1.00 0.00 1.00 

HVariabJe names are explained in text. 

.... .. 
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the number of intersections included in clusters 
with lower crash rates.) The relative ranks of the 
five intersection cluster groups were calculated as 
follows. First, the intersection clusters were 
ranked in ascending order from l to 8 according to 
average crash rate. Second, the intersections in the 
first cluster group were numbered from l to 5, those 
in the second from 6 to 10, those in the third from 
11 to 18, and so on until all 91 intersections were 
numbered. Finally, these numbers were averaged for 
the intersections in the cluster group and divided 
by 91 to obtain the relative rank of each. 

Because cluster membersh'ip accounted for 75 per~ 
cent of the total intersection variance, and because 
the cluster groups were formed by pooling clusters 
with similar crash rates so that crash rate varia
tion within cluster groups was reduced by construc
tion, these linear regressions are likely to give a 
fairly complete account of all crash-rate-related 
variation among the intersections. However, because 
there was considerable overlap among adjacent clus
ter groups, the R2 values may overstate the extent 
to which the relative ranks are linearly related to 
the other variables. The last three columns in Table 
3 present the intercept, slope, and R2 values for 
these regressions. 

Clearance Interval Averages by Intersection Cluster 
Groups 

Reconunended clearance intervals (R clearance in 
Table 3) were computed for all intersections by 
using the timing formula wi t h the recommended value 
of 10 ft/sec• fo r the deceleration rate. In Figure 
2 the combined lengths of the observed yellow plus 
all-red phases were converted to percentages of the 
recommended clearance intervals (the clearance 
ratiol, averaged within intersection cluster groups, 
and plotted against the relative ranks for the in
tersection c.luster groups. As Figure 2 shows, these 
clearance ratios declined steadily across the 
cluster groups (R 2 = 0.99) from 110 to 90 percent, 
which indicates that cluster groups with higher 
relative ranks had less adequate clearance intervals 
than those with lower relative ranks. The clearance 
ratios based on the average duration of the yellow 
phase also declined steadily, from 85 to 74 percent 
of the total recommended clearance interval, across 
the intersection cluster groups (R 2 = 0.67). 

The relative importance of the monitored streets 
was measured as the average of the ratio of the AOT 
on the monitored streets divided by the ADT on the 
cross streets. The AOT ratio steadily decreased with 
increasing relative ranks from about 4.2 ,to about 
1. 3 (R 2 = O. 88) • The data also indicate that rela
tively more important streets have larger clearance 
ratios a·nd conversely, relatively less important 
streets had sma.ller clearance ratios. Interestingly , 
the crossing time (veh icle approach speed divided by 
cross-street width) increased as the clearance in
terval became shorter. At the opposite extreme, the 
average monitored street ADT exceeded the average 
cross-street ADT by the largest amount for the in
tersection cluster group with clearance intervals 
closest to the recommended intervals. 

Braking Deceleration Rates by Intersection 
Cluster Groups 

The braking deceleration rates implied by the ob
served lengths of the yellow and combined yellow 
plus all-red phases were calculated by solv i ng the 
timing formula algebraically (see Data Analysis 
section). This solution provides the rate of decel-
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F1GURE 2 Average clearance interval as a percentage of 
recommended value by intersection cluster group. 

eration that allows a driver traveling at the aver
age intersection speed to either clear the intersec
tion during the yellow phase or stop without 
entering the intersection. The reciprocals of these 
rates were averaged within cluster groups; these 
averages [DECEL(Y) and OECEL(Y+AR)] were plotted 
against the intersection cluster group relative 
ranks in Figure 3. As the figure shows, DECEL(Y+AR) 

' u 
5: 
!! 

0 .125 

0 .100 

0 .075 

0.050 

0.025 

,, 
' ' ' ' ' '\..... _____ _ 

Br•klng dec•leral&on rate• 

~k>~~c~('!!_. 

Yellow+ All Red, Decal (V+AR) 

--- .... 

o.ooo,+----~---~----~---~-----1 
0 0.2 0.4 0.6 0.8 1.0 

Relative Rank•• for Intersection Clueter Group 

II 

10 

• 15 

20 

40 

'R ecommended clearance interval liming lormula was solved in l&[mS ol it, braking decelarallon 
lactorfsee text) 

•• The relative rank ol an intersection cluster group was set 10 the weighted average or the ranka of 
lhe clusters in thal group The indiv idual clusters were Initially ranked In ascending order by 
lheir crash rales 

FIGURE 3 Averages of one over the braking deceleration rates 
(1/a) implied by the yellow phase and the clearance interval by 
intersection cluster group. 
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declined steadily between the intersection cluster 
groups with the lowest and highest relative ranks 
(R 2 0.98). This change in DECEL(Y+AR) corre
sponds to an increase in the implied braking decel
eration rate [l/DECEL(Y+ARll frnm R_i; t:o !3.2 
ft/sec 2

• When only the yellow phase is considered, 
the comparable increase in the braking deceleration 
rates Ll/DECEL(Y J) was from 13.5 to 23.8 ft/sec 1-

all higher than the currently recommended rate of 10 
ft/sec 1 • These results show that at the intersec
tions in cluster groups with high relative ranks , 
drivers were eKpected to decelerate at higher rates 
than at the intersections in cluster groups with low 
relative ranks . 

Average Traffic Flow After Onset of Yellow by 
Intersection Cluster Group 

For each intersection, a base flow rate of vehicles 
was defined as the average number of vehicl"s p<>r 

second that cleared the intersection d uring 4- sec 
periods just before the onset of yellow . To assess 
the response of traffic to the onset of yellow, the 
average number of vehicles that entered the inter
section after the onset of yellow and cleared it 
during the yellow plus all-red phases was divided by 
the base flow rate . This ratio , called the total 
clearance flow {F(Y+AR)] , would be proportional to 
the length of the clearance interval if no vehicles 
responded to the c:-:se.t of yallvw by stopping. More 
realistically, the total clearance flow was eltpected 
to increase with the length of the clearance inter
val and to decrease with the proportion of vehicles 
that stop in response to the onset of yellow. 

As the plot of F(Y+AR) against relative ranks of 
intersection cluster groups in Figure 4 shows, the 
total clearance flow steadily decreases from about 3 
sec for the intersection cluster group with the low
est relative rank to about 1. 9 sec for the group 
with the highest relative r ank (R 1 = 0.94). For 
intersect ions in the lowest relative rank cluster 
group, the average number of vehicles that entered 
the intersection after the onset of yellow and 
cleared during the clearance interval was about the 
same as the average number of vehicles that clear d 
it during the 3 sec j ust before the onset of yellow. 
The comparable figure for the highest relative rank 
cluste r group was 1 .9 sec. This result shows that as 
the clearance ratio decreased (see Figure 2), the 
clearance flow also decreased. If this clearance 
flow decrease was caused by increased stopping, then 
the volume of traffic that could have stopped , but 
did not, at the recommended deceleration rate would 
also have had to decrea.se by comparable amounts. 

'l'he !'.e~ommendcd clearance 1nLetv<1l i'R clearance) 
was calculated for each intersection by using the 
timing formula with a 10 ft/sec•. The total 
clearance flow that corresponds to l:h se standard 
clearance intervals [RF(Y+~R)J was determined from R 
clearance in the same way as F (Y+AR) was from the 
observed clearance intervals. 1\s the plot of 
RF(Y+AR) in Figure 4 shows , the decrease from 2.7 to 
2 .4 sec was only about one- third of the comparable 
decrease in the total clearance flow [F (Y+llR) J • The 
difference between these quantities [FDIFF 
RF(Y+AR) - F(Y+l\R)l measures the volume of the flow 
(in seconds) that failed to clear the intersection 
during the clearance interval but could have stopped 
at the recommended 10 ft/sec 2 deceleration. This 
difference increased steadily with increasing inter
section cluster group relative ranks (R 2 = 0.97), 
which indicates that as the relative lengths of the 
.clearance intervals decreased (see Figure 2) , the 
volume of traffic that failed to clear the intersec
tions during the c.Learance intervals increased. 
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FIGURE 4 Average traffic clearance flow after the onset of 
yellow during observed and recommended clearance intervals 
in mull iples of flow rate at time of the onset of yellow by 
intersection ·luster group. 

These results suggest that despite variation in 
the lengths of clearance intervals, driver response 
to the yellow signal was largely unaffected, con
sequently, the proportion of drivers who crossed the 
intersections without protection from cross-street 
traffic increased when clearance intervals were too 
short. The slight increase in the flow of traffic 
traveling during the time period that corresponds to 
the recommended interval at intersections with 
deficient or too short clearance intervals may re
flect, in part , increased stopping by drivers faced 
with short clearance intervals and, in part, the 
enhanced ik.~lihocd cf drive::;:; ::esponding l:o o yel
low signal of any duration when approaching a cross 
street with heavy traffic. 

Average Crash Rates by tntersection Cluster Groups 

The number of police-reported daytime crashes in
volving two or more vehicles during 1979 and 1980 was 
divided by the AOT on the monitored street (MADT in 
10 ,000s) and adjusted for cycle frequency per unit 
of time (see Data Analysis section) . Tne square root 
of the resulting crash rate ( (ACR) 11 21 was aver
aged within each inte-rsection cluster group and 
plotted against the average of the intersection 
clearal)ce ratios in Figure S. 1\s the figure shows, 
(ACR) 1/2 increased linearly with the clearance 
ratios , a.nd the highest value of (ACR) 1/2 was 
about twice as large as its lowest value. Thus a 
difference of approximately 20 percent in the ratio 
of observed to recomm naed clearance intervals coin
cided with a difference of a factor of 4 in the ACR. 
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FIGURE 5 Average square root of crash rates by crash type 
and intersection cluster group. 

Similar calculations based on shared-approach 
crashes alone produced nearly identical results for 
the adjusted rate of shared-approach crashes (SACR). 
For cross-street crashes (CACR) that involved one 
vehicle from the monitored approach and one from the 
cross street, the results were also nearly identicol 
to those already described. 

The sensitivity of these results to the manner of 
crash rate definition was also explored. Regardless 
of the manner in which the crash rate was calcu
lated, intersection cluster groups with the least 
adequate clearance intervals had higher crash rates 
than those with longer clearance intervals. Even 
without adjusting for cycle frequencies, intersec
tions with the least adequate clearance intervals 
had on average 71 percent higher cross-street 
crashes (CCR) and 82 percent higher shared-approach 
crashes (SCR) than those with the most adequate 
clearance i ntervals. The comparable difference based 
on the square root of their sum [ (SCR + CCR) 1/21 
was 134 percent. 

To allow for the effect of variation in cross
street traffic, the ACR was divided by the cross
street ADT (in 10,000s): ACRl = 10,000 ACR/ADT. In 
terms of ACRl, the crash rate of intersection 
cluster groups with the least adequate clearance 
intervals exceeded those with the most adequate 
clearance intervals by about 48 percent. The compa
rable difference based on cross-street crashes 
(CACRl) was 99 percent. For shared-approach crashes 
(SACRl) it was 36 percent. 

Miscellaneous Results 

The results given in Table 3 show that the five 
cluster groups differ from one another in almost all 
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respects. Specifically, the average approach speed, 
the ADT ratio, and the average green phase for the 
monitored street decreased, whereas the cross-street 
width, the average crossing time, the cross-street 
ADT, the red phase, and the complete cycle time in
creased with increasing relative ranks. The ADT on 
the monitored street first increased and then de
creased. 

DISCUSSION OF RESULTS 

The relationships between crashes, clearance inter
val signal timing, and the movement of vehicles 
reported in this study are based on the analysis of 
data from 91 s ignalized intersections in eight 
metropolitan a r.eas o f the Un i t ed States. Cluster 
analys is was used t o g roup inte rsect i ons in terms of 
their charac ter i s tic s , the groups we r e ranked in 
order of increasing crash rates, and intersections 
from groups with similar crash rates were c ombined 
to form larger groups . Regardless of the manner in 
which the crash rate was calculated, the intersec
tion groups with the less adequate average clearance 
intervals had higher average crash rates than those 
with more adequate average clearance intervals. The 
combined crash rates for shared approach (e.g., 
rear-end) and cross-street (e.g., right-angle) 
crashes differed by 130 percent across the five 
intersection cluster groups. When these rates were 
adjusted for signal cycle frequency and ADT on the 
monitored street, the difference from the lowest to 
highest crash rates rose to 300 percent. If adjust
ments for cross-street ADT were also made, the crash 
rates were still 50 percent greater for the inter
sections with the least adequate intervals than for 
those with longer i ntervals. The variations in crash 
rates among t he cluster groups were associated with 
specific clearance interval timing, traffic flow, 
and intersection characteristics. 

Crash rates increased as the adequacy of the 
clearance intervals, based on currently recommended 
procedures, decreased. The clearance interval dura
tions for the five cluster groups ranged from 10 
percent shorter t han reco mme nded to 10 percent 
longer. The crash rate for t he group with the l east 
a dequate clea r a nce intervals was higher than f o r the 
group with the most adequate intervals. 

Although the duration of clearance intervals 
varied across cluster groups, the traffic flow dur
ing the clearance interval was largely unaffected. 
However, clearance interval duration did affect the 
proportion of drivers who cleared the intersection. 
The number of drivers who did not clear the inter
section during the clearance interval, although they 
could have stopped at the recommended maximum decel
eration rate of 10 ft/sec 2 , sharply increased for 
the intersection groups with the least adequate 
clearance intervals. Thus, although the traffic flow 
was similar, the proportion of drivers exposed to 
cross-street traffic increased and crash rates also 
increased as the adequacy of the clearance interval 
decreased. 

The ADT on the monitored approach street declined 
in comparison to the ADT on the cross street as 
crash rates increased among the cluster groups. As 
the importance of the monitored street declined, the 
cross streets were also wider and the monitored 
traffic slower. These differences resulted in the 
monitored vehicles requiring increased crossing time 
to traverse the intersection. If the clearance in
tervals for these intersections had been calculated 
on the basis of current recommendations, they would 
have had longer clearance intervals. These intersec
tions should have had the longest clearance inter
vals of the intersections studied, whereas they 
actually had the shortest. 
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The interpretation of these data by the authors 
of the overall pattern of association between inter
section characteristics, clearance intervals, traf
fic flow, and crash rates is that the increasing 
deficiency of clearance interval timing increased 
the proportion of drivers who would have to stop 
more quickly than they were accustomed to stopping 
to avoid entering the intersection without cross
street red protection. However, most drivers cannot 
or do not stop at high deceleration rates, so that 
the p roportion o f drivers who enter intersections 
and do not clear them during the clearance interval 
increases sharply. The reduced separation of the two 
traffic streams and the forced increases in braking 
lead to substantial increases in crashes. 

The most important implication of these results 
for t he practicing traff'ic engineer is that because 
drivers cannot be effectively stopped by law from 
entering intersections after the onset of y low, it 
is necessary to time intersections so as to allow a 
driver who is alreany in the intersection to clear 
ir. oerore the start-up of the cross-street traffic. 
Use of the long formula given in the Transportation 
and Traffic Engineering Handbook Cl), with necessary 
adjustments for the actual path of clearing vehi
cles, stopl ine placement, frequency of trucks, and 
presence of grades, will normally achieve this goal. 
However, the present analysis was not designed to 
dete rmine e ither t he optimal sign a l t i mi ng rules o r 
the optimal split between the yellow and all-red 
1>hases .. 

Tn a recent paper Parsonson and Santiago (5) 
reviewed a liability suit in which the city of 
Flint, Michigan, was held responsible f.or he wrong
ful death of a driver who died in a crash when his 
car was hit by a truck at an intersection with an 
inadequate yellow phase and no all-red phase. The 
authors of that paper warned the traffic engineering 
profession that "the traditional design standards for 
the timing of the clearance period (yellow. plus 
all-red) for traffic signa ls are inappropriate and 
u nreasonable in some important aspects. They can 
yield values that are too short for safety .. • . " The 
authors then recommended improved design procedures 
"which the engineer would feel more comfortable 
defending in court." 

It has been shown in this paper that even the 
currently accepted standards are commonly ignored 
and that clearance intervals that are too short are 
statistically associated with larger-than-average 
crash rates. These resul t s and the Flint case should 
serve to further underline the need to adopt im
proved clearance interval timing procedures through
out the United States. 
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Right-Turn-on-Red Characteristics and 

Use of Auxiliary Right-Turn Lanes 

FENG-BOR LIN 

ABSTRACT 

Right-turn-on-red (RTOR) as a means of expediting traffic movements can be com
plemented with auxiliary right-turn lanes. In this study the characteristics of 
several RTOR flow parameters are identified from field observations. These and 
other flow characteristics are analyzed with a simulation model to examine al
ternative designs and operations relating to RTOR and the use of auxiliary 
right-turn lanes. To allow an auxiliary right-turn lane to fully serve its 
function, AASRO recommended that the s t orage length of such a lane be long 
enough to prevent a b l ockage of the traffic in an approach lane. Based on this 
design requirement, an analytical method for determining the storage lengths is 
developed. 

Intersections are potential bottlenecks in a street 
network. Searching for ways to improve the operating 
efficiency of a street network has become an urgent 
problem because streets are becoming more crowded. 
Recent efforts in this connection have overwhelm
ingly f ocused o n the deve lopment o f better signal 
control systems . Although this undertaking is neces
s ary, i t c annot r e move the constr ai nts imposed on 
traff ic movements by the geometr ic desig·n o f a n in
tersection. There are situations where the use of an 
auxiliary righ t-tu rn lane in conjunction wi t h right
turn-on-red (RTOR) can achieve a much needed im
provement i n the operating efficiency of an inter
section. 

RTOR is intended primarily as an energy conserva
tion measure. Previous studies (!,ll have indicated 
that RTOR on urban streets has the potential of re
d ucing fuel c onsumption by abou t 5 pe r cent . The im
plicat ions of RTOR for t raf fic safety , howeve r, have 
r eceive d more atten tion in the past (3 , 4 l • Several 
studies (5,6) have also examined the g-;ner a l impact 
of RTOR o; ;eh icle delays. But current understanding 
of this subject is still not sufficient to assist 
traffic e ngineer s in making planning , design, and 
operating decisions. 

The impact of RTOR on the operating efficiency of 
an intersection can be expected to be small if no 
auxiliary right-turn lanes are provided. The bene
ficial effects of an auxiliary right-turn lane can 
be fully realized only if the lane is sufficiently 
long. Otherwise, straight-through vehicles arriving 
during a red phase may block the entrance to the 
right-turn lane. Similarly, right-turn vehicles may 
block straight-through vehicles. To prevent such a 
blockage from occurring, AASHO (7) recommended that 
the storage length of an auxilia;y lane be based on 
1. 5 to 2 times the average number of vehicles that 
would be stored per signal cycle. This recommenda
tion is convenient to follow but is vague in the 
methods needed to obtain an estimate of the average 
number of stored vehicles per cycle. It may not lead 
to a proper design in terms of inter section opera
tion or resou rce allocation. A better method of de
termining the storage requirements of auxiliary 
right-turn lanes is needed, 

To provide a better understanding of the poten
tial and limitations of using auxiliary right-turn 
lanes with RTOR to improve intersection operations, 

several observed RTOR flow characteristics are first 
described. This is followed by a discussion of the 
potential impact of auxiliary right-turn lanes with 
or without RTOR on vehicle delays . Finally, an ana
lytical method for determining required lengths of 
auxiliary right-turn l anes is presented. 

CHARACTERISTICS OF RTOR FLOWS 

RTOR flows are associated with a greater variability 
of driver behavior than other types of directional 
flows at an intersection. They are also subject to 
the influence of a greater variety of signal control 
and traffic flow conditions. As a result, it is dif
ficult to rely entirely on field observations to 
identify the complex relationships between RTOR and 
its related variables. An alternative approach is to 
identify the basic characteristics of RTOR flows 
from field observations and use them to develop a 
simulation model as an analysis tool. 

For this reason data on various RTOR characteris
tics were collected in downtown Syracuse, New York, 
and its suburban area, These data made it possible 
t o q uantify s eve ra l RTOR flow parame t e r s . Incl uded 
a mong t hem a r e t he use o f R'l'OR oppor t unit ies , t he 
gap- accep tance be.ha v i ors o f RTOR driver s , the dwell 
times of unopposed RTOR vehicle s , and the ef'fic i ency 
in executing multiple right-turns-on-red. These pa
rameters are described in the following sections. 

Use of RTOR 

The data in Table 1 give the proportions of right 
turns made during red intervals from 16 right lanes 
with mixed directional flows. The traffic flows at 
these sites were regulated with signal controls that 
have cyc le l e ng t hs that r ange f r om 75 t o 110 sec. 
The green phase s for t he r i gh t lanes a ccounted for 
20 t o 30 percent of t he cycl e leng ths . The cross
traffic volumes were about 150 to 350 vehicles per 
hour (vph), with appro ach s peeds less t han 35 mph. 

Althoug h t he r e d phas e s account e d f o r 70 t o 80 
pe rcent o f the cycles, the number o f RTOR vehic l es 
as a percentage o f the r ight- tur n vehicle s was low 
in mos t o f t he l a nes examined. I n 12 out of the 16 
lanes, for example, less than 30 percent of the 
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TABLE 1 Rates of RTOR 

Percentage of R igh t 
Turn s Making RTOR 
fro m 

Flow 
Rate Right-Turn Traffic 

Lan e (vph) Per cen tage Lane Shoulder 

l 150 43 20 7 
2 345 63 31 5 
3 162 43 29 0 
4 162 45 35 3 
5 166 15 38 I 
6 331 47 41 3 
7 376 42 5 36 
8 265 3~ ?7 3 
9 413 45 17 0 

10 272 44 21 0 
II 298 54 25 5 
12 513 39 11 68 
13 43 1 16 20 0 
14 240 22 9 1 
15 466 22 11 0 
16 a, so 10 4 

Not e : vph = vehicles per hour. 

right turns were made from regular traffic lanes 
during red phases, The a verage for the 16 lane s was 
onl y 21 . 8 pe r c e n t of the righ t t urns . 

When the circ umstance permitted , a driver made 
RTOR fro m a shoulder . It is i n t e resting t o note t h~t 
a small i nc e < s e in the approach wid th o f an inte r 
s ection can drastically raise the rate of RTOR use . 
Th is phenomenon is exemplified by the RTOR f l ow 
rates of Lanes 7 and 12 given in Table 1. Both lanes 
have an unpaved shoulder area about 6 ft wide . The 
s houlders a r e no in ended to c a_rry traffic , but a 
large proportion of the r igh t-turn drivers in either 
lane p ulled o n to t he s houlder a nd sub seq uen tly e xe
c ute d RTOR . This demons trates t he nee d to p rovi d e 
exclusive right-tur n lanes to accommodate RTOR veh i 
cles . 

In contrast , ma ny drivers may elect not to use 
R'l'OR opportunities . Based o n obser vations of 359 
leading righ t - t um drivers i n 10 righ t lane s, i t wa s 
found t hat t he rate of r e jection for using RTOR op
por t un itie.s was 1 6 perc ent among t he drivers. One 
major teason for rejecti ng R'l'OR is likely t o be 
d r i vers ' igno r a nce of t he RTOR regul a tion. Curren t 
lack o f un iformity i n RTOR s i gning may be a nothe r 
fac tor that contribu tes to some drive r s ' reluctance 
to execute R'J.'OR at certain interse c t i ons. The exist
i ng rej ection r a te c an be e xpected t o dwindle to a 
negligible level in t he future when d rivers become 
more f amiliar wi th RTOR regulation and sign i ng . 

The rate of RTOR use is also governed in part by the 
sizes of the gaps (headways) in the cross traffic 
and by the ability of the right-turn drivers to ac
cept such gaps. To quantify the gap-acceptance be
havior of the RTOR drivers, field data on leading 
right-turn driver movements during red intervals 
1.>1ere collected from 10 right lanes. 

This task was tedious and difficult mainly be
cause of the lack of suitable intersections where a 
large sample of data could be obtained in a short 
period of time. RTOR driver behavior and the exis
tence of mixed directional flows in every lane ex
amined further aggravated the situation. As men
tioned previously, some right-turn drivers chose not 
to execute RTOR even when there was ample opportu
nity to do so. Other right-turn drivers were blocked 
by straight-through or left-turn vehicles. And some 
leading right-turn drivers were able to make RTOR 
without opposition. 
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From the 10 right lanes chosen for the study, a 
total of 359 leading right-turn drivers was ob
served. Out of this total only 202 rejected at least 
one gap before merging into the cross traffic. The 
behavior of these drivers indicates that a ga p of 
l ess than 5 sec has little chance of being accepted 
and a gap of greater t han 15 sec is u nlikely t o be 
r ejected . The critical gap of these d r i vers , as 
s hown in Figure 1 , was f o und to be about 8. 4 s ec. 
This gap is considerably l onger than the typical 
critica l gaps of 4 to s. s s e c o f oppose d l e ft-t urn 
drivers (.!!.,i,10). 
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Gap-acceptance characteristics of RTOR 

An RTOR driver who accepts a gap will consume a 
portion of the gap . This is because the turning ve
hicle has to wait until after the leading cross
traffic vehicle tha t forms the gap passes the con
flicting point. On average, it took the observed 
R'l'OR drivers 3 . 1 sec after the passing of t he l ead
i ng c r oss- traffic ve hicle to execute RTOR . This mag
n i t ude of t he elapsed time has an adverse impa c t on 
the RTOR capac ity o f a right lane . 

Dwell Time of Unopposed RTOR Drivers 

R'l'OR drivers are required to come to a stop before 
making the turn. This requirement incurs a dwell 
time for every RTOR driver. The dwell time is de
fined as the elapsed time from the moment a driver 
reaches a position from which he can make RTOR until 
he starts executing the turn. In the field investi
gation a total of 246 right-turn drivers who made 
RTOR without any oppos ition were observed. The aver
age dwell time of these drivers was 4.4 sec. Approx
imately 40 percent of these dr fvers executed RTbR 
within 2 sec of their arrivals at the merging posi
tion. This represents the proportion of drivers who 
violate the requirement to come to a stop. 

Multiple RTOR 

When a l ong gap i s a va ilable i n t he cross t raffic, 
several drivers may be able to use this gap to exe
cute multiple righ t - turns- on-red. The time r e qu ire d 
to do so can affect delays, number of stops, fuel 
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consumption, and the capacity of a eight-turn lane . 
Figuce 2 shows the observed relationship of this 
time requirement to the number of right-turns-on-red 
made in a gap by a queue of right-tum vehicles. The 
time requirement was measured from the mome_nt the 
first RTOR vehicle was in a position to move until 
the last RTOR vehicle started the turn. The figure 
shows that two consecutive executions of RTOR woulcl 
require an average of 10.5 sec, With five multiple 
turns, the average total time requirement reaches 
approximately 23.5 sec . This time requirement is 
long compared with an average of about 14 sec needed 
for the first five right-tum queuing vehicles to 
enter an intersection during a green phase. It is 
obvious that a red phase is only about 60 percent as 
useful as a green phase of the same length, even 
when cross traffic does not exist. 
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EFFECTS OF RIGHT-TURN LANES 

The ability of an auxiliary right-turn lane to re
duce vehicle delays depends on a number of factors. 
These factor s include the storage length of the 
right-turn lane, right-turn percentage of the ap
proaching vehicles, flow rates, RTOR policy, type of 
signal control a nd signal timing settings, pedes
trian flows. The large number of influencing factors 
precludes a comprehensive analysis of the impact of 
right-turn lanes. Nevertheless, i nsight into the 
potential impact of right-turn lanes can be obtained 
with an analysis of l i.mited scope. An analysis of 
this nature is presented herein. The analysis is 
based on an intersection controlled with a two-phase 
pretimed signal. Furthermore, pedestrian interfer
ences with the right-turn vehicles are assumed to be 
negligible and the rightturn lane has a sufficiently 
long length to avoid blockage of the traffic lanes. 

To facilitate the analysis, a simulation model is 
calibrated in part · on the basis of the RTOR data 
described previously. Field data on straight-through 
and right-turn queuing flows are also used in the 
calibration. Bowever, one deviation from the ob
served RTOR flow characteristics is allowed in the 
model. This deviation stems from an implicit assump
tion in the model that every driver will use RTOR 
opportunities. This assumption could lead to slight 
overestimates of the impact of RTOR. 

The operating efficiency of a signalized inter
section is governed to a large extent by the dis
charge headways of dissipating queuing vehicles. 
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Therefore, such headways are carefully treated in 
the simulation model. The data in Table 2 give the 
representative averages of observed queue discharge 
headways for three types of turning movements. It 
can be noted from the data in this table that the 
average discharge headways stabilize at a value of 
about 2.1 sec for straight-through vehicles and 
about 2. 4 sec for right-turn vehicles. The corre
sponding saturation flow rates are approximately 
l, 700 vph for straight-through flows and l, 500 vph 
for right-turn flows. The variations among individ
ual discharge headways are large, 

TABLE 2 Representative Average 
Queue Discharge Headways 

Avg Discharge Headways (sec) 

Queuing Mixed ST 
Position ST RT and RT 

I 3.3 3.6 3.2 
2 2.6 2.8 2.7 
3 2.4 2.6 2.5 
4 2.3 2.5 2.5 
5 2.2 2.5 2.3 
6 2.2 2.5 2.2 
7 2.1 2.4 2.2 
8 2.1 2.4 2.2 
9 2.1 2.4 2.2 

10 2.1 2.4 2.2 

Note: ST = straight through and RT = right turn. 

The discharge headways of those vehicles in the 
same queuing position can be represented in terms of 
the percentages of their average. With this trans
formation, it was found that the discharge headways 
have a distribution that conforms to the one shown 
in Figure 3. This distribution is applicable to all 
types of turning movements and to all queuing posi
tions. 
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FIGURE 3 Normalized cumulative distribution of headways. 

Figure 3 shows that the discha·rge headways may 
vary from about 40 percent to mo.re than 240 percent 
of the averages. The upper bounds of the variations 
are not the same for all queuing positions. Field 
data indicate that such upper bounds can be approxi
mated by the following equation: 
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U = 163 + 14,Si + 3i 2 - O.Si' ~ 240 (1) 

where U is the upper bound and i is the queuing posi
tion of a vehicle. The queue discharge characteris
tics: ~A rPp~~~~nt~~ by T~bl~ 2. Figure 3, a~d Eq~~
tion 1, are incorporated into the simulation model, 

The model is used to examine delays associated 
with three alternative combinations of geometric de
sign and RTOR policy. The first alternative has an 
approach lane without an auxiliary right-turn lane 
and RTOR is not permitted, The second alternative 
has an approach lane that dive r ges int o a straight
through lane and an auxiliary right-turn lane with
out RTOR, The last alternative has the same geomet
ric design as the second alternative , but RTOR is 
allowed. 

Without RTOR 

Figure 4 shows the average delays of vehicles in a 
mixed straight- through and right-turn flow under a 
specific signal control condition. The signal. has a 
cycle J.ength of C = 60 sec and a green phase of G 
26 sec for the arriving vehicles. The figure reveals 
that the availability of a right-turn lane decreases 
the average delays by about 20 percent when 
right-turn vehicles account for 10 percent of the 
a r riv i ng vehicl es. When r i ght - t urn vehicl es account 
for 40 percent of the arrivinq vehicles, the delays 
c~n Qe r educed by 20 to 50 pe r c ent , ~epending on the 
arriving f low rate . 
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FIGURE 4 Vehicle delays with and without right-tum lanes 
at two levels of right-turn percentages. 

The reductions in delays attributable to the 
presence of an auxiliary right- turn lane are also 
affected by signal timing settings. Figure 5 shows 
that the amoun t of reduction in delays would usually 
he less than 5 sec per vehicle under varied flow and 
signal conditions if the saturation ratio of the 
approach flow is less than 0.7. The saturation ratio 
is defined as 

where 

r = saturation ratio; 
Q approach flow rate; 
C cycle length; 

(2) 
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Figure 5 als6 shows that when the saturation 
r a tio exceeds O. 8 , even a r ight- turn percentage of 
only 10 percent could reduce delays substantially. 
This is not an unexpected result, Under pretimed 
control, the delays rise rapidly when the saturation 
ratio is greater t han O. 8. At this level of the 
saturation ratio, the delays are about 25 sec or 
more per vehicle • 

With RTOR 

When RTOR is allowed from an auxiliary right-turn 
lane, right-turn delays may be furth e r r educed. The 
extent of the reduction depends on the cross flow. 
When the cross flow is heavy and its saturation 
ratio approaches or exceeds 1.0, the gaps in this 
flow that are acceptable to the RTOR drivers would 
hardly exist. Consequently, RTOR would become vir
tually impossible. Under such circumstances RTOR 
cannot reduce right- turn delays. On the other hand, 
if the cross flow does not exist or is light, then 
the right-turn vehicles in a queue can execute 
multiple right-turns-on-red at a rate of about l 
vehicle per 4.7 sec (Figure 2). This could lead to a 
significant reduction in the delays. 

The reductions in the right-turn delays attribut
able to RTOR also rest on the right-turn percentage. 
For example, with only 10 percent right turns in the 
approaching flow, RTOR has little influence on 
right-turn delays. With 40 percent right turns, then 
the availability of RTOR opportunities may reduce 
the delays substantially, This impact of RTOR at a 
40 percent right-turn percentage is shown in Figure 
6. Each of the curves in the figure represents the 
delays of a given right-turn flow under various 
cross-flow conditions. It can be seen from this 
figure that the average right-turn delays vary ap
proximately in a linear manner with the saturation 
ratio of the cross flow. In this figure the average 
delays at a saturation ratio of 1. 0 correspond 
closely to the average delays of right-turn vehicles 
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FIGURE 6 Effects of RTOR on right-turn delays. 

when RTOR is not allowed. These delays can also be 
conveniently estimated from Webster's formula ( 11) 
by using a saturation flow rate of 1,500 vph fora 
right-turn flow. 

On the basis of the data in Figure 6, possible 
reductions in right-turn delays for an approaching 
flow with 40 percent right-turns are determined 
(Table 3). The data in this table indicate that RTOR 
has a negligible impact on delays if the average 
r ight-turn delays without RTOR are less than 15 sec 
p er vehicle. Generally, RTOR is not likely to reduce 
r i ght-turn delays significantly if the saturation 
ra tio o f the cross flow is greater than 0 . 6 and the 
delays without RTOR are less than 30 sec per vehicle. 

TABLE 3 Reductions in Average Right-Turn 
Delays Due to RTOR, with 40 Percent Right Turns 

Avg Delay Without RTOR (sec/vehicle) 
Saturation 
Ratio" o-1s 15-20 20-30 30-45 >45 

<0.2 0-2 0-5 5-8 8-15 > JS 
0.2-0.4 0 0-3 3-6 6-14 >14 
0.4-0.6 0 0-2 2-4 4-12 >12 
0.6-0.8 0 0-1 1-3 2-9 >9 
0.8-1.0 0 0 0 0-5 >5 

3 Cross flow. 

Approach lanes with rather high percentages of 
right turns are common. For example, out of the 16 
lanes listed in Table 1, 12 had right-turn percent
ages in the range of 35 to 63 percent. The average 
for the 16 lanes was 39 percent. Note that none of 
these lanes has an auxiliary right-turn lane. 

STORAGE REQUIREMENTS OF RIGHT-TURN LANES 

Figure 7 shows an approach lane diverging into a 
straight-through lane and an auxi.liary right-tur n 
lane. The right-turn lane has a full-wi dth section 
and a taper. As mentioned previously, AASHO recom
mended that neither the straight-through lane nor 
the right-turn lane be blocked. This requires that 
the queue lengths in both lanes and during any red 
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phase be less than the s torage length of the right
turn lane. The following variables should be consid
ered when determining the minimum storage length of 
the right-turn lane needed to satisfy this require
ment: 

Q = average flow rate in the approach lane that 
serves both straight-through and right-turn 
vehicles: 

R = length of red phase faced by the vehicles in 
the approach lane: 

A= average number of arrivals during a red phase 
in the approach lane, equal to Q times R for a 
flow pattern with random arrivals: 

f average right-turn flow rate as a proportion 
of Q (0 < f < 1) : and 

N number of vehicles that can be stored in the 
full-width section of the right-turn lane 
during a red phase. 

Assume that vehicles arrive randomly: therefore 
the probability of having x arrivals (x = 0,1,2, ••• ) 
during a red phase can be approximated by the Pois
son distribution (12): 

(3) 

where P(x) is the probability of having x number of 
vehicles arriving during a red phase in the approach 
lane. 

Given that there are x arrivals during a red 
phase, the probability of having y straight-through 
vehicles among these x arrivals is 

F = {x!/[ (x-y) !y!]} (1 - f)Y fX - y (4) 

where x - y represents the number of right-turn ve
hicles. 

For a right-turn lane with a full-width of 12 ft 
and a taper rate o f J.O: l, the taper would have a 
length of 120 ft. With this design featu r e , a block
age will rarely occur if the number o f arrivals (xJ 
is less than or equal to N + 2 . By usi-ng this rela
tionship as a basis for analysis, it can be assumed 
that a blockage will not occur if x,:. N + 2. 

When x > N + 2, the straight-through vehicles 
will block the approach lane if y > N + 2. On the 
other hand, if x - y > N + 2, or if y < x - N - 2, 
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the righ t-turn vehicles will do the block i ng, For a 
given x , t he probabil ity of a blockage by the 
straigh t-through vehicles is 

X 

1 {x! / [(x - y) !y!] } (1 - f)Y fX - Y (5) 

y=N+3 

The probability of a blockage by the right-turn 
vehicles is 

x-N-3 
Pr= I {x! / [(x-y) !y!]} (1-f)Yfx-y 

ymO 
(6) 

Equations 5 and 6 may share the same event. This 
e vent is associated with x = 2 (N + 3), In such a 
case the upper bound of yin Equation 6 is the same 
as the lower bound of y in Equation s. This event 
has the following probability of occurring: 

N+3 
l {(2N + 6) !/[(2N + 6 - y) !y!]} 

y=O 

x (1 - f)Y f2N + 6 - y (7) 

To determine the total probabili ty of b lockage, Pe 
s hould be accounted ,for only once . Ther efore the 
total probability of blockage, tak i ng into con
s i derat i on ell poss ible values of x g reater th~n N + 
2, is 

I P(x) (Ps + ( 8) 
x=N+3 

Because Pe is small in comparison with the sum of 
the probabilities of other events, it may be deleted 
from the equation. 

To determine the sto rage requireme nt o f a right
t urn l a ne , d iffe rent values of N in Equation 8 ca n 
be used t o determine t he probabilities of bloc kage . 
The smallest N t ha t reduces the probability of 
blockage to an acceptable l e vel is t he mi ni mum r e
quired storage capacity, Figure 8 shows the minimum 
storage capacities determined from Equation 8 for 
various combinations of >. and f to limi t t he prob
ability o f bl ockage to less than 0. 1 p e r cent. The 
same res ults can also be obtained through compu t e r 
simulation . 

Figure 8 shows that the required capacity for a 
given number of arrivals during a red phase is 
smallest when the right-turn vehicles account for SO 
percent (i.e., f = 0 . 5) of the approaching flow. A 
larger capacity is needed whe n Lhere is an uneven 
mix of straight-through and right-turn vehicles. The 
figure can be used easily to determine the minimum 
storage requirement of a right-turn lane, 

For example, consider a case that involves the 
following signal control and traffic flow condi
tions: (a) total approach flow = 600 vph with 30 
percent right turns, (b) cycle length • 60 sec, and 
( c) red phase faced by the right turns = 30 s ec. 

Based on these data, the average combined number of 
straight-through and right-turn vehicles per red 
phase is>.= 600 x 30/3,600 = 5 veh i cles. With>.= 5 
and f = 0, 3, the data in Figure 8 indicate that a 
minimum storage requ i rement of 8 vehicles is r e
qu i red for the full-width section of the right-turn 
lane. 

The cost of provi ding an auxiliary right-turn 
lane varies with a number of factors. Therefore it 
was estimated that a right-turn lane with a 500-ft 
full-width section and a 20-ft taper would cost 
about $25,000. (Note that these data are from 1983 
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FIGURE 8 Minimum storage length requirements of 
auxiliary right-turn lanes. 

correspondence with L, Raymond Powers , assistant 
engineer t o the r egional director of the Region 7 
office of the New York State Department of Transpor
tation in Watertown , New York,) This lane would have 
a 12-ft-wide flexible pavement with a 4-ft shoulder, 
The cost estimat e al l ows a certain amount of earth
work . It reflects the probable cost of construction 
if the crews of a regional office of New York State 
Department of Transportation do the work. 

As shown in Figure 8, the s t o r age length of a 
right-turn lane can vary substantially with >. and 
f, For most urban intersections, the required 
l engths coul d be much shorter than the one mentioned 
previously, 

It should be noted that Figure 8 is strictly 
valid only if the arrivals of vehicles are random. 
Nevertheless, it is adequate for most applications 
as long as the average numbe r of a rriva l s (;I. ) is 
based on expected arrivals during a red phase, If 
the design f l ows are l i ght (e.g. , less than 200 vph 
per lane during red phases), the arrivals could have 
larger variations than those in a random arrival 
pattern. As a r esult , storage lengths longe r than 
those shown in Figure 8 may be needed. This is not a 
s e r ious problem because a n insufficient storage 
l ength under a light flow condition would not have a 
significant adverse impact on the traffic operation. 
Besides, the storage lengths for such a case may be 
lengthened slightly from the lengths shown in Figure 
8, If the design flows are heavy (e.g., more than 
700 vph per lane during red phases), the arrivals 
could have smaller variations, The use of Figure 8 
in such events could lead to conservative storage 
lengths. 

CONCLUSI ONS 

The use of auxiliary right -turn lanes to accommodate 
RTOR can complement improved signal controls to 
increase the efficiency of traffic operations in a 
street network, Current practices in intersection 
traffic operations often require straight-through 
vehicles t o shar e a l ane with right-turn veh i c l es . 
F ield data i nd icate that In oh a lane it is not 
unusual for right turns to constitute more than 35 
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percent of the traffic. If the average delay of 
vehicles in a mixed straight-through and right-turn 
flow exceeds approximately 25 sec per vehicle, the 
provision of an auxiliary right-turn lane can sub
stantially reduce the delays even if the right-turn 
percentage is only 10 percent. 

To facilitate RTOR, the availability of auxiliary 
right-turn lanes is indispensable. Without an aux
iliary right-turn lane, it has been observed that a 
limited shoulder area can allow more than 6 times as 
many vehicles to turn on red as a regular traffic 
lane. This signifies the desirability of providing 
auxiliary right-turn lanes to accommodate RTOR. 

The critical gap of RTOR drivers was found to be 
approximately 8.4 sec. This is about 70 percent 
longer than the critical gap of opposed left-turn 
drivers. When a long gap is available in the cross 
flow, multiple RTOR requires an average of about 4.7 
sec per vehicle to complete. As a result, a red 
phase is only 60 percent as useful as a green phase 
of the same length even when the cross flow does not 
exist, 

RTOR from an auxiliary right-turn lane may not 
reduce right-turn delays significantly. When the 
right-turn delays without RTOR are less than 15 sec 
per vehicle, allowing RTOR would have negligible 
effects on the delays. RTOR could effectively reduce 
right-turn delays if the saturation ratio of the 
cross flow is less than o. 6 and the right-turn de
lays without RTOR exceed 30 sec per vehicle. 

The storage length of an auxiliary right-turn 
lane should be long enough to prevent a blockage of 
traffic lanes during a red phase. The minimum stor
age requirements depend primarily on the flow rate 
and the right-turn percentage of an approach flow. A 
design chart that relates the minimum storage re
quirements to these influencing factors is presented 
in this paper. 
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Right-Turn-on-Red 

CHARLES V. ZEGEER and MICHAEL J. CYNECKI 

ABSTRACT 

The a doption of t he perm i s s ive righ t- tum- on- r e d CRTOR) r ule in the United 
States (except for New York City) has r esulted i n possible p oblems with re
spect to motorists failing to make a full s t op before turni n<J rig ht on red . 
Als o , the rate of mo t o r i.At viol~tio!' 1> to t:.h>? NO TURN m! R£n ::i~n ;.;;::: .:. l ~c 
raised as a r e lated ,;>roblem. The puLpose o ·f this study was to dete rmine these 
11 i o lation r a t es relat ive to RTOR and to d etermi ne t he resulting pedestrian
related con flic t s associated with RTOR mane uvers . Based on the c ol lection of 
o bserva t ional .d a ta fo r mo re t han 67,000 d r i ver s at 110 i n te r section s in Wash
ington, o.c . ; Detroit , Mich igan; and Da llas and Aus t i n, •rexas , 3 . 7 p e rce nt o f 
all r ight-turn i ng motoris t s a t R'l'OR-i;>coh i bited inte r sec t i ons violate the R'l'O'R 
proh ibition sig ns . Howe ver , o f t hos e motoris t s g ive n an opport u nity to c ommit 
a n R·r oR vio lat ion, a bout 21 percent v-iolate the NO TUR~ ON REO sign. Although 
23 .4 perce n t o f RTOR viol;, t ·on ,; res• lt !n ~ c o n flict with a nother vehicle e r 
pedestr nn , only abou t 1 out of e very 100 total right-tu i: n vehicles is i nvolved 
in a n R.TOR c onf lict . I n t e rms o f stopp ing c ha r a cteristics at RTOR-all oweo 
sites , 56 . 9 p e rce n t o f moto r i sts fail to make a full stop before tur n ing dgh t 
on red . AH a na ly s is of s pec ific d a ta- collection s;ites resulted i n a list of 
locational facto r s a s s oc ia t ed wi t h h igh and l ow v iol ation cate s . Prom t h is 
a na lys i s a li~t of 30 c a ndidate counte rmeasur e s wa s developed for possl b le use 
relative to R'fOR. 

The recent adoption of the Western Rule in the 
United States relative to right-turn-on-red (RTO'R), 
exc ept for New York City, has resulted in the right 
of motorists to turn right on a red signal (except 
when otherwise signed) after stopping and yielding 
to pedestrians and motorists. However, two of the 
reported p r oblems of the generally permissive RTO'R 
rule involve motorists: 

1. Turning right on red at RTOR-prohibited loca
tions (i.e., NO TURN ON REI) signs exist), and 

2. Turning right on red (where permitted) with
out stopping. 

IL b ~ ~ been speculated that one of the causes of 
violations of RTOR prohibitions is the carry-over 
effect to motorists because of the current permis
sive R'l'OK rule that causes them to expect to be able 
to turn right on red at all intersections. One con
founding problem is that the NO TURN ON RED (NTOR) 
sign is not always pl aced in the same position , an~ 
it may not be notic e a ble to d rive rs even when the 
sign is placed in accordance with Manual on Uniform 
Traffic Control Devices (MUTCO) standards (}). Other 
problems involve the lack of police enforcement of 
RTOR prohibition in many areas. The current MUTCn 
warrants for an NTOR sign have led to the high use 
of RTOR prohibitions in some cities and li t tle o r 
no use in other cities. Many believe that RTOR is 
not hazardous, and therefore prohibitions are 
rarely if ever needed. Others view RTOR as a 
detriment to safety in that it should never have 
been implemented. 

The other compliance problem with RTOR rel a t.e s t o 
RTOR vehicles that fail to come to a full stop be-

fore turning right on red where RTOR is allowed. 
Previous studies have indicated that between 3 and 
65 percent of vehicles commit such 'RTOR violations 
(2,3). However, only about 1 to 3 percent of RTOR 
violations (i.e., failing to stop) resulted in an 
unsafe act or hazardous situation (}). 

With evidence of t hese two types o f RTOR viola 
tions, a need exists to determine the current status 
of motorist compliance with RTOR p roh ibition. There
fore, the purpose of this study was to 

l. Conduct observational studies at signalized 
intersections in several cities to determine current 
motorist compliance with RTOR prohibition (NTOR 
signs) and the requirement to make a full s t op be
fore turning right on red (where 'RTOR is permitted); 

2. Collect traffic, geometric, and other physi
cal site characteristics and determine what site 
factor s are associated with high and low rates of 
RTOR violations; and 

3. Develop a list of countermeasures for in
creasing compliance or reducing hazards or both 
celated to RTOR . 

MOTORIST COMPLIANCE WITH 'RTOR LAWS 

One of the objections to the generally permissive 
RTOR regulation is that motorists frequently do not 
stop before turning on red. Such concerns have re
cently been expressed in several studies (2-5). An 
assessment of motorist compliance with stopping is 
presen t ed i n the f ollowi ng section, followed by a 
n:i;,;: s ioo of motorist •1io l.:1tio n of tutning o n r ea 
where the maneuver is prohibited. 
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Complia nce Where RTOR is Permitted 

The generally permissive RTOR rule requires that 
motorists must come to a full stop and yield to 
pedestrians and other traffic in the intersection 
before turning on red. There have been several ex
aminations of motorist compliance and violations to 
the RTOR law. A 1983 study (6) f ound that overall, 
40 percent of the drivers who t urned on red failed 
to come to a stop before turning. Violation rates 
per site ranged from 38 to 71 percent of RTOR vehi
cles. Under the sign-permissive rule in Virginia, 
Parker et al. (2.) found that 9 percent of the RTOR 
motorists at 15 approaches did not come to a full 
stop before turning. A study conducted at 11 sites 
in Providence, Rhode Island, found that 65 percent 
of the motorists did not stop (8) • At 12 locations 
in Springfield, Massachusetts, only 28 percent of 
the RTOR motorists did not come to a full stop (8). 
The low violation rate in Springfield was attributed 
to the newness of the RTOR maneuver and the sign 
reminding motorists to stop. Baumgaertner ( 3) col
lected compliance data at 13 approaches in Maryland 
and also found that the noncompliance rate under the 
sign-permissive rule was 64.4 percent, which compares 
closely with the Providence data. 

RTOR violation data were collected for generally 
permissive RTOR in two studies in which the general 
rule had only been adopted for 1 year (l,i). At 
seven approaches in North Carolina, Parker et al. 
(2.) found that 2.0 percent of the RTOR motorists did 
not stop. However, after generally permissive legis
lation was enacted in Virginia, Parker (2) found 
that 11.5 percent of the RTOR motorists violated the 
law. It is important to note that the violation rate 
varied considerably with 48 percent of the viola
tions reported at two approaches. 

A high violation rate creates a law enforcement 
problem and may lead to a serious safety problem. In 
their studies, Baumgaertner (3) and Parker (2) also 
recorded the number of unsaf; turns where the RTOR 
motorists did not stop or yield to other traffic in 
the immediate vicinity of the intersection. In both 
studies less than 2 percent of the motorists made an 
unsafe turn. Additional studies of motorist com
pliance are needed periodically to examine trends 
over time and to identify unsafe approaches so that 
appropriate countermeasures can be applied. 

The magnitude of the RTOR violation problem can 
be pu t i nto perspective by compa r i ng it wi th motor
i s t c ompl i ance a t stop sign l ocations . In a Ch i ca go 
s t udy , 53 t o 76 pe rcent of a l l d rivers failed to 
come t o a complete stop a t s top signs. However, only 
5 to 10 perc en t o f all veh i cle s t raveling Ln e xcess 
of 5 mph (8 km/ h) v iolated t he s top s i gn <.2). A 1976 
study by Baubie n (!Q) wa s conducted i n Troy, Michi
g an, to determine whether stop signs were effec tive 
for s peed control i n resident ia l a reas . At t he th re e 
l ocations full stops r a nged f rom 6 to 51 pe reent of 
veh i cles , r o lling stops rang ed from 34 t o 54 pe r 
cent , a nd no-sto p s r a nged from 15 t o 47 perce nt 
(!Q). Based on these data , the v i olat ion r ate i n
volv i ng s top signs appea rs t o be c onsider ably higher 
than the RTOR noncompliance rate. 

A 1978 study obs e rved motori s t obedience to the 
stop signs i n Barton, Springfiel d , a nd Providence. 
The percentage o f vehicle v i olations (no t stopp i ng) 
ranged from 31 to 39 perce nt . Of thos e vehic les not 
forced to stop by cross-street traffic, the percent
age of violations (nonstopping vehicles) ranged from 
35.2 to 71.2 percent (.§.). 

Violations Whe re RTOR is Prohibited 

Another major concern is whether motorists are vio
lating the law by turning right on red at locations 
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where the maneuver is prohibited. There is evidence 
that violations do occur. The most recent study was 
conducted in New Jersey in 1983, and it was noted 
that 6 percent of right-turn vehicles turned on red 
(at five intersections) where RTOR was prohibited 
(.§.). 

Benke and Ries (11) collected violation data at 
11 sites where RTOR maneuvers were prohibited under 
sign-permi ssive and generall y permissive rules and 
found t ha t the viola tion r ate s were 1.23 and 9.56 
percent, r espec tively (i.e., 1.23 percen t of the 
motorists made an illegal RTOR maneuve r) . The 
authors attributed the high violation rate, which 
occurred at 4 of the 11 sites, to poor visibility of 
t he sign resulting from poor sign placement and a 
busy signing envi ronmen t a t one location . In Indiana 
Mamlouk (12) found that 1. 4 percent o f t he motor is ts 
made an illegal RTOR maneuver under the sign-permis
sive rule. It was also reported that the violation 
rate varied considerably, with one site having an 18 
percent violation rate. At that location sign place
ment made it difficult for motorists to see the 
traffic control device. 

METHODOLOGY 

Data were collected to investigate two problems as
sociated with RTOR: (a) to determine if RTOR prohibi
t ions a re being o beyed, and (b) t o determi ne if mo
torist s are coming to a compl e t e s t op before making 
a.n RTOR maneuve r where RTOR is permi t t ed . Each of 
thes e problems required s epa ra te data-collection 
p lans and p r ocedures, as d iscussed in the following 
sections. 

Data-Coll ection Pl a n for Vi o l a tions o f RTOR
Prohibited Locations 

Selection of Cities for Data Collection 

One of the factors that could have a major impact on 
RTOR c ompliance is the r ec e n t history of RTOR in the 
a r ea, because th is could influence the l e vel of 
motori s t knowledge and unde r stand i ng of RTOR and 
RTOR prohibition. For e xampl e , mot o rists i n c ities 
that have had the Wes tern Rule f or many years (e .g . , 
LOB Angeles) may respond d i ffer ently to RTOl\ prohi 
b i tion than mot oris ts i n e astern c it i es that have 
used t he Eastern Ru l e un t il recently (e . g ., Washing
ton, o.C.). Other f actors s uch as level of pol ice 
enforcement of RTOR, a r ea characteri s tics , and local 
driver characteristics may also affect the level of 
compliance and vary from city to city or state to 
state, although such factors are difficult or impos
sible to quantify. 

To allow for collecting data for a variety of 
conditions, three U.S. metropolitan areas were se
lected: 

1. One city in the wes tern United States that 
has had the Western Rule (RTOR permissive law) in 
effect for many years, 

2. One c ity in t he eastern United States that 
has only recentl y adopted the Western Rule (within 4 
or 5 years), and 

3. One city in a neutral part of the country 
such as the Midwest. 

After discussions with the FHWA and numerous 
cities , it was de c ided to use Washington, n .C . , to 
repres en t the ci t y that unt il r ecently had the East
ern Rule . The c l t ies of Dallas a nd Aust i n, •rexas, 
were selected to represent cities with the Western 
Rule, and Detroit, Michigan, was selected from the 
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Midwest. Washington, D.C., currently prohibits RTOR 
(for either part of the day or all day) at approxi
mately 70 percent of its intersections. RTOR is 
prohibited at only a small percentage of intersec
t ions in Dallr1!l and An!ltin, wh<>rP"" 'R'l'O'R prnhi_l:liHm, 
is used at an estimated 10 to 20 percent of signal
ized intersections in the Detroit area. 

Selection of Data-Collection Sites 

Sites were selected to prov ide a variety of geo
me tric , volume, and o t her conditions throughout the 
city. One of the site selection criteria waR moder
ate to high levels of pedestrian volume. However, 
some sites with low pedestrian volumes were selected 
that exhibited unusual geometrics. Also, intersec
tions that have two or more approaches that prohibit 
RTOR were selected in many instances t o facilitate 
data collection. 

To select t he sites and approachE!s, " 1 ;,.t n f 
sites with RTOR prohibition was obtained from each 
city. The sites were field reviewed by the project 
engineers before data collection. During this review 
basic site information was obtained and observat ion 
points and data-collection time periods were se
lected, Violation data were collected for a total of 
110 approaches to provide a variety of site charac
teristics . 

Deve lopment of Data-Collection Forms and Procedures 

Data-collection forms and procedures were deve.loped 
to assist observers in obtaining accurate and con
sistent d a ta. Two basic types of data were col 
lected: site data and viola·tion data. Site data 
collected included all traffic control devices 
( signs, signals, and pavement markings), intersec
tion g-eometrics, posted speed limits , sight distance 
for the right-turn vehicle, and pertinent signal 
data . 

The reverse side of the form was used for the 
condition diagram, and observers were instructed to 
draw a detailed site diagram with street widths , 
location of pavement markings, signs and s'gnals, 
special turn l anes, intersection geometr,y, type of 
development on each cornE!r, location of on-str<1at 
parking (if any), and other physical features. Ob
servation data were collected in 10-min intetval s on 
form 1 and included the following items: 

1. Start time and end time of the data-collec
t ion period (military time). 

2. Approach (northbound , eastbound , and so 
~ ..... --\..\ 
J.V.L-..U/ • 

3. The number of right-turn-on-green (RTOG) 
vehicles. RTOG vehicles were categorized into arrive 
on green, arrive on red (RTOR opportunity), and 
arrive on red (no RTOR opportunity). 

4. RTOR maneuvers, which were categorized into 
no conflict, conflict with traffic, and conflict 
with pedestrians. Pedestrian conflicts were recorded 
based on whether they occurred at the near or far 
crosswalk and the type of conflict: (al vehicle 
hesitation (VH)--vehicle slows or ~tops to avoid 
hitting a pedestrian while executing an RTOR maneu
ver; (bl vehicle swerve (VS)--vehicle swerves to 
avoid hitting a crossing pedestrian; (c) pedestrian 
hesitation (PH)--pedestrian slows, stops, or re
verses his direction of travel to avoid a collision; 
(d) pedestrian run (PR)--pedestrian increases his 
speed or runs to avoid a collision; and (e) interac
tion (!) --neither the vehicle nor t he pedestrian 
reacts but the pedestrian is in a moving lane and is 
within 20 ft (6 m) downstream of an RTOR vehicle. 
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5. Pedestrian volume, where the total number of 
crossing pedestrians is recorded separately for the 
near and far crosswalks, regardless of their direc
tion of travel or compliance with the pedestrian or 
t!'aff!c !::ignal. 

When two or more conflict types occurred during a 
single event (i.e., a vehicle hesitates and a pe
destrian runs during the same RTOR event), only the 
most severe conflict was recorded. Only one conflict 
was recorded per RTOR vehicle, regardless of the 
number of pedestrians involved in the conflict. 

A minimum of 4 hr of data was collected on each 
approach. Eight or mnrP hnnrR nf nJ:1ta were collected 
on several approaches to test for data repeatability. 

Data-Collection Plan for Violation Data at 
RTOR-PermLtted Approaches 

This portion n f t.h~ ~t1_1dy ;nun1 , u :u ~ ,..n ,1 0 ,..+- ~ng u ~n1 l:l

tion data at RTOR-permitted sites to determine 
whether vehicles were making a complete stop before 
their RTOR maneuver. These data were later compared 
with stopping characteristic data for right-turn 
motorists at stop sign locations. The data were col
lected at sites within Washington, D.C.; Dallas/ 
Austin, Texas; and Detroit, Michigan, as discussed 
earlier. 

Selection of Data-Collection Sites 

Sites selected included signalized intersections 
with at least two approaches that permit RTOR or 
intersect i ons wi th a t least t wo approaches con
trolled by stop signs. Initial site selection was 
made by selecting a list of potential test sites. 
Final site selection was made by reviewing candidate 
sites with high right- turn volume, high RTOR volume 
(signalized locations) , and moderate to high pedes
trian volumes. The sites selected were in the vicin
ity of the RTOR-prohibited locations used for col
lection of violation data relative to prohibition 
signs. Data were collected for 29 total approaches 
of signalized intersections and 28 stop sign ap
proaches. 

Developme nt of Data- Collection Forms and Proc edur e s 

Data collected included site information and stop
ping characteristics (observation data). Site data 
were also collected as described earlier. Observa
tion data were collect ed on the RTOR and stop sign 
stopping characteristics data form. A total of 4 hr 
of data were collected on each approach, or a total 
of 8 hr at each intersection. Data collection was 
alternated between two approaches with 30 min of 
data collected on an approach (summarized and re
corded in 10-min intervals). In this manner, data 
were sampled from both approaches throughout the day. 

Data collected on the RTOR and stop sign stopping 
characteristics data form included the following: 

1. Intersection name, city, location, and so 
forth. 

2. Intersection control, such as traffic signal 
or stop sign. 

3. Time period data collection began and ended 
(military time). 

4. Approach (northbound, eastbound, and so 
forth). 

5. RTOG--the number of vehicles that turn right 
on green signal i ndications (for signalized ap
proaches only). 
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6. RTOR vehicles--the type of stop for RTOR or 
stop sign right-turn vehicles, which are defined as 
(a) no stop--the vehicle slows only to negotiate the 
right turn and does not make any effort to stop; (bl 
rolling stop--the right-turn vehicle slows more than 
the no-stop condition but at no time do the wheels 
come to a complete stop in the vicinity of the stop 
bar or crosswalk; (c) full stop-voluntary--the vehi
cle comes to a complete stop in the vicinity of the 
stop bar or crosswalk but is not forced to stop by 
pedestrians in the crosswalk or by cross-street 
traffic; and (d) full stop-forced--the vehicle comes 
to a complete stop in the vicinity of the stop bar 
or crosswalk and does so because of the existence of 
pedestrian crosswalk activity or through traffic. 
(Note that this does not necessarily mean the vehi
cles would not have voluntarily stopped if no pedes
trian or cross-traffic were present.) 

7. Pedestrian volume--crossing pedestrian traf
fic on the near or far side crosswalk. 

8. Opposing traffic--the cross traffic poten
tially conflicting with RTOR or right-turns at stop 
signs. For an approach that intersects a two-way 
street, only the direction of cross traffic that 
conflicts with the right-turn maneuver would be 
counted. 

RESULTS 

Status of Violations to RTOR Proh i bition Signs 

Violation data were collected at a total of 110 
intersection approaches relative to vehicles ille
gally turning right on red. The violation rate for a 
group of sites may be expressed in several different 
ways: 

l. Overall RTOR violation rate is the overall 
percentage of right-turn vehicles that turn right on 
red (i.e., total number of RTOR events at a group of 
sites divided by the total right-turn volume). This 
was a common way of expressing violations in past 
studies. 

2. Mean RTOR violation rate is the average per
centage of right-turn vehicles that turn right on 
red (i.e., the mean percent violations of a sample 
of intersection approaches) • This can only be com
puted for a sample of two or more sites. 
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3. Overall RTOR violation rates per opportunity 
is the percentage of vehicles turning right on red 
of those vehicles that have an opportunity to do so. 
In the first two definitions (1 and 2) , all right
turning vehicles are included in the denominator, 
regardless of whether they arrive on red, arrive on 
green, or had an opportunity to make an RTOR (i.e., 
they were the second or third car stopped in the 
right-turn lane, or a lack of gaps in cross-street 
traffic prevented them from turning right on red) • 
This definition only includes those vehicles stopped 
first in line at the red light that have an adequate 
gap and an opportunity to turn right on red. It is 
really a measure of the percentage of motorists who 
would violate the RTOR prohibition if given the 
chance. This definition will result in a higher 
percent violation rate than the previous two defini
tions. 

4. Mean RTOR violation rate per opportunity is 
the same as the previous definition, except a mean 
of the violation rates of the sites is used. 

To illustrate the three definitions of violation 
rate, consider hypothetical data on three intersec
tion approaches, A, B, and C (l hr of data per ap
proach) when each has NTOR signs (Table l). From the 
sample data in Table l, the overall RTOR violation 
rate for the three approaches is the total RTOR (18) 
divided by the total right turns (135), or 13. 3 
percent. The mean RTOR violation rate for the three 
approaches is the average of 6. 0 percent (Approach 
A), 11.l percent (Approach Bl, and 25.0 percent 
(Approach C), or 14.0 percent. This differs slightly 
from the 13.3 percent overall RTOR violation rate. 

To compute the overall and mean RTOR violation 
rate per opportunity only the RTOR opportunities are 
used in the denominator. Thus, in the sample data in 
Table l, the overall RTOR violation rate per oppor
tunity for the three approaches is the total number 
of violations (18) divided by the total opportuni
ties (60), or 30.0 percent. The mean RTOR violation 
rate per opportunity is computed as the average vio
lation rate of Approach A (30.0 percent), Approach B 
(25.0 percent), and Approach C (33.3 percent), or 
29. 4 percent, which differs slightly from the 30. 0 
overall rate. 

The actual violation rates are given in Table 2 
for each of the three cities and for the overall 
data base. Of the 110 intersection aporoaches, 59 

TABLE 1 Hypothetical Data on Three Intersection Approaches 

V chicles Turning 
Vehicles Right on Red 

Total RTOR RTOR Turning Right That Had An 
Approach Right Turns Vjolations Opportunities on Red(%) Opportunity(%) 

A 50 3 10 6.0 30.0 
B 45 5 20 I I. I 25 .0 
C 40 10 30 25.0 33.3 

Total 135 18 60 

TABLE 2 Summary of RTOR Violations at RTOR-Prohihited Sites 

VioJation Rate 
per Opportunity 

Violation Rate(%) (%) 
Total Total RTOR Total RTOR 

City Approa ches Right Turns Violations Overall Mean Opportunities Overall Mean 

Detroit 59 33,400 1,119 3.4 4.7 5,904 19.0 22.0 
Washington, D.C. 27 22,742 888 3.9 4.6 4,122 21.5 19.4 
Dallas/Austin 24 11,205 493 4.4 6.9 2,288 21.5 24.6 

Total 110 67,347 2,500 3.7 5.1 12,314 20.3 2 l.'J 
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TABLE 3 Summary of Violations and Conflicts at RTOR-Prohihited Sites 

RTOR Violations Resulting in Conflicts 

Pedestrian Conflicts 
Total 

Conflicts with Conflicts with Near Crosswalk Far Crosswalk 
Total Conflicts Traffic Pedestrians Only Only 

Total No. of 
City Violations No. Percent No. Percent No. Percent No , Percent No. Percent 

Detroit 1,119 246 22.0 79 7.1 167 14.9 61 5.5 106 9.5 
Washington, D.C. 888 199 22.4 28 3.2 171 19.3 44 5.0 127 14.3 
Dallas/ Austin 493 140 28.4 80 16.2 60 12.2 34 6.9 26 5.3 

Toto! 2,500 505 23.4 187 

were from Detroit, 27 from Washington, D.C., and 24 
from the Da llas/Austin a rea. A total of 2 , 500 viola
tions we r e obse rved for the 67,347 tota l turning 
vehicles, ur 3 . 7 peC"cent overall . The uver:all viola
tion rates ranged between 3.4 percent (Detroit) and 
4.4 percent (Dallas/Austin). The mean v iola t ion r ate 
was 5 .1 for all sites and ranged from 4. 6 percent 
(Washington, D.C.) to 6.9 percent (Dallas/Austin). 
These numbers compare closely with the 6 percent 
overall violation rate found by Davis and Mullowney 
(.§.) in New Jersey at 11 sites in a 1983 study. 

Other information in Table 2 relates to RTOR 
violation rates per opportunity. For exam~le, of the 
67 ,347 right turns at the no sites, only 12,314 
( 18. 3 percent) had an opportunity to turn right on 
red. This is because many arrived and turned right 
on green or were not the lead vehicle stopped in 
t he r ight - t urn lane (could no t phy sically make the 
turn on red). In a few cases no opportunity existed 
for a RTOR violation because of high pedestr'ian or 
cross-street traffic. 

The overall RTOR violation rate per opportunity 
was 20. 3 percent. The rate was consistent among the 
cities, ranging from 19.0 percent (Detroit) to 21.5 
percent (Washington and Dallas/Austin). This indi
cates that about 1 out of every 5 motorists turns 
right on red when given the opportunity when it is 
prohibited. 

One additional analysis was also conducted of the 
percentage of overall RTOR violations that resulted 
in a conflict, as summarized in Table 3. Of the 
2,500 total RTOR violations at the 110 approaches, 
585 (23.4 per cent) resulted i n some t ype of con
flict. Of the 2,500 violations, 187 (7. 5 percent) 
involved cross traffic, 139 (5.6 percent) involved 
pedestrians in the near crosswalk, and 259 (10.4 
percent) involved pedestrians in the far crosswalk. 

Tn +-ormC! ni= inrHuiAn::io1 ,...;+-ioC!; 'QrrnR uinl:::11+-innc:i: in 

Dallas/Austin resulted in a conflict 28.4 percent of 
the time compared with approximately 22 percent in 
the other two cities. In particular, 16.2 percent of 
RTOR violations in Dallas/Austin resulted in a 

7.5 398 15.9 139 5.6 259 10.4 

c ross-tra-ff ic c·onflict., compared with 3 . 2 p_ercent 
and 7.1 percent in Washington, o . C-, and Detroit, 
r eepect i vely. However , pedestrian-re.la tcd conf 1 ic ts 
ai~1gicd .frvn·. 1; . 3 ye:cc€:: ,1.., vf iitOr\ vivlai..ivns ia , ;.ash

i ngton, O.C., compared with 14.9 percent (Detroit) 
and 12. 2 percent (Oallas/Austinl , probably because 
of the higher densities of pedestrians at the Wash
ington sites. 

These pedestrian conflicts occurred most fre
quently on the near crosswalk in Dallas/Austin (6 . 9 
percent on the near crosswalk to 5 . 3 percen·t on the 
far crosswalk). However, the far crosswa lks e,x
pedenced more pedeotric.n conflict:; thc.n the naar 
orooaw.ilks at t he sites in Nashington 114.3 to 5.0 
percent) and Detroit (9.5 to 5.1 percent.) . RTOR 
violations with pedestrians n th far ccosswa k 
could be largely the result of pedestrian viola
tions, because during a red phase pedestdans in the 
near crosswalk would normally have the ~IALK interval . 

Lt should be remembered from the previous discus
sion that although 23.1\ percent of all RTOR viola
tions resul ted in conflicts, only 3 ,7 percent of all 
right-tur.ning vehicles committed an R'fOR violation. 
Thus only 0.234 K 0.037 ~ 0.9 percent (lees than 1 
in 100) of the right-turn vehicles was involved in 
any kind of an RTOR-related conflict (585 RTOR-re
lated conflicts for 67,347 total right-turning vehi
cles). Further, RTOR-pedestrian conflicts resulted 
from only 39B of 67,347 right-turning vehicles (0.59 
percent), or a bout 6 out of every 1 ,000 right-turn
ing vehicles. It should also be ren1embered that a 
majority o f the sample sitl;ls we·re in areas with 
moderate to high pedesccian volum«s, so these per
centages of pedestrian conflicts are likely higher, 
than would be eitpected for the overall sample of 
intersections in a c ity . 

As discussed earlier: details were also recorded 
for the specif"c types of pe!l,u•~rian r.onfl ir.t;s. T<;!

sulting from each RTOR violation, as summarized in 
Table 4. Of the 398 resulting pedestrian conflicts , 
t he most prevalent types were pedestrian-vehicle 
interactions (36. 5 peccent) , pedestrian hesi t:-ations 

TABLE 4 Summary of Types of Pedestrian Conflicts Resulting from Violations of 
RTOR Prohibitions · 

Conflicts 

Near Crosswalk Far Crosswalk Total 

Type of Pedestrian Conflict No. Percent No. Percent No. Percent 

Vehicle hesitation 27 19.4 81 31.3 108 27.1 
Vehicle swerve 2 1.5 4 1.5 6 1.5 
Pedestrian hesitation 48 34.5 75 29.0 123 30.9 
Pedestrian run 4 2.9 12 4.6 16 4.0 
Pedestrian/vehicle interaction 58 41.7 87 33.6 145 36.5 

Total 139 100.0 259 100.0 398 100.0 

... 
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TABLE 5 Comparison of Pedestrian Conflicts Occurring with RTOR and RTOG 

RTOR with Co nflict RTOG with Conflict 

Total Cross Traffic 
Right RTOR 

City Turns RTOR RTOG (%) No. Percent 

Detroit 20,867 761 20,106 3.6 49 6.4 
Washington, D.C. 9,000 334 8.666 3.7 5 1.5 
DaJlas/Austin 8,095 393 7,702 4.9 72 18.3 

Total 37,962 1,488 36,474 3.9 126 8.5 

(30.9 percent), and vehicle hesitations (27.1 per
cent). Only 16 pedestrian runs and 6 vehicle swerves 
were observed during the 573 hr of data collection. 
Vehicle hesitations were more prevalent in the far 
crosswalk than the near crosswalk (31.3 percent to 
19.4 percent) and pedestrian-vehicle interactions 
were more common on the near crosswalk than on the 
far crosswalk (41.7 to 33.6 percent). 

A comparison was also made between RTOR-related 
conflicts and RTOG conflicts for a sample of the 
data sites, as summarized in Table 5. The sample 
includes 37,962 right-turn vehicles, of which 1,488 
(3.9 percent) illegally turned right on red and 96.1 
percent turned right on green. In terms of pedes
trians, 14.2 percent of RTOR maneuvers resulted in a 
pedestrian conflict compared with 19.5 percent of 
RTOG maneuvers that resulted in pedestrian con
flicts. However, an additional 126 RTOR maneuvers 
(B.5 percent) resulted in cross-traffic conflicts. 
Thus a total of 22.7 percent (14.2 + B.5) of illegal 
RTOR maneuvers resulted in a conflict, compared with 
19.5 percent of RTOG conflicts. Thus, although il
legal RTOR maneuvers result in a slightly higher 
rate of total conflicts than RTOG (22. 7 to 19.5 
percent), fewer pedestrian conflicts occurred with 
illegal RTOR maneuvers than with RTOG (14.2 percent 
compared with 19.5 percent). It should be mentioned 
that pedestrians may legally cross the street in the 
near crosswalk with RTOR and the far crosswalk with 
RTOG. 

Status of Violations to the Stopping Requ i rement at 
RTOR-Permitted Sites 

Data were collected at 29 RTOR-allowed approaches in 
the three cities relative to the frequency of vehi
cles making a full stop, rolling stop, or no stop 
when turning right on red, as summarized in Table 6. 
In addition, stopping data were also collected at 28 
stop sign locations for comparison purposes. A total 
of 4 hr of data were collected per approach, for a 
total of approximately 228 hr of data. Conflict data 
were not collected relative to stopping characteris
tics data. 

Pedestrians at 
Near Crosswalk 

No. Percent 

39 5.1 
17 5.1 
20 5.1 

76 5.1 

Pedestrians at 
Far Crosswalk 

No. Percent 

60 7.9 
57 17.1 
19 4.8 

136 9.1 

Pedestrians at 
Near Crosswalk 

No. Percent 

149 0.7 
87 1.0 
35 0.5 

271 0.7 

Pedestrians at 
Far Crosswalk 

No. Percent 

3,547 17. 6 
2,628 30.3 

690 9,0 

6,865 18.8 

For the 29 signalized appr oaches (with RTOR al
lowed), 26.2 percent of right-turn vehicles turned 
right on red overall, with a small variation between 
cities (from 24.2 percent in Dallas/Austin to 29.3 
percent in Washington, D.C.). Of all the vehicles 
turning right on red at the 29 approaches, 14. 8 
percent were recorded as no-stops ( turned as if a 
green light existed), 42.1 percent made rolling 
stops, and 43.1 percent made full stops. Thus 56.9 
percent (42.l + 14.8 percent) of motorists violated 
the RTOR law by not making a full stop before turn
ing right on a red signal. Of the 43.l percent full 
stops, 36.0 percent were forced to stop (i.e., by 
oncoming traffic or pedestrians) and 7.1 percent 
were voluntary stops. 

An analysis by city revealed that total viola
tions (no-stops plus rolling stops) were the highest 
in Washington, D.C. (with 61.4 percent of vehicles 
not fully stopping) and Detroit (59.l percent of 
vehicles not fully stopping), and lowest in Dallas/ 
Austin (50.3 percent of vehicles not fully stopping). 

The percentage of right-turning vehicles stopping 
at RTOR-allowed sites was compared with those at 
stop sign locations, because motorists under both 
situations are required to make a full stop and then 
turn right after yielding to pedestrians and cross
street traffic. Thus the relative magnitude of 
nonstopping motorists at RTOR-allowed locations 
could be discussed in terms of another type of traf
fic control. Such comparisons of compliance between 
RTOR-allowed sites and stop sign locations have been 
made in several previous RTOR studies. 

The overall violation rate (i.e., motorists not 
fully stopping) of right-turn vehicles was found to 
be 68.2 percent at stop sign locations compared with 
56 . 9 percent at the RTOR-permitted sites, a differ
ence of 11.3 percent. Rolling stops were higher at 
the stop sign locations (57.3 percent) compared with 
RTOR-allowed locations (42.0 percent). However, the 
percentage of no-stops was 14 . 8 percent at the RTOR
permitted locations, compared with 10.9 percent at 
the stop sign locations. 

The overall percentage of voluntary stops was 
approximately 7 percent at both the RTOR-allowed 

TABLE6 Summary of Data Collected at RTOR-Permitted and Stop Sign Approaches 

Stopping Violations (%) 
Right Stopping FuJI Stops(%) 
Turns RTOR RTOR Violations Total Rolling No No. of 

Approach per Hour per Hour (%) per Hour Violations Stop Stop Total Voluntary Forced Approaches 

RTOR-aJlowed approaches 
(total) 67.3 16.3 26.2 9.2 56.9 42.0 14.8 43.1 7.2 36.0 29 

Detroit 64.1 15.1 25.0 9.3 59.l 46.5 12,6 40.9 8.5 32.4 9 
Washington, D.C. 69.3 19.5 29.3 11.7 61.4 41.7 19.7 38.6 4.6 34.1 10 
Dallas/ Austin 68.0 14.1 24.2 6.7 50.3 38.4 11.9 49.7 8.7 41.0 10 

Stop sign approaches (total) 38.3 NA 27.1 68.2 57.3 10.9 31.8 7.1 24.7 28 
Detroit 59.3 NA 43.5 67.3 56.5 10.8 32.7 6.0 26.7 10 
Washington, D.C. 35.5 NA 22.5 63.0 49.5 13.5 37.0 10.1 26.9 8 
Dallas/Austin 19.5 NA 14.3 73.3 64.3 8.9 26.7 5.9 20.8 10 

Note: NA= not applicable. 



22 

sites and the stop sign locations. However, 36 per
cent of the RTOR motorists were forced to stop at 
the RTOR-allowed locations compared with 24. 7 per
cent at the stop sign locations, a difference of 
, , ... -- --- -L ' '1-L- .L1--L - .:l!tt::tt:: _________ tt:: .,, ... ----;--L 
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was also found between RTOR-allowed and stop sign 
approaches in terms of overall violations. This 
indicates that the slightly higher percentage of 
vehicles stopping at the RTOR locations ( 43 .1 per
cent) compared with the stop sign locations (31. 8 
percent) could be largely the result of more oppor
tunities for a rolling or no stop at the stop sign 
l oca t i ons. Thus it appears that there is little 
tllrferenee in driving behavior in terms of stoppiny 
compliance between the RTOR-permitted locations and 
the stop sign locations. 

The overall 56.9 percentage of vehicles not fully 
stopping (before turning right on red) is higher 
than t he 40 pe rcent f ound by Dav i s and Mullowney <il 
i n a 1983 study of in t ersections in New Jersey. Part 
of the differences could be slight variations in the 
definitions of a rolling or full stop, differences 
in site characteristics, or differences in motorist 
behavior at the New Jersey sites. However, a 1978 
study of 11 sites in Providence, Rhode Island, and 
12 locations in Springfield, Massachusetts, found 
that 65 and 28 percent of the motor i sts, respec
tively , did not stop before tu rn ing right o n r ed. 
The high compliance rate in Springfield was at
tributed tot.he newness of the RTOR maneuver and the 
sign reminding them to stop (!!_). Tn I! l9Rl study, 
Baumgaertner (}) found that 64.4 percent of drivers 
failed to stop in Maryland before turning right on 
red. Thus other recent stud ies h ave f ound rates o f 
nonstopping t o r ange fr om abou t 28 pe rcent t o 65 
percent, and the finding of 56.9 percent in this 
study falls within this range. It appears, however, 
that the percentage of nons t opping vehicles varies 
from city to city and may have changed in recent 
years. 

It should also be mentioned that conflict data 
we r e not collected r elat i ve t o stopping char acteris
tics of RTOR vehicles. The conflicts resulting from 
RTOR are highly dependent on pedestrian volumes, 
RTOR volume, side-street volume, and numerous loca
tional fac tors. Thus a direct comparison of con
flicts is not appropriate between RTOR-allowed and 
RTOR-prohibited sites, because sites may di ffer 
greatly in terms of pedestrian volume, RTOR volume, 
and so forth. I t is possible, howeve r , tha t a con
flict problem on an intersection approach may exist 
because of the failure of RTOR vehicles to make a 
full stop. The magnitude of this RTOR conflict prob
lem can only be determined on the basis of stopping 
characteristics data and corresponding conf lict data 
at a large number of sites with RTOR allowed (i.e., 
1 00 o r more) with a variety of site and volume con
ditions. 

Locational Factors Related to RTOR Violations 

The next phase of the study invol,ved determining 
geometric, traffic control, and other locational 
characteristics that are associated with high RTOR 
violation rates. The basic analysis approach for 
determining such related factors involved a safety 
engineering study of individual sites. This first 
involved ranking approaches by violation rate and 
then identifying common locational factors as
sociated with high and low violation sites. This 
ranking was generated first for the 110 sites with 
RTOR prohibition, and then a separate ranking was 
developed of the 29 RTOR- allowed s i t es. These two 
situations are discussed in the following sections. 
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Locational Factors for RTOR-Prohibited Sites 

Violation rates (turning right on red) at RTOR-Pro
hibited sites ranged from O to 25.6 percent. A dis
tr i out i on or the v101at1on rates or the llU sites 
was as follows: 

Violations (%) No. of Sites 
0-1 13 
1 - 2 21 
2-3 19 
3-4 11 
4- 5 6 
5-6 11 
6-8 7 
8-10 4 

10-12 7 
12-18 8 
18- 30 3 

The i:op 29 sites (26 . 3 pei:-cent) were found t .o have a 
violation rate greater t ·han 6 . 0 and were labeled a~ 
the high-violation group . A total of 34 sites (30.9 
pe rcent) had a violation rate of 2 percent or l es s 
and were labeled as the low-violation gi:-oup. 

Foe the locations in the high- and low-violation 
groups, factors were identified t hat wece related to 
high and low violations based on field inspections , 
a review of site diagrams , and a review of computer 
summaries of traffic ·data , signal dat-a, anci other 
infnrrnation at each site . Location factot~ were 
identif~ed as related to high violations if t hey 
were routinely found in t he high-violation group but 
not in the low~vtolation gi:oup. 

Ti:affic and roadway factors found to be typically 
associa ted with high v iolation rates include the 
following vadables ( indiv idually or in various 
combinations ): 

1. Confusing or inappropriate partial prohibi
tion signs [i.e., NTOR-SCHOOL DAYS ONLY sign located 
neat a university, because motoi:ists are not sure 
whether classes are in session on Saturdays, during 
summer sessions, and so forth1 another NTOR sign 
near an elementary school prohibited RTOR during 
times aftei: children had already ai:rived at school 
(9:00 a.m. to 2:00 p.m.) and ended before children 
left for home in the afternoon] 1 

2. NTOR signs that are located on the far side 
or a r e inconspicuous to the motor is t s, par t i cular ly 
when placed on the far side accoss wide streets, 

3. Combinations of low cross-street volume and 
low pedestrian volumes, 

4. Approaches with easy i:ight-tutn maneuvers or 
right turns le~R than 90 degrees such as at Y'-inter
sections, pai:ticularly with low conflicting move~ 
mentsi 

5. Long cycle lengths that tesult in excessive 
waiting time for right-turn motorists, 

6. High- speed ramps that focm a T- i nte r sect i on 
with a low-volume cross sti:eeti 

7. Wide one-way streets on the cross street 
with low volume in the curb lanei 

8. Confusing, multileg intersection approaches 
or approaches with an offset cross stceeti 

9. Approaches where RTOR pi:ohibition does not 
appear to be justified for some oi: all pei:iods of 
the day because of low traffic volumes and little ot 
no pedesti:ian ti:affic1 and 

10. Low right-turn volume per houi:. [However, 
this is somewhat misleading because the percentage 
of violations is the total RTOR vehicles divided by 
the right-turn vehicles (including RTOG). As right
turn volume increases, a higher percentage of right
turn vehicles are trapped second, thitd, or fourth 
in line and cannot physically make an RTOR.] 
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The intersection approaches with low RTOR viola
tion rates were also studied to determine related 
factors. The factors typically found at low-viola
tion sites included the following variables: 

1. Double NTOR signs located on the near and far 
sides, or NTOR signs that were located overhead or 
in a conspicuous location for stopped motorists; 

2. High pedestrian volumes in either the near or 
far ~rosswalk (reduced opportunity for an RTOR); 

3. High cross-street volume ( reduced number of 
gaps and lower opportunity for an RTOR) 1 

4. Crosswalk set back from the intersection 
farther than normal, combined with high pedestrian 
volumes; 

5. Short signal cycle length; 
6. A sharp right-turn maneuver (greater than 90 

degrees) combined with poor sight distance; 
7. High right turns per hour (however, this is 

misleading, as discussed previously); and 
8. A cross street with on-street parking on the 

right, which forces an RTOR vehicle to make a wide 
turn beyond parked cars. 

These results appear to indicate that motorist 
violations to NTOR signs are high when the signs are 
obscure or when it is not obvious to the driver why 
RTOR is prohibited (i.e., low pedestrian and cross
street volume and good sight distance). Drivers are 
particularly likely to run an NTOR sign at sites with 
long cycle lengths (when waiting time may be long). 
Some of the factors in the previous list were found 
to be useful for developing countermeasures. 

Consideration was given to conducting more formal 
statistical analysis techniques to further support 
the factors that are associated with high and low 
violation rates. A branching analysis was conducted 
to identify roadway variables (independent vari
ables) that account for the largest amount of ex
plained variance in the violation rate (dependent 
variable). In addition to the branching analysis, 
preliminary Pearson correlation analysis and analy
sis of variance (ANOVA) tests were conducted. How
ever, correlation coefficients were low (less than 
0.3) for individual variables, and the ANOVA test 
required a larger data base of approaches to control 
for the interaction of traffic and roadway variables 
as they affect RTOR violation rates. It was evident 
that an engineering analysis of each approach was 
most useful in determining individual factors or 
combinations of factors that were related to high or 
low violation rates. 

Locational Factors for RTOR-Permitted Sites 

A detailed study was also made of traffic, geo
metric, and other factors at each of the 29 RTOR
permitted approaches to identify factors related to 
stopping violations (i.e., not making a full stop 
before turning right on red) • At the 29 signalized 
approaches with RTOR permitted, no-stops ranged from 
zero to 45. 2 percent, and total stopping violations 
(no stops plus rolling stops) ranged from 21.2 to 
88.9 percent. One approach that had a sign posted 
RIGHT TURN ON RED ALLOWED AFTER STOP experienced 
26. 7 percent no-stops and 68. 6 percent total stop
ping violations, compared with an overall average of 
the 29 sites of 14.8 percent no-stops and 56.9 per
cent total violations. It is possible that the sign 
had an effect of increasing stopping violations at 
the site, although insufficient data existed to 
verify this. 

Locational factors found to be associated with a 
high rate of stopping violations included 
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1. Good sight distance with low pedestrian vol-
ume and low cross-street volume; 

2. High right-turn volume; 
3. Low pedestrian volume; 
4. Low cross-street volume; 
5. Unusual signal timing, such as split phasing, 

which minimized or eliminated conflicting traffic 
for part of the red interval; 

6. Offset cross street (which lowered or delayed 
conflicting traffic and increased the opportunity 
for an RTOR rolling stop or no-stop); and 

7. Nearby signalized intersection on the cross
street upstream, which created artificial gaps in 
cross-street traffic and provided greater opportuni
ties for RTOR rolling stops or no-stops. 

The factors found to be associated with low stop
ping violations at RTOR-allowed approaches included 

1. High cross-street volume; 
2. Poor sight distance (i.e., on-street parking 

on the cross street to the left of the approaching 
right-turn motorists); 

3. High speed of cross street; and 
4. High pedestrian volume. 

These resuits indicate that drivers were more 
likely to comply with the stopping requirement when 
forced to do so (i.e., high pedestrian volume or 
cross-street traffic). Also, poor sight distance was 
a factor associated with high compliance, because 
drivers often made a full stop to look for cross
street traffic. During intervals of little or no 
pedestrian or conflicting traffic (such as with 
special signal phasing), motorists were less likely 
to make a full stop before turning right on red. 

More formal statistical analysis techniques were 
not used for identifying related factors, because 
such analyses are not particularly appropriate for 
relatively small sample sizes of this type. The 
factors in the previous list were considered for 
development of possible countermeasures relative to 
RTOR stopping violations, as discussed in the next 
section. 

SELECTION OF CANDIDATE COUNTERMEASURES 

The factors related to high and low RTOR violations 
were studied and then grouped into corresponding 
high- and low-violation categories (Table 7). For 
example, one of the factors related to high viola
tion of NTOR signs was long cycle length (excessive 
delay to right-turn motorist) • A corresponding fac
tor related to low violation rates was short cycle 
length. Thus, by grouping these factors, candidate 
countermeasures were developed, such as improving 
signal timing or installing traffic actuation de
vices. 

As noted in Table 7, seven basic situations were 
found for which countermeasures could be proposed. 
Four of these situations related to violations of 
RTOR prohibitions and three involved the incidence 
of stopping violations (vehicles not making a full 
stop before an RTOR maneuver) where RTOR is allowed. 
For several of the violation causes, countermeasures 
were suggested that either may have an effect on the 
violation rates or may reduce the degree of hazard 
resulting from the violations. For example, for RTOR 
violations that involve not making full stops before 
turning right on red, countermeasures that may re
duce the danger of such violations may include 

1. Relocating the crosswalk farther from the 
intersection, 

2. Warning 
danger through 

pedestrians of possible right-turn 
the use of WALi{ WITH CARE pedestrian 
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TABLE 7 Summary of Development of Candidate Countermeasures Based on Factors Related to RTOR Violations 

High/Low 
Situation 

2 

4 

6 

Type of 
Violation Problem 

RTOR where prohibited 

RTOR where prohibited 

RTOR where prohibited 

Stopping violations where RTOR 
allowed 

Stopping violations where RTOR 
allowed 

Stopping vi olutions wh ere RTOR 
allowed 

Factors Related to High 
RTOR Violations 

NTOR signs located on far side 
or inconspicuous to the 
motorist 

Confusing or inappropriate 
partial prohibition signing 

Long cycle lengths (excess 
waiting time for right-tum 
motorists) 

Unusual signal timing 

Good sight distance 

High right-turn volume, ]ow 
pedestrian volume, or low 
c.:ross-street voJu me 

Factors Related to Low 
RTOR Violations 

Double NTOR signs located on 
near and far side, or NTOR signs 
that are located overhead or in a 
conspicuous location for stopped 
motorists 

Clear and visible NTO R signing 

Short signal cycle lengths 

C1ln;:swi:1lk :sd baL:k from inter
section farther than normal 
combined with high pedestrian 
volumes 

Lack of opportunity because of 
consistent traffic flow on cross 
street 

Poor sight distance 

Low right-turn volum e, high 
pedestrian volume, or high 
cro ss-street volume (or speed) 

I. Illuminate NTOR sign 
2. Increase sign sjze t o improve 

visibility 
3. Relocate signs to near signal 

placement 
4. Use double NTOR signs for 

redundan cy 
5. Use NTOR signs with red ball 
6. Advanced warning of NTOR 
7, Remove roadside clutterfto make 

NTO R sign more conspicuous) 
8. Provide or improve intersection 

lighting 
I. Prohibit RTOR only during the 

hours of heavy pedestrian travel 
2 . Use full RTOR prohibition on the 

approach 

~- ~~er.v~r!~1~_1_~-~~~~~~g~ ~':~~ 1~i_gn s 
'T. 1'1 J. VJ\, UIUJIIUIQLC::U :) l gH,U LU UC 

activated only during periods 
when RTOR is prohibited 

I. Improv e pedestrian signal display 
2. Rctime the traffi c signal to pro

vide better operations 
3. Install presence detectors at traf

fic-actuat ed approaches to provid e 
more effi cient signal o peration 

4 . Remove unwarranted traffic 
signals 

i. Reiocate crosswaik 
2. Offset or angled stop bar 
3. Special pavement marking in 

crosswalk 
I . Install fla shing red right turning 

arrow t o enco urage full stop 
2 . Install NTOR sign if warranted 
3. R etime traffic signal 
4 . Install part-time RTOR prohibi

tion sign or variable message 
NTOR display 

5. Install RIGHT TURN ON RED 
AFTER STOP sign to encourage 
full stops 

6. Use special pedestr ian signal dis
play (i.e. , WALK WITH CARE 
signal message during the WALK 
interva l) 

7. Install special pavement markings 
in crosswalk (i.e., LOOK FOR 
TURNING VEHICLES) 

I . Install RIGHT TURN ON RED 
AFTER STOP sign t o encourage 
full sto ps 

2_ In sta ll YIELD TO PEDESTR IAN 
sjgn 

3, Relocate crosswalk farther from 
intersect ion 

l. Install RIGHT TURN ON RED 
AFTER STOP sign to encourage 
full sto ps 

2. Install NTOR sign if warranted 
3. Install part-time RTOR-prohibi

tion sjgn or variable-message 
NTOR di splay 

4. Install YI E LD TO PEDESTRIAN 
sign 

5, Install PEDESTRIANS WATCH 
FOR TURNING VEHI CLES sign 

6. Use special pedestrian signal dis
play (i ,o,, WALK WITH CARE 
signal message during the WALK 
interva l) 

7. Rctim e t raffic signal 
8. Remove unwarrant ed traffic signals 
9. Reloca te crosswalk further from 

intersect ion 
I 0. Use special pavement marking in 

crosswalk (i.e. , LOOK FOR 
TURNING VEHICLES) 

11 . Construct pedestrian overpass or 
und erpa ss 

12. Constrnct separate right-turn lan e 

Nok: Thc counterm t!asures in this tahlc were intendelJ to conesponll to traffic e ngineering trea tments (i.e. , imrrovement of t raff~c c<:»ntrol devices .or tran ~porl :ttio n_ faciliti t!s ). It is 
recognized thot provision of sclc,.: Livc rolkc enforcement um.I u5c of puhJic education pro1,1rams may also bi.: of consfrlerabll• hcncf1t with ri.:spccr to 1mprovinJ!. L' Ompli.11ir.:l' ,rnd uuJcn,tanJ
ini;. or both or RTOR requirements and r.JL·viccs. 

iii 
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signals or LOOK FOR TURNING VEHICLES pavement mark
ings, and 

they relate to signs, signals, pavement markings, 
design treatments, or other types of countermeasures. 

3 • Constructing a pedestrian overpass or under
pass to physically separate pedestrians and motor
ists. 

Although RTOR motorists should yield to pedes
trians, pedestrians should also be alert whenever 
crossing the street, because the pedestrian is usu
ally the one who is injured in the event of a vehi
cle-pedestrian accident. Thus some of the counter
measures listed in Table 7 are intended to reduce 
violations related to RTOR, and other countermea
sures are intended to reduce the potential hazard of 
RTOR maneuvers (either legal or illegal). 

For each countermeasure, a description is given 
along with comments and an indication regarding 
whether the countermeasure was selected for field 
testing. Many of these countermeasures may relate 
not only to RTOR and RTOR-pedestrian accidents, but 
to pedestrian accidents in general. A few of the 
countermeasures (i.e., eliminating unwarranted 
signals and retiming signals) may also affect other 
types of accidents (rear end, right angle, and so 
forth) and intersection operations (delay, con
gestion). 

SUMMARY OF FINDINGS AND CONCLUSIONS 
Based on all of the sources discussed previously, 

3 0 potential RTOR-related accident countermeasures 
were devised (Table 8) • These were categorized as 

The purpose of this analysis was to conduct observa
tional studies at signalized intersections to deter-

TABLE 8 Countermeasures Developed for RTOR 

Category 

Signing 

Device 

Full prohibition of RTOR 

Partial prohibition of RTOR 
for certain Janes or during 
specific times of the day 

YIELD TO PEDESTRIAN sign 

Illuminate NTOR sign 

Larger NTOR sign 

Near-signal placement of 
NTOR sign 

Redundant NTOR signs 

RIGHT TURN ON RED 
AFTER STOP sign 

NTOR sign with red ball 

Advance warning of NTOR 

Selected 
for Field 

Description Study 

Install NTOR sign at locations with high No 
traffic or pedestrian volumes, poor sight 
distances, at school crossings, or where 
other such factors influence the safe 
RTOR maneuver 

Install special signs that prohibit RTOR Yes 
for certain times (7 :00 a.m. to 7 :00 
p.m.), days (school days), conditions 
(when children are present), seasons 
(September to June), lanes (NTOR, 
except curb Jane), or other factors 

Install a yield sign directed at turning No 
motorists advising them to yield right-
of-way to pedestrians 

Illuminate the NTO R sign for increased No 
visibility; this could be accomplished by 
using an illuminated case sign (internal 
source) or external lighting 

Use an NTOR larger than the current Yes 
MUTCD standard of 24 x 30 in. or 
24 X 24 in. 

Install NTOR sign on span arm, span wire, No 
or signal pole near the signal head where 
motorist tends to look 

Install two or more NTOR signs on both No 
posts (near or far side) and overhead to 
increase visibility of sign 

Install a sign that reminds motorist to No 
come to a complete stop before turning 
on red 

Install a modified NTOR sign with a Yes 
red ball in the center to draw attention 
to the sign 

Install a sign in advance of the intersec- No 
lion to warn motorists that there is an 
RTOR prohibition at the next inter-
section 

Comments 

There are some locations where RTOR 
maneuvers are unduly hazardous; although 
the MUTCD has guidelines on the a pplica
tion of NTOR signs, they are general and 
prone to a wide variety of interpretations; 
this leads to a nonuniform application of 
RTOR prohibitions; because conditions 
may change based on time of day, day of 
week, and season, a full-time prohibition 
may not always be warranted at a site 

Because conditions may change at a site (by 
time of day or day of week), the prohibi
tion should ideally only cover those times 
and conditions where warranted ; however, 
some of the legends may require special 
knowledge by the motorists (school days), 
require motorists to drive "with one eye on 
the clock," or may be difficult to read 

This device was tested in a previous FHWA 
study on pedestrian signalization alternatives 
and was found to be effective in reducing 
total right-turn conflicts with pedestrians 

Designed for areas where there is a nighttime 
RTOR-related problem or where no inter
section lighting exists or both 

NTOR sign should ideally be placed near 
the signal; it is applicable for near signal 
placement when the signal is located on the 
far side of a wide street or is otherwise di[
ficult to read; it may be particularly helpful 
in cities or locations where overhead sign 
placement is not possible 

MUTCD guidelines for NTOR sign placement 
state that signs should be located adjacent 
to the signal face to which they apply; many 
communities do not follow these guidelines 
and have the sign post mounted at the 
corner of the intersection 

Although this countermeasure is applicable 
for some locations with high violation 
rates, high conflict rates, or poor sign 
visibility, redundant sign placement should 
be minimized 

This device is intended to remind the driver 
to come to a full stop before making the 
RTOR maneuver, or to encourage more 
RTOR maneuvers where motorists are 
hesitant (and there are no conflicting pe

dcstrinn crossings or cross·stTC)et traffic) 
A ~ign with u rt',I ball may catch the 111otor

is1's eye belier: this device is currently ijSCd 
in some cities 

This allows advance warning of conditions at. 
the intersection and is consistent with 
posit ive guidance concepts: this sign may 
only ndd lo the visual clutter or the road· 
side and m3y have min·imal effect for those 
stopped at the signal 
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TABLE 8 Continued 

Signing, continued 

Signals 

Pavement markings 

Electrical or mechanical 
variable message NTOR sign 

PEDESTRIANS WATCH FOR 
TURNING VEHICLES warning 
sign 

Special pedestrian signal dis
play (WALK WITH CARE) 

Retime traffic signal 

Traffic-actuated signal 

Remove unwarranted traffic 
signals 

Flashing red right-turn arrow 

NTO R signal installed in 
pedestrian signal hardware 

Relocate crosswalk farther 
from intersection 

Offset or angled stop bars 

Install signs that can display different 
messages for different signal intervals, 
times of day, or days of week 

Install a warning sign directed toward 
pedestrians to warn of turning vehicles; 
this device supplements pedestrian signals 

Use a three-head signal that has a WITH 
CARE or other indication in yellow 
displayed during the WALK interval 
to warn of possible conflicts (i.e., 
WALK WITH CARE) 

Selected 
for Field 
,.nu.uy 

Yes 

No 

No 

Retime signal to reduce the conflicts No 
and minimize delay; options include 
improved timing to accommodate flows, 
special pedest rian phasing, or use of 
multiphase operation 

Use presence detectors to determine the No 
right-turn demand and actuated signals 
to accommodate the demand and reduce 
the number of RTORs 

Remove unwarranted signals and replace No 
with other types of traffic control 

Install a flashing right-turn arrow to en- No 
courage motorists to come to a full stop 
before turning right on red 

Install an illuminated signal directed at No 
motorists in pedestrian signal hardware 
to prohibit RTOR 

Move the crosswalk farther from the No 
intersection to increase visibility of 
pedestrians 

Angle or offset the stop bar so that Yes 
drivers in the middle lanes are stopped 
farther back from the intersection than 
right-turn vehicles in the curb lane 

This device has two applications: (a) pro
hibit RTOR during portions of the day 
that have high pedestrian volumes or cross
street volumes, or (b) prohibit RTOR dur
ing portions of a cycle where a protected 
movement may conflict with the RTOR 
(such as an opposing protected left-turn 
maneuver); a blank-out display would avoid 
confusion when the message is not needed 
Ul u[ite1 safely 111e,sages CUUh] UO disvlayed; 
the cost for this device is expected to be 
high 

This sign will not affect motorist behavior 
and is only applicable to pedestrians cross
ing the street; this may lead to additional 
visual clutter and is not effective for small 
children who cannot read; this device was 
tested in a previous l'HWA study on pedes
trian signalization alternatives and was 
found to be effective in reducing right-turn 
conflicts 

Special signal indications can be provided to 
remind the pedestrians to watch for turning 
vehicles; this type of device should only be 
used at locations where a known or poten
tially hazardous pedestrian problem exists, 
because overuse of such device could re
sult in reduced effectiveness; this device 
w::1s testerl in ::i previous FHW A study on 
pedestrian sign aiization airernatives and 
was fo unt! lu be effective iil reducing right
turn pedestrian conflicts 

This is applicable to locations with high 
volumes of vehicle and pedestrian traffic, 
where turning movements are high, and 
where congestion is a problem; exclusive 
pedestrian crossing intervals, which have 
been noted to be related to lower pedes
train accidents, also increase delay and 
congestion to pedestrians and motorists 

May be applicable to some intersections with 
heavy right-turn demand 

Motorists lose respect for unwarranted 
signals, thereby increasing violations; many 
communities have begun programs to re
move unwarranted signals where they no 
longer meet the warrants; although this 
may have the benefit of improving flow, 
reducing operating costs, and saving energy, 
pedestrians must cross the street without 
signal assistance 

The flashing red arrow has been used in the 
past for right- and left-turn-on-red situations 
to stress the need for stopping before mak
ing an RTOR; this would require an extra 
signal lens; it may not convey a clear and 
simple meaning to all motorists and would 
1ey_uii e FH\.VA approval befc,rt; use; it is 
currently not in the MUTCD 

This device uses existing pedestrian signal 
hardware (with a different lens) to display 
a blank-out or an NTOR indication to 
motorists; applicable for partial RTOR 
prohibitions; blank-out device minimizes 
confusion during RTOR-allowed periods 

Moving the stop bar and crosswalk farther 
from the intersection may discourage 
RTOR and increase the visibility of pe
destrians; however, motorists failing to 
stop at the stop bar will block the cross
walk; this device may result in less sight 
distance of cross-street traffic and may 
encourage jaywalking 

For sites where RTOR is allowed; applicable 
to multilane approaches where there is a 
high incidence of truck and bus traffic that 
obstructs the drivers' view; allows the 
RTOR vehicle to see cross-street traffic and 
pedestrians for a safer turn; the effective
ness may be reduced if vehicles in the mid
dle lanes do not observe the offset stop bar 
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TABLE 8 Continued 

Category 

Pavement markings 
continued 

Design 

Other 

Device 

Pavement marking 

Pedestrian barriers 

Pedestrian overpass or 
underpass 

Far side bus stops 

Eliminate parking near the 
intersection 

Separate right-turn Jane 

Intersection lighting 

Education campaign 

Clear roadside clutter 

Selective traffic enforcement 

Selected 
for Field 

Description Study 

Pavement marking message in crosswalk Yes 
to remind pedestrians to watch for 
RTOR vehicles (i.e., LOOK FOR 
TURNING VEHICLES) 

Install barriers to channelize pedestrians No 
to the crosswalk, thereby minimizing 
the conflict area 

Grade separation of pedestrians and No 
motorists to eliminate conflicts 

Allow buses to stop to drop-off and No 
pick-up passengers only after crossing 
the intersection 

Remove on-street parking near the inter- No 
section on either side or both sides of 
the street 

Provide a separate Jane for right turns No 
and thus increase the opportunities for 
vehicle to make an RTOR 

Illuminate the intersection to provide No 
better visibility of pedestrians at night 

Educate the public by using various forms No 
of media to increase awareness and to 
teach proper understanding of RTOR 

Remove roadside items to increase motorist No 
visibility of pedestrians and traffic control 
devices 

Enforce violations of the NTOR sign and No 
the requirement to complete a full stop 
before turning right on red where per-
mitted; other pedestrian and motorist 
Jaws can also be enforced simultaneously 

27 

Comments 

The message is not visible to the motorist 
and will have no effect on driver reactions; 
installing pavement markings could create 
a slick surface for pedestrians unless a 
textured surface is used 

The pedestrian barrier is also expected to re
duce other types of pedestrian accidents, 
particularly dart-out and jaywalking-related 
accidents; however, barriers may cause dif
ficulty in accessing parked vehicles along 
the curb, may be unsightly, and may create 
another roadside obstacle 

Applicable to wide, high-speed intersections 
with safety problems; very expensive coun
termeasure, and the cost cannot be justified 
based on RTOR accidents alone; there may 
also be difficulties in accommodating 
elderly and handicapped pedestrians and 
bicyclists 

Applicable where RTOR is allowed; elimi
nates congestion at the approach but may 
create a sight obstruction; far side bus stops 
are being used by many transit agencies to 
reduce intersection delays 

On-street parking poses a site obstruction 
when near the crosswalk; this countermea
sure may reduce other types of accidents 
at the intersection and may also increase 
capacity; however, it reduces parking 
availability; parking restrictions must be 
enforced to be effective 

Applicable to sites with high volumes of 
right-turn traffic; increases the use of 
RTOR where RTOR is allowed; reduces 
intersection delay and increases capacity 

Applicable to locations with high nighttime 
pedestrian volumes and where nighttime 
safety problems exist; may reduce other 
types of nighttime accidents at the inter
section and may be useful in reducing crime 
at night 

Educational campaigns can be directed at 
both the motorists and pedestrians related 
to RTOR safety and other safety issues; 
educational programs may not reach all 
individuals and may not have lasting impact; 
difficult to evaluate, especially relative to 
RTOR 

Removing all but essential roadside items 
should improve the motorist's ability to 
perceive pedestrians and traffic control de
vices and reduce distractions; may reduce 
other types of intersection accidents and 
improve aesthetics 

Enforcement or police presence near the in
tersection may reduce other violations; ef
fectiveness may diminish once the police 
leave, because manpower is limited in most 
agencies; police time may be better spent in 
other areas of traffic enforcement or crime 
protection 

mine current motorist compliance to RTOR prohibition 
and the requirement to make a full stop before turn
ing right on red (where permitted), Traffic, geo
metric, and other physical site characteristics were 
collected in Detroit, Washington, D.C., and the 
Dallas/Austin area, and an in-depth engineering 
study was conducted at each of 110 intersection 
approaches where RTOR is prohibited. Data were also 
collected at 29 RTOR-allowed intersection approaches 
and 28 stop sign approaches relative to stopping 
characteristics (i.e., percentage of full stops, 
rolling stops, and no-stops of RTOR vehicles). Then 
locational factors were identified relative to high 
and low violation rates. The following is a summary 
of key findings and conclusions: 

1, Overall, only 3.7 percent of all right-turn
ing drivers violate the RTOR prohibition signs, 
based on a sample of more than 67,000 drivers. How
ever, of those motorists given an opportunity to 
commit an RTOR violation, about 20 percent of them 
violate the NTOR sign. 

2. Of the drivers who commit an RTOR violation, 
about 23.4 percent of them result in conflicts with 
pedestrians or cross-street traffic. However, less 
than l in 100 of the total right-turn vehicles is 
involved in an RTOR-related conflict. 

3, At a sample of RTOR-prohibited sites, 22, 7 
percent of the illegal RTOR maneuvers resulted in a 
conflict with cross traffic or pedestrians. However, 
only 14.2 percent of RTOR maneuvers resulted in a 
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conflict to pedestrians, compared with 19. 5 percent 
RTOG maneuvers that involve a pedestrian conflict. 

4. Of the 29 intersection approaches with RTOR 
allowed, 26. 2 percent of right-turn vehicles turned 
right on red. Of the vehicles turninq riqht on red, 
the violation rate (not making a full stop) was 56.9 
percent. This rate was higher for Washington, n.c. 
( 61. 4 percent ol' vehicles not fully stopping) and 
Detroit ( 59 .1 percent) , compared with Dallas/Austin 
(50.3 percent). 

5. The overall violation rate (percent not fully 
stopping) at the 28 stop sign approaches was 68.2 
percent compared with 56. 9 percent for signalized 
approaches wi th RTOR allowed , a difference of 11,3 
percent. However, 36 percent of vehicles were found 
to stop at RTOR-allowed approaches compared with 
24.7 pe rcent at stop sign locations. Thus the 11 
percent higher violation rate at stop sign locations 
may be at least partly explained by the greater per
centage of opportunities for a rolling stop or no
s top. 

6. Examples of physical site factors found from 
in-depth site studies to be related to high RTOR 
violation rates include confusing or inappropriate 
partial prohibition signs: far side or inconspicuous 
NTOR signs: long cycle lengths: confusing multileg 
intersection approaches: unjustified RTOR prohibi
tion; split-phasing of the signal, which creates low 
opposing traffic for RTOR maneuvers; and combina
tions of a low volume or high speed of cross-street 
traffic and low pedestrian volumes. 
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Volume Guidelines for Signalization of 

Diamond Interchanges 

MYUNG-SOON CHANG and CARROLL J. MESSER 

ABSTRACT 

The objective of the work described in this paper is to establish volume guide
lines for the installation of traffic signal control at diamond interchanges 
where the base condition is all-way stop sign control. The guidelines are based 
on operational threshold values of traffic flow, above which signalization is 
expected to produce superior performance. Four diamond interchanges were 
studied with both types of control, from which the study results were based. 
The data-collection methods and procedures employed in the study to evaluate 
the operational effects of stop sign and signal control at diamond interchanges 
are discussed. An assessment of traffic control alternatives is described in 
terms of operational effects of queues and travel speed. Guidelines for all-way 
stop signs or signal control at diamond interchanges are provided in terms of 
internal volume, left-turn proportion within internal volume, and the sum of 
internal and external volume. The spe~ific traffic volume guidelines were de
veloped based on a combination of these variables, which affect operational 
performance. 

Diamond interchanges are widely used in urban areas 
as a means to transfer freeway traffic to and from 
the surface street system. The selection of the 
proper traffic control system for each diamond in
terchange is a challenging task. When and where to 
use stop signs or signals for traffic control at a 
significant number of diamond interchanges is a 
principal concern. This complex subject is discussed 
in this paper and useful information is provided for 
guiding future engineering decisions in the selec
tion of the appropriate diamond interchange control. 

Signalization of a diamond interchange is often 
resorted to after public pressure is applied and one 
or both sides of the interchange are warranted by 
Manual on Uniform Traffic Control Device (MUTCO) ( 1) 
standards for a single intersection. However, MUTCD 
warrants for signalization neither explicitly re
flect the operational characteristics of diamond 
interchanges nor are they sensitive to the traffic 
patterns associated with the two intersections at a 
diamond interchange. 

Research conducted by the Texas Transportation 
Institute (TTI) regarding the operational charac
ter is tics of diamond interchange controllers led to 
a better understanding of different phasing pat
terns, and the development of frontage road progres
sion strategies and a diamond interchange signal 
optimization and analysis program for timing pre
timed diamond interchanges (2-4). FHWA also spon
sored a series of research -studies on signalized 
diamond interchanges, with particular emphasis on 
signal phasing (5-7). 

The MUTCD provides national standards for deter
mining when a signal is warranted at an intersection. 
The Texas manual (1) includes all eight MUTCD war
rants plus an actuated control warrant. However, 
neither manual specifically considers diamond inter
changes and their special requirements. One case 
study of a diamond interchange in Texas (9) illus
trated a signal warranting situation where - one side 
of an interchange was warranted and the other fell 
short. It was noted in this study that current 
signal warrant conditions do not appear to ade-

quately address the different traffic movement pat
terns associated with two intersections at a diamond 
interchange. 

The development of clear and effective guidelines 
for installing all-way stop signs or signals for 
traffic control at a significant number of diamond 
interchanges, whose traffic patterns and geometric 
physical characteristics vary quite widely between 
interchanges, would be a significant contribution to 
the traffic engineering technology. 

The objectives of this study were as follows: (a) 
conduct an operational evaluation of the two types 
of traffic control (i.e., all-way stop and traffic 
signals) to include comparisons of vehicular delay 
and stops at diamond interchanges under various 
types of geometric and traffic patterns, (bl analyze 
operational results to determine the relative ef
ficiency of each type of control, and (c) develop 
guidelines to aid in the selection of the appro
priate control method for isolated interchanges. 

EXPERIMENTAL PLAN AND ANALYSIS APPROACH 

Type of Control 

An experimental plan was developed to field evaluate 
the operational performance of two types of diamond 
interchange control strategies: all-way stop sign 
control, and traffic signal control. To provide a 
general guideline for signal control, signal opera
tions were confined neither to a single controller 
type nor to a single phase pattern. Signal control 
in this study encompassed pretimed control, actuated 
control, three-phase operation, and four-phase over
lap operation. 

Study Sites 

Field studies were conducted to evaluate the opera
tional performance of stop sign and signal control. 
Four sites were selected for this study. The sites 
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TABLE 1 Operational Performance Data Collected at Study Sites 

Queue Counts Travel Time 

Stop Stop 
Interchange Location Traffic Control Studied Sign Signal Sign Signal 

US-83 at South 7th in Abilene 
US-59 at Jetero Boulevard in Houston 
1-10 at T. C. Jester in Houston 

Stop sign, three-phase operation, four-phase overlap 
Stop sign, four-phase overlap 

X 
X 

X X X 
X NA NA 

Stop sign, four-phase overlap NA NA X X 
1-20 at Trail Lake in Fort Worth Stop sign, four-phase overlap NA NA X X 

Note: NA= not available. 

were selected to provide a variety of geometric and 
traffio oonditiono, 

Data on the locations of the four sites and the 
overall field data-collection effort, as conducted, 
are given in 'l'able 1. A wide variety of geometrics, 
traffic volumes, and traffic pat terns was prov lded 
by the f our sites. Two inter changes were underpasses 
and t he o t he r t wo i nterc hanges were overpasses . 
s~ ~r atio~ !::-e-t t·.,een intcrce:ctl ~r.:: r~~g-ad f ri'.)m 250 tv 
480 ft. The numbe.r of lanes for each approach at the 
four interchanges ranged from one to three. 

Besides all being located in major 'l'exas cities, 
there were some othet simila r ities in the four 
sites . All frontage roads were continuous through 
the interchanges without any U-turn lanes. 1\11 in
terchanges studied, except I-20 at Trail Lake, had 
left-turn bays between the two intersections. 

Traffic contro l ,.,.·~:: v~riad amcilg tht: ir,ter 
changes. Some interchanqes had a protective left
turn-only phase, whereas others had protective and 
permiss ive left-turn phas es. Except at Abilene, stop 
sign performance was observed before signal instal
lation. For Abilene, signal control was converted to 
stop s i gn contro f or a day, and the performance was 
observed the next day. All pretimed signals were 
operated at a 60-sec cycle length. The signal at 
I-20 at Trail Lake was the only actuated signal 
observed. Ne ither i nte rchange design features nor 
signal control promoted highly efficient signal 
operations. 

'l'he study plan called f or data to be collected 
fo·r 4 hr per day from 7:00 to 8:00 a.m., 10:00 to 
11:00 a .m., 12:00 to 1:00 p.m., and 5:00 to 6:00 
p . m., o-r some r easonable on-site modification if 
deemed appropriate . 

Se ve r a l types of pet f orma nce d a ta we re t o be 
collected. The initial plan called for tracing vehi
cles through t b n Pr ge o a tain t he ir tra•,el 
time or travel speed along with their stopped delay. 
This was performed by recording an ari:ival time to 
the interchange in fluence zone, s topping times at 
Intersections land 2, and departure times at Inter
sections land 2. The count of the number of stopped 
vehicles on each approach was added later. The data 
in Table 1 give the performance data collected for 
alternative traffic controls at each interchanqe. 

Traffic volumes were collected manually or by 
using automatic counte.rs on all four inbound ap
proaches to the interchange and on both interior 
inte rsection approaches, Two people, one for each 
i ntersection, we.re used to manually count traffic 
volume. Each approach flow was obtained for 15-min 
time periods and expanded to an equivalent hourly 
volume . 

Additional manual observations were made every 15 
sec during the study by six persons to determine the 
number of vehicles stopped on each of the six in
tersection approaches. Stopped vehicle data were 
recorded on scr i bble pads and then later reduced in 
the office. A 15-min time interval was used as the 
time base for data analysis. 

The study supervisor observed general charac-
ted.sticR ()f raff f 9w on be cross street and 

ramp traffic. Particular attention was paid to the 
effect of i11L~1 mil vulume and its lett-turn volume 
on traffic flow at an interchange. 

Analysis Approach 

To provide guidelines for traffic contr ol al t e rna
tives at diamond interchanges, tne following tnree 
methods appear to be relevant: 

1. Provide guidelines by separate signal control 
methods: 

Queue 

v1 V2 Volume 

PRETIMEO CONTROLLER 

ACTUATED CONT ROLL ER 

2. Provide guide line s by controller types: 

Queue 

V5 V5 Volume 

3. Provide guidelines by genElral control alter
natives: 

Queue 

SiQnal Control 

V7 Volume 

Because the objective of the study was to provide 
general guidelines for stop sign versus signal con-
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trol, the third method was used throughout the 
study. However, every effort was made to distinguish 
performance differences between stop sign and signal 
control because of different interchange geometric 
and traffic characteristics. 

Approach Used to Develop Guidelines 

It is emphasized that guidelines should distinguish 
different geometric and traffic characteristics 
between different interchanges. The traffic volume 
on each approach was normalized with respect to 
approach lanes (i.e., the traffic volume on each 
approach was divided by its number of lanes) to 
distinguish geometric differences in the number of 
lanes on each approach among different interchanges. 
Thus the total interchange hourly volume per lane, 
which is the basic interchange volume used through
out this paper, was defined as the sum of the six 
intersection approach volumes per lane. Further, to 
distinguish different traffic patterns among differ
ent interchanges, two variables that characterize 
diamond interchange traffic movement were introduced: 

1. Ratio of internal volume per lane to external 
volume per lane (RIE): 

"z-
1 

RIE (Internal volume per lane)/(External volume 
per lane) (V5 + V6)/(V1 + V2 + V3 + V4). 

The RIE variable reflects observations that stop 
sign control causes more delay to i n ternal traffic 
and, s ubsequently, to ove r a l l inte rchang e traffic 
than does signal control. Stop sign control requires 
double stops for all external volumes that use both 
intersections, whereas signal control usually pro
vides progression through the interchange. 

2. Composition of left-turn and through volume 
within internal volume: The reason for distinguish
ing left-tur n from through volume within the in
ternal traff ic is that as more traffic turns left 
within the internal stations, overall interchange 
operation appears to be affected. Another reason for 
this dis tinction is to reflect the advantages and 
disadvantages of U-turn lanes to accommodate double 
left-turning traffic coming from frontage roads. 

STUDY RESULTS 

A presentation of the results of the field studies 
follows. A general description of the traffic vol
umes, travel speeds, and queue characteristics ob
served at each diamond interchange will introduce 
the findings. Detailed statistical analyses to as
sess stop sign and signal control and their results 
by type of traffic control conclude this section. 

Traffic Volumes 

The data in Table 2 present the range of interchange 
traffic volumes observed at the four interchanges. 
The four interchanges are sequenced according to the 
rank of highest volume levels. Observed total inter
change hourly volume per lane at the four inter
changes ranged between 600 and 2,000 vehicles. 

TABLE 2 Ranking of Four Interchanges by Observed Total 
Interchange Hourly Volume per Lane 

Volume 

Rank Interchange Location Highest Lowest 

1 VS-59 at Jetero Boulevard in Hous ton 1,999 692 
2 1-20 at Trail Lake in Fort Worth 1,77 3 889 

' US-83 at South 7th in Abilene 1,658 886 
4 1-10 at T. C. Jester in Houston 855 607 

Travel Sp eeds 
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Travel times were traced at each of the four ex
ternal stations at each interchange. The reference 
point from which traffic is assumed to be influenced 
by traffic control (stop sign or signal) was estab
lished as a utility pole or sign pole located ap
proximately 300 to 500 ft away from the stopline on 
each approach. When a vehicle passed the reference 
point, its time was r ecorded . The ve hicle was traced 
with r egard to its trave l time a nd direction of 
movement until it was completely out of the inter
cha nge. The s t op delay is the sum of the differences 
betwe en the departure time and stop time at an in
tersection within the interchange. Travel time is 
the difference in time between arrival time to the 
outer reference point and the departure time from 
the last intersection. 

To normalize the differences in distances 
traveled by a vehicle at each interchange, all 
travel times were converted to travel speeds. Fur
ther, those directional movements passing through 
two intersections were distinguished to reflect the 
diamond interchange characteristics. In addition, 
through and left-turn move ments were separated be
cause their spee.ds appeare d to be affected differ
ently by the traffic control alternatives. 

Travel speeds involving left-turning vehicles, 
observed at the four interchanges, ranged from 26.9 
to 4.4 ft/sec for stop sign control, and from 29.l 
to 5.0 ft/sec for signal contr ol. For cross-street 
through traffic, travel speeds observed ranged from 
23.l to 5.6 ft/sec for stop sign control, and from 
29.4 to 6.2 ft/sec for signal control. Generally, 
travel speeds were observed to decrease as total 
interchange traffic volume increased. 

Queue Characterist i cs 

It was noted in the previous discussion that the 
number of stopped vehicles was observed at six in
terchange stations (or approaches). Two stations 
(Stations land 2) were on the arterial cross street 
and another two stations (Stations 3 and 4) were 
located on the frontage roads. The rema1n1ng two 
stations (Stations 5 and 6) were located between the 
traffic signals. To account for the different number 
of traffic lanes on each approach, the number of 
stopped vehicles was divided by the number of lanes 
on each approach. 

Therefore the total interchange queue is defined 
as the sum of the average number of vehicles ob
served to be stopped per lane at the six stations of 
the interchange. The traffic queue on an approach 
(station) is an average value across all lanes and 
is not a critical lane value. Queue counts were 
taken every 15 sec and averaged over 15-min 
intervals. 

Overall, less queue was observed for stop sign 
control than signal control when interchange traffic 
volume was low. As interchange traffic increased, 
such as during peak hours, more queue was observed 
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for stop sign control than for signal control. These 
general trends were observed for all interchanges 
studied. 

Figure 1 shows the queue characteristics observed 
at the interchange in Abilene, Texas. It revealed 
the following characteristics: 

1. As traffic volume increased, 
was a more effective alternative in 
than stop sign control, and 

signal control 
reducing queue 
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FIGURE 1 Queue versus volume by stop sign and 
signal control in Abilene. 

2 , As traffic volume increased to more than 
1,100 per hour per lane, signal control was more 
effective than stop sign control. 

Figure 2 shows the queue characteristics observed 
at the interchange in Houston, Texas. It revealed 
the following characteristics: 

1. It confirmed the general expectations that as 
traffic volume increased, traffic signal control was 
more effective in reducing queue than stop sign 
control, and 

2, As t r affi c i nc r eased beyond 600 vehicles per 
hour per lane, traffic signals were more effective 
than stop signs. 
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FIGURE 2 Queue versus volume by stop sign and signal 
control in Houston. 
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Comparing Figure 1 for Abilene with Figure 2 for 
Houston, it is noted that the intersecting point, 
which has approximately equal queue generation for 
both stop signs and signal controls, is different 
ho+-,.,o.n,.,, th::! ....... ,.._ ... 1,,, ... ..... .... ........ 

.a.,,._._._._IH.41a':ji<..:,,• .:1.: J:·&:-------
U.L.L..LC.LCll\.,'CC 

caused in part by different interchange 
patterns. This consequence is reflected in 
velopment of guidelines on when and where 
sign or traffic signal is preferred. 

traffic 
the de
a stop 

Assessment of Traffic Control Alternatives 

ThP ,u,RP.ssment of traffic control alternatives in
volves two areas. The first examines performance 
differences between stop sign and signals for their 
effects on queue. The second evaluates differences 
between stop sign and signals for their effects on 
travel speed and travel time. These two areas of 
interest initially will be analyzed separately. 
Lr11tPr: t.hP q111?11P ,3nti t_r;:aup l Rp~Prl infnrm1.1tion will 

be combined to suggest volume guidelines for signal 
control. 

Relationship Between Queue and Volume by 
Traffic Control 

The initial data analysis from Abilene and Houston 
r e ,.reale d t ha t when mo! '; t :r.a£f i c f l ows between the 
two intersections (such as l eft turns from the ramp 
and through traffic on the arterial), traffic 
signals are more effective at lower interchange 
volumes than in the case of traffic using only a 
single intersection (such as through traffic from 
r amp s and right- t u rn tr a ffic from a rte ria l s) . 

The queues observed from Abilene and Houston were 
pooled together. Two-dimensional plots of queue ver
sus total interchange traffic volume per hour per 
lane indicated that an exponential function would 
fit the observed data well. Another variable that 
characterizes traffic movements that encompass two 
intersections between signals--the ratio of internal 
volume to external volume--was added. The exponen
tial form used is as follows: 

Q 
Q 

Exp(a + bV + cRIE) 
A Exp(bV + cRIE) 

where 

(1) 

Q total interchange traffic queue stopped 
per lane as observed each 15 sec, 

V 

RIE 

A,a,b,c 

total interchange traffic volume per 
hour per lane, 
ratio of internal volume to external 
volume, and 
derived coefficients. 

The logarithm transformation of Equation 1 can be 
linearized as log Q = a + bV + cRIE. By using the 
Statistical Analysis System (SAS) (lQ_), models for 
stop sign and signal control were derived. Models 
that describe the total number of stopped vehicle s 
at interchange per lane were developed as follows: 

Stop sign control: Qp = 0.26 Exp(l.89 v/1000 
+ 0.94 RIE) (2) 

Signal control: Qs 0.29 Exp(l.25 V/1000) (3) 

The coefficients of determination (R 2
) for stop 

sign and signal control were 0,95 and 0.93, respec
tively, All variables are significant at the a 
0,01 level. The RIE variable for signal control was 
not statistically significant (a 0.25). Signal 
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progression apparently handles substantial internal 
traffic more efficiently than stop sign control. 

Plots of queue versus volume for stop sign and 
signal control are shown in Figure 3. The plot of 
stop sign control is represented by the typical 
ratio of internal volume to external volume observed 
in the field (i.e., four cases of RIE = 0.4, 0.5, 
0.6, and 0.7). Note in Figure 3 that the faster more 
internal traffic occurs at an interchange (i.e., 
larger RIE), the sooner signal installation is 
needed. 

600 700 800 900 1000 1100 1200 1300 1400 

Volume (Total lnterchon9e Hourly Volume Per Lone) 

FIGURE 3 Queue versus volume by stop sign and 
signal control. 

Specifically, the models and plots of queue per
formance revealed the preferences to the type of 
traffic control given in Table 3. Note in Table 3 
that the diamond interchange should be considered as 
a special category different from intersections in 
which interchange operation is sensitive to the 
degree of internal traffic movements between the two 
signals. 

TABLE 3 Traffic Control Alternative 
Performance Based on Queue Only as 
Related to Total Interchange Volume 

Volume 

Shorter Queue Shorter Queue 
During Stop During Traffic 

RJE Sign Control Signal Control 

0.4 < 1,140 > 1,140 
0.5 < 990 > 990 
0.6 < 840 > 840 
0.7 < 690 > 690 

Note: Total Jntc,rcihnngc volume is th~ sum of internal 
and external 1roftic volume pM hour per lane a.t an 
interchange. 

Relationship Between Travel Speed and 
Volume by Traffic Control 

Travel speed is analyzed by traffic movements be
cause the travel speed for through movements on the 
cross street is different from traffic movements 
that involve left turns from cross streets and 
ramps. Further, it is hypothesized that travel time 
is affected by the degree of internal traffic at an 
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interchange. The model used to evaluate the travel 
speed at an interchange was developed as follows. 

For arterial through traffic movements: 

Stop sign control: Up= 26.61 - 9.07 V/1000 (4) 

Signal control: Us~ 81.93 Exp(-0.53 V/1000 
- 1.62 RIE) (5) 

For left-turn traffic movements: 

Stop sign control: Up= 28.93 - 10.17 V/1000 (6) 

Signal control: Us 39.66 Exp(-0.35 V/1000 
- 0.88 RIE) (7) 

where 

RIE = 

travel speed for stop sign control (ft/ sec), 
travel speed for signal control (ft/sec), 
total interchange traffic volume per hour 
per lane, and 
ratio of internal traffic volume to external 
traffic volume. 

Travel speed for stop sign control did not sta
tistically depend on the degree of internal traffic 
movements. The reason appears to be that the rela
tive stop delay for stop sign control is not sensi
tive enough because of its regularity by all ap
proach traffic. However, travel speed for signal 
control is sensitive to internal traffic movements 
because they influence progression speed from the 
cross street and ramps. 

Plots of travel speed versus volume for left-turn 
and arterial through traffic are shown in Figures 4 
and 5 , respectively. The model and plot of travel 
speed performance revealed the following: 

1. For arterial through traffic, signalization 
appears to perform better than stop sign control 
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FIGURE 4 Travel speed versus volume for arterial through traffic 
by stop sign and signal control. 
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F1GURE 5 Travel speed versus volume for left-turn traffic by 
stop sign and signal control. 

unless internal volume reaches 70 percent of ex
ternal traffic. The r eason appears to be t ha t s ignal 
control can maintain relatively good progression 
until interna l •1o l ume becomes s ubs tantial enough t o 
affect external approach traffic. 

2. For left-turning traffic, stop signs appear 
to perform better than signal control unless inter
change traffic and internal traffic reach critical 
volume levels. The reason appear s to be tha t left
turning traffic often has to wait a cycle with 
signal cont r ol, wher eas s t op sign control doe s not 
require this traffic to wait a cycle. 

Development of Guidelines Combining Queue and 
Travel Speed Res ults 

A sampl e p roblem is int roduced to illustrate the 
procedure employed to develop volume guidelines of 
signal control considering the queue and travel 
speed findings. A complete set o f guideline volumes 
will be presented after the sample problem illus
tration. 

Assume an interchange has an RI E ( i.e. , the ratio 
of internal volume over external volume) equal to 
0.50. The volume guideline for signalization at this 
interchange would be 990 vehicles per hour per lane 
if queue were the only measure of effectiveness 
considered (see Figure 3 and Table 3). 

Considering travel speed or travel time, signals 
are more efficient for arterial through traffic, but 
s top s i gns are more eff i c ient fo r l eft- turning t r a f
fic at this volume level (see Figur es¢ and 5). 

The adjustment procedure for travel speed is as 
follows. Assume that 40 percent of internal traffic 
turns left and the other 60 percent goes through. 
The speed ratios observed between stop sign and 
signal control for left-turn and arterial through 
traffic are as follows: 

For the left-turn speed ratio: 

Stop/Signal= (28.93 - 10.17 x Volume/1000) 
, [39.66 Exp(-0.35 V/1000 
- 0.88 RIE)] 

Transportation Research Record lUlU 

(28.93 - 10.17 X 0.99)/[39.66 Exp 
x (-0.35 X 0.99 - 0.88 X 0.5)] 

18.9/18.l = 1.04 

For the arterial through traffic speed ratio: 

Stop/Signal= (26.61 - 9.07 V/1000)/[81.93 Exp 
x (- 0.53 V/1000 - 1.62 RIE)] 

(26.61 - 9.07 x 0.99)/[81.93 Exp 
X (-0.53 X 0.99 - 1.62 X 0.5)] 

17.6/21.6 = 0.81 

(8) 

(9) 

Because there is 40 percent left-turn traffic and 
60 percent through traffic at this interchange, the 
adjustment ratio is 

stop/Signal 40 percent x left-tur n ratio 
+ 60 percent x through ratio 

= 0.4 X 1.04 + 0.6 X 0.81 

0.90 (10) 

This means that a signal is more efficient than 
step signs in travel speed fvL this traffic pattern. 
Speci f ically, s i gnal c ontrol is 11 percent faster 
(i.e., 1/0.90 = 1.11) than stop sign control. 

Considering this travel speed efficiency, traffic 
engineers would like to install a signal sooner than 
the 990 volume level. This means that an ad justment 
should be made to reflect travel speed efficiency in 
addition to queue considerations, as follows: 

Guideline based on travel speed a 990 x O. 90 = 890 
vehicles. 

Figure 6 shows the adjustment effect based on 
travel speed. Assuming an equal weight between queue 
and travel speed performance, the guideline would be 
about 940 vehicles [i.e., (990 + 890)/2] in this 
example. 

Queue 

Travel 
SIJ"ed 

/Slop S,ga 

// S,gaol 

Volume 

890 990 Volume 

F1GURE 6 Adjustment effect of queue 
and travel speed. 
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Signalization Guidelines 

Following the procedure illustrated in the previous 
example, va.r ious oombinations of internal traffic 
and left-turn traffic observed in the field were 
considered. RIEs frO!ll 0.4 to 0.7 were evaluated 
together with left-turn proportions from 30 to 70 
percent. The results obtained are given in Table 4, 
which gives the reconunended volume guidelines for 
installing signals at diamond interchanges. 

TABLE 4 Guidelines for Installing 
Traffic Signals at Diamond 
Interchanges 

Minimum 
Interchange 

Left Turn Volume for 
RIE (%) Signal Control 

0.4 30 1,005 
50 1,035 
70 1,060 

0.5 30 935 
50 955 
70 980 

0.6 30 850 
50 865 
70 885 

0.7 30 •750 
50 760 
70 775 

Nore : RLE is lhe •um o(ln iemal u·a.mc vglum1:1 por 
how p~r lo.nil' dlvJda.cJ by lhu ,un\ ar cttorn(ll lnrnc 
volume per hour per lo.nc; lofl turu (%) ls lhe pro· 
portion o r lcfl•turn tre1.rnc wilhln lntcirnnl 1r:.-ffic: 
Jn ccrcllnogo volume for Jisnal control fs the sum of 
ln, ~r nal Bntl ~:icl.:.rnal usrnc p"r hour per lant1 ,u rrn 
interchange: Internal craffic js fri;ifOc at Stations S 
and 6; an d ,external trm(nc is tnrnc at Stations 1, 
'2, 3, and 4: 

__J 4 

s 

2 5 

i 3 

If the suggested guideline volumes presented in 
Table 4 are applied following MUTCD practice, then 
these volume levels must be exceeded for each of any 
8 br of an average day. B.owever, ·tne exact number of 
hours required to meet the guideline volume levels 
for implementation should be determined from further 
study and testing in practice. 

Simplified Guidelines 

It is noted in Table 4 that the interchange volume 
guidelines f or signal control are practically in
sensitive to left-turn proportion within internal 
volume. Considering the effort required to collect 
the data, the left-turn proportion could be prac
tioally negligible for i mplementation, From these 
considerations, the simplifie·d guidelines ·given in 
Table 5 are also provided for this practical reason. 

Comparison with MUTCD Warrants 

The MUTCD states that traffic control signals should 
not be installed unless one of the signal warrants 
in the manual is met. Two of the warrants in the 
manual are related to traffic volume. 

TABLE 5 Simplified Guidelines for 
Installing Traffic Signals at Diamond 
Interchanges 

R!E 

0.4 
0.5 
0.6 
0.7 

Minimum 
Interchange 
Volume for 
Signal Control 

1,050 
950 
850 
750 

Note: Rrn is the sum of internal traffic volume per 
ltOur per 14'nt divided by the $Uni ofextcmlil1 tr'lorn t 
volume per ho ur por lane ; (n1erch1m gC volume ror tlsnai l 
con1tol l& tltc s-um o r hue.rnol a.nd oxtieirn11l lrarric per 
hour pfr l,nu ai an huerchranie: int trnol 1rnmc l:& 1rar, 
ric ~l S1.i, 1ioni 5 ftnd 6; and io.x ((luta11r:affio i• 1tnffic' ,u 
Stations 1, 2, 3, and 4: 

__J 4 

s 

2 5 

I 3 
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The first warrant--Minimum Vehicular Volume--is 
intended for application where the volume of inter
secting traffic is the principal reason for signal 
installation. The warrant is satisfied when, for 
each of any 8 hr of an average day, tbe traffic 
volumes given in Table 6 exist on the major street 
and on the h igher-volume m·inor street approach to 
the intersection. 

TABLE 6 MUTCD Minimum Vehicular Volumes for Warrant I 

No. of Lanes for Moving 
Traffic o n Each Approach 

'Major Street 

1 
2+ 
2+ 
l 

Minor Street 

2+ 
2+ 

Vehicles per Hour 
on Maj or Street 
(total of both 
approaches) 

500 
600 
600 
500 

Vehicles per Hour 
on Higher-Volume 
Minor Street 
Approaches ( one 
directio n only) 

150 
150 
200 
200 

The second warxant--Interruption of Continuous 
Traffic--applies to operating conditions where the 
volume on the major street is so heavy that traffic 
on the minor intersecting street suffers excessive 
delay o r hazard in entering or crossing the major 
street. Thus the second warrant is onl y applicable 
to two-way stop sign contr.ol. Therefore, the second 
warrant is not applicable to all-way s top sign con
trol at diamond interchanges. 

Examples are presented to compare the MUTCD war
rant with the guidelines der ived from this study 
(which are called diamond interchange guidelines). 

l. Example 1: One lane for all approaches that 
have traffic volumes: 

-200 -250 

250- 200-

t 
100 
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Because the major s treet carries 450 vehicles and 
the minor street carries 100 vehicles, neither in
t e rsec t ion will satisfy MUTCD warrant 1. However, 
beca us e the total interchange volume is 1,100 vehi
cles per lane at an internal ratio of 0.6. thi,a 
sample interchange will satisfy the diamond inter
change guidelines. 

2 . Example 2 : Two l anes for all approaches t ha t 
have traffic vol umes , 

100 

___J so: 50 ... I ___ .... 

400 3qo_ 
200 

' 
- ..2~0

- -400 
200 

400 - ?qo_ -
200 

• - ~~ - · 4 00 
WO 

Because the major stree t carrie s 800 vehic les and 
the minor stree t carr ies 10 0 veh i c les, nei t her in
t ~,g~0ciun completely satisfies the warrant. How
ever, because the total interchange volume is 900 
vehicles per lane at an internal ratio of 0.8, this 
sample interchange will satisfy the diamond inter 
change guidelines. 

3. Example 3: Unbalanced traffic flow: 

300 

___J1so;1sol~ ___ _. 

~ 
200 

i 

· i;i- - 300 

250 -ij~ - -
125 

125 
- -12 5- - 250 

Intersection l satisfies MUTCD warrant l but Inter
section 2 does not. The option of installing two 
separate traffic controls (e.g., signals at Inter
section l and stop signs at Intersection 2) at the 
intercha nge is too risky to use . Assume that signals 
are i nstalled at this inter c hange because Inters ec
tion l warrants signalization. However, because the 
diamond interchange carries 825 vehicles per lane at 
an internal ratio of 0.5, this interchange will not 
satisfy the diamond interchange guidelines for 
signalization. 

4. Example 4: MUTCO warrant is met but diamond 
interchange guidelines are not met: 

200 

___Jiooioo._l ___ _.... 

~ 
350 ; , .. -

1 

-~!{-- 250 

250 -
1
~

5
- • -

12 5 

Because the major street carries 600 vehicles and 
the minor s tree t c a rr ies 200 vehicles, both inter
sections meet MUTCD warrant 1 for signalization. 
However, because the interchange carries 800 vehi
cles per lane at an internal ratio of 0.4 5 , it does 
not meet the diamond interchange guidelines. 

Numerous other examples can be illustrated in 
which the following four cases exist: 

1. MUTCO warrant i s met, but diamond interchange 
guidelines are not met; 

2, MUTCD warrant is not met, but diamond inter
change guidelines are met; 

3. MUTCD warrant is met for one intersection and 
is not met for another intersection, but diamond 
interchange guideline s are met; and 
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4. MUTCD warrant is met for one intersection and 
is not met for another intersection, but diamond 
interchange guidelines are not met. 

J ' ~ • 
.Ll. J.::5 nui:.eU that 

two intersections at a diamond interchange cannot be 
separated r egarding thei r operational characte r i s 
tics. The independent treatment of two intersections 
at a diamond interchange is improper. Thus diamond 
interchanges should be treated as a separate warrant 
category in the MUTCD. The interchange traffic vol
ume levels provided in Table 4 or 5 are recommended 
to be considered as signal guideline volumes for 
diamond inter~h~ng~s. 

CONCLUSIONS 

The following conclusions were drawn from the data 
collected and field obse rvat i ons made wi th i n this 
study. They ~ pnl v w ;~h i n ~h o cpe~~ti c~~l c"vi~u~mcnt 
of one-way frontage roads. 

l. Al t hough each s ide o f a diamond interchange 
is an i ntersec tion, a diamond interchange operates 
much d ifferently t han would two isolated intersec
tions due t o t he clos e spacing. 

2. Because diamond interchanges operate differ
ently from isola t e d i ntersect i ons, criteria for 
warrantinq diamond interchangP. !=; ignalization shot!ld 
be a s epa r a t e MUTCD procedure f rom that f or i solated 
i ntersections. 

3. Diamond interchange models that uniquely 
combine the complex interactions of internal and 
e xt e rnal t raffic a ppea r to be the mos t represen ta
tive approach on whlch to base diamond i nterchang e 
g uide lines f o r s igna l iza t ion. 

4. There is a discriminating diamond interchange 
volume level beyond which traffic signal control is 
better than stop sign control in terms o f t he com
b ined perfor mance o f queue a nd trave l s peed . The 
specific volume l evels proposed f o r conside ring 
impleme ntation of signalization at diamo nd i nte r
changes are presented in Tables 4 and 5. 

RECOMMENDATIONS 

1. The guidelines presented in Tables 4 and 5 
are recormnended f o r impl ementat:io n and tes ting t o 
ascer t a i n t hei r a ccepta bility for de t ermini ng when 
and whe r e i ns talla t i o n o f tra ffic s ignali?:ations is 
needed at diamond interchange s. 

2. Separate signalization warrants for diamond 
interchanges are recommended. The guidelines pro
vided in Tables 4 and 5 should be considered in the 
development of diamond interchange signal warrants 
in the MUTCD. 

3. Further research is recommended to determine 
the exact number of hours during the average day 
that should meet the guideline volume levels for 
i mplementation purposes. 
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Optimal Timing Settings and Detector Lengths of 

Presence Mode Full-Actuated Control 

FENG-BOR LIN 

ABSTRACT 

The operation of presence mode full-actuated signal control at individual in
tersections is governed primarily by the choice of detector length and the 
timing settings of vehicle interval and maximum green. The relationships be
tween these control variables and the control efficiency vary with the flow 
pattern at an intersection. Based on the results of computer simulations, the 
optimal combinations of detector length, vehicle interval, a nd maximum green 
are identified for a wide range ·of flow condit ions. The analyses performed in 
this study concern only intersections where vehicle approach speeds are les s 
than 35 mph. 

Full-actuated signals based on long loop presence 
detector s are being widely used for the regulation 
of traffic flows at individual intersections. This 
p resence mode control, which is also referred t o as 
l oop-occupancy control, can r e ly o n a variety o f 
t i ming se t ting s a nd detectors . Ne vertheless , t he 
typical o peratio n of this mode o f control is gov
erned by t hree basic c ontrol va r iables : veh i cle 
i nt e r va l, max i mum gre e n, a nd detec tor length , Veh i-

cle interval determines the longest duration in 
which detectors can be left unoccupied without 
prompting the termination of a green duration. Maxi
mum green limits the maximum green duration allow
able to a signal phase after a vehicle actuates a 
detector of a competing phase. 

Some researchers have attempted to quantify the 
perfor manc e of the presence mode control under cer
tain operating conditions, but so far the findings 
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are inconclusive regarding the optimal use of pres
ence mode control. for example, Cribbins and Meyer 
(_!) examined the effects of detector length on the 
control efficiency under real-life conditions. They 
concluded that the longer the length of the presence 
detector on the major approach to an intersection, 
the longer the delay. The conditions under which 
various detector lengths were examined, however, are 
unknown. 

To provide further insights into the effects of 
detector length, Tarnoff and Parsonson (2) used the 
NETSIM simulation model (3) to compare detector 
lengths of 30 to 90 ft. Th-;;y found that the effi
ciency of the presence mode control increased as the 
detector length was shortened. But they also cau
tioned that the simulation results did not properly 
a ccount for the poss ibil i ty that a signal phase 
could be prematurely ter mi nate d because of the vari 
ations in queue discharge headways. Tarnoff and 
Parsonson's caution is not unwarranted. A recent 
study by Lin and Percy (4) has indicated that the 
risk of the premature phase termination is not 
negligible and can significantly aff ec t the oper
ating c ha racteristics of the presence mode control. 

Generally, current understanding of the perfor
mance characteristics of the presence mode control 
is piecemeal and mostly intuitive in nature. As a 
result, it is not clear how this mode of control can 
be used to achieve the highest possible control 
efficiency. To bridge this gap i() the state of the 
art of signal control, this study was conducted to 
determine the relationsh i ps between the optima l use 
of the presenc e mode c ontro l and the f l ow patterns 
at ind i v i dual intersections wher e veh · cle approach 
speeds are less than 35 mph. 

METHOD OF PERFORMANCE ANALYSES 

It is generally impractical to conduct field studies 
to determine how the performance of the presence 
mode control would change under different operating 
conditions. A practical alternative is to use com
puter simulation for the performance analysis of 
such a signal control. But past efforts in develop
ing simulation models largely overlooked t he impor
tance of a reasonably accurate representation of the 
interactions between queuing vehicles and presence 
detectors. Consequently, existing models may not be 
suitable for use as a tool to identify the optimal 
use of the presence mode control. 

The NETSIM model Cl), for example, assumes that 
every vehicle in a queue can extend a green duration 
until the queue dissipates completely. Field data 
collected in this study (1), however, indicate that 
th i s i:; nut always the case. In fact, the probabil
ity of premature phase termination caused by the 
failure of queuing vehicles to extend green dura
tions can be rather high, even when 50-ft detectors 
are used. Figure l presents a few examples of this 
phenomenon. The existence of prematurely terminated 
green durations can be expected to result in poor 
operation of the presence mode control. Ignoring it 
would cer t ainly lead to underestimates of vehicle 
delays. 

To avoid introducing systematic biases into the 
analysis of presence mode signal operations, a simu
lation model referred to as the RAPID model (5) was 
used in this study. This model is a micro-;copic 
simulation model capable of duplicating the dynamic 
and probabilistic interactions between queuing vehi
cles and presence detectors. This capability is 
indispensable because the performance of the pres
ence mode control is dictated by such interactions. 
Furthermore, the model does not contain any assump
tion that would misrepresent the actual operation of 
the presence mode control. 
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FIGURE 1 Probabilities that queuing vehicles face prematurely 
terminated green phases. 

To facilitate this study, the RAPID model was 
calibrated with field data collected at two inter
sections (1) • These data concern the interactions 
between queuing vehicles and detectors 30 to 120 ft 
long. Based on this calibrated model, the optimal 
combinations of detector length, vehicle interval, 
and maximum green were determined for a variety of 
f l ow patterns. Vehicle delays were used as the mea
sure of performance in search of such optimal combi
nations. 

The average vehicle delay associated with a pres
ence mode operation is a random variable. Its true 
value can only be estimated. Therefore, the optimal 
control referred to herein for a given flow pattern 
is in fact an approximate solution. The procedure 
used to search for such an optimal control was sim
ple but tedious. Detector lengths of 30, 50, 65, BO, 
and 1iu tt are evaluated separately first. For each 
detector length, the best combinations of vehicle 
interval and maximum green were identified for a 
number of flow patterns. The average delay produced 
by each combination of vehicle interval and maximum 
green was estimated on the basis of the outputs of 
at least four simulation runs. For a flow pattern 
with heavy lane flows, the average delay could vary 
substantially from one simulation run to another. In 
such a case additional simulation runs were per
formed to obtain a better estimate of the average 
delay. 

The flow patterns examined in this study repre
sent a number of combinations of flow rate per lane, 
distribution of traffic volume among lanes, and 
temporal variations in flow rate. The vehicles as
sociated with these flow patterns included straight
through and right-turn movements with a negligible 
number of trucks and buses. These two directional 
movements represent two extreme flow conditions and 
were analyzed separately. Both two- and four-phase 
operations of the presence mode control were ana-
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lyzed for each flow pattern. The rest-in-red feature 
was assumed to be in effect. Also, each signal phase 
contained up to four lanes. The ratio of the criti
cal lane flow in one phase to that in another phase 
was varied from 1 to 2. The flow rate in a lane 
ranged from 50 to 100 percent of the critical lane 
flow of the same phase. 

Each combination of flow pattern, detector 
length, ve hicle interval, and maximum green was 
analyzed on the basis of a 1-hc operation of the 
signal control. In such an hourly oper;ition, the 
flow rate in each lane was allowed to vary from time 
to time at 5-min intervals. A factor, referred to 
herein as the peaking factor (PF), was used to 
represent the degree of such temporal variations in 
the flow rate. This factor is defined as 

PF= Hourly volume/(4 x peak 15-min volume) (1) 

A peaking factor of 1. O indicates a uniform flow 
rate. A lower peaking factor implies that there is a 
higher concentration of traffic in a short period of 
time. The signal operation for each flow pattern was 
analyzed, respectively, at peaking factors of 1. 0, 
0.85, and 0.7. At any flow rate, the arrivals of the 
vehicles were assumed to be random, 

PERFORMANCE CHARACTERISTICS 

The choice of detector length, vehicle interval, and 
maximum green can affect the risk of the premature 
phase termination . It can also affect the speed 
profile of a vehicle before and after the actuation 
of a detector and the degree of easiness or dif
ficulty for ve hicles not in a queue to extend a 
green phase. The resulting relationships between the 
control efficiency and the control variables are 
complex. 

Among the three control variables, maximum green 
plays a relatively simple and easily identifiable 
role in shaping the operation of the presence mode 
control. The maximum green chosen for a specific 
signal operation is dormant until the arriving vehi
cles are able to extend a green phase continuously. 
The potential impact of this signal control variable 
is shown in Figure 2. 

One feature revealed in this figure is that the 
delays are insensitive to maximum green when the 
flows are relatively low [e.g., 400 vehicles per 
hour (vph) per lane], For a flow pattern with 
heavier flows, short maximum greens become undesir
able. In such a case the average delay begins to 
increase rapidly when the maximum greens fall below 
a certain level. Long maximum greens, however, may 
not have a significant adverse impact on the average 
delay. 

Figure 2 also shows that optimal maximum green 
can vary with the peaking factor. The general trend 
as revealed by the simulation data is that the 
optimal maximum green decreases when the peaking 
factor increases. This is not an unexpected result. 
A flow pattern with a strong peaking characteristic 
(i.e., small peaking factor) implies a high con
centration of traffic volume in a short period of 
time. For a given hourly flow rate, the smaller the 
peaking factor, the heavier the traffic becomes in 
such a period and the longer the maximum green 
should be. 

The effects of detector length and vehicle in
terval on control efficiency are much more difficult 
to generalize. Nevertheless, the operation of the 
presence mode control is governed primarily by the 
sum of the dwell time of a vehicle in a detection 
area and the vehicle interval provided. This sum can 
be referred to as the effective vehicle interval 
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faced by a vehicle. The dwell time is a function of 
detector length and can vary from one vehicle to 
another. Consequently, . the effective vehicle in
tervals faced by the arriving vehicles also vary. 

If such effective vehicle intervals are short, 
both queuing vehicles and vehicles not in a queue 
may have great difficulties extending a green phase. 
On the other hand, long effective vehicle intervals 
may allow vehicles separated by long headways to 
extend a green phase. In either case , control ef
ficiency can be expected to be poor. 

After a green phase begins, the queue in a lane 
will grow and decay at the same time. Eventually 
such a queue will dissipate. For the vehicles in a 
queue, the premature termination of a green phase 
should be prevented. Otherwise the queue length may 
grow from one cycle to another, thus inducing exces
sive delays. Under highly variable flow conditions, 
the premature phase termination can be e ffecti vely 
prevented if long detectors (e . g . , 80 ft) a r e used. 
Once the risk of the premature phase termination is 
negligibly small because of the use of long detec
tors (e.g., 80 ft or longer) or because of the pres
ence of light traffic flows, then longer vehicle 
intervals may lead to increased delays. These 
characteristics of the presence mode control are 
clearly revealed in Figure 3. 

After a queue dissipates from a detection area, 
it may be desirable to allow some vehicles that are 
following behind to extend the green phase. The 
vehicles not in the queue generally have longer 
headways than the queuing vehicles in the same lane. 
Furthermore, they are faced with effective vehicle 
intervals that are shorter than those encountered by 
the queuing vehicles. Consequently, such vehicles 
can be expected to have substantial dif f iculties in 
extending a green phase, An approxi mate analysis 
given in the following paragraphs underscores this 
phenomenon. 
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and ehicle interval (two phases, four lanes per phase, PF = 
0.85). 

Consider a green phase that is associated with 
more than one lane and assume that vehicles that 
cannot join a queue arrive randomly at the upstream 
end of the detector in a lane. With these random 
arrivals , it can be shown (~) that the arrival head
ways of the combined flow can be represented by the 
following probability density function: 

F(h ~ t) = exp [-(A1 + "2 + ... + "i" ,)t] " e-At (2) 

where 

F(h > t ) probability that a headway his 
greater than or equal tot, 
flow rate in lane i , and 
combined flow rate. 

As an approx i mat i or1, le t the effect i ve vehicle 
interval faced by each of such vehicles be the same. 
Denote this effective vehicle interval as U. Then, 
for a vehicle in the combined flow to extend a green 
phase , its headway s houl d not exceed U. The proba
bili ty that a ve h icle will be able to extend the 
green becomes l e - ). U. The corr esponding prob
abili ty Y that exactly M vehicles will be able to 
exte nd the gre en in succ e s s i on i s 

(3) 

Based on this equation, the probability that Mor 
fewer vehicles will be able to extend a gre en p hase 
c a n be es t imated for various combination s of ). and 
u, Figure 4 shows that, with an effective vehicle 
interval of 3 sec, the median number of vehicles 
t hat can extend a green phase in s uccession is only 
a bout 2 . 5 when the combined flow is 2 , 000 vph. If 
the effective vehicle interva l is i ncreased to 4 
sec, it can be shown that the corresponding median 
value is still only five vehicles, This is an aver-
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age of l. 25 veh icle s pe r l ane if the combined flow 
is distributed among four l anes. Therefore, unless 
the effective vehicle intervals faced by the arriv
ing vehicles are longer than 4 sec and the combined 
flow i s extremely heavy, the presence mode contro l 
will rare ly a llow a vehicle not i n a queue to extend 
a green phase , 

Allowing vehicles not in a queue to extend a 
green phase is desirable only when the combined 
critical flow of a traffic pattern is heavy . With a 
c ombined critical flow exceeding 1,200 vph, for 
example, 1-sec veh i cle intervals tend to pr oduce 
more eff i cient operations than 0- s ec vehic le inter
vals when 65-ft detectors are used, No field obser
vations have been made on v e h i c le movements over 
65-ft detectors. Nevertheless, the probability of 
the premature phase termination associated with the 
use of such detectors can be expected to be negligi
bly small. Th i s implies that the 1-sec vehicle in
te r vals needed to minimize delays are primarily to 
allow s ome vehicles not i n a queue to ext end a green 
phase. 

OPTIMAL UTILIZATION 

Optimal Maximum Gi::een 

Maximum green is usually set between 30 and 60 sec 
(1), Cur rent practices in selecting the maximum 
green appear to be arbitrary. For the purpose of 
preventing a green phase from becoming unreasonably 
long to waiting drivers, the maximum green may be 
set in accordance with a tolerable waiting time. How 
long a waiting time is tolerable is, of course, 
subject to intuitive judgment. 

To maintain high control efficiency under varying 
flow conditions, it has also been suggested Cl) that 
the maximum green be selected to correspond to the 
desired cycle leng t h a nd spl i t a t an int ersection . 
Following this suggestion, the optimal pretimed 
cycle length and green durations for a flow pattern 
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being considered can be determined first. The com
puted green durations are then multiplied by a fac
tor ranging between 1. 25 and 1. 50 t o obtain the 
maximum greens (7). This approach is log i cal , but 
the basis for cho"c;s i ng a value between 1.25 a nd 1. 50 
as the multiplication fac tor is not clear. 

The simulation resul t s obtained in this study 
indicate that the optimal maximum green of a phase 
can be related to the corresponding optimal pretimed 
green and the peaking factor. Figur e 5 shows such 
relationships. The opt imal pret i med green, denoted 
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turns 

as Gp in the figure, is determined from the fol
lowing optimal pretimed cycle length (_~): 

C0 • (1.5 L + 5~ (4) 

where 

co = optimal pretimed cycle length (sec): 
L loss time per cycle, taken as 5 sec per 

phase: 
Zi = ratio of critical lane volume of phase i to 

saturation flow of 1,800 vph: and 
N = number of signal phases. 

Given C
0

, the available green time is allocated to 
each phase in proportion to the critical lane vol
ume: that is, 

where 

= pretimed green duration of phase i, 
= clearance interval of phase j, and 
= critical lane volumes of phase i and 

phase j, respectively. 

(5) 

A few observations can be made from Figure 5. 
First, with a peaking factor of 1.0, the optimal 
maximum greens are about 10 sec longer than the 
corresponding optimal pretimed greens. Second, when 
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the peaking factor decreases to O. 85, the optimal 
maximum greens are about 80 percent longer than the 
pretimed greens. Finally, the optimal maximum greens 
for a peaking factor of 0.7 are about 2.5 times the 
optimal pretimed greens. The optimal maximum greens 
for flow pat t e r ns with only right-turn flows are 
longer than t hose for s traight-through flows. The 
difference is about 10 sec. 

The consequences of using maximum greens that 
deviate from the values given in Figure 5 are shown 
in Figure 6. Each curve of this figure represents 
the average delays for a given flow pattern when 
maximum green is varied. It is obvious from this 
figure that the use of maximum greens 10 sec shorter 
than the values given in Figure 5 should be avoided. 
On the other hand, maximum greens 20 sec longer than 
such values may increase average delays only 
slightly. 
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FIGURE 6 Variations in average delays as a function of maximum 
green. 

Because the traffic volume at an intersection 
varies from time to time, the optimal maximum green 
o f a signal phase should be determined on the basis 
of t he peak- hour flow patte r n when only one maximum 
g r een per phase i s allowed . If t wo settings of maxi 
mum g r ee n are al l owed, one setting should be based 
on t he peak-hour flow patterns and the other based 
on a pa ttern with mode r ate flow ra t es . The max imum 
g r een s hould be limited by driver s ' t ole r ance to 
waiting. 

Optimal Vehicle Interval 

For detectors at least 80 ft in length, 0-sec vehi
cle intervals can be expected to produce the most 
efficient signal operations. When shorter detectors 
are used, the optimal vehicle intervals depend pri
marily on the combined critical flow of the traffic 
patte rn. A heavie r combined critical flow generally 
requ ires a longer veh icle interval in order to mini
mize delays. 
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When 1-sec vehicle intervals are chosen over 
2-sec vehicle intervals for 30-ft detectors, Figure 
7 shows that the average delays may be reduced by up 
to 2 sec per vehicle for straight-through flows and 
up to 4 sec per vehicle for right-turn flows if the 
combined critical flow is less than 900 vph. Under 
heavier flow conditions, 2-sec vehicle intervals 
become much more desirable than 1-sec vehicle inter
vals. For straight-through flows with a combined 
critical flow of more than 1,000 vph, there is an 
increasing need to use 3-sec vehicle intervals. For 
right-turn flows it becomes advantageous to use 
3-sec vehicle intervals only when the combined 
critical flow approaches 1,400 vph. The use of vehi
ule intervals longer than 3 sec, however, would 
reduce control efficiency. 
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FIGURE 7 Additional delays caused by the choice of 1-sec 
vehicle intervals over 2-sec vehicle intervals (30-ft detectors). 

For 50-ft detectors serving straight-through 
flows, 1-sec vehicle intervals are always better 
than 2-sec vehicle intervals when the combined 
critical flow is less than 1,000 vph. Above this 
flow level the relative efficiencies of 1- and 2-sec 
vehicle intervals depend on the specific flow pat
tern at an intersection. Generally, 2-sec vehicle 
intervals can become slightly better when the peak
ing factor approaches 0.7, whereas 1-sec vehicle 
intervals are preferred when the peaking factor is 
greater than 0.85. The differences in the resulting 
delays, however, are less than 1. 5 sec per vehicle 
and thus can be ignored. When the combined critical 
flow is less than BOO vph, 0-sec vehicle intervals 
are preferred to 1-sec vehicle intervals. Under 
heavier flow conditions, it becomes important to use 
1-sec vehicle intervals. 

To serve right-turn flows, there is no advantage 
of using vehicle intervals longer than 1 sec for 
50-ft detectors. For such directional flows, 0-sec 
vehicle intervals produce more efficient control 
than 1-sec vehicle intervals when the combined 
critical flow is less than 900 vph. Once the com
bined critical flow exceeds 900 vph, there is an 
increasing need to use 1-sec vehicle intervals. 
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The optimal vehicle intervals for 65-ft detectors 
are in the range of O to 1 sec. The use of longer 
vehicle intervals can be expected to induce addi
tional delays. For 65-ft detectors used to serve 
straight-t:hro•J'Jh flaws i 0-sec ~Ghicle !ntcLvals a;:-=: 
preferred to 1-sec vehicle intervals when the com
bined critic a.l flow i s less tha n 1 ,000 vph. Under 
heavier flow conditions , 1- s ec vehicle int erva l s 
should be used. For right-turn flows , the use o f 
0-sec veh · cle i n t ervals is ge nerally desirable when 
the combined critical flow i s l es s t ha n 1 , 100 vph. 
Above this level of combined critical flow ther e is 
an i ncreasing need t o use 1-sec vehicl e interva l s. 

Based on these findings, a set of vPhir.'le inter;
vals is determined and r econunended for timing design 
applications. These reconunended vehicle intervals 
are shown in Figure 8. The shaded areas in this 
figur e r epresent various rang s o ! vehicle i n te r vals 
in whic h the control ef ficiency is not likely to 
vary s ignificantly. Ne ver t he less , it i s desirable to 
use the uppe r bound s of such ranges to choose a 
vehicle inte rva l whe n the peaking factor of a flow 
pat t ern approaches O. 7. The lower bound s are t o be 
used whe n t he peak i ng factor i s betwee n O. 85 and 
1 . 0. As in the case o f s electing a maximum green, 
the t iming d esign c an be based o n t he peak- hour f low 
pa tte rn e xpected a t an intersection. 
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FIGURE 8 Recommended vehicle intervals. 

For detector lengths not shown in Figure B, their 
optimal vehicle intervals can be estimated through 
interpolations. 

Optima l Detecto r Le ngth 

It has been suggested (.2.) in the past that required 
detector lengths be determined from the following 
equation: 

D • 1.47 V(U - E) - L (6) 



Lin 

where 

D detector length (ft), 
V design approach speed (mph), 
U desired effective vehicle interval (sec), 
E vehicle interval (sec), and 
L design vehicle length (ft). 

The primary concern of this equation is to give 
vehicles not in a queue a reasonable chance to ex
tend a green phase. To serve this purpose, Equation 
6 in fact equates the sum of the dwell time (D + 
L)/(1.47V) of such vehicles and the vehicle interval 
E to a desired effective vehicle interval U. An 
effective vehicle interval of 3 sec is usually con
sidered to be adequate. 

Equation 6 is convenient to use, but the detector 
lengths determined from it are unlikely to be the 
most desirable, A major reason for this is that the 
effective vehicle interval U that should be used in 
the equation has not been clearly specified. For a 
detector of 30 to 65 ft, it has been shown (Figure 
8) that the vehicle interval needed to minimize 
delays increases with the combined critical flow of 
a flow pattern. This implies that the effective 
vehicle interval U should be related to traffic 
volume. Furthermore, the operation of the presence 
mode control is governed pr imar-ily by the interac
tions between queuing vehicles and detectors. There
fore, the use of Equation 6 may lead to good choices 
of detector length for some flow patterns and poor 
choices for others. 

When compared with the other detector lengths 
examined in this study, 80-ft detectors with 0-sec 
vehicle intervals were found to be able to produce 
either better or at least equally efficient signal 
operations. Figure 9 provides an insight into the 
relative efficiencies of the various detector 
lengths. Each delay curve shown in the figure is 
associated with a flow pattern under either a two
or four-phase signal control. It can be seen from 
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FIGURE 9 Variations in average delays with detector length. 
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the figure that the control efficiencies produced by 
6 5- and 80-ft detectors are comparable over a wide 
range of flow conditions. 

Detectors shorter than 80 ft are frequently used 
because of budget constraints. Before such detectors 
are used, their potential impact on control effi
ciency should be evaluated. Figure 10 shows an 
example of the additional delays that may result 
from the use of detectors shorter than 80 ft. The 
information contained in a figure such as this can 
be used to assist in the choice of detector lengths. 
For example, the data in Figure 10 indicate that, 
when the combined critical flow is less than 1,000 
vph, the average delays caused by the use of 65-ft 
detectors are less than 1.5 sec per vehicle longer 
than those produced by the use of 80-ft detectors. 
Therefore, if this magnitude of the added delays is 
deemed to be insignificant, then 65-ft detectors may 
be employed. 

.c 
QJ 

> 
' u 
QJ 
Ul 

-< 

"' " 0 ..... 
.µ ..... 
'tl 
'tl 
,,: 

65-ft 4-Phase 
s ~ --", 

0 ~li'ii':J.f..~1"$.W~"ZIW',il.~liiJ..iiii:£(#i1;i;f.iJ"f;} 
2- Phasc 

- 5 1- sec Vehicle Interval 

50- f t 

10 4- Phase 

1-sec Vehicle Interval 

2-sec Vehicle Interval 
-sh-::~~,::'=":~~~"::""'""~""7'"::~~--:-~:----:--:-::-:'. 

00 600 800 1000 1200 1400 

Combined Critical Flow, vph 

FIGURE 10 Additional delays caused by the use of 
detectors shorter than 80 ft (straight-through flows). 

Short detectors may be used in place of 80-ft 
detectors as long as their use is not likely to 
incur undue additional delays. Figures 11 and 12 
show such acceptable detector lengths at two levels 
of allowable added delays for straight-through and 
right-turn flows, respectively. These figures indi
cate that, to maintain a specified level of control 
efficiency, detector length should increase with 
combined critical flow. They also reveal that, if an 
added delay of 5 sec per vehicle is acceptable, 
30-ft detectors can be used for flow patterns with 
combined critical flows of up to about 800 vph. 
Four-phase operations require longer detector 
lengths than two-phase operations because they incur 
longer delays, and such delays are more sensitive to 
the choice of detector length. 

The detector lengths determined from Figures 11 
and 12 should be used in conjunction with the 
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FIGURE 11 Acceptable detector lengths and 
allowable added delays (straight-through flows). 

optimal vehicle intervals for respective levels of 
combined critical flow. Otherwise, the resulting 
added delays may be significantly longer than the 
acceptable values indicated in these figures. 

CONCLUSIONS 

Generally, optimal maximum greens for the presence 
mode control are longer than the green durations 
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added delays (right-tum flows). 

Transportation Research Record 1010 

required to achieve optimal pretimed control. Flow 
patterns with higher degrees of concentration of 
traffic in short periods of time need longer optimal 
maximum greens. The optimal maximum greens for 
hourly flnw p;,t'.t:.~rn" with a p~akin9 fa,:,tor of LO 
are about 10 sec longer than the corresponding 
optimal pretimed greens. With a peaking factor of 
0. 85, the optimal maximum greens are approximately 
80 percent longer than the corresponding optimal 
pretimed greens • 

Optimal vehicle intervals are a function of de
tector length and flow rate. For detectors 30 ft 
long, the use of 2-sec vehicle intervals can lead to 
the best Sil)nal performance over a wide ranl)e of 
operating conditions. For 50-ft detectors, 1-sec 
vehicle intervals are desirable under a variety of 
flow conditions. When detectors 80 ft or longer are 
used, 0-sec vehicle intervals can minimize delays. 
The use of vehicle intervals longer than O sec for 
such detector lengths is not desirable unless the 
combined critical flow at an intersection exceeds 
1,400 vph. 

Detectors 80 ft long can consistently produce the 
best signal performance. For a combined critical 
flow of less than 1,100 vph at an intersection, 
however, 65-ft detectors can produce comparable 
performance. For a combined critical flow of less 
than 900 vph, the use of 50-ft detectors in place of 
80-ft detectors would only incur an added delay of 
up to 2 sec per vehicle. And, for a combined criti
cal flow of less than 600 vph, 30-ft detectors may 
also be used to replace 80-ft detectors without 
incurring undue excess delays. For a specific signal 
control problem that involves the use of presence 
detectors, it is recommended that Figures 5, 8, 11, 
and 12 be consulted to determine an efficient combi
nation of detector length, vehicle interval, and 
maximum green. For a signal phase with various di
rectional flows, the criticai lane flow of a repre
sentative peak-hour flow pattern may be used as a 
basis for determining such a combination. 
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Multiway Stop Sign Removal Procedures 

CLAUDE M. LIGON, EVERETT C. CARTER, and HUGH W. McGEE 

ABSTRACT 

In recent years local jurisdictions have successfully converted unwarranted 
multiway stop-controlled intersections to less restrictive forms of control. 
However, there is wide variation in the approaches used and factors considered 
in the conversion decision. Therefore, FHWA initiated a national study of the 
processes, with two primary objectives: (a) to develop and test procedures to 
convert multiway stop-sign-controlled intersections to two-way stop-sign-con
trolled intersections, and (b) to document the safety effects of converting 
multiway stop controls to two-way controls. In this paper the study is sum
marized and the results are presented in the form of recommended conversion 
procedures. Thirty separate geographically distributed jurisdictions were 
visited a nd infor mat ion and data rega r d ing the various c onve rsion experiences 
were collected. Da ta f rom more than 170 s eparate intersections were studied by 
the resea rch team i n arr i vi ng at the concl usions and r ecommended procedures in 
this paper. Laboratory driver preference studies were conducted to determine 
the most suitable warning and information signs. In addition to local govern
ment officials, several consultants as well as professionals in quas i-public 
agencies were interviewed and their experiences and knowledge of the conversion 
process were incorporated, where appropriate. The emphasis of the study has 
been on the safety aspects of the conversion process. 

Within the past few decades there has been an in
crease in the use of multiway stop signs as the 
traffic control scheme at many intersections. Many 
elected officials believe that multiway stop signs 
are a panacea for intersection safety problems be
cause they promote speed control, accident reduc
tion, and pedestrian safety. Even though the Manual 
on Uniform Traffic Control Devices (MUTCD) (1) has 
warrants for the application of multiway stop con
trol, in some cases the "political" warrant is the 
only one that is met. Multiway stop signs should 
ordinarily be used only where the intersecting road 
volumes are approximately equal. The MUTCO states 
that a stop sign should not be used for speed 
control. 

Research has indicated that stop signs installed 
to control speed do not result in speed reduction 
(1-2>. Also, studies have indicated that stop signs 
do not always result in increased safety (~). 

Unwarranted stop signs increase stops, cause 
delays, and increase fuel consump t ion and pollut
ants. Further, installation of unwananted traffic 
control devices breeds dis respect for such devices 
and can result in potentially dangerous behavior. 
For these reasons, it is desirable to remove unwar
ranted and unneeded stop signs that hinder traffic 
flow rather than aid it. Concern for the environment 
and for fuel conservation has led to a different 
attitude toward traffic control. 

For several decades traffic engineering changes 
have, almost without exception, involved installing 
more positive or rigid control; for example, going 
from no control to two-way stop control or two-way 
to four-way stop control. Traffic engineers as well 
as the general public are conditioned to increasing 
degrees o f control. Local jurisdictions a r e begin
ning to rea lize t he mistakes of t he past and under
stand tha t the r e are air pollution , delay, and 
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energy impacts that 
multiway stops. 

A recent study (2) 
vehicle accidents may 
volumes, intersection 
speeds are combined. 

result from excessive use of 

indicates that pedestrian and 
increase when certain traffic 
configurations, and approach 

PROJECT OBJECTIVE AND SCOPE 

This study was undertaken with two primary objec
tives in mind: 

1. To develop and test procedures to convert 
multi way stop-sign- controlled intersections to two
way stop-sign-controlled intersections , and 

2. To document the safety effects of converting 
multiway stop controls to two-way controls. 

The general approach was to visit at least 30 
political jurisdictions that had multiway stop sign 
conversion experience. From their collective past 
experiences, and from methods that appeared to be 
reasonable , a recommended procedure was developed to 
convert multiway stop intersections to lesser forms 
of control. 

DATA COLLECTION 

Each political jurisdiction selected for a site 
visit designated those intersections that had been 
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converted from multiway stop sign control to lesser 
forms of control. Data on the sites and on the num
ber of intersections so identified are given in 
'!';ah]p l -

Data on the average daily traffic (ADT) and the 
posted speeds of the converted intersections studied 
are given in Tables 2 and 3, respectively. The fact 
that more than one-half of the converted intersec
tions had ADTs of less than 1,500 vehicles per day 
and posted speeds of 25 mph or less suggests that 
most conversions identified in this study had been 
accomplished at residential intersections. This is 
often where complaints or !!peetllny are most common 
and the "political" warrant for multiway stop sign 
installation is exercised. This situat ion often 
creates a climate for whol esale stop sign removals 
when subdivisions are annexed by a larger urban area 
because subdivis ions often use stop signs as speed 
control devi ces. 

Spec i al s i gning f or con,, ersions was found to run 
the gamut in sizes and wording. Figures 1-4 contain 
some examples of signs used by various jurisdictions 
to assist in the conversion process. 

ACCIDENT ANALYSIS 

Because of the concern for the safety effects of 
converting multiway ~t op contr-ols to two-way stop 
controls, an analysis of changes in accidents before 
and after conversions was conducted by using data 
for 172 intersections representing 33 jurisdictions 

TABLE 1 Political Entities Contributing to Multiway Stop Sign Study 

No. of Converted 
Population Intersections 

Political Entity County/Parish (OOOs) Studied 

FHW A Region 1 
Manchester, Conn. Hartford 50 27 
Colonie, N.Y. Albany 78 3 
Niskayuna, N.Y. Schenectady 18 3 
Troy, N.Y. Rensselaer 56 8 

FHWA Region 4 
Palm Beach County, Fla. 3 
West Palm Beach, Fla. Palm Beach 63 4 

FHW A Region 5 
Berkley, Mich. Oakland 20 5 
Beverly Hills, Mich. Oakland 12 2 
Madison Heights, Mich. Oakland 35 5 
Trenton, Mich. Wayne 25 5 
Dayton, Ohio Montgomery 200 7 

FHWA Region 6 
Baton Rouge, La . East Baton Rouge 250 2 
Bossier City, La. Bossier 55 20 
Lafayette, La. Lafayette 82 2 
Oklahoma City, Okla. Oklahoma 450 2 
Arlington, Tex.• Tarrant 160 6 
Bellaire, Tex. Harris 15 3 
Houston, Tex. Harris 1,500 3 
Pasadena, Tex. Harris 120 3 
Seabrook, Tex . Harris 5 2 
Sugarland, Tex. Fort Bend 9 15 
Taylor Lake Village, Tex. Harris 4 4 
West University Place, Tex. Harris 12 2 

FHW A Region 7 
Olathe, Kans. Johnson 39 4 
Overland Park, Kans. Johnson 82 4 
Kansas City, Mo. Jackson 448 5 

FHW A Region 8 
Butte-Silverbow, Mont.• Silverbow 37 9 

FHW A Region 9 
Inglewood, Calif. Los Angeles 90 4 
Pamona, Calif. Los Angeles 100 2b 
Riverside, Calif. Riverside 171 2 
Riverside County, Calif. 2 
San Bernardino, Calif. San Bernardino 130 6 
San Bernardino County, Calif. lb 

8Not included in site visits. 

b Accident data not avaiJable. 
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TABLE 2 ADT of Converted Intersections 

Total No. of Converted Percentage of 
Intersection Intersections Total 
ADT Range Studied Intersections 

< 1,500 98 57 
l ,50(}...3,000 32 19 
> 3,000 42 24 

Total 172 100 

TABLE 3 Posted Speeds of Converted 
Intersections 

No. of Percentage of 
Speed Intersections Total 
(mph) Posted Intersections 

20 6 3 , 
25 101 59 
30 49 29 
35 6 3 
40 9 5 
50 I I 

Total 172 100 

FIGURE 1 Example of advance motorist warning (Lafayette, 
Louisiana). 

FIGURE 2 Supplementary notice sign (Baton Rouge, Louisiana). 

FIGURE 3 Supplementary sign after conversion (Kansas City, 
MiBSouri). Note supplementary sign on post on opposite corner. 

FIGURE 4 Pavement markings and STOP AHEAD sign used to 
emphasize presence of remaining stop sign after conversions (San 
Bernardino County, California). 
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in 12 states. Because of data limitations, all ac
cident types were grouped and the primary data ele
ment was the number of accidents before and after 
the conversions. Accident rates could not be used 
for this analysis because for many locations the 
volume data for both periods were not available. 
Based on information provided by the various 
agencies, it was reasonable to assume nearly equal 
volumes before and after conversion. Accident sum
mary statistics are given in Table 4. Results of an 
analysis, using the Statistical Program for Social 

TABLE 4 Accident Summary Statistics 

Supplementary 
Sign 

Total Yes No 

No. of accidents before 88 77 II 
No. of accidents after 144 101 43 

Total (all intersections) 232 178 54 

No. of intersections with increased accidents 28 13 I 5 
No. of intersections with decreased accidents 16 12 4 
No. of intersections with no change 128 32 96 

Total 172 57 I 15 
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Sciences (SPSS) computer package, indicated the 
following: 

1. There was significant increase in the number 
oi acc1aents {based on the ~oisson distrioution 
test) after the conversion. Although the aggregate 
effect was a significant increase in accidents, only 
16 percent of the 172 sites experienced an increase 
and 9 percent experienced a decrease. This finding 
indicates that there might be certain geometric or 
operating characteristics that determine whether an 
increase in accidents will occur. 

2. The percentage increase in accidents was 
significantly higher where there were no supple
mentary signs, based on a chi-square test. 

3. Seventy-four percent of the intersections 
(l2B of 172) had no change in the number of ac
cidents. 

At those sites where the accidents increased, 
another accident analysis was performed to deter
mine how soon the accidents occurred after the 
conversion took place. It was expected that there 
might be an unusually high incidence of accidents 
ilTUllediately after the conversion with a return to a 
normal situation after the motorist had become fully 
aware that the intersection was a two-way stop con
trol. This analysis considered the number of acci
dents that occurred for each of 12 months before and 
after the conversion for 1:1ve s1.ces como1ned. It 
appears that if accidents do increase, there is a 
concentration of accidents occurring within the 
first month. The remainder of the accidents occurred 
throughout the balance of the year, with the fluctu
ations expected of normal accident occurrence. 

With regard to the issue of whether or not acci
dent frequency changes as a result of the conver
sion, no generalized conclusions can be drawn. In 
aggregate, there was a significantly higher number 
of accidents, and more intersections increased in 
accidents rather than decreased. No positive rela
tionships could be determined between any opera
tional or geometric factors and accident change for 
the limited data available. However, it is noted 
that at none of the locations that experienced a 
high increase in accidents was there low traffic 
volume ( less than l, 500 ADT for the total inter
section), 

There is evidence that the first month ilTUlledi
ately after the conversion is the most critical 
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period for accident increase. Motorists who had 
traveled through the intersection frequently when 
under a multiway control expect the opposing traffic 
to stop. Even after the conversion, this expectation 
can .linger. 

The use of supplemental signs is intended to 
overcome this expectation. By advising motorists 
that in the future the conversion will take place at 
a certain time, and after the conversion has taken 
place warning motorists on the stop-controlled ap
proaches that the other approaches do not require a 
stop, it is hoped that motorists will quickly adapt 
to the new system. 

In regard to the effect of supplementary signs, 
the results of the analysis were conflicting. On the 
one hand, where s i gns were used, there was a greater 
percentage of sites where accidents decreased, and, 
overall, there was a smaller percentage increase in 
accidents compared with sites without signs. How
ever, what cannot be ascertained is what further 
increase in accidents might have occurred if the 
signs had not Qeen used. 

EVALUATION OF SUPPLEMENTARY SIGNS 

To test warning and information signs and advance 
notice signs, several alternative warning signs were 
cons i dered. Based on the data collected from the 172 
intersections where multiway stop signs had been 
removed (on suggestions by state, county, and munic
ipal agencies), on reviews of the literature, and on 
discussions with members of the research team, seven 
different sign messages were formulated. These were 
tested with about 30 participants at the University 
of Maryland. As a result of this preliminary prefer
ence test, four signs were fabricated by the Balti
more Department of Transit and Traffic. Once these 
were fabricated, slides of these signs, together 
with slides taken at actual field locations, formed 
the basis for a laboratory experiment to test both 
the meaning and the motorist's preferences from 
among 11 sign message alternatives (see Figure 5). 

The actual laboratory experiment was developed in 
two parts. Part I tested sign meaning. It consisted 
of slides of a four-way stop intersection (before) 
and the same intersection as a two-way stop (after), 
followed by slides of each of the alternative sign 
messages for warning and information. 

4 

WATCH FOR 

CROSS TRAFFIC 

10 

CAUT IO N 

NO LONGER 

4-WAY 

5 6 

CAUTION 

CROSS TRAFFIC 
NO 1.-0NGER 

DOES NOT 
4 -WAY STOP 

STOP 

I I 

NO STOP 

OR 

CROSS STREET 

FIGURE 5 Sign messages selected for laboratory test evaluation. 



Ligon et al. 

A series of four answers were developed for test
ing the subject on sign message meaning for each 
sign. For example, the answers might be 

a. I no longer have to stop. 
b. 

but I 
I don't know which approaches have to stop, 

do have to stop. 
C, 

right 
d. 

Traffic approaching from the left and the 
is not required to stop, but I am. 
Not certain. 

Part II tested the preference among the ll signs 
for possible use in advance (i.e., as advance warn
ing) of the intersection, This was followed by the 
comparative ranking of the top 3 of the ll signs as 
first, second, or third choice. Finally, the sub
jects were given the opportunity to provide comments 
and suggestions. 

Before beginning the laboratory sign evaluation 
test, each subject was requested to complete a five
question (checkoff) classification questionnaire of 
age, sex, driving experience, and frequency. The 
laboratory tests began with draft questionnaires and 
test questions at the FHWA Turner-Fairbank Highway 
Research Center. The questions, format, and testing 
procedure, including developing new and better 
slides of the candidate signs, were revised and the 
laboratory tests were administered to the groups 
indicated in Table 5. 

TABLE 5 Summary of Laboratory Test of Candidate Signs 

Sign 
Sequence Question No. of 

Site No.' Setsb Subjects 

FHWA 1 6 38 
U.S. Army reserves 2 2 25 

3 2 20 
4 2 3 

Maryland State Police Academy 5 2 37 
University of Maryland senior class 6 2 30 
University of Maryland health class 7 4 75 

Total 20 228 

3The 1 J candjdate signs were presented in seven randomized orders. 

b A cot:,1 o f SJ mulllplC!--ChOice qucsfion1 (A tt1rough D llllJ\\'C:JS1 with o r1e bes t and u l 
.lensr. one correct .nn.s\1/'t:t) were dc\'~lopc(I, Tl1~ were randomly uscmb1e.c.1 Jruo 20 
dlrferenl s.otot of 11 c,uutlo1,, ench. Tho uumb .. •n In ll1t1 colum n giv,o ,he rrnmhcr o f 
dffferent sets used. 

The laboratory testing was accomplished for each 
group by first briefly describing the general prob
lem of excess stop sign control at intersections. 
Then the test began by showing a slide of a typical 
four-way stop-controlled intersection that indicated 
that the control has been changed, and then showing 
a slide of the first sign in the 11-sign sequence 
(at the same intersection) and asking the partici

pants to answer a, b, c, or d. This continued until 
slides of all ll signs had been shown. 

Results of the sign meaning part of the test were 
almost identical with the preference (Table 6). 
Ranking of the signs by percentage of correct an
swers also revealed signs 2 and 6 (CROSS TRAFFIC 
DOES NOT STOP) to be the first and second choices, 
respectively, and sign 5 (NO LONGER 4-WAY STOP) to 
be the third choice (numbers are as indicated in 
Figure 5). 

The classification questionnaire data were ana
lyzed in two ways. First, the numbers of subjects by 
age and sex were reviewed to ascertain that there 
was a representative sample. A total of 102 female 
and 123 male subjects completed the questionnaire. 
The number of subjects older than 40 years of age 
was 30 male and 5 female. Thus the older female 
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TABLE 6 Sign Preference from the Laboratory 
Comparative Analysis 

Choice Weighted Preference" 
Sign 
No. First Second Thiid Weight Rank 

1 30 9 15 123 4 
2 66 40 15 293 1 
3 10 11 17 69 9 
4 14 19 29 109 6 
5 28 27 16 154 3 
6 34 41 28 222 2 
7 13 6 12 57 10 
8 11 18 17 86 7 
9 14 22 26 112 5 

10 4 12 9 45 11 
11 4 19 20 70 8 

Total 228 224 204 

3 1st choice 3, 2nd choice 2, 3rd choice l. 

driver is not well represented. However, all other 
age groups are well represented, and this small sam
ple of females older than 40 years is not believed 
to be a significant bias. The data in Tables 7 and 8 
give the results of driving experience and frequency 
versus age and incorrect answers for female and male 
subjects, respectively, The average incorrect answer 
was 21. 7 percent for female as compared with 19.l 
percent incorrect for male subjects. Of the largest 
category of female subjects--age 20 to 24, with 5 to 
9 years of driving experience, who drive every day--
43 subjects had 18.6 percent incorrect answers. This 
is almost identical to male subjects in the same age 
and driving experience and frequency category, who 
had 19.2 percent incorrect answers. It was believed 
that the sample, when broken down into age, driving 
experience, and frequency, was too small for any 
statistical analysis to be undertaken. 

TABLE 7 Driving Experience and Frequency Versus Incorrect 
Answers on Sign Evaluation-Female 

Age 
Experience 
(years) 

16-19 3-4 

20-24 3-4 

5-9 

25-29 5-9 
10-14 

30-39 10-14 
15-19 

40-49 15-19 
20+ 

50-59 20+ 

Total 

Frequency of 
Driving 

Everyday 
3-4 times/week 

Total 

Everyday 
3-4 times/week 
1-2 times/week 
2-4 times/month 
Everyday 
3-4 times/week 
1-2 times/week 

Total 

Everyday 
Everyday 
3-4 times/week 

Total 

Everyday 
Everyday 

Total 

Everyday 
Everyday 
3-4 times/week 

Total 

Everyday 

[ncorrect An swers 
Sample 
No. No. Percent 

1 4 36.4 
2 I 4.5 

8 19 21.6 
I 6 54.5 
1 2 18.2 
1 5 45.5 

43 88 18.6 
9 17 17.2 
4 20 45.4 

72 

6 8 12.1 
3 8 24 ,2 
2 9 40.9 

11 

3 8 24,2 
8 31 35.2 

11 

1 2 18.2 
2 4 18.2 
I 2 18.2 

4 

8 72.7 

102 243 21. 7 
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TABLE 8 Driving Experience and Frequency Versus Incorrect 
Answers on Sign Evaluation-Male 

lncorrect Answers 
EAJJt:lit:114..:t! Fu:qu~ui;y Sampie 

Age (years) of Driving No. No. Percent 

16-19 3-4 Everyday 2 2 9.1 
20-24 I 3-4 times/week I 6 54.9 

1-2 Everyday I I 9.1 
3-4 Everyday 7 22 28.6 

3-4 times/week 2 9 40.9 
5-9 Everyday 18 38 19.2 

3-4 times/week 3 8 24.2 
1-2 times/week 2 10 45 .5 

Total 34 

25-29 5-9 Everyday 4 10 22.7 
3-4 times/week I 0 0 

10-14 Everyday 13 26 18.2 
3-4 times/week 2 4 18.2 
1-2 times/week I 4 36.4 

Tota! 21 

30-39 10-14 Everyday 4 4 9.1 
15-19 Everyday 18 38 19.2 

3-4 times/week 3 6 18.2 
20+ Everyday II 26 21.5 

Total 36 

40-49 15-19 Everyday I 5 45.5 
20+ Everyday 19 22 10.5 

Total 20 

50-59 20+ Everyday 7 15 19.5 
60-64 20+ Everyday I 0 0 

3-4 times/week 2 2 9.1 

Total 3 

Total 123 258 19.l 

In summary, the laboratory sign evaluation test 
results were consistent with the field experience 
and literature review, and were in agreement with 
philosophies of state, county, and municipal of
ficials, The black CAUTION sign on yellow background 
separated from the black message on white background 
(CROSS TRAFFIC DOES NOT STOP) is the top candidate 
as a supplementary sign for safe removal of multiway 
stop signs. The same top portion CAUTION with the 
bottom message NO LONGER 4-WAY STOP is a close 
second preference. 

RECOMMENDED PROCEDURE FOR REMOVAL OF 
MULTIWAY STOP SIGNS 

The procedures recommended here were developed based 
largely on the experiences of traffic and law of
ficials from more than 30 political jurisdictions, 
the laboratory experiments of supplementary signs, 
and the results of the field testing of these pro
cedures, 

The procedures recommended herein may be applied 
with slight modification to a situation where the 
right-of-way at an intersection is reassigned (i.e., 
stop sign reversals) • This action might require the 
creation of a multiway stop condition and then the 
removal of the unwarranted stop sign(s), 

Each local jurisdiction must determine to what 
degree the recommended procedures apply for a given 
intersection. Factors such as community concerns, 
intersection geometric!!, speed!!, volumes (vehicular 
and pedestrian), accident history, and sight dis
tance must be considered. 

A decision must likewise be made as to how many 
intersections are to be converted and when. This is 

Transportation Research Record 1010 

where local politics and economics come into play. 
If mass removals of stop signs are likely to cause 
an outpouring of public opposition throughout the 
entire city or town, then perhaps a neighborhood-by
neighborhood or intersection-by-intersection strat
egy might be developed. In the second instance, if 
the nature of the intersections is such that sup
plementary signs are desirable, the timing of inter
section conversions would depend on availability of 
funds to support materials and labor needed to 
accomplish the conversions. 

There are three phases to the removal of multiway 
stop signs: the preconversion phase, the actual 
conversion phase, and the postconversion phase. 
Following all steps in the procedure will ensure 
that the conversion will minimize hazard to the 
driving public. 

Preconversion Phase 

Conduct Traffic Engineering Studies 

Traffic studies should be conducted to determine 
whether a multiway stop intersection is justified 
(i.e., that all stop signs at that particular 
intersection are warranted) • The warrants presented 
in the MUTCD ( 1) should be used as a basis for 
determining whether the multiway stop control is 
justified. ~r necessary, volume counts should be 
taken to determine whether the MUTCD warrants are 
satisfied. In addition, accident records should be 
checked to determine whether the multiway stop was 
originally warranted because of accident history at 
the intersection. 

From the very beginning the importance of using 
appropriate supplementary plates (Rl-3) in conjunc
tion with stop signs at multiway stop intersections 
must be emphasized, The proper use of these supple
mentary plates , (3-WAY, 4-WAY, ALL WAY, and so forth) 
fixes in the motorist• s mind t .hat the intersection 
is in fact a multiway stop intersection. The absence 
of these plates at a multiway stop intersection 
could cause confusion or uncertainty on the part of 
the motorists, thus resulting in an unsafe and inef
ficient intersection. 

If supplementary plates are not in use at an 
intersection targeted for conversion, they should be 
added at least 30 days before the actual conversion, 
Thereafter, the removal of these plates on the day 
of conversion will further signal to the motorists 
that a change has occurred a t that particular inter
section, 

Secure Approval for Stop Sign Removals 

Permission should be sought to remove those stop 
signs determined to be unwarranted. In some in
stances the local council may have previously dele
gated the authority for traffic control device in
stallation and removal to the individual responsible 
for traffic operations, These include the traffic 
engineer, police chief, director of public works, 
and so forth, If this is the case, removals are 
expedited, 

Phasing of stop sign removals accomplishes sev
eral objectives: 

1, Lessons learned at one location can be ap
plied to succeeding locations. 

2. Individual neighborhoods can be addressed 
regarding the stop sign removals as opposed to the 
entire municipality at once, 

3, Supplementary signs can be used during future 
conversions, thereby reducing the inventory required, 
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4. work can be accomplished by existing crews 
without excessive amounts of overtime. 

5. Neighborhoods scheduled for future conver
sions can witness successful actions elsewhere in 
town, which will alleviate some of their fears. 

6. Local approving officials may find this 
method more acceptable. 

Publicize Planned Multiway Stop Intersection 
Conversions 

The activities associated with obtaining legislative 
approval (as noted in a previous section) often will 
serve to publicize planned conversions. Notices to 
neighborhood residents might be dispatched by using 
any one or more of several media: newspapers, radio, 
television, utility bills, flyers, individual let
ters, and community newsletters. 

In addition, notice signs should be posted at the 
affected intersection to alert the motorists who use 
the intersection of the impending change. The notice 
signs shown in Figures 6 and 7 were developed as a 
result of this study. 

NOTICE 
THIS STOP SIGN 

WILL BE 
REMOVED 

EFFECTIVE 

MONDAY AUG. 8 

FIGURE 6 Notice sign for major 
approach. 

NOTICE 
CROSS TRAFFIC 

WILL NOT 
STOP 

EFFECTIVE 

MONDAY AUG. 8 

FIGURE 7 Notice sign for minor 
approach. 

Install STOP AHEAD Messages 

If not already in use, STOP AHEAD signs (W3-l or 
W3-1A) should be installed in accordance with the 
MUTCD on those approaches that will remain under 
stop control. These should be considered for use to 
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further emphasize the continued need to stop at a 
given intersection. 

Install Necessary Pavement Markings 

If not already present, stop lines and STOP pavement 
markings may be used in accordance with the MUTCD to 
highlight the requirement to stop at the inter
section. 

Conversion Phase 

Remove Obsolete Pavement Markings 

Before the day of conversion, any stop lines or 
other pavement markings rendered obsolete by the 
change should be removed or otherwise obliterated. 
If rental equipment is involved in the pavement 
marking removals, several sites should be considered 
for conversion during the same time period. This 
would make for more economical and efficient use of 
rental equipment. 

Improve Sight Distance 

Sight distance at the intersection should be im
proved, if necessary, by (a) imposing parking re
strictions, (b) pruning vegetation, or (c) adjusting 
location of stop line. If the stop line is placed 
directly opposite the stop sign, and the stop sign 
is placed some distance from the intersecting 
street's curb line because of intersection geo
metrics, a motorist could have his sight distance 
severely reduced. In this instance the stop line 
should be placed forward of the stop sign but no 
closer than 4 ft to the intersecting street• s curb 
line. This allows a driver to move to a point of 
improved visibility from which he can better make 
gap-acceptance decisions. 

Change Signs 

The following sequence of events should occur before 
the beginning of the morning peak period on the day 
of stop sign removals: 

1. On the minor approach replace supplementary 
plate(s) and sign as shown in Figure 7 with the 
caution sign shown in Figure B. 

2. On the major approach, after completing thP. 
action in 1, remove the unwarranted stop sign (s), 
supplementary plate(s), and accompanying post(s) and 
notice sign(s) (Figure 6). 

3. Remove unnecessary STOP AHEAD sign(s), in
cluding the post(s) on which they are mounted. 

4. Replace 24-in. stop signs with 30-in. stop 
signs for added emphasis. (This could be a temporary 
or permanent change.) 

It is extremely important to convert the inter
section before the morning peak period so as not to 
cause doubt in the motorists' minds concerning the 
previously publicized action. 

Postconversion Phase 

Conduct Traffic Engineering Studies 

As warranted by the nature of the intersection, any 
number of studies might be conducted to determine 
the effectiveness of the stop sign removal action as 
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CROSS TRAFFIC 

DOES NOT STOP 

Specificotions 

1. Overall sign dimensions= 24 x 18 in. 

2. Caution band dimensions ~ 24 x 5 in. 

3. Lettering height = 4 in. 

4. Colors: black letters on yellow and 
white backgrounds 

5. Surface: reflective sheeting 

FIGURE 8 CAUTION sign for approach 
still required to stop after multiway stop 
intersection conversion. 

well as to prepare the traffic engineer to address 
issues and concerns raised by interested citizens. 
Typical studies in varying degrees might include 
traffic volumes, traffic accidents, conflicts, 
speed, and observance of traffic control devices. 
These studies are all discussed at length in the 
Transportation and Traffic Engineering Handbook (~). 

Request Police Enforcement 

If it is observed or reported that speeding is a 
problem, increased police enforcement should be 
requested at the location in question. The length of 
this increased enforcement would depend on past 
experiences with similar problems in the local area. 

Remove Caution Signs 

Ninety days after the intersection has been 
verted, the caution signs should be removed 
beneath the remaining stop signs. If 30-in. 
signs are to be replaced by 24-in. stop signs, 
action should be accomplished at this time. 

Continue Traffic Engineering Monitoring 

con
from 
stop 
that 

After the intersection has been converted, it should 
be continuously monitored as a part of the regular 
traffic engineering program. Accident data should be 
evaluated for the 12-month period following conver
sion of the intersection to determine whether the 
modified traffic control condition is adequate, Com
ments from interested citizens should continue to be 
received and evaluated during this period, 

CONCLUSIONS AND RECOMMENDATIONS 

As a result of this study it has become obvious that 
no uniform procedures exist with which to convert 
multi way stop-sign-controlled intersections to 
lesser forms of control with minimum hazard. It is 
likewise concluded that little documentation is 
available concerning the actual conversion processes 
in the various jurisdictions nationally. Some juris-
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dictions do have complete studies available docu
menting their actions. The procedures developed in 
this paper and pilot tested in the field have been 
shown, through limited testing, to have great po
tential foe minimizing the hazards associated witn 
multiway stop sign removals. 

It is recommended that the procedures developed 
herein be implemented and that the National Com
mittee on Uniform Traffic Control Devices consider 
the two notice signs and the warning sign (CAUTION, 
CROSS TRAFFIC DOES NOT STOP) for inclusion in the 
MUTCD, 

Discussion 

Bhagwa11t N. Persaud* 

Table 4 of the paper indicates that the total number 
of accidents at the converted intersections changed 
from 88 in the year before conversion to 144 in the 
year after. Ligon, Carter, and McGee, quite rightly, 
do not base any s trong conclusions on these numbers. 
There is a danger, however, that these numbers could 
be interpreted as implying that the conversions re
sulted in a 64 percent increase in accidents. Such 
an interpretation might conceivably serve as a 
deterrent to the removal of unwarranted multiway 
stop control. The danger arises from the fact that, 
if the conversions were mainly done at intersections 
that recorded few or no accidents in the before 
period, as one might suspect, then the observed 
increase in accidents could be an illusion and an 
artifact of chance and may not be indicative of a 
real degradation in safety. 

This phenomenon is illustrated by the data in 
Table 9, which gives changes in numbers of accidents 
at intersections in Philadelphia that retained 
multiway stop control during 1973 and 1974. For 

TABLE 9 Changes in Number of 
Accidents at Multiway Stops in 
Philadelphia 

No. of Accident s 
per Site 

No. of Change 
Sites 1973 1974 (%) 

81 0 1.23 Increase 
85 1 1.40 +40 
58 2 1.60 -20 
30 3 1.47 -51 

8 4 2 25 -44 
7 5 1.71 -66 
4 6 1.00 -83 
I 7 6.00 -14 
1 8 3.00 -63 

example, the data in the table indicate that the 85 
such intersections that recorded 1 accident in 1973 
recorded, on average, 1.4 accidents in 1974, an 
increase in accidents of 40 percent. As one might 
expect, those intersections that recorded no acci
dents in 1973 also experienced an increase in acci-

*Transport Safety Studies Group, Department of Civil 
Engineering, University of Toronto, Toronto, Ontario 
M5S 1A4, Canada. 
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dents. Because the intersections remained unaltered, 
these increases are a result of chance, or, to use 
the technical term, regression-to-the-mean. [For 
further discussion of this phenomenon see the work 
by Hauer and Persaud (i).] 

The 172 intersections examined by Ligon et al. 
recorded, on average, 0. 51 accident in the before 
period and O. 84 accident in the after period. If 
some Philadelphia intersections that averaged 0.51 
accident in 1973 were converted, then by interpola
tion from Table 9 these intersections would have 
recorded, on average, 1.32 accidents in 1974 if the 
conversions left safety unaffected. In other words, 
the average number of accidents recorded after con
version would have had to be higher than 1.32 to 
support a conclusion that removal of multiway stop 
control leads to a degradation in safety. 

Although one might reasonably question whether 
the Philadelphia intersections are representative of 
the intersections studied by Ligon et al., this 
should not detract from the main point of the dis
cussion--that it is misleading to draw conclusions 
about the safety effect of traffic control measures 
by simply comparing before-and-after accident rec
ords. By deemphasizing the apparent increase in 
accidents observed in this study, the authors have 
avoided this pitfall. It is hoped that, after this 
discussion, others will be persuaded to do likewise, 

Authors' Closure 

Persaud presents an interesting discussion concern
ing the safety aspects of the removal of unwarranted 
stop signs. It was thought that 3 years of accident 
data before and 3 year s after conversion, as well as 
using control (nonconve rted) sites (3 years before 
and 3 years after) would result in a meaningful ex
periment, statistically, because of the small number 
of accidents. Unfortunately, the agencies cooper at-
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ing in the FHWA study could not provide the 3-year 
before data base and the study had to be completed 
in about 1 year. Persaud' s Philadelphia example as 
well as his discussion of accounting for accident 
change due to chance agree with the authors' intu
ition and strengthens the recommendation for removal 
of unwarranted stop signs, 
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Evaluation of Curve Delineation Signs 

BARTON E. JENNINGS and MICHAEL J. DEMETSKY 

ABSTRACT 

The three post-mounted delineator systems currently used in Virginia were 
tested at five sites for their effectiveness in controlling run-off-the-road 

-------------a e cl:den ts '1'-he- ohange 1-n- apeed nd a:teui placemen.t_no.t.e h h y_.,,sc.t """"'s '-"_,.,n,.._ ____________ _ 
place were taken as driver responses to the systems. The study indicated that 
dr i vers react most favorably to chevron signs on sharp curves greater than or 
equal to 7 degree s and to standard delineator s on curves less than 7 degrees. 
It is suggested that statewide use of delineators based on these findings will 
improve the safety and uniformity in delineation on the rural highway system. 
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Travel on rural roadways is noticeably different 
from travel on urban streets. On the former, vehicu
lar speeds are generally higher, the road surface 
usually is narrower and not as well marked, and the 
severity of accidents is greater than for urban 
highways (!.i . 

Several studies have pointed out that a high 
proportion of the accidents that occur on rural 
curves happen at night and usually involve a single 
vehicle that runs off the road (1,2). For a majority 
of the rural roadways, those ~ith average daily 
traffic (ADT) of less than 2,100 vehicles, single
vehicle run-off-the-road (ROTR) accidents have been 
reported to account for more than 40 percent of all 
acci~ents, with nearly one-half at these involving a 
personal injury or fatality (!_,;). 

Post-mounted delineators (PMDs) of various 
shapes, colors, and types have been used throughout 
the United States in an attempt to reduce the number 
of ROTR accidents. These markers have proved to be 
effective, especially at night or during adverse 
wea t her conditions when roadway maridngs may b e 
covered (]) • 

The PMD has been demonstrated to be capable of 
influencing a driver's judgment of the sharpness of 
a road curve. This influence can be used to modify 
the pattern a driver follows through a curve, and 
thus to promote safety on rural highways (J). 

CURRENT PRACTICE 

The three basic types of delineation or alignment 
signs used on rural roadways in Virginia are 

1. The 3 x B-in. reflector on a wooden post 
(ED-1), 

2. The 6 x 48-in. special striped delineator, and 
3. The chevron alignment sign (WI-8). 

Figure 1 shows these sign types (_!). 
Two general approaches are used in selecting 

delineators for a site. The Manual on Uniform Traf
fic Control Devices (MUTCD) (~) is an often-quoted 
source for delineation selection for freeways and 
major roadways. This ma.nual recommends spacing, 
location, and height for the delineators without 
recommending the type of delineator to be used. The 
MUTCD states that "delineation is intended to be a 
guide to the vehicle operator as to the alignment of 
the highway; whatever 
guidance in a clear 
installed" (j.J. 

is needed to provide that 
and simple way should be 

Th e second method o f s election is local practice, 
A survey of each of the nine operating districts of 
the Virginia Department of Highways and Public Trans
portation found wide variations in the use of PMDs, 
anu a review of delineation practices in other 
states revealed many of the same problems and prac
tices that exist in Virginia. Several states are 
involved in studies to determine the safest delinea
tion systems for rural roadways. Although the results 
from the states have not yet been finalized, the fol
lowing conclusions can be drawn from their data: 

1. Large chevrons are not effective and have 
little effect on speed, braking, or lateral place
ment within the curve (!)• 

2. Standard delineators in an MUTCD configura
tion positively affect speed, braking, and lateral 
placement and are particularly effective on sharp 
rural curves (1). 

3. Rural curves with PMDs have a much lower 
nighttime ROTR accident rate than curves of similar 
characteristics without vertical delineation. Tests 
have shown the reduction rate to be 50 percent or 
more (~i. 
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4. Long-term effects of PMDs are much less than 
the initial effect during the first few weeks . This 
suggests adaptation by local drivers. Because acci
dents on rural roads often involve drivers unfamil
iar with the roadway geometry, this result does not 
negate the safety benefits of vertical delineators 
(JJ. 

During the late 1970s and early 1980s FHWA initi
ated projects with eight state highway agencies to 
evaluate the effectiveness of different types of 
PMDs. The study noted that "it is not possible to 
state that the installation of post delineators 
under all conditions will result in a reduction in 
the number of run-off-the-road type accidents. The 
data that were collected indicate a trend toward 
reducing run-of f - the-road accidents with the ins tal
lation of post delineators" (f ). 

OBJECTIVE ANO SCOPE 

The purpose of this study was to determine in what 
areas current practice in the placement of the 
available types of delineato r signs could be 
improved by providing uniformity. The only focus was 
the effects of different PMDs on driver behavior. 
Standard 4- in . pavemen t markings were in place at 
all test s ites. Selected delineation strategies were 
evaluated and recommendations were developed for 
selecting the type of sign best suited for given 
roadway and environmental conditions , after the 
decision has been made to use vertical delineation 
at a site. 

RESEARCH METHOD 

Performance Measures 

Studies on driver reactions to delineation systems 
placed on roadways generally rely on changes in 
vehicle movement as indicators of the reactions. The 
two most obvious changes in movement are vehicle 
speed and placement. The path a driver takes through 
a curve is dependent on his perception of the curve 
and of how best to traverse it. Because this posi
tioning changes as the vehicle moves through the 
curve, it is desirable to record the placement and 
speed of the vehicle at several locations during the 
maneuver (_!,].). 

Vehicle speed is an indication of the apparent 
severity of the c ur vature of cne roadway, Slow 
speeds entering the curve indicate that the driver 
is aware that the curve exists. Fast speeds at the 
start of the curve with slower speeds near the mid
dle indicate braking by the driver, probably because 
the curve is sharper than he perceived it to be. 
Acceleration in the curve would indicate that the 
driver perceived the curve to be sharper than it 
actually is. 

The path of the vehicle through the curve is also 
a good indication of the perceived sharpness, Move
ment across the centerline may indicate that the 
curve is not as sharp as it looks, This centerline 
encroachment may also be caused by objects along the 
shoulder of the road that the driver perceives to be 
a threat. 

Vehicles traveling close to the right-hand edge 
of the road may indicate that the curve is sharper 
than it appears. This occurrence may also be an 
indication of high ADT, which causes drivers to feel 
unsafe driving near the centerline (1,,1). 

Although there are numerous exceptions to these 
hypotheses, in general it can be stated that a sat
isfactory delineation system is one that will pro-
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FIGURE 1 Alignment signs tested (4) . 

duce uniform speeds and placement of a vehicle as it 
moves through the curve. The system will negate the 
need for excessive braking in the curve, and the 
absence of a change in speed when a vehicle is 
within the curve is a prime indication that the 
driver of the vehicle has correctly perceived the 
curvature of the road, Also, it will m1n1m1ze 
encroachments on the centerline and edge line, 

48" 

3S" 

thereby leaving most of the vehicles driving in the 
center of the lane (1). 

On some roads vehicle type could be an important 
third item that should be recorded. For example, 
sites should be noted where exceptionally large 
numbers o·f heavy trucks are present or where con
tinuous grades reduce the speeds of these trucks but 
not those of other vehicles. Because large trucks 
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constitute a small percentage of the normal traffic 
on most rural roads, data for trucks were not studied 
separately. 

Statistical Method 

The effectiveness of different delineation treat
ments was measured by using the chi-square good
ness-of-fit test. Here performance data for the 
marked roadway were compared with those obtained 
while the curve was unmarked. 

The purpose of this analysis was to determine the 
value of statistical similarity for the delineation 
treatments of the marked roadway compared with those 
of the roadway without markers. The larger the value 
of <1 that was obtained, the more similar were the 
data for the two tests. A small value of a 
indicated that the delineation treatment had signif
icantly altered the driver's path or speed or both 
through the curve. For example, an a value of O .10 
means a 10 percent level of significance, which in 
turn indicates a significant change in driver 
performance in the curve. 

The results of this statistical evaluation indi
cated that there was no significant change in speeds 
after the delineators were installed. Most values 
were in the 0.90 range. However, there were signifi
cant changes in the lateral placement of vehicles. 
For this reason, the lateral placement changes were 
taken as the critical elements in the study; the 
changes in speed were noted for additional infor
mation. 

Delineation System and Technique Se.lection 

Delineation systems vary from exotics such as as
cending and descending patterns, in-and-out pat
terns, and sign mix patterns to the more traditional 
systems currently used in Virginia (ll• Because this 
investigation was intended mainly to test the sys
tems used in Virginia, only three conventional sys
tems were investigated (see Figure 1). The only 
variation made was that the wooden posts used with 
the standard road edge delineators were not painted. 
The decision to use treated but unpainted posts was 
supported by a study that involved the possible use 
of untreated posts, which found little difference 
between visibilities for the two types of posts (l). 
The MUTCD-recommended spacing and placement for 
standard delineators was used, as is often done in 
Virginia. 

~he most effective placement pattern for chevrons 
has not yet been determined. Most districts in Vir
ginia use their own judgment to determine the place
ment and spacing of the chevron signs. The placement 
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varies from a pattern in which one sign is always 
visible to a pattern in which at least three signs 
are visible. It was decided that because most of the 
districts recommend that three chevron signs be in 
sight such rJ p~t.t.~rr, w01_1la b-e us~a. Tn ov::i.m4rdT'H'J 

MUTCD placement patterns, it was noted that the 
recommended spacing for standard delineators gener
ally provided that four to six delineators would be 
in the drivers' view (l>• By using this information, 
it was decided to space chevrons at a distance twice 
that recommended by the MUTCD for traditional delin
eators. This spacing proved adequate for this study. 

Field Data Collection 

To record the speed and lateral placement of the 
vehicles moving through the curve, a Leupold and 
Stevens traffic data recorder (TOR) was used. Eight 
tape switches were used to record data at the begin
ning and near the midpoint of the curve. The switches 
were temporarily placed from the edge of the center
line to the shoulders of the road. The leads from the 
swi tchcs were connected to the TOR, which was con
cealed off the roadway. 

The switches were placed on the roadway in a pre
determined pattern (Figure 2). The use of 6-ft spac
ing between matching channels (switches) allowed a 
variation in placement of 0.75 in. with less than a 
l percent change in speed or lateral placement--an 
important factor in field installations. As an auto
mobile's tires crossed the first and second switches, 
their circuits were opened. The third switch closed 
the first circuit to generate the time from switch 1 
to switch 3 and the vehicle's velocity. The fourth 
switch, which was laid at a 45-degree angle to facil
itate field measuring and placement, closed the sec
ond circuit to generate the time from switch 2 to 
switch 4. The placement of the vehicle was then cal
culated by using the following formula: 

Lateral placement = 6 * Tan (0) [ (S1/Sz) - l] (1) 

where 

6 distance (ft) separating the speed detector 
switches, 

a angle of the lateral placement switch= 45 
degrees, 

S1 speed of the vehicle measured by the speed 
switch, and 

Sz speed of the vehicle measured by the 
lateral placement switch. 

Input from the tape switches was recorded on cas
sette tapes, and the data were processed on a com
puter. The output included volume, velocity, and 

Channel B 

Channel A 

FIGURE 2 Configuration for data collection using two TOR channels per lane. 

,.. -
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vehicle type information for the 10 zones into which 
each lane was divided for lateral placement measures. 

Zones 1 through 9 were of equal width, whereas 
zone 10 represented vehicles that encroached more 
than l ft across the centerline. At the sites tested, 
zones 1 through 9 were each 8 in. wide (Figure 3). 

I 
r··· 

ZONE 
9 I I 7 I I 4 3 ,11 

&c:==:::::~f II' II I I ZONES 
f-- 14 ·---1 'T' .-

AVERAGE CAA WIDTH 

I 
I 

FIGURE 3 Illustration of lane zones. 

By using this zonal width, it could be concluded 
that vehicles in zone 10 represented possible head
on collisions, whereas zones 8 and 9 represented 
possible sideswipe accidents. Zones 8 through 10 
( zones 7 through 10 at the narrowest sites) were 
considered to be the centerline encroachment zones. 
Any vehicles in these zones were considered to be 
candidates for multivehicle collisions. 

The data by lane-zone allowed trace data to be 
determined for average vehicles. This vehicle trace, 
combined with the velocity averages, was used to 
determine the effectiveness of the delineation 
treatments. That the use of average trace data tends 
to overshadow individual vehicle performance, es
pecially at the two extremes, is of some concern for 
high velocity areas but is of no concern for low 
velocity areas (_!) • 

Site Selection 

Two groups of roadway sites were used. Sites in the 
first group were already marked with PMD devices and 
were used to study the data-collection system as well 
as to obtain base data (pretest program) 1 those in 
the second group were initially free of any vertical 
delineation and were used in the actual testing pro
gram. Data were collected once at each pretest site 
and seven times at each test site. The first collec
tion was taken while the test site was still without 
markers. Then the site was studied with each verti-
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cal delineation device in place to determine short
term effects and it was studied again several weeks 
later to determine long-term effects. 

The following criteria were used to select the 
sites: 

1. Proper signing using current spacing and 
erection techniques (pretest) 1 

2. No delineation devices (test) 1 

3. No obstacles (driveways, and so forth) on 
shoulder, 

4. Accident history, 
5. ADT of 1,000 to 3,000, 
6. Location within 1-hr drive of Charlottes

ville, 
7. Rural location, 
8. All curves in same construction district to 

expedite the project, 
9. Roadways carry at least some out-of-state 

traffic, and 
10. Standard pavement markings at centerline and 

edge of pavements. 

By using these criteria, a listing of candidate 
roads and locations was accumulated through inter
views with highway officials. Each road or site was 
then evaluated to determine its s uitability for 
testing. 

Technical data for each curve were obtained from 
the headquarters of the district in which it was 
located1 these were used to group the sites by 
length of curve, degree of curvature, and degree of 
grade. The pretest program indicated that vehicle 
placement was not significantly different in curve s 
with different grades, so grade was not initially 
considered as a major influence on vehicle placement. 

In the field evaluation of a test site, a vehicle 
was driven through the curve several times, the site 
was examined for signs of heavy braking or ROTR 
incidents, and a s eries of photographs was made. The 
data in Table 1 identify the sites chosen for the 
pretest and test phases of the study. 

SITE EVALUATIONS 

P r e liminary Observat i ons 

The sites designated 1 through 8 in Table 1 were 
used for the pretest phase of this study, which was 
conducted to test the TOR equipment and to determine 
if the data obtained would allow meeting the study 
objectives. The data revealed some similarities in 
driver response characteristics for the different 
delineation treatments. 

As an example, the data in Table 2 give the per
centages of vehicle travel and average speeds in 
each zone across the lane for special pretests at 
sites 8 and 2. The data are statistically similar 
for both placement and speed1 a = 0. 250 and O. 950, 
respectively, which indicates that two sites with 
different physical characteristics may induce simi
lar driver responses for the same type of delinea
tion signing. 

There were also similarities between two of the 
chevron-marked sites. Here the zonal vehicle place
ments were not as significantly alike (a = 0.025), 
but the average speed, placement, and centerline 
encroachment of sites 5 and 7 resembled each other. 

Even though these data do not conclusively demon
strate that vehicle paths at sites with the same 
delineation systems are similar, they do indicate 
that the patterns are similar at some sites. 

In studying the data and site characteristics, it 
is not the similarity that is worth noting but 
rather the general trends revealed in the vehicle 
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TABLE 1 Description of Study Sites 

Site 
No Route rnunty r11rvP lnr~tion 

Pretest Sites 

I 20 Albemarle 0.6 mile south of 1-64 
2 231 Albemarle 5.0 miles north of V A-22 
3 20 Albemarle 7.6 miles south of 1-64 
4 20 Orange South of V A·6 l 6 
5 20 Albemarle Albemarle/Orange county line 
6 33 Greene 9.6 miles west of US-29 
7 33 Greene 9.7 miles west of US-29 
8 231 Albomar!o 6.<J miles north of VA 22 

Test Sites 

9 
10 
II 
12 
13 

20 
33 

231 
22 

208 

Albemarle 
Orange 
Albemarle 
Albemarle 
Louisa 

6.8 miles south of 1-64 
At V A-652 and V A-664 
5.5 miles north of V A-22 
East of VA-783 
South of VA-642 

0 Estimated. 

TABLE 2 Example of Data Similarities for 
Sites 8 and 2-Day 

Distribution by Avg Zonal Speed 
Zone in Lane(%) (m phj 

Zone Site 8 Site 2 Site 8 Site 2 

Beginning of Curve 

I I 6 2.4 51.7 49.2 
2 13.8 14.2 53.3 52.3 
3 26.9 26.4 52.4 51.6 
4 29.4 31.9 54.2 53.5 
5 17. 7 18.4 53.4 52.6 
6 5.8 3.9 52.5 54.4 
7 3.6 2.1 54.4 54.8 
8 0.7 0.3 54.4• 54.3 
9 0.1 0.3 65.0° 57.0 

10 0.5 0.3 44.6° 53.0 

Middle of Curve 

I 0.3 0.6 47.0 48. 1 
2 3.0 2.7 48.6 48.2 
3 6.9 8.5 48 .1 49.5 
4 22.0 16.0 52.3 52.2 
5 24.8 24.5 53.1 52.6 
6 19.7 20.4 53.9 53.8 
7 16.7 18.8 53.9 ,4.1 
8 4.5 4.5 55.1 55.0 
9 1.2 2.6 54.2 57.4 

10 0.9 1.5 58.6 57.6 

3
Smctill number of data pofots accounts for wjde variation in 
speeds. 

Horizontal 
Cur"lture 

10° 16 ' 
g• 
8• 
4° 30' 
12° 
11° 
7• 
4• 

12° 
5• 
5• 
8•• 
4• 

data. The consistency in average lateral placement 
and speed alterations indicates that drivers react 
in a predictable manner to the different delineation 
techniques. 

The data in Table 3, which give the results of 
seven tests at the beginning of the curve on site 10 
during daylight (6:00 a.m. to 8:00 p.m.), demon
strate how the data can reveal trends in driver 
reaction. The data are broken down into the 10 zones 
for each test and include an additional total for 
possible centerline encroachments. Depending on lane 
width, the possible encroachments would occur in one 
of the last three or four zones. At this site, vehi
cles in zones 7 through 10 experienced encroach
ments. Centerline encroachments increased during· all 
of the tests. 

The percentages given in Table 4 reveal the 
general trend that vehicles travel away from the 

Radius of Length of 
Curvature Curve 
(H) 

558 
716 
716 

1,273 
447 
521 
819 

l,4JJ 

478 
1,146 
1,146 

7008 

1,433 

(ft) 

237 
311 
225 
240 
200 
323 
387 
470 

215 
824 
748 
300 
583 
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Lane 
Width 

12 ft 11 in. 
9 ft 2 in. 
11 ft O in. 
9 ft I in. 
9 ft O in. 
9 ft O in. 
9 ft O in. 
8 fl 10 ill. 

10 ft 4 in. 
9 ft 4 in. 
9 ft 8 in. 
9 ft 7 in. 
10 ft 3 in. 

Grade 1982 
{%} :\DT 

3,440 
-4 2,600 

3,400 
3,990 

-5 2, 180 
-6 2,860 
+5 2,860 
-2 2,600 

+2 3,440 
3,005 

+4 2,600 
-2 1,530 
-4 2,740 

Without markers 
Existing; special 
Existing; special 
Existing; special 
Existing; chevron 
Existing; chevron 
Existing; chevron 
Existing; speelal 

All 
All 
All 
All 
All 

edge of the road when delineation signing is in 
place. The averages and variances in Table 4 more 
clearly reveal the change. Again, all of the tests 
of the delineation systems show similar movement s, 
in this case, a strong movement away from the edge 
line. Also, there was a slight increase in the 
placement variance, which is used to determine how 
well defined the new path through the curve is. 

The data in Table 5 reveal how vehicle speeds were 
affected by the new delineator signs. As can be seen, 
all of the systems induced an increase in speed dur
ing the day. The increase in speed with the chevrons 
was much lessi this might indicate that the drivers 
perceived the chevron signs as obstructions close to 
the traveled way more than they perceived the other 
delineators as obstructions. Also, the speed vari
ance increased greatly for the chevron signs whereas 
speed decreased when other delineators were used. 
This again points to the possibility that drivers 
were apparently not as comfortable with the chevrons 
as they were with the other delineator systems. 

Main Tests 

Sharp Curves 

Two of the five curves studied i n d ept h, si t es 9 and 
12, are considered to be sharp (curvature greater 
than 7 degrees) • The data from both indicate that 
the chevron sign is the most favorable form of 
delineation at these sites. The data for siLe 9 
indicate that of the three delineation syRtems, the 
chevrons produced the lowest probable centerline 
encroachment and, on average , the traveled paths of 
vehicles on roads with chevrons were closest to 
being centered in the lane. The placement 
variability was also lower than that of vehicles 
driving on roads that have other delineator systems. 

The speeds at site 9 also indicated that chevrons 
performed best on that curve. The average speeds 
were slightly higher than those of the other 
systems--a maximum of 2 percent--but the speed 
variances were among the lowest found. 

The data taken at site 12 revealed much the same 
trends. The centerline encroachment was lower for 
the roads with chevrons, and the average vehicle 
path was the most desirable, especially at the 
middle of the curve where it was about 0.5 ft 
farther away from the centerline. The placement 
variance was about average for the three systems 
studied. 

;: 
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TABLE 3 Example of Vehicle Placement by Percentages, Beginning of Curve (site 10, day) 

Curve Treatment 

Standard Special Chevron 

Without 
Markers 

Zone 
1 0.1 
2 3.4 
3 13.7 
4 3 l.6 
5 28.5 
6 14.9 
7 5.8 
8 0.9 
9 0.8 

ID 0.3 
Possible centerline encroachment 7.8 

Total volume for test period 924 
Chi-square 

TABLE 4 Example of Lateral Placement and Variability 
Data-Site IO (ft) 

Beginning of Curve 

Day Night 

Lateral Lateral 

Short 
Term 

0.1 
1.4 
9.5 

23.0 
30.3 
19.6 
11.3 

3.2 
1.2 
0.5 

16.2 

862 
0.05 

Curve Treatment Placement Variability Placement Variability 

Without markers 2,75 0.75 3.21 0.87 
Standard 

Short term 3.08 0.86 3.50 0.86 
Long term 3.19 0.80 3.69 I. I 0 

Special 
Short term 3.1 2 0.82 3.78 1.24 
Long term 3.14 0 .87 3,79 1.12 

Chevron 
Short term 3.08 1. 15 3.75 1.23 
Long term 3.08 0 .86 3.72 1.13 

TABLE 5 Example of Vehicle Speed and Variability Data-Site 
10 (mph) 

Beginning of Curve 

Day Night 

Curve Treatment Speed Variability Speed Variability 

Without markers 51.8 46.2 53.3 41.0 
Standard 

Short term 53 .0 44.9 52.8 43.6 
Long term 53.6 43.6 53.4 46.2 

Special 
Short term 53.0 44.9 51.6 47 .6 
Long term 52.9 42.3 52.6 33.6 

Chevron 
Short term 52. l 77.4 51.0 57.8 
Long term 51.9 56.3 52.4 54.8 

The chevrons at site 12 were not as successful in 
dealing with speed as they were at site 9. The 
speeds averaged about 50 mph, which were greater 
than the 35- and 40-mph speeds recommended by two 
signs in the area. For the chevrons, daytime speeds 
were slightly lower than for the other systems, 
whereas nighttime speeds were greater by as much as 
2 mph. The speed variances for the chevrons were 
also slightly greater during the day, but at night 
they were about the same as for the other two 
systems. 

Long Short Long Short Long 
Term Term Term Term Term 

0.1 0.1 0.1 2.0 0.1 
0.6 0.8 l.3 2.4 2.6 
5.7 7.1 6.1 7.1 7.9 

22.4 24.5 24.2 21.6 21.8 
29.0 29.1 31.8 28.3 30.7 
24.4 22.5 18.8 20.5 19.9 
13.3 12.0 12.5 13.0 13.2 

3.1 2.5 3.4 3.2 2.7 
0.7 0.6 l.O 1.3 0.8 
0.6 0.9 0.8 0.7 0.4 

17.7 16.0 17.7 18.2 17.1 

975 932 912 709 978 
0 0 0 0 0.005 

Gentle Curves 

At sites 10, 11, and 13 the standard and special 
delineators provided the best delineation: usually 
the standard delineators were preferred. 

At site 10 the standard delineators produced the 
lowest levels of centerline encroachment and an 
average lateral placement that was slightly better 
than those of the special delineators or the chev
rons. During the day the chevron produced the best 
lateral placement. However, at night the lateral 
placement for the standard delineators, which had a 
much smaller variance, was the best of the three 
systems tested. 

The speed data for site 10 revealed the special 
delineator treatment to be superior; the vehicle 
speeds were greater than average and the speed vari
ance was lower than that of the other two systems. 
The standard delineator proved to be the second most 
effective system in terms of speeds and speed 
variances. 

The testing at site 11 indicated that the chevron 
signs produced some of the lower centerline en
croachment figures, especially at the middle of the 
curve. There was little difference between the 
standard and special delineator treatments. 

In a verage vehicle placements, no one system 
appeared to have a major advantage over the others. 
The special delineators caused the average vehicle 
path to be slightly closer to the center of the lane 
than did the other systems. The variance in vehicl e 
placement for the special delineators was also the 
lowest, which indicated that the delineators wer e 
more uniformly accepted at this site. 

The speeds recorded at this site changed little 
from one delineation system to another. The chevron 
sign produced the slowest speeds, but the speeds 
were variable. The standard and special delineators 
produced nearly the same speeds and variances; how
ever, the changes over time for the two system were 
opposite--the speeds increased for the standard 
delineators and decreased for the special delin
eators. For both types of delineators, the speed 
variances decreased; the special delineators pro
duced the largest decrease. 

Site 13 was the most difficult of the test sites 
to analyze because of the loss of the data for th e 
special delineator short-term test and the repaving 
of the roadway before the chevron long-term test. 

Vehicle placement and speed data, however, do 
reveal that the standard delineators produced th e 
lowest levels of centerline encroachment. Use of 



60 

standard delineators also resulted in low levels of 
vehicle placement var lance and produced a vehicle 
path near the center of the traveled lane through 
the curve. The placement variance results for the 
special delineators indicated that they are more 
ettectlve in producing uniform traffic movements at 
night than the standard delineators, but the average 
lateral placement of vehicles traveling on roads 
with special delineators was much closer to the 
centerline. The chevron signs produced the highest 
variances in placement, but lateral placement was 
similar to that of the standard delineators. 

The chevrons did a much better job, judging from 
the average speeds. They induced the lowest variance 
of speed of all of the systems at site 13. The stan
dard delineators revealed good variances during the 
day but had the largest ones during the night; they 
also produced the lowest speeds during the day and 
the highest at night . 

The results for the special delineators were 
always satisfactory, but never the best. This may 
indicate that, if only one type of delineation 
treatment is to be used in the state, special 
delineators would be the most appropriate because 
they produce no extreme changes in vehicle paths 
while still providing suitable guidance through the 
curve. 

This general trend revealed by the data (pref
erence for standard or special delineators for these 
less sharp curves) follows the guidelines that most 
of the districts in the state use. Therefore, it 
would appear that the use of these two signs is 
correct · for those sites with a curvature of less 
than 7 degrees. 

Discussion of Findings 

All of the Virginia highway districts follow the 
MUTCD spacing guide for standard and special delin
eators, so the only problem found in the state re
lated to spacing was with the chevron signs. This 
project used the system practiced in West Virginia: 
that is, the regular MUTCD spacing was doubled for 
the chevron signs l!l· In the tests conducted this 
spacing proved to be successful in providing guid
ance without using an excessive number of signs. 

By using the data and associated inferences ob
tained from the field tests along with information 
obtained in the survey of state delineation prac
tices, a simplified delineation policy can he devel
oped. For moderate curves (less than 7 degrees), 
where del ineation is deemed t o be necessary , the u s e 
of standard delineators spaced as recommended by the 
MUTCD appears to be the most satisfactory choice. 
This choice does present some problems to the state, 
the most significant of which is that the Salem, 
Suffolk, and Northern Virginia districts reported no 
current use of these delineators. Another problem is 
that many such curves are marked in other ways . 
However, this should be of little concern b ecause 
the use of delineators already varies from site to 
site. The use of only standard delineators will 
eventually result in a more uniformly delineated 
highway system. 

Previous studies tended to question the accept
ability of chevron s igns. They generally have re
ported that the signs induce an excessively large 
number of centerline encroachments along with lit
tle, if any, change in vehicle speeds (i). This was 
not found to be true at all of the five sites studied 
in thi s project. Chevrons produce d less centerline 
e ncroachment than the standard or special delineators . 
while still p rov iding smaller vehic le placement vari
ances at the shar pe r curves. Lik ewise, speeds were 
also decreased in these curves . 
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These data are supported by recent studies on the 
use of chevron signs. A possible explanation for 
this change in driver reaction is that when the 
first tests were performed chevron signs were a new 
delineation technique. Manv drivers had never seen 
the signs before and were confused as to their 
meaning. With chevrons gaining wide acceptance, 
drivers are more familiar with the signs and are now 
capable of interpreting their meaning. 

A second factor, and possibly a more important 
one, is chevron sign spacing. When first used, chev
rons were used much as a normal delineator would be. 
This close spacing and large sign size combined to 
form a wall-like effect alongside the roadway. 
Drivers tended to move away from this effect and 
over the centerline. Spacing the chevrons at twice 
t he normal distance tends to eliminate the wall 
effect while still providing guidance through the 
curve . 

RECOMMENDED GUIDELINES 

Many of Virginia's highway districts have heen mov
ing toward the us e o f d i ffe r en t del i nea tor systems 
for sharp and gentle curves, and this policy is 
supported by the findings of this study. 

It has been determined in this study that drivers 
do react to vertical delineation along the roadway 
and that this reaction is related to the layout of 
the curve. Delineation systems used in curves should 
he matched to the expected drive r responses based on 
such factors as the curvature of the road and sight 
distance. To ease this decision-making process, the 
following recommended guidelines are offered for 
curves deemed to require delineation because of the 
degree of curvature and not because of other factors 
such as the presence of intersections or hazards on 
the roadway shoulder. 

For curves less than or equal to 7 degrees, the 
use of standard edge delineators (ED-1) is recom
mended. The spacing should conform to that given in 
Table 6 (!). The height of the delineator post 
s hould be 4 ft above the right edge of the pavement 
and the post should be located 6 to 8 ft from the 
edge of the pavement (_~). 

For curves greater than 7 degrees, the use of 
chevron alignment signs (WI-8) is recommended. These 
signs should be erected 6 to 8 ft from the edge of 
the road at a top-of-the-sign height of 4 ft above 

TABLE 6 Suggested Spacing for Highway 
Delineators on Horizontal Curves (4) 

Radius of 
Curve (ft) 

so 
ISO 
200 
300 
400 
500 
600 
700 
800 
900 

l ,000 

Spacing on Curve 
for Standard 
Delineators, S (ft) 

20 
30 
35 
50 
55 
65 
70 
75 
80 
85 
90 

Spacing on Curve 
for Chevron Signs, 
C (ft) 

40 
60 
70 

100 
110 
130 
140 
150 
160 
170 
180 

Note: The distance is in feet ruuntlct..l to the nearest 5 ft. Spacing for 
specific ratlii not given may be interpolated from the table. The mini
mum spacin~ shouJU he 20 rt. The spacing on c;urves should not ex
ceed 300 ft. In adv:mcc of or hcyoml a curve, and proceeding away 
from the end of the curvt:, the sracing of the first tlelineutor is 2S, the 
scco nt..1 is 3S, anti the thirtl 6S but nut lo exceed 300 fl. S refers lo the 
dclincutor spacing for s1)ccific rndli computed from the formula S = 3 

x (H-so)V1 • The spacing of che \'tOn sii:ms should be twice that used for 
stuml:.m.l highwuy dclincalors. C 1cfors lo the chevron spacing fo r 
.,;;pcdfk radii computed rrom the formula C = 7 (R-So)Y2. 

-
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the right edge of the pavement. The chevrons should 
be spaced twice the distance of the standard delin
eators, as noted in Table 6. 

The purpose of this study was to compare the 
existing PMD systems with one another. However, now 
that it has been revealed that delineation signing 
can alter a driver's path through a curve, the most 
effective pattern should be developed. Testing in 
this area has already been carried out, hut the 
results of these studies have been mixed, with some 
spacing and height changes s howing improvements 
(1.,_!!). 
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Active Advance Warning Signs at High-Speed 
,n ° 1 ° 1 T , , • 4 n " T""lo. . • ~1gna11zeu 1n1ersecnons: A ~urvey 01 t'ract1ce 

RONALD W. ECK and ZIAD A. SABRA 

ABSTRACT 

A synthesis of current traffic engineering practice relative to accident coun
termeasures at high-speed signalized intersections is presented. The synthesis 
was prepared by using two main sources of information: a review of published 
and unpublished literature, and results of a questionnaire survey sent to prac
ticing traffic engineers. Sixty-five state and local agency traffic engineers 
from all regions of the United States an<'I Canada responded to the question
naire. Physical environments known to cause problems at high-speed signalized 
intersections are described. The three most commonly used types of active ad
vance warning devices are discussed along with quantitative and qualitative 
assessments of their effectiveness. The three types of devices are flashing RED 
SIGNAL AHEAD signs, PREPARE TO STOP WHEN FLASHING signs, and flashing strobe 
lights. Active devices are usually installed only as a last resort where con
ventional countermeasures have not proved to be effective. Although specific 
situations in which each type of device has been effective or in which its use 
~hnnl~ ho ;1111:tnino~ woro ;non~;,Fio.A; ~hoPo ; a :a. no.o.A F ...... P gu:!.delinee ....... AoF1 ... a •ho 

use, design, installation, and timing of active warning devices. 

Introduction of signalization of high-speed highways 
(defined as approaches with posted speeds greater 
than or equal to 45 mph) creates the potential for a 
significant increase in traffic accidents. Two com
mon problems at such locations are the creation of a 
decision zone and the existence of geometrics such 
that the signal is not expected or that the display 
cannot be seen in time. 

The most promising countermeasures for this prob
lem appear to be active advance warning devices. 
These are traffic control devices, placed at or in 
advance of high-speed signalized intersections, that 
alter the information provided to drivers on the 
basis of whether drivers should stop or proceed. 
With active devices, accident potential is reduced 
because drivers have additional information on which 
they can decide the best course of action. 

The two principal types of active devices are the 
••• WHEN FLASHING signs and signal head sup
plements. The • • • WHEN FLASHING signs include de
vices placed in advance of the intersection, which 
indicate to drivers whether to stop or proceed. Such 
devices usually take one of two forms, the flashing 
RED SIGNAL AHEAD sign and the PREPARE TO STOP WHEN 
FLASHING (or similar message) sign. The flashing RED 
SIGNAL AHEAD sign displays two messages: RED SIGNAL 
AHEAD or SIGNAL AHEAD. The neon RED SIGNAL AHEAI) 
message is activated near the end of the green in
terval or during the yellow interval and remains on 
throughout the red interval. The word RED flashes 
alternatively with the words SIGNAL AHEAD. At all 
other times during the cycle length, the SIGNAL 
AHEAD message is displayed (nonflashing). 

There are many variations of the PREPARE TO STOP 
WHEN FLASHING signs. Essentially, the device con
sists of a sign panel with a word or symbol message 
and yellow flashers that illuminate a predetermined 
time before the start of red. The signs are charac
terized by their variety; messages currently in use 
include STOP AHEAD WHEN LIGHTS FLASHING, STOP ON 
SIGNAL WHEN LIGHTS FLASH, and BE PREPARED TO STOP. 

The strobe light is a flashing white light that 

supplements the red indication of a traffic control 
signal. The flashing strobe is intended to draw 
motorist attention to the signal in situations in 
which the signal is unexpected or may be difficult 
to see because of other lights and signs. The flash 
rate of strobe lights is usually 90 or more flashes 
per minute; the pulsating strobe appears only with 
the normal steady red indication. 

Although the availability of these solutions has 
reduced some of the problems, accidents at high
speed signalized approaches appear to be a persis
tent concern nationwide. To provide guidance to 
traffic engineers who face decisions about counter
measures at high-speed signalized intersections, 
there is a need for comprehensive review and evalua
tion of such countermeasures, both successes and 
failures. 

A research project was undertaken to provide the 
review and evaluation of such countermeasures. Ob
jectives of the study were 

1. To review current traffic engineering prac
tice relative to accident countermeasures at high
speed signalized intersections through (a) review of 
published literature and (b) a survey of practic
ing traffic engineers, and 

2. To prepare a synthesis of practice on ap
proaches to the problem. 

The countermeasures described were included on 
the basis of having been identified as specific 
treatments for high-speed intersections. Therefore, 
many of the more traditional signalized intersection 
countermeasures such as improved intersection geo
metrics, left-turn lanes, advance rumble strips, 
all-red clearance intervals, and flashing signal 
operation were not considered. 

SURVEY OF PRACTICE 

To obtain information not available in the published 
literature, a survey of practicing traffic engineers 
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was conducted to collect data on the nature of the 
specified accident problem and on the evaluation of 
appropriate corrective treatments. The questionnaire 
was sent to engineers with responsibilities in plan
ning, design, and installation of traffic signals. 
Of the 211 agencies sent questionnaires, 110 re
sponded, although only 65 actually returned com
pleted questionnaires. Response rates were 62 per
cent for state agencies, 19 percent for local 
agencies, and 30 percent overall. 

ANALYSIS OF QUESTIONNAIRE RESPONSES 

Safety and Operational Problems 

The first question on the survey form attempted to 
define circumstances under which safety and opera
tional problems are experienced at high-speed 
signalized approaches. Respondents were asked to 
identify circumstances most relevant to their juris
diction by ranking them (1 = most pressing problem, 
2 = next most serious problem, and so forth) anrl 
then listing particular safety and operational prob
lems associated with the given circumstance. For 
state agencies, rural expressways where signaliza
tion was unexpected ranked as the most pressing 
problem. This was followed, in order, by intersec
tions hidden by horizontal curves, rural expressways 
with heavy truck traffic, and intersections hidden 
by crest vertical curves. Steep downgrades and in
tersections hidden by other features were not noted 
as serious problems by state agencies. 

Responses of local agencies were different from 
those of the states in that only two circumstances 
stood out as important: intersections hidden by 
horizontal curvature and those hidden by vertical 
curvature. In all other circumstances the number of 
respondents not indicating that a circumstance was a 
particular problem exceeded those who indicated a 
ranking for that circumstance. 

The relative importance of safety and operational 
problems associated with intersection circumstances 
was tabulated separately for state and local agen
cies. Because there was little difference between 
the two responses, it was decided to combine the 
results. Rear-end accidents were the most frequently 
mentioned accident type overall. This accident type 
had the highest frequency in all circumstance cate
gories except one (rural expressways with heavy truck 
traffic). Second and roughly equal in importance with 
26 percent of the citations were right-angle acci
dents and red violations. Within these overall cate
gories, right-angle accidents had a tendency to be 
associated with limited sight distance, whereas red 
violations were most frequently mentioned with rural 
expressways and steep downgrades. 

Countermeasures 

Several questions on the survey form inquired about 
countermeasures implemented to reduce problems at 
high-speed signalized intersections. Results indi
cated that traditional approaches to intersection 
accident problems, detector placement, and yellow 
time adjustment are by far the most frequently used 
countermeasures at both the state and local levels. 
At the state level, the flashing RED SIGNAL AHEAD 
sign was the most widely used dynamic device, with 
more than 300 installations nationwide. More than 200 
PREPARE TO STOP WHEN FLASHING signs were reported, 
with more than one-half of these being of the ground
mounted type. Only 12 strobe installations were re
ported nationally. This is significantly less than 
the number reported in another recent survey (.!_). 
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The basis for installation of various countermea
sures used by state and local agencies was also re
ported. Overall, for both state and local agencies, 
rear-end and right-angle accidents and red viola
tions were the most frequently cited bases for in
stallation, accounting for almost 60 percent of the 
responses. In general, all countermeasures revealed 
a similar pattern for basis for installation. The 
one exception was the flashing SIGNAL AHEAD sign. 
Both state and local agencies indicated that one of 
the main reasons for installing the flashing SIGNAL 
AHEAD sign was as a response to speed problems. 

Although results indicated that truck accidents 
were not a significant problem, a question on the 
survey form asked whether trucks were given special 
consideration in countermeasure selection. Of the 22 
state agencies responding to this question, 59 per
cent indicated that trucks were given special con
sideration. In contrast, only 36 percent of the 18 
responding local agencies answered the question 
affirmatively. 

Agencies were asked to provide information on the 
interval of the signal cycle in which the dynamic 
devices are activated. In general, the results 
agreed with what had been expected. For state 
agencies, roughly two-thirds of the dynamic devices 
(excluding flashing strobes) were activated at a 

predetermined time before the start of red (i.e., 
during green). This percentage was lower for local 
agencies for which a higher proportion of devices 
were activated at the beginning of yellow. 

Respondents were asked to provide two types of 
countermeasure cost information: (a) typical instal
lation cost per intersection approach, and (b) an
nual maintenance cost per approach. For local and 
state agencies, yellow time adjustment had both the 
lowest median installation cost and the lowest 
median annual maintenance cost of all countermea
sures considered. The overhead PREPARE TO STOP WHEN 
FLASHING sign was the most expensive to install, 
costing about $5,000 per intersection approach. At 
the state level, ground-mounted PREPARE TO STOP WHEN 
FLASHING signs and flashing RED SIGNAL AHEAD signs 
had approximately the same mean installation costs, 
around $2,500. These responses differed from those 
of local agencies for which costs for detector 
placement and flashing RED SIGNAL AHEAD signs were 
significantly higher than those reported by state 
agencies. But because of the very small sample size, 
little confidence is placed in the cost data for 
flashing strobe lights. 

As just mentioned, yellow time adjustment had the 
lowest median annual maintenance cost of all coun
termeasures. Note that local agency data will not be 
discussed here because of limited sample size. The 
most costly devices to maintain were the overhead 
and ground-mounted PREPARE TO STOP WHEN FLASHING 
signs. In the intermediate cost range were detector 
placement, the flashing RED SIGNAL A.HEAD sign, and 
the flashing SIGNAL AHEAD sign. 

Effectiveness Evaluation 

Two forms of countermeasure effectiveness evalua
tion--a subjective assessment and an objective quan
titative evaluation--were sought on the survey form. 
The first question asked respondents to give an 
overall assessment of countermeasure effectiveness 
on a scale of 1 (no effect) to 5 (excellent). 

In several instances state ~nd local agencies 
differed in their assessments of countermeasure 
effectiveness. At the state level, detector place
ment was rated most effective followed by the flash
ing RED SIGNAL AHEAD sign. Both countermeasures had 
ratings of "good" or better. Ranking somewhat lower 
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in effectiveness was a group of three countermea
sures (overhead and ground-mounted PREPARE TO STOP 
WHEN FLASHING signs and yellow time adjustment). Two 
other devices (flashing SIGNAL AHEAD sign and flash
i1,g strobt: lighLs) Ldi:.~U ju~t bet.tee than neutral. 

In contrast, local agency engineers thought the 
overhead PREPARE TO STOP WHEN FLASHING sign was the 
most effective. Three devices were tied as the sec
ond most effective countermeasures (ground~mounted 
PREPARE TO STOP WHEN FLASHING sign, flashing RED 
SIGNAL AHEAD sign, and flashing strobe lights). The 
flashing SIGNAL AHEAD sign, detector placement, and 
yellow time adjustment received the lowest effec
tivene55 rdLl11ys. I11 Yt!llt!tal, luual agencies rated 
the dynamic devices more highly than did state 
agencies. 

The second question relative to countermeasure 
effectiveness evaluation asked agencies to include 
results of any formal studies conducted to evaluate 
the effectiveness of the four dynamic countermea-
sures identified '-"" the fctm. Relatively few 
agencies had conducted formal studies to evaluate 
effectiveness. Six state agencies and one local 
jurisdiction sent copies of reports documenting 
results of evaluation studies. The amount of data 
furnished was not sufficient to permit statistical 
analysis. 

It is interesting to note that more than one-half 
of the studies involved evaluation of the flashing 
strobe light (_.!_=}). O·v·crall, based on a relatively 
small number of intersections, there was no clear 
consensus on the effectiveness of strobes. Strobes 
appeared to be effective in reducing right-angle and 
total accidents, but in most cases there were no 
statistical differences in the number of accidents 
before and after installations of strobe lights. 

An Ohio Department of Transportation before-and
a fter study (_!) evaluated the PREPARE TO STOP WHEN 
FLASHING sign at six locations. High-speed ap
proaches revealed a statistically significant acci
dent reduction for total, rear-end, property-damage
only, and truck-at-fault accidents. 

Maryland evaluated the flashing RED SIGNAL AHEAD 
sign through a before-and-after study that involved 
22 intersection approaches (5). The RED SIGNAL AHEAD 
sign was determined to be - successful in reducing 
right-angle accidents at sight-obstructed signalized 
intersections. The device appeared to be more effec
tive in reducing rear-end and total accidents on 
horizontal curve approaches than on steep vertical 
approaches. 

CONCLUSIONS AND RECOMMENDATIONS 

The research described in this paper involved an 
assessment of active advance warning devices and 
other accident countermeasures at high-speed signal
ized intersections. Output from two of the project 
activities--a literature review and a survey of 
current practice--was combined to achieve a synthe
sis of practice (_~) on active warning devices. 

Both the literature review and the survey of 
practice indicated that hidden intersections and 
rural expressways where signals are unexpected are 
the two circumstances creating problems at high
speed signalized intersections. At such locations, 
rear-end accidents are the most pressing problem, 
following by right-angle accidents and red viola
tions. Only when conventional countermeasures such 
as detectorization or continuously flashing SIGNAL 
AHEAD signs fail to solve the problem will agencies 
turn to dynamic devices. When active devices are 
used, they are installed selectively so that their 
effectiveness is not diminished by overuse. 
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The most popular dynamic devices are the flashing 
RED SIGNAL AHEAD sign, the PREPARE TO STOP WHEN 
FLASHING sign (and its variations), and flashing 
strobe lights. Some agencies tend to favor one 
ctynamlc ctevice more than others. This may be due, in 
part, to topography, past experience with the de
vice, and installation and maintenance costs. Of the 
three devices, flashing strobes have the lowest 
costs. It was concluded that, in general, the flash
ing RED SIGNAL AHEAD sign was the most effective 
dynamic device, traffic engineers gave it a "good" 
rating. Flashing strobe lights were the least effec
tive of the three active devices, engineers rated 
!!Ltul.Jt!!! uluirnt to neutral than to good in terms of 
effectiveness. For dynamic devices in general, it 
was concluded that activation of flashing near the 
end of green is more effective than activation at 
the beginning of yellow. 

Although this study has identified certain situa
tions in which each type of dynamic device is ef
fective or in which its use should be avoided, there 
are no general warrants or guidelines for the use of 
active warning devices at high-speed signalized in
tersections. An application standard is needed to 
define the use, design, · installation, and timing of 
active devices. Additional investigations using a 
combination of field studies and laboratory experi
mentation with a driving simulator are recommended. 
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Traffic Circles for Residential Intersection Control: 

A Comparison with Yield Signs Based on 

Seattle's Experience 

G. SCOTT RUTHERFORD , ROBERTA L. McLAUGHLIN, and EDWIN von BORSTEL 

ABSTRACT 

The city of Seattle has used more traffic circles than yield signs or stop 
signs to control four-way residential intersections in the past 10 years. The 
purpose of these traffic circles is to respond to above-average accident prob
lems at neighborhood intersections without having to rely on the use of yield 
signs and stop signs. It was found in this study that both traffic circles and 
yield signs can reduce the number of intersection collisions by about 77 per
cent. Information reviewed for this study indicates that traffic circles can 
reduce midblock speeds by significant amounts. Locations with traffic circles 
reveal a variety of changes in volume after a circle has been placed. These 
changes are likely to be caused by other conditions in the neighborhood rather 
than by the circle. A total volume decrease of 2 percent (an insignificant 
change) was measured for 20 traffic locations. Similar data were not available 
for stop-sign and yield-sign locations. The cost for a traffic circle is much 
higher than for a yield sign, but if a city is willing to incur additional 
costs, circles can reduce the proliferation of traditional control devices, 
perhaps enhancing the effectiveness of signs elsewhere. 
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The Seattle Engineering Department is using traffic 
circles in residential intersections in which acci
dents occur but usually do not occur enough to war
rant the installation of yield signs or stop signs 
according to criteria used by the city of Seattle. 

Examples of traffic circles installed in Seat
tle's neighborhoods are shown in Figure 1. These 
devices are simple, round-raised islands placed in 
the middle of intersections. Circle details are 
shown in Figure 2. Seattle had approximately 150 
intersections with traffic circles at the end of 
1983. Although other cities throughout the United 
States have used an occasional traffic circle in 
residential intersections, Seattle has developed the 
most extensive system of traffic circles in the 
country. In the past 10 years there have been more 
residential intersections in Seattle equipped with 
traffic circles than intersections equipped with new 
yield signs or stop signs. 

neering Department staff will look at the accident 
records for the past 3 to 4 years to determine the 
number and type of collisions occurring at the loca
tion under investigation. If numerous accidents have 
been reported in the past 3 years, then a visit to 
the site usually follows. 

The rules of the road at intersections with traf
fic circles are the same as at any other unsignal
ized intersection, The driver on the right has the 
right-of-way. Cars turning left may turn left in 
front of the circle or go around it counter-clock
wise. If the situation warrants a change from this 
then KEEP RIGHT signs are installed. 

The purpose of this study was to make quantita
tive and qualitative comparisons between traffic 
circles and yield signs. A group of 14 traffic 
circle locations in Seattle was studied in 1980 (1l• 
The results indicated that the installation of traf
fic circles had reduced the number of accidents more 
than 90 percent. However, there was no comparison of 
a similar reduction caused by the installation of 
yield signs. At the time of this 1980 study, there 
were not enough dat.i to determine the effects of 
traffic circles. 

SEATTLE'S POLICIES FOR NEIGHBORHOOD TRAFFIC CONTROLS 

To respond to a request or concern about a neighbor
hood traffic problem, a member of the Seattle Engi-

A site visit might reveal problems such as over
grown vegetation, cars parked too close to the 
corner, or other problems that may be corrected by 

FIGURE 1 Example of traffic circles in Seattle. 
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some type of action other than installing additional 
control at the intersection. If there is nothing 
that is obviously causing problems, then a traffic 
circle may be recommended. 

The procedure used to determine if a circle will 
be installed requires the neighborhood's support in 
the form of a petition or mail-back survey to show a 
majority vote in favor of placing a circle at a 
particular location. Once this support is shown, 
additional information is then collected to deter
mine the number of reported accidents over the past 
3 years, to measure the 85th percentile speed, on one 
midblock section of the street next to the intersec
tion, and to count the number of vehicles using the 
major street. This information is used to rank loca
tions in order of problem severity. 

The Seattle Engineering Department attempts to 
put controls that cause the least amount of delay 
and restriction needed to reduce accidents at four
way residential intersections. Other cities will in
stall yield signs or stop signs at locations based 
on volumes, sight distance, or number of accidents 
(~,l). As a result, . these cities eventually will 
have· almost every four-way intersection controlled • 
by stop signs or yield signs. It is practices such 
as these that have caused a widespread use of yield 
and stop controls at four-way residential intersec
tions. 

Rather than reduce the number of accidents to the 
level required to install yield or stop signs in 
order to address problem intersections, Seattle has 
chosen to use traffic circles as a control device 
that helps prevent accidents from occurring at four
way residential intersections. The use of traffic 
circles has also provided additional benefits such 
as significant speed reductions and the ability to 
respond to the concerns of citizens about traffic 
safety without having to use yield signs and stop 
signs. 

DATA COLLECTED 

Data used in this study were found in the existing 
files of the Transportation Division of the Engi-
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neering Department. The data collected were analyzed 
for groups of locations that have the same type of 
control device. Differences between intersections 
controlled with traffic circles and those controlled 
by yield signs are determined quantitativelv when 
sufficient before-and-after data exist foi each 
group of locations. 

Selection of Intersections 

The intersections studied in this project had the 
following characteristics: 

1. Four-way local access street intersection, 
2. Primarily residential land use , 
3. Change in control between January 1, 1974 and 

December 31, 1983. 

A list of locations that had received new yield 
signs within the past 10 years was generated from 
the Engineering Department computer records for 
traffic signs. Locations that did not meet the 
criteria previously listed were removed from the 
list. 

Information for traffic circle locations was 
found in records kept by the Engineering Department. 
A file is maintained for each intersection. A master 
list of all circle locations was compiled from these 
records. 

Accidents 

A reportable accident in Seattle is defined as a 
collision that causes $300 or more damage. Informa
tion for these accidents is kept on computer tapes 
and is available for accidents that have happened 
since January 1, 1974. 

Because of the varying installation dates, be
fore-and-after study periods for every location 
could not be the same. Therefore, to study locations 
with a reasonable amount of before-and-after acci
dent data, locations studied were chosen for which 
at least 3 years of before data and 3 years of after 
data were available. 

The Engineering Department collects speed informa
tion near each intersection before a traffic circle 
is installed. This information is evaluated to rank 
intersections that are to receive circles the fol
lowing year. 

After a circle has been in place for at least 6 
months, a second !!peed 11urvey i11 done at the 11ame 
location. No studies have been conducted in Seattle 
to determine the effects of yield signs on speeds. 

Volumes 

Seattle collects volume information to help assign 
priori ties to locations proposed for traffic cir
cles. An automatic counter is put across one of the 
legs of the intersection for 7 consecutive days. An 
average weekday traffic (AWDT) value is determined 
for the volumes counted on the 5 weekdays. 

The volumes are usually measured on the street 
with the higher amount of traffic. The higher volume 
street is chosen based on previous short-term counts 
or from information gathered from nearby residents. 

After a circle has been in place for severiil 
months, a second automatic count is taken at the 
same location as the previous count. The before-and-
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after AWDTs are then adjusted with a seasonal factor 
to eliminate variations between months of a particu
lar year, The adjusted AWUTs are then compared to 
determine any changes in volumes occurring on the 
higher volume street. 

DATA ANALYSIS AND RESULTS 

Intersection Accidents 

To compare the accident experiences at controlled 
four-way residential intersec tions, accident totals 
were generated over the same 10-year period using 
the fo~lowing control devices: 

1. Yield signs--a group of 65 intersections at 
which yield signs have been installed between Jan
uary 1, 1974, and December 31, 1978; and 

2. Traffic circ1es--a group of 38 intersections 
at which traffic circles were installed between Jan
uary 1, 1971, and December 31, 1980. 

The accident totals were used to determine the 
average number of reported collisions occurring at 
these types of intersections during each year from 
1974 through 1983. The compila t ion of accident data 
over 10 years resulted in the f ollowing observations 
from 1974 to 1983 in Seattle: 

1. Uncontrolled four-way intersections averaged 
about 0.5 accident per year, 

2. Yield-sign-controlled intersections averaged 
between 0.8 accident per intersection each year after 
1979 when all 65 locations had yield signs in place, 
and 

3. Traffic-circle-controlled intersections aver
aged about O .1 accident per intersection each year 
after 1980 when all 34 locations had circles in 
place. 

These figures can only be used for trend comparison 
because the volumes are vastly different for each 
type of control device. 

By reviewing the policies that Seattle uses to 
place the control devices being discussed, it is 
expected that proposed locations for yield signs 
will have higher accident averages before being 
controlled t 'han intersections selected for traffic 
circles. To determine those averages and the reduc
tions caused by using these controls, the following 
data were analyzed: (a) before-accident averages for 
1, 2, and 3 years before installing each device, and 
(b) after-accident averages for 1, 2, and 3 years 
after each device was installed. 

Intersections that had yield signs and traffic 
circles installed between January 1, 1977, and De
cember 31, 1980, were used for this portion of the 
study. There were 41 yield-sign intersections and 40 
traffic-circle intersections that met these crite
ria. The results of these before-and-after compari
sons are shown in Figures 3 and 4. Results of use of 
both devices show a 77 percent reduction in number 
of accidents. 

Midblock Accidents 

Accidents occurring in all of the four approaches 
were tabulated for various locations that have the 
two types of controls. This information was averaged 
over various before-and-after time periods deter
mined by installation date of the control device at 
the intersection. The results of this data analysis 
are given in the following table (note that the data 
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are the yearly average for four intersection ap
proaches): 

No. of Accidents Reduction 
Before After (%) 

Yield 0.70 0.63 10 
Circle 1.03 0.63 39 

All reductions are significant at a= a.as. 

In Seattle there is little if any information col
lected about speeds when yield signs are installed 
at residential intersections, The literature search 
done for this study did not reveal any studies con
ducted with yield signs to determine effects on mid
block speeds. The FHWA study done in 1981 concluded 
that the yield-controlled intersections produced the 
shortest travel times through an intersection when 
compared with stop-controlled and uncontrolled lo
cations (3). Without collecting and analyzing addi
tional before-and-after speed data it would be d if
ficult to state that yi~ld signs could significantly 
decrease midblock speeds. 

Seattle has some documentation on before-and
after speeds near intersections with traffic cir
cles. A search through files produced a sample of 10 
locations that had speed studies with large number~ 
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of cars and with the same location used for 
before-and-after speed surveys. 

At 9 out of 10 traffic circle locations 
there were decreases in midblock speeds. 

both the 

studied, 
All of 

+-h.oec ~ ..... ,.. .... ,... ......... :; r:cre statistica~ly sl~uificant. The 
before-and-after speeds are shown in Figure 5. 
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FIGURE 5 Before-and-after midhlock speeds at IO traffic 
circle locations. 

Volumes 

Volume information is collected for each location 
being considered for a traffic circle. For this 
study, a group of 20 traffic circle locations was 
used to determine the changes in volumes. These 
circles were installed in 1983 and had complete 
records for both before-and-after volumes. There was 
no before-and-after volume information collected for 
the yield sign locations studied. 

Numbers used for comparisons represent the AWDT 
volume for the major street. The counts were ad
justed for monthly differences. 

Of the 20 locations analyzed, 9 locations had 
increases and 11 locations had decreases after traf
fic circles were installed. The group as a whole had 
a decrease of 2 percent in the total volume. 

Another difference about the use of traffic circles 
is that these devices cost much more than two signs. 
Construction costs for a traffic circle with land
scaping are $3,4001 total costs including planning 
and engineer ing are $5,550. A pair of yield signs or 
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stop signs costs about $500. It would not be appro
priate to compare the cost of installing a traffic 
circle at a particular location wi.th the cost of 
installing yield signs or stop signs at the same 
location. It is obvious that signing would be the 
less expensive alternative. However, if one values 
the reduction of the number of traffic control signs 
in residential areas, traffic circles may be worth 
the added expense. In some cases people in the neigh
borhoods have contributed funds to install traffic 
circles. 

CONCLUSIONS 

Conclusions drawn from the data analysis and litera
ture review are as follows: 

1. Accident reductions: (a) traffic circles are 
shown to have accident reductions of 77 percent when 
comparing 3-year before-and-after totals of inter
section accidents, and (b) yield signs also have 
shown a reduction of 77 percent. 

2. Midblock speeds: Traffic circles tend to 
significantly decrease the speeds of vehicles down
stream of intersections with circles. 

3. Volumes: Locations with traffic circles tend 
to show a wide range of volume increases and de
creases, but the locations studied in this paper had 
an overall decrease of 2 percent, which is insignif
icant. 

4. Costs: Installation of a traffic circle at a 
residential intersection costs much more than 
installation of either a pair of stop signs or a 
pair of yield signs. 
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Preferential Control Warrants of Light Rail 

Transit Movements 

A. ESSAM RADWAN and KUO-PING HWANG 

ABSTRACT 

The goal of this paper is to demonstrate a method for evaluating a preferential 
treatment technique for light rail transit (LRT) in urban areas. A mathematical 
delay model, which uses probability expressions, is presented to evaluate two 
LRT preemption signal strategies in existing arterial medians. The model Permits 
the user to evaluate three operational options: a two-phase signal plan, a 
three-phase signal plan with a separate LRT phase, and a three-phase signal plan 
with an exclusive left-turn phase for main arterial vehicles. The signal con
troller modeled in this paper has green extension and red truncation capabil
ities. Model testing and validation proved that the model parameters consis
tently produced reasonable results. Control warrant guidelines were developed 
for two operational options. 

Light rail transit (LRT) is catching the attention 
of numerous cities across North America today. New 
LRT operations were initiated in Edmonton and 
Calgary, Alberta, Canada, in 1978 and 1981, respec
tively (1,2). New systems are in an advanced stage 
of construction in Buffalo, and others are being 
considered for upgrading in Pittsburgh, San Diego, 
and San Francisco. 

LRT, as defined by the Transportation Research 
Board Committee on Light Rail Transit, is a mode of 
urban transportation that uses predominantly re
served but not necessarily grade-separated rights
of-way. Electrically propelled rail vehicles operate 
singly or in trains. Most of the LRT operating en
vironment are at grade but with predominantly con
trolled rights-of-way. Separated right-of-way, on
street operation, and transit-pedestrian malls are 
the most common forms of at-grade operating environ
ments. Median LRT treatment is a special design in 
which the light rail line is accommodated in an 
existing wide median of a multilane arterial. Such 
design may occur for a heavily traveled arterial, in 
which case the signal timings should be carefully 
studied to maximize system passenger throughput. A 
common preferential control technique for LRT is to 
use traffic signal preemption in favor of the LRT; 
however, this technique may adversely affect overall 
system performance. The major objectives of this 
study are to investigate preferential control of LRT 
by using different signal preemption strategies and 
to attempt to develop control warrants for these 
strategies. 

BACKGROUND INFORMATION 

The use of unconditional traffic signal preemption 
generally results in some loss in intersection ca
pacity. This loss is proportional to the LRT fre
quency and the particular preemption strategy used. 
In a recent study (1) the impact of signal preemp
tion on intersection capacity was evaluated. It was 
conclud@d that, at a standard intersection ;it which 
all other traffic must stop to allow the LRT vehicle 
to pass, around 10 percent of the available signal 
time would be lost if preemption occurred every 3 
min. Furthermore, for a multilane arterial with far
side transit stops and a constant main-street traffic 

volume of 20,000 vehicles per day and a cross-street 
volume range of 10,000 to 20,000 vehicles per day, 
it was found that a multiphase traffic signal makes 
LRT preemption feasible in every third cycle. If 
simple two-phase signals are used and left turns are 
prohibited, LRT preemption in every s econd cycle is 
feasible. Similar capacity analyses performed for a 
midblock crossing of a four-lane arterial indicated 
that preemption is feasible as often as every 2 min 
for traffic volumes as high as 25,000 vehicles per 
day. 

In another study Ii) the use of level-of-service 
criterion to evaluate LRT impacts on traffic flow 
over arterials was criticized because it siqnifi
cantly favors the automobile mode over the LRT mode 
and it does not consider the volume of people car
ried by transit. A factor that indicates the per
centage of theoretical capacity of the intersection 
that is being used (intersection utilization factor) 
was used to evaluate the impact of operating LRT 
within the same vehicular right-of-way on street 
traffic performance. Utilization factors were cal
culated for three alternative operational strategies: 

1. Left turns from the arterial onto the cross 
street (across the LRT tracks) controlled with a 
special signal phase, 

2. Left turns prohibited from the arterial onto 
the cross street, and 

3. All traffic stopped during LRT passage. 

The utilization factors without LRT preemption 
were also included for comparison, Analysis of these 
results pointed out a key conceptual difficulty with 
the use of the traditional level-of-service approach. 
The results imply that, as the frequency of the LRT 
operation increases, the feasibility of preemption 
decreases: it causes an "unacceptable" impact on 
cross traffic. However, higher-frequency LRT opera
tion actually may mean that greater numbers of tran
sit passengers are traversing the intersection. Thus 
the true situation may be the opposite from the 
situation implied by the utilization factor results. 

A parametric analys1s was conducted in the same 
study, using a delay model developed by May and 
Pratt Ii), to alleviate the problems with the level
of-service approach. Two major conclusions were 
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drawn: First, the justification for priority treat
ment- for LRT generally increases as the line volume 
increases, until the headways are so short and 
cross-street volumes are so high that they begin to 
greatly increase automobile delay. Second, it was 
found that preemption can be justified for a large 
number of LRT headways and combinations of cross
street volumes, whereas the utilization factor cri
terion resulted in many more design combinations 
falling into the so-called unacceptable category. 
Other studies (_2.,.§.) involved the development of two 
macroscopic delay models for the purpose of evaluat
ing the impact of bus signal preemption on street 
vehicular delay. 

The literature review revealed that previous 
studies have used simple delay models with no capa
bility of evaluating different preemption strategies 
(green extension and red truncation) and, more impor
tant, they all failed to define general warrant 
guidelines for using signal preemption in associa
tion with LRT traffic. 

RESEARCH OBJECTIVES 

The major objectives of this research study are to 
develop a mathematical model that estimates private 
automobile and LRT delays for signalized intersec
tions operating under preemption scenarios, to apply 
the model to three operational strategies and check 
its validity, and finally to use the model to develop 
warrants for signal preemption of LRT movements. 

DELAY MODEL 

A modified version of Webster's 
selected for this research CJ_) : 
per vehicle is determined from 

delay model was 
the average delay 

d = 9/10 {[c(l - ;q 2/2(1 - :l.x)] + [x 2/2q(l - x)]} (1) 

where 

d average delay per vehicle on the particular 
intersection approach, 

c cycle time, 
). proportion of the cycle that is effectively 

green for the phase under consideration (g/c), 
q flow, 
s = saturation flow, and 
x = degree of saturation. 

Equation 1 was used to estimate the average delay 
per pr iv ate automobile and LRT. The probability of 
signal preemption was estimated for each LRT detec
tion event. Signal cycle length and corresponding 
phase splits were also determined for each detection 
scenario. The average delay per vehicle and the 
probabilities were combined, and the estimated delay 
for preemption and nonpreemption cases were calcu
lated and compared. 

Mode.l Assumptions 

The following assumptions were made to formulate the 
analytical model: 

1. Pretimed signal controller with a two- or 
three-phase plan and a cycle length are determined 
from Webster's optimum cycle formula CJ_); 

2, Minimum red phase durations for main and 
cross streets are determined from Webster's minimum 
cycle formula; 

3. Absolute minimum cycle length is 40 sec for 
two-phase and 50 sec for three-phase plans, and 
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absolute maximum cycle length is 120 sec for two
phase plans and 150 sec for three-phase plans: 

4. Minimum green phase duration is 12 sec for 
through maneuvers and 15 sec for left-turn maneuvers: 

5 a. T.of+--+-11.-n ~~jn ... +-"'""'+- f~ctcr is 1. 75 fo:r p:ri-
vate automobiles; and 

6. LRT arrivals follow a discrete uniform dis
tribution or a Poisson distribution (the model was 
formulated in a manner to give the user the option 
of using either distribution). 

Pedestrian movement can adversely affect the 
signal preemption process. If the cross-street green 
phase is constrained by pedestrian clearance con
siderations, red truncation may not be feasible and 
the minimum green-phase duration threshold (12 sec) 
has to be increased. This study did not include the 
impact of pedestrian movement on LRT priority 
schemes: however, the model can be adjusted to take 
into account those impacts. 

Probability Expressions 

Probability expressions for LRT arrivals during 
different time periods of the signal cycle were 
derived for three signal timing strategies. The 
first strategy (Option 0) is a two-phase plan with 
prohibition of left-turn maneuvers from the major 
arte::i~l to the side ~L.1.11:::cL.; 1...uc second :::n .. .Lc1L.~YY 
(Option 1) is a three-phase plan in which an ex
clusive phase is dedicated to LRT movements of 15 
sec duration; and the third strategy (Option 2) is a 
three-phase plan in which an exclusive left-turn 
phase is provided for automobile traffic to turn 
from the major arterial to the side street. The 
signal phase durations are shown in Figure 1 and the 
probability expressions for a selected option (Op
tion 0) are given in Table 1, The detailed deriva
tion of the five probability expressions is beyond 
the scope of this paper. The probability expressions 
of Options 1 and 2, and the mathematical deriva
tions, can be obtained from the authors. 

MODEL TESTING AND VALIDATION 

The probability expressions and the delay equations 
were coded into a computer program to facilitate and 
speed up the ca_lculation of delays. The program 
calculates internally the total delay of private 
automobiles and LRT under both preemption and non
preemption strategies and provides the total delay 
saving (or losses) caused by the preemption. The 
major 'input parameters to the model are as follows: 

1. Major arterial volume (private automobiles), 
2. Cross-street volume (private automobiles), 
3. LRT volume per hour, 
4. Private automobile occupancy (passengers), 
5. LRT occupancy (passengers), 
6. Saturation flow rates for major and cross 

streets, and 
7. Advance detection period (sec). 

The output measures of effectiveness are as follows: 

1. Main arterial nonpreemption delay (private 
automobile and LRT), 

2. Cross-street nonpreemption delay (private 
automobile and LRT), 

3. Main-street preemption delay (private automo
bile and LRT) , 

4. Cross-street preemption delay (private auto
mobile and LRT), and 

5, Total intersection saving (or losses). 
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A series of runs was conducted to evaluate the 
model consistency and validity. First, for Option O, 
the model was tested for four variations: 

1. Variations in main-arterial private automo
bile volume, 

2. Variations in cross-street private automobile 
volume, 

3. Variations in LRT volume, and 
4. Variations in advance detection duration. 

The results of these runs are shown in Figures 
2-5. Figure 2 shows parabolic-like shaped relation
ships between the main arterial volume and the total 
intersection gain. One plot corresponds to the 
uniform distribution of LRT arrivals and the second 

TABLE I Probability Expressions for Option 0 
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corresponds to the Poisson distribution. As the plots 
show, little difference between the two distributions 
is observed i therefore, it was decided to use the 
Poisson distribution for the remaining plots only 
for demonstration purposes. An opposite parabolic 
shape was observed between cross-str eet volume and 
the total intersection gain as s hown in Figure 3. 
The impact of LRT volume on the total intersection 
ga in was observed to be d ire c tly l inear as depicted 
b y Figure 4, and li t tle variation was noticed 
between the eight level s of advance de t e ction period 
as shown in Figure 5. 

A second testing was conducted for Option 1 in 
which a three-phase signal plan was valuated with a 
dedicated phase for LRT traffic. Different levels of 
main arterial volume were tested, and the results 
are shown in Figure 6. It was concluded that the 
addition of an exclusive LRT phase adversely affects 
the total intersection gain. As for Option 2, a 
fixed left-turn volume was assumed at 100 cars per 
hour, and different levels of main arterial volume 
were evaluated. Figure 7 shows the results of Option 
2 testing, in which a sharp decline in the total 
intersection gain with the increase in main arterial 
volume is observed. 

PREFERENTIAL CONTROL WARRANTS 

The model was applied to a wide range of traffic 
volumes on main arterials, cross streets, and LRT 
for Opti on o, and a r eg r ess ion a nalysi s was at
tempted t o correlate t he s e va r iabl es with the total 
inte r sec tion ga i n. The f o llowing model wa.s a tta ined: 

Gain (passenger-sec) -30481.75 + 1742.70 LRT 
- 61.68 PCl + 117.70 PC2 

(R 0.88) 

where 

PCl main-arterial volume (cars/ hr), 
PC2 cross-street volume (cars/hr), and 
LRT = light rail transit volume (trains/ hr). 

(2) 

The signs of the independent variables agree with 
previous findings, and the regression equation was 
used to develop signal preemption warrants under 
different demand levels. By substituting zero in 
Equation 2 and using PCl constant values of 400, 
600, and 800, boundary lines of the control warrant 
regions were developed (see Figure 8). 

As for Option 1, it was found earlier that no 
gain can be r e alized under any d emand levels and 
therefore no attempt was made to develop warrant 

No. Event Discrete Uniform Distribution Poisson Distribution 

2 

3 

4 

No LRT arrival during a cycle M = (c) (LRT)/3,600 If M < I. P1 = I - M 
If M ;;. I, P1 = 0, M = I 

LRT arrives in a cycle and no preemption P2 = (G + A - AD) (M)/C 
occurs 

LRT arrives during a cycle and there is red P3 = (Rmin) (M)/c 
truncation 

LRT arrives during a cycle such that red P4 = (C - A - G - Rmin) (M)/C 
truncation occurs after Rmin 

LRT arrives during a cycle such that a green P5 = (AD) (M)/C 
extension occurs 

P1 = EXP(-LRT • C/3,600) 

P2 = F.XP[-(LRTJIC- A - G + AD/3,600)1 
- EXP[-(LRT · C/3,600JJ 

P3 = EXP(-LRT • AD/3,600) 
- EXP(-(LRT) (AD+ Rmin)/3,6001 

P4 = EXP[(-LRT) (Rmin + AlJJ0,6UU ) 
-EXPf-(LRT) (C - A - G + AD)/3,6001 

Ps = I - EXP(LRT AD/3,600) 

Note: LRT = light rail transit flow, C = cycle Jength, G = main arterial green period, A= amber phose duration, AD= advance detection period, und Rmin = rL·<l phase due to 
red truncation, 
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FIGURE 2 Passenger delay gains due to variations in main arterial volume. 
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FIGURE 5 Passenger delay gains due to variations in advance detection durations. 

regions. For Option 2, the process was repeated, and 
a regression model was calculated: 

Gain= 1163.BO - 34.79 LRT + 2878.2 PLT 
+ 2.15 PC2 

(R = 0.904) 

where 

LRT = light rail transit volume (trains/hr), 
PLT percent left turn, and 
PC2 2 cross-street volume (cars/hr). 

(3) 

The negative sign of LRT is expected because as 
the LRT volume increases the total LRT passenger 

4 
Gain 

(Pass-hrs) 
2 

delay increases d uring the e xclusive left-turn 
phase, and cons eq ue ntly the overa l l intersection 
gain decreases. On the other hand, as the percentage 
of left turns increases, more left-turn traffic uses 
the third phase and the overall intersection gain 
increases. The control warrant regions for this 
option are shown in Figure 9. 

SUMMARY AND CONCLUSIONS 

The purpose of this paper was to demonstrate a 
method for evaluating and testing signal preemption 
strategies of LRT movements in existing arterial 
medians. Three operational options were identified, 
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a nd t he probability expr ess ions fox: a selected 
opt i on wer e documented. We bs t er 's delay model was 
adopte d t o e stimate t he average de l a y per ve hicle 
per approach. 

The mode l was tested by using a set of hypotheti
cal demand parameters to validate the model. The 
results of the model testing proved that the model 
parameters consis tently produce reasonable results, 
and that the mode l is sensit i ve to variations in the 
main arterial and cross-street yolumes. Furthermore, 
it was concluded that for the two-phase signal plan 
(Option 0), the overall intersection gain due to 
signal preemption is linearly proportioned to LRT 
volume, and that there was no impact of advance 
detection duration on the intersection gain. It was 
also found that for the three-phase signal plan with 
a separate LRT phase (option 1) , no intersection 
gain was observed for almost all main arterial 
volume levels. As for the th r e e - phase signa l with an 
exclusive left-turn phase (Option 2), it was found 
that there exists an optimum main arterial volume at 
which the overall intersection gain is maximum for a 
given constant left-turn volume. Finally, bounda ry 
lines of the control warrant regions for Opt i ons O 
and 2 were developed in a chart format. 
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Evaluation and Improvement of Inductive Loop 

EDWARD W. BIKOWITZ and SCOTT P. ROSS 

ABSTRACT 

It was determined in 1980 that approximately a quarter of New York State's 
15,000 inductive loop detectors, used to control traffic signals, were out of 
order at any given time and were maintenance-free for an average of only 2 
years. A study was made to find the major causes of loop failures and how to 
reduce them. Installation methods in New York and elsewhere were investigated, 
and hundreds of failed loops were studied to find failure types and causes. 
Data suggested that failure was mainly caused by improper installation, inade
quate loop sealants, or wire failure. Encased wire (regular signal wire pro
tected by continuous smooth-bore polyethylene tubing) , which provided greater 
freedom of. movement in areas of pavement distress, was being evaluated in other 
states. Also, instead of diagonal cuts at the corners of the loop, it was 
decided to cut the corners at 90-degree angles and then chisel or core them, 
thus saving sawing time and equipment wear and also having negligible impact on 
the loop wire itself. Another cause of failure is damaged or broken wire be
cause of its floating to the surface of the sealed slot, which can be avoided 
with a eimple held-down devic~. 

" .... ,_ __ 
V\-U,::'.L L c-1..ovuum:::1 u~c& c.iuru::S included saws with 

greater horsepower, and complete pressurized washing and drying of the saw slot 
to enhance sealant bond. Laboratory tests were developed to evaluate sealants 
before purchase to assure that those used would provide strength, longevity, 
water resistance, good bond to the pavement, flexibility, wire encapsulation, 
and ease of installation. New York's new methods and materials appear to be the 
best currently available, and a program has been established for continued 
evaluation of these detector systems. A special training video tape is now 
available that covers these new materials and procedures. 

Traffic loops are an integral part of today's high
way system; they are used to control traffic flow at 
intersections by providing information to micropro
cessors that control signal patterns. Current esti
mates place the number of loop detectors maintained 
by the New York State Department of Transportation 
(NYSDOT) at about 15,000--a number that is increas
ing as improved traffic control is sought. The cur
rent trend in New York is to couple a loop detector 
with a computer to improve traffic control . The 
computer-enhanced system, although more costly, has 
the added ability of adjusting signal timing to meet 
traffic demands during different time periods 
throughout an entire area, rather than just one 
intersection for a fixed time period. With increased 
sophistication, these systems are becoming ever more 
dependent on continued successful operation of in
pavement loop detectors. 

The inductive loop detector (ILD) consists of a 
specified number of turns of wire buried in the 
pavement and connected to a detector unit or ampli
fier. Current is passed through the wire loops to 
create a magnetic field; as vehicles break the field 
the overall inductance of the loop circuit changes. 
The detector senses this change and sends a message 
to the controller circuit, which adjusts the light 
signal according to its programming. Unfortunately, 
reliability of these loops has not been good, re
sulting in expensive replacement and, perhaps more 
important, in serious delays and inconvenience to 
motorists. In the past most inductive loops were 
maintenance free for about 2 years. By then systems 
began to suffer about 25 percent failures, thus 
requiring loop repair. The investigation reported 

here was initiated to study inductive loops and find 
ways to increase their reliability and lengthen 
service life. 

Various means were employed to determine how to 
increase loop life: field evaluation of current 
failures, questioning of maintenance crews, a liter
ature review, and questionnaires to other states. 
Results from these inquiries could be classified 
into two areas: materials and installation tech
niques . Each required extensive changes to correct 
their deficiencies. 

INSTALL~TION TECHNIQUES AND IMPROVEMENTS 

Reliability Problems with Installation 

Before discussing physical changes in installation 
methods, it should be pointed out that one problem 
area--lack of consistency in loop installation from 
region to region--was solved. Signal-loop materials 
and installation techniques are controlled by state 
standards and specifications. New York installs traf
fic loops either by contract or by department mainte
nance forces, and although all persons should follow 
the specifications, installers frequently varied 
slightly in methods and materials. As a result of 
this study, stricter policy was established to en
sure that different areas used the same techniques 
and materials. This policy was explained as an at
tempt to establish known controls against which to 
compare experimental techniques rather than as an 
attempt to limit their efforts to find better 
procedures. 
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The investigation revealed several areas within 
the installation process that needed revision to 
improve loop reliability and several other areas in 
which speed, safety, and efficiency could be im
proved. The areas involving reliability were corner 
cutting, wire floating, splicing at the pavement 
edge, and cleaning of the sawed slot. Areas involv
ing efficiency and safety were type of saw blade to 
be used, saw power [9.2 versus 18.09 horsepower 
(hp)), dry versus wet cutting, and use of small air 
tools. 

One of the main causes of loop failure was wire 
breakage. In terms of installation problems, this 
could be related to several areas: sharp corners in 
the slots wearing through the loop wire, the loop 
floating to the top of the slot and being exposed to 

LOOP DESIGN AFTER 1983 
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traffic wear, splicing of the loop wire and detector 
leads at the pavement edge, and failure of the loop 
sealant to bond to a dirty or wet slot. 

Before this study, the loop corners were cut on 
diagonals (Figure 1). This did reduce some of the 
corner-cutting problem, but created another problem 
in that pie-shaped segments of pavement could break 
out, thus exposing whole corners of the loop to 
traffic and weather. The solution chosen was to saw 
the loop in four straight cuts, chisel out the 
corners, and round them off as smoothly as possible. 

Once a slot is cut, it must be cleaned before 
installing the wire. If not properly done, many fine 
particles remain in the slot, thereby decreasing the 
chance of a good bond between the sealer and the 
sidewalls. A poor bond eventually causes the sealer 
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F1GURE 1 Sawed slot patterns before and after 1983. 
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and wire to pop out of the loop, which results in 
early exposure to traffic and weather. The former 
method, using only the air supply from a large com
pressor, was inefficient. A pressurized water system 
was desired, but the increased cost of havinq a 
water-pumping truck was not justifiable. Instead, a 
special nozzle was devised to combine a standing 
gravity-fed water supply and the already available 
air compressor. Using the Venturi principle, a 
nozzle was fabricated to supply pressurized water. 
The air supply from the compressor passes through a 
restricted chamber to propel the water from the 
standing water supply. This system resulted in a 
much cleaner slot. The same nozzle is used to dry 
out the slot by simply shutting off the water 
supply. If the compressor were to have hot-air capa
bility , the work would proce ed even faster. It 
should be noted that once this nozzle was shown 
around the state, many department maintenance forces 
found uses for it in other areas. 

At this point in the installation process the 
wire is placed in the loop starting and ending at 
the pavement edge. Wire continuity is checked now, 
and if there is no problem the loop wire is spliced 
to the detector leads. As in any e lectrical instal
lation, the splice is one of the most critical com
ponents of the electrical circuit. Past experience 
indicated that the method of splicing varied from 
r egion to region, and no one method was more reli
able than any other method. Evaluation of all cur
rent techniques plus some questioning of the re
s earch electronics staff resulted in the following 
splicing specification. 

An uncoated, metal, solderless crimp connector or 
solder or both are used to make the initial connec
tion. Af te r j oin i ng the wires , liqu i d waterproofing 
is a pplied. Next, heat-s hrink tape or rubber t ape is 
applied o ve r the s p lice , making sure the outs ide 
tubing is securely joined to the encased wire. The 
advantage of using heat-shrink tape is that there is 
less seam area for possible debonding. After a pply
ing the heat-sh rink or rubbe r t ape , another coat of 
waterproofing mater i a l is reco mmended. Next, layers 
of polyvinyl c hlor ide (PVC) tape are added in combi
nation with waterproofing material. A final layer of 
PVC tape is applied, followed by a waterproof coat. 
A thi r d laye r of h.eat-sh rink o r rubber tape is added, 
fol lowed by a no ; her waterproof coating . The signal 
wire shou ld be re insulated with t he p roper combina
tion of materials to equal 1. 5 times the original 
wire insulation thickness. 

At this point the encased wire must be secured in 
the slot . It must be prevented from floating to the 
top of the sealant during curing or during hot sum
mer days when the sealant softens. A hold-down was 
required, but the type of material to be used had 
never been specified. The study indicated that most 
hold-downs failed to perform properly; that is, some 
absorbed water, melted at higher sealant curing tem
peratures, lacked holding ability, lacked r,ecovery 
from deformation, or were difficult to install . One 
material found to perform well was an open-celled 
backer rod. It is readily available, inexpensive, 
and easy to use; compresses well; does not wick 
water; and some b r and s resis t i nte r mi t~e nt tempera
tures in e xcess o f 400° F . One -inch s trips were 
insta lled e very 2 ft , t ak ng c are t o incl ude s trips 
on e itber side o f t he corne rs or whe reve r the wire 
changed direction. 

The sealant, whe n properly mixed and prepa red, is 
poured into the s lot. In the pas t it was f ound that 
not enough e mphasis was p l aced on l eve ling t he 
s ealer. If the sealer is highe r t han t he pavement 
s urface, it i s e xposed to both tire and snowplow 
wear. A snowplow or even a car conceivably could hit 
the protruding sealant and jerk it and the wire from 
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the slot. To handle this, department forces devel
oped a special tool: a V-shaped rubber-bladed squee
gee on a 4-ft wooden handle, made from old broom 
handles and old rubber mudflaps. This tool proved 
.adequate ~nd convenient foi'.' pulling sealant into the 
slot, leveling it, and also reducing waste. At this 
point the sealant surface, once cured, may be dusted 
with cement dust or dry silica sand to eliminate any 
slight surface tackiness, and traffic is allowed to 
resume as quickly as possible. Road dust, gravel, or 
stone dust should not be used because incompressibles 
may be introduced into the loop, thus causing prob
lems later. 

Speed i ng Up I nstallation 

From the field study and discussions with mainte
nance personnel, it was decided that the speed of 
;..,.c:!.,_'!l,,'!I._~ ..... " ,...,... .. ,,t he increased, thereby reducing 
costs. The major area in which operations could be 
accelerated was cutting of the slot. Maintenance 
forces believed that the 9. 2 hp of the saw then 
supplied was too low for the heavy-duty cutting 
required. This could be justified because of the 
change in the wire diameter called for in the new 
specifications (i.e., larger-diameter wire required 
a larger-width slot) • Advice on horsepower was ob
tained fLom several ovuLL;~o, incluaing r-egional 
maintenance crews, contractors, rental agencies, saw 
manufacturers, and other states. Almost all agreed 
that saws were underpowered even when cutting 1/4-
in,-wide slots, and to try to cut 3/8-in. slots with 
the same saw would result in much slower work and 
more saw breakdowns . Most agreed that the minimum 
power of the saw should be 18 hp. The regions are 
now receiving 18-hp saws as replacements for 9.2-hp 
saws. 

Along with the increase in the power of the saw, 
changes were also made in the type of blade used. 
Regions varied as to whether abrasive or diamond 
blades should be used. Also, by varying the blade 
type a change is made from using a wet-cutting 
method (diamond) to using a dry-cutting method 
(abrasives). Ory cutting creates large dust clouds 
that are irritating and dangerous to the work crews, 
passing motorists, and nearby neighbors. Wet cutting 
with a diamond blade produces fewer hazardous side 
effects. The only advantage of the abrasive blade 
over the diamond blade is initial cost, but when 
1 ife expectancies of the two kinds of blades are 
compared the diamond blade wins by a margin large 
enough to overcome the cost difference. The life 
expectancy of diamond blades is equal to 35 abrasive 
blades, and the diamond blade could reduce cutting 
time by two-thirds. 

It was also necessary to select the proper type 
of diamond blade. Diamond blades are rated to cut 
specific types of pavement. In New York it is esti
mated that 75 percent of all state-maintained signal 
loops are located in some type of asphalt road sur
face, A diamond blade rated to cut asphalt was se
lected for test installation and later recommended 
for statewide use. 

Along with the change in the saw and blade, other 
tool improvements were recommended, Because all 
maintenance crews have a compressor as part of their 
assigned equipment when doing loop installations, 
why not supply them with air-powered hand tools? 
Chipping the loop corners, finding and removing old 
feeder tubes, and general slot cleanup could be 
greatly speeded up by their use. In fact, chipping 
out by hand with a cold chisel is now the way to 
install feeder tubes and the extra-wide slot where 
the loop wire crosses from one slab to another. 
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LOOP MATERIAL CHANGES 

Wire Speci f i cat ion Changes 

Field observations, a literature search, and letter 
surveys all i nd i cated that wire breakage was a major 
f ac t o r in l oop failures, New York's current wire 
standard called for a seven-strand copper UL Type 
XHHW, No. 14 AWG s i ngle-conductor cable, i ns ulated 
with a polyethylene cover that had an outside diam
eter of about 0.14 in. Installers believed that this 
wire was not as durable as others. This wire was 
totally restra ined , and when a pavement moved the 
wire could be stressed or broken or both, In fact, 
one department agency is using a s ol id- core heavy
jacketed wire t ha t does a good job . Wi t h this in 
mind, a search was made to find the best wire for 
the job. 

The search found that only Illinois had studied 
the problem extensively. They found that encasing 
the wire in a flexible vinyl tube along with other 
changes resulted in a large reduction in failures, 
Based on Illinois• experience and New York's re
search, a No. 14 AWG, Type THWN or THHN stranded 
coppe r wire e ncased in a vinyl tube was chosen for 
eva lua tion (Figure 2). Before field testing, t he wire 
was checked in the laboratory for resistance totem
peratures experienced during ins tallation, Once it 
pas s ed this test , it was taken i nt o the fi eld for 
final evaluation where it has proved effective, 

FIGURE 2 Standard 14-gauge stranded wire (top), with 
polyethylene sheath (bottom). 

Sealer Changes 

Sealants were known to be a problem from the begin
ning o f this study, New York had no sealant testing 
procedure , and an inf ormal approved list was based 
mos tly on t he manuf act urer' s sales l i tera t ur e r ather 
t han any t es t i ng or field res ul ts. Fiel d s urveys re
vealed many problems with most s ealants in use. 
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The first types of sealers tested were cold-ap
plied, asphalt-based emulsions, This type of sealant 
was too thin, ran out on slight grades, and soaked 
into the subgrade surface. It was also susceptible 
to washout if there was unforeseen wet weather be
fore it cured, 

Caulking tubes of sealant were evaluated and 
found to be difficult to work with. They were prone 
to poor encapsulation and had long curing times, 
considerable shrinkage, and poor bonding. In fact, 
one important consideration applicable to any sealer 
is how curing occurs. If it cures by evaporation or 
loss of volume it is probably not usable because the 
resulting shrinkage encourages bond failure and 
eventual loop failure. 

Silicon-based material that uses a primer was 
also tested and rejected, The sealer was too thick 
and did not appear to encapsulate the wire, It was 
also found that the primer, a toluene-based mate
rial, acted as a cutback on the asphalt and actually 
weakened the bond area. Field surveys verified that 
it debonded early. 

One of the more popular sealers was hot asphalt, 
Most states and maintenance crews were found to use 
this material because of low cost, ready availabil
ity, and extensive experience in using it in the 
past, The hot-asphalt sealer is not recommended for 
several reasons, First, it is often heated to tem
peratures exceeding the insulating properties of the 
wire. Second, it requires frequent resealing from 
season to season, Third, and most important of all, 
it is dangerous to work with because it presents not 
only health hazards because of exposure to fumes but 
also because of the possibility of fire and explo
sion while the material is being heated. The dangers 
involved in its use are enough to disqualify it from 
consideration as a sealer. 

As a result of this study, a laboratory sealant 
evaluation and testing program was established to 
set specifications for screening loop sealers before 
actual highway use. To aid in setting up a specifi
cation, the following qualities for a good sealant 
are desirable: 

l, Adequate pot life, 
2. Minimal curing time, 
J, Sufficient viscosity to encapsulate the wire 

and not flow out on a slight grade, 
4. Sufficient flexibility to accept some pave

ment movement without cracking the sealant or debond
ing the wire, 

5, Good bond to both concrete and asphalt, 
6, Ease of preparation and use, 
7. Ease of cleanup, 
8. Longevity with a minimum of maintenance, 
9. Lack of shrinkage, and 

10 , Safe use, 

The desirable properties were combined with engi
neering estimates and laboratory results for suc
cessful sealants to establish laboratory specifica
tions, Any sealer could be submitted for testing 
and, if acceptable, would be evaluated in the field 
for a 6-month test period. This was necessary be
cause laboratory tests could not adequately judge 
how the sealer would perform in the field. It is 
hoped that current specifications can be further re
fined as more information is gathered from laboratory 
and field evaluations. As a result, New York now has 
uniform procedures for judging sealers and establish
ing an approved list. 

CONCLUSIONS 

As a result of this study, statewide installation 
methods and specifications have been established. 
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For three construction seasons, these changes were 
used in approximately 30 installations, most of 
which were failed sites. After 3 years, all sites 
are still operational except for a few damaged by 
highway reconstruction. 

Except for the introduction of encased wire and 
cold-applied sealants, change in materials is less 
important than emphasis on correct, uniform methods 
of signal-wire installation. A survey of the depart
ment's regional offices indicated that installation 
techniques varied among locations because of differ
ent interpretations of specifications and availabil
ity of materials. Major specification changes were 

1. Use of No. 14 AWG stranded, single-conductor 
wire encased in a continuous vinyl or polyethylene 
plastic tube; 

2. Use of improved roadway loop-embedding 
sealer; and 

3. Use of chipped-out or cored corners instead 
of diagonal sawcuts at the corners of the loop slot 
cutouts. 

Use of state-specified encased signal wire makes 
it necessary to saw a 3/8-in.-wide slot. The corner 
diagonal saw cuts have been replaced with chipped or 
cored corners. Hot bituminous-based sealants have 
been replaced by an approved list of cold-applied 
sealers. However, these changes are less critical to 
loop longevity and operation than the proper loop 
installation metnod, wnicn snou~d be standardized 
throughout the state. 

In an attempt to standardize installation meth
ods, a loop-wire informational seminar was con
ducted. Representatives from various regional con
struction and maintenance crews attended a 1-day 
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presentation and a 1-day demonstration of field 
techniques. A special report was prepared for this 
seminar (.!). This special report and the final re
port (1) are available from NYSDOT for those seeking 
more details. A video tape (3) that shows correct 
installation techniques has been prepared by NYSOOT 
for FHWA and is now available as a training film. 
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Evaluation of Reflectorized Sign Sheeting· for 
Nonilluminated Freeway Overhead Guide Signs 

M. D. HARMELINK. G. HEMSLEY, D. DUNC.AN, R. W. KTTHK, anil 

T. TITISHOV 

ABSTRACT 

A comparative evaluation of various combinations of reflective sheeting (Level 
1 = high-intensity, super-engineering grade; and Level 2 = engineering grade) 
on nonilluminated freeway overhead guide signs was made under road test condi
tions. A panel of nontechnical observers was used in a subjective evaluation of 
the signs. Luminance measurements were made by using a telephotometer at the 
front passenger's eye position using low-beam headlights together with traffic 
stream headlight illumination. Cost analyses were also performed. The study 
concluded that, pending the results of further tests on high-intensity versus 
super-engineering grade for sign message and border, the recommended course of 
action for freeway overhead guide signs was to implement high-intensity fore
ground (legend and border) on engineering-grade background. 
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There has been much recent debate and study of the 
most cost-effective combinations of external illumi
nation and sign sheeting reflectivity to provide 
adequate nighttime visibility of freeway overhead 
guide signs. Sign sheeting is available in three 
reflecti'vity levels: 

• Reflectivity Level l 
(HI)]--highest reflectivity; 
flective sheeting. 

[high-intensity grade 
encapsulated lens re-

• Reflectivity Level 2 [engineering grade 
(EG)]--lowest reflectivity. 

• Super-Engineering grade (SEG)--between Levels 
land 2 in reflectivity. 

In the mid-1970s the Ontario Ministry of Trans
portation and Communications (MTC) adopted use of 
both external sign illumination and high-intensity 
reflective sheeting for freeway overhead guide 
signs. After a trial period through the winter of 
1981-1982, the external sign illumination was dis
continued, except in specific critical locations, 
which resulted in associated savings in energy and 
maintenance costs. There has been no detectable in
crease in the number of accidents because of discon
tinuance of sign illumination, nor have there been 
public complaints. 

The decision to use high-intensity sheeting, ap
plied to both the sign foreground (message and 
border) and the background, had been based on an 
expectation of a 15-year life for the material, 
which, despite its higher capital cost as a single
source product, would result in an equal or better 
life-cycle cost than engineering-grade sheeting (as
sumed 7- to 8-year life) and would provide higher 
reflectivity. Super-engineering-grade sheeting was 
not available in 1977, but entered the market later 
as a competitor to high-intensity sheeting. 

Recent unit prices of sign sheeting for MTC have 
been as follows (note that l m2 = 0.0929 ft2

): 

Price 
($/m') Ratio 

HI CDN 39.60 4.00 
SEG CON 23.60 2.83 
EG CDN 9.90 1.00 

By 1983 high-intensity sheeting durability prob
lems had become apparent and were considerably re
ducing the effective life of the material. The fail
ure occurred primarily in the large expanses of sign 
background material. It was decided to test whether 
more cost-effective combinations of sign sheeting 
materials could be used for overhead signs without 
sacrificing nighttime visibility. 

It is worth noting here that MTC neither endorses 
nor condemns commercial products, and it is not the 
Ministry's intent to do so here. Laboratory tests, 
field experiments, field experience, and cost com
parisons will, from time to time, lead to changes in 
application decisions. This should not be inter
preted as a rejection of a given material or prod
uct, but rather as a decision based on cost-effec
tiveness assessment of a combination of factors at a 
particular time. 

OBJECTIVE AND SCOPE 

The ohjective of the study was to determine the most 
cost-effective combinations of sign sheeting mate
rials for freeway overhead guide signs without ex
ternal sign illumination. 

Forty-seven signs located in metropolitan Toronto 
and the surrounding area were used in the study. 
Twelve were practice signs used to familiarize the 

Bl 

subjects with the study procedure, and they were not 
included in the analyses. Roadway illumination was 
present throughout the test area, but signs were not 
illuminated by sign luminaires. 

Three different reflective sign sheeting mate
rials were used on the overhead signs. Original 
signs were constructed of reflective sheeting on 
extruded aluminium panels. Some of the test signs 
were refurbished signs that used reflective sheeting 
on a 1.2-mm (0.040 in.) aluminium overlay that was 
pop-rivetted to the original aluminium extrusion 
signs. Except for one sign, no signs were more than 
4 years old. The data in Table 1 summarize the rele
vant parameters of the signs used in the study. 

TABLE 1 Parameters of Signs in Study 

Material Avg 
Combination Text 
(paired No. of Avg Age (no. of Contrast 
signs) Signs Position (months) letters) Ratio" 

HI/HI 7 Left 29 26 5 
HI/HI 9 Right 25 14 5 
HI/EG 5 Left 7 19 19 
Hl/EG 2 Right 8 14.5 19 
SEG/SEG 2 Left 20 15.5 3.3 
SEG/EG 2 Right 5 12.5 9.5 
EG/EG 1 Left 5 12. 5 7.4 
EG/EG 2 Right 2 16. 5 7.4 

8
As measured in weatherometer tests with an obs~rvation angle or 0.2 and an entrance 
angle of -4 artcr J ,000 hr of exposure. 

The primary comparisons in the test were between 
signs that use HI / HI and HI / EG sheeting materials. 
Test signs that use SEG sheeting materials were too 
few in number to permit more than speculative inter
pretations. 

Most of the test signs were refurbished in the 
summer of 1983. The sign evaluation was carried out 
in the spring of 1984, after the signs were exposed 
to one winter of weathering. 

A panel of nontechnical observers was employed in 
a subjective evaluation of the signs. Luminance mea
surements were also made by using a telephotometer 
at a front passenger's eye position and low-beam 
headlights together with traffic stream headlight 
illumination. 

SUBJECTIVE EVALUATION 

Methodology 

Nineteen full- and part-time MTC employees took part 
in the study. None of the observers had any direct 
involvement with traffic signs in their jobs. They 
ranged in age from 20 to 60; six were 30 or younger, 
nine were between 31 and 50, and four were 51 or 
older. Both males and females took part in the study, 
and all of the observers were licensed drivers. 

The sign evaluation took place on four nights in 
late April. An evening's evaluation session was can
celled if it was raining at the start of the ses
sion. As a result, all of the sessions took place in 
dry weather. At the beginning of each session the 
group of observers was given approximately 15 min of 
instruction about the study procedure. Shortly after 
it was completely dark (about 7:45 to 8:00 p.m;), 
the observers began traversing a preset route that 
required close to 2.5 hr to complete. Two observers 
rode in a car as front seat passengers with a 
trained driver. Training for the drivers consisted 
of learning the test route and practicing it a num
ber of times so that each test sign could be passed 
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at a constant speed of 100 km/h (62 mph) and in the 
same driving lane. The lane driven in was selected 
so that the car would pass under the left-most sign 
of the paired sign(s) to be evaluated. Identical 
tull-sized station wagons were used, and the align
ment of their low-beam headlights was set to a stan
dardized specification. 

Markers were placed on the roadside 210 m (700 
ft) before each sign or pair of signs. The messages 
on the signs that were evaluated were composed of 
38-cm (16-in.) letters. By using the accepted legi
bility distance of 6 m/cm (50 ft/in.) of letter 
height, the signs would be legible at approximately 
24~ m (8UU tt). A marker distance of 210 m was used 
to ensure that observers would be able to read the 
sign at or near the beginning of the observation 
period. As each marker was passed, the driver in
structed the observers to start observing and forming 
their judgments of the signs. Therefore, the observa
tion period was more than 7. 5 sec. The observers 
scored the left and right signs immediately after 
the signs were passed. 

The signs were scored on four 7-point scales for 
brightness, legibility, adequacy, and glare. Bright
ness (conspicuity) was defined as how well each sign 
being evaluated stood out as a whole. The brightness 
scale ranged from 1 (not bright) to 7 (very bright). 
Legibility was defined as how easy it was to read 
each sign. The scale ranged from l (not legible) to 
7 (very legible). Adequacy was defined as how well 
each sign informed the observer and whether the sign 
could be used comfortably. The intent was to obtain 
observers' subjective evaluations of the acceptabil
ity of a sign without reference to other signs. The 
adequacy scale ranged from 1 (not adequate) to 7 
(very adequate). Glare was defined as how shiny each 
sign was or how much reflection of unwanted light 
there was. The glare scale ranged from 1 (no glare) 
to 7 (excessive glare). 

Finally, for each pair of signs the observers 
were asked to indicate which sign they preferred: 
left, right, or no preference; thus single signs did 
not receive preference ratings. 

Analysis 

For each observer, an average rating for each of the 
four 7-point scales was calculated for signs of the 
same combination of sheeting materials. Average rat
ings for the left and right signs were calculated 
separately. These data were submitted to within-sub
jects analyses of variance (ANOVAs). Signs in the 
left and right overhead positions were analyzed sep
arately. In each analysis the material combinations 
were treated as the independent variables and the 
observers' responses on the four rating scales were 
treated as the dependent variables. 

The assumption underlying the averaging of ob
servers' ratings for signs of the same sheeting
material combination while controlling for overhead 
position (e.g., left, HI/HI) was that a measure would 
be obtained that was a more stable indicator of the 
performance of the sign combination across the driv
ing environment of the test than would be obtained 
by analyzing each sign individually. 

The data in Tables 2 and 3 give the mean ratings 
for the measures of perceived brightness, legibil
ity, adequacy, and glare for the sheeting materials 
occurring, respectively, in the left and right over
head positions. The ANOVAs for the signs in the left 
overhead position indicated that observers did not 
perceive differences between the signs in terms of 
brightness, legibility, or adequacy (p > 0.05). 
However, a significant difference occurred for the 
measure of glare (p < 0.001). A Newman-Keuls test, 
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TABLE 2 Overhead Guide Signs in Left Position 

HI/HI HI/EG SEG/SEG EG/EG 

Brighrness 5.2 7 4.'I~ ~.uu 4.89 
Legibility 5.08 5.20 5.37 5.32 
Adequacy 4.93 5.20 5.24 5.26 
Glare• 4.57 3.67 3.66 3.37 

Note: Data for 19 observers. 
3p < 0 .001. 

TART,E 3 Overhead Guide Signe in Right Position 

HI/HI HI/EG SEG/EG EG/EG 

Brightness• 5.23 5.18 3.71 4.53 
Legibility" 5.21 5.~6 4.50 5.00 
Adequacy• 5.05 5.55 4.24 4.74 
Glare• 4.09 2.87 3.08 3.R?. 

Note: Data for 19 observers. 
8p < 0.001 . 

carried out to determine where differences between 
signs existed, indicated that the HI/HI combination 
was judged to have significantly more glare than any 
of the other three combinations (p < 0. 05, for all 

The ANOVAs for the signs in the right overhead 
position revealed significant differences in ob
servers' judgments for all four measures (p < 0.001, 
for all measures). Newman-Keuls tests were performed 
to further explore these differences. The HI/HI and 
HI/EG signs were judged to be better than the SEG/EG 
and EG/EG signs (p < 0.05), whereas for both legibil
ity and adequacy the HI/EG signs were judged to be 
superior to the other three sheeting material combi
nations (p < 0.05). As with the left overhead signs, 
the HI/HI (and EG/EG) signs were rated as having more 
glare than the HI/EG and SEG/EG signs (p < 0.05). 

The foregoing analyses indicate that observers 
prefer signs with an HI foreground (legend and 
border) and an EG background, especially for signs 
in the right overhead position. Additional analyses 
were conducted to further explore this interpreta
tion. 

Because the average age of the HI/HI signs was 
higher than that of the other four combinations (see 
Objectives and Scope section), the data were reana
lyzed excluding the data for HI/HI signs that had 
been erected more than 1 year before the study. The 
average age of the HI/HI signs in these analyses was 
7.5 months for those in the left position (n = 2 
signs) and 8.25 months for those in the right posi
tion (n = 4 signs). The results mirrored the results 
of the previously reported analyses, That is, in the 
left position the HI/HI signs were rated as having 
more glare than the other three signs; in the right 
position the HI/EG combination was perceived to be 
more legible and adequate than the other three signs, 
and again HI/HI was judged to have more glare. (All 
of the foregoing comparisons were statistically reli
able with p < 0.05.) The mean ratings for the left 
and right overhead signs are given in Tables 4 and 5, 
respectively. 

Data were collected in the test that required ob
servers to indicate directly a preference between 
pairs of signs (not all of the possible combinations 
of pairs of signs were represented in the study). The 
preference judgments between pairs of signs of dif
ferent sheeting materials were analyzed by using x2 

tests. The preference ratings involving HI/EG signs 
consistently favored the HI/EG sign. Specificallv, 
HI/EG signs were preferred over HI/HI signs when the 
HI/EG sign was in the left position (and the HI/HI 
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TABLE 4 Overhead Guide Signs Corrected for Age in Left 
Position 

HI/HI 

Brightness 4.9 5 
Legibility 5.16 
Adequacy 5.21 
Glare' 4.11 

Note: Data are for 19 observers. 

ap < 0.05. 

HI/EG 

4.98 
5.20 
5.20 
3.67 

SEG/SEG 

5.00 
5.37 
5.24 
3.66 

EG/EG 

4.89 
5.32 
5.26 
3.37 

TABLE 5 Overhead Guide Signs Corrected for Age in 
Right Position 

HI/HI HI/EG SEG/EG EG/EG 

Bright ncss' 5.32 5.18 3.71 4.53 
Legihility" 5.18 5.86 4.50 5.00 
Adequacy" 5.14 5.55 4.24 4.74 
Glare• 3.97 2.87 3.08 3.82 

Note: Data are for 19 observers. 
8 

p < 0.001. 

in the right) (p < 0.001, for three comparisons) as 
well as when the positions were reversed (p < 0.001, 
for one comparison). Also, in the single compar ison 
of an HI/EG sign in the left position with an SEG/EG 
sign in the right, the HI/EG sign was preferred (p 
< O .001). The HI/HI sign in the left position was 
prefe r red over both the SEG/EG sign (p < 0. 05) and 
the EG/ EG signs (p < 0.05) in the right position 
(both test s invol ved one comparison). ltowever, no 
systematic p reference was e xpressed be t ween HI/HI 
signs in the right position and SEG/SEG signs in the 
left position (involved two comparisons). 

The several analyses consistently indicate that 
the observers had a marked preference for HI/EG 
signs. This conclusion is especially warranted when 
HI/EG signs are compared with HI/HI signs, because 
both types of sheeting material combinations were 
adequately represented in the study. 

LUMINANCE MEASUREMENTS 

All measurements were made with a Pritchard Spectrum 
Photometer Model No. 1980A, which was able to mea
sure target areas contained within an angle range 
(angle of acceptance) from 0° 2' to 3° DO'. The in
strument panel has a digital readout in candelas per 
square meter (cd/m2

), with the sensitive range (mea
suring span) from 10-4 to 10' cd/m2 with photot opi c 
color correction, calibrated within ±4 percent of 
reading or 2 percent full-scale accuracy, whichever 
is greater. The smallest 2-minute angle of accep
tance was selected because the target area contained 
within this angle could fit onto the narrow width of 
the letters of the legend at the maximum distance of 
50 m (164 ft). The instrument was mounted with a 
specially designed mount on the passenger side with 
lens height at the eye level. Two operators carried 
out the measurements. One (passenger) aligned the 
optical head with the object in the field of view, 
while the other (driver) recorded the measurements. 

The test vehicle was a standard domestic Chrysler 
Panel van 198. Before the readings the windshield 
and headlamp surfaces were cleaned. The vehicle was 
positioned on the riqht shoulder of the roadway 50 m 
in front of the sign. 

The background luminances were measured at four 
corners within the borders of available space and in 
the center of the sign. The sign-legend luminance 
was taken on the crown and arrow ( if present) and 
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the first and the last letter of each string of the 
message. 

The luminance readings were taken while the sign 
was illuminated with the combination of ambient 
illumination (roadway lighting and so forth), vehi
cles moving on the roadway, and the headlights of 
the test vehicle (low beams only). 

The average luminance values (cd/m2
) for each 

sample reading were grouped by facing material type 
for background and legend of each sign for each type 
of facing material. Measurements could not be under
taken safely for all the signs used in the subjec
tive evaluation because of the roadway geometrics of 
some sign locations. 

Traditionally, contrast and luminance levels are 
among the parameters considered as major factors af
fecting legibility of a sign. These parameters, in 
turn, are dependent on reflectivity characteristics, 
color, and size of legend. 

The definition of contrast used in this paper is 
based on the following requirements and rationale, 
where contrast equals the luminance ratio: 

where 

C contrast, 
L1 background luminance, and 
Li legend luminance. 

(1) 

The relationship between legibility distance and 
the legend-to-background-luminance ratios has been 
developed by Forbes et al. (.!,1) • This relationship 
defines, for white legend and green background, that 
with 20/20 vision and position between the light 
source and the sign, a maximum legibility distance 
of 6.0 to 7.2 m/cm (50 to 60 ft/in.) of letter 
height can be generally obtained. To achieve such 
conditions, typical legend-to-background-luminance 
ratios lie within the range of 6:1 to 13:l. 

However, Forbes et al. (.!,ll also state that in 
practice the luminance ratios cannot be achieved and 
the ratios that can be expected will be within the 
r ange of 3:1 to 7:1, wh ich when translated into 
leg ibility distance corres-pond to 5.4 to 6.0 m/cm 
(45 to 50 ft/in.) of letter height. 

The average contrast ratios for the RI/HI and 
HI/EG material combinations are given in the fol
lowing table: 

Material 
RI/HI 
HI/EG 

Position 
Left 
5.5 
5.8 

Right 
4.9 
6.4 

The test results indicate that either HI/HI or HI/EG 
will provide satisfactory contrast ratios for legi
bility, with high-intensity foreground (legend and 
border) on engineering-grade background giving some
what better contrast ratios. This finding supports 
the subjective test results. The conclusion drawn 
from the luminance measurements is that the substi
tution of engineering-grade background for high
intensity background will not reduce sign legibility, 
provided that the legend of the sign is made of high
intensity reflective material. 

COST ANALYSIS 

For the cost assessment based on empirical experi
ence over the past several years, the following as
sumptions were made: 

l. Cost of HI/HI sign, including material and 
labor, equals $70.00/m2 ($6.50/ft 2

) 1 
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2. Cost of HI/EG sign, including material and 
labor, equals $43.00/m2 ($4.00/ft 2

) 1 

3. Area of freeway overhead guide signs in On
tario on provincial freeways equals 13,940 m2 

(150,000 ft 2
) 1 

4. Expected 1 ife of engineering-grade material 
equals 10 years; and 

5. Expected life of high-intensity material 
(when used as background) equals 5 years. 

The result of using high-intensity material for 
both foreground and background and having to refur
bish signs every 5 years (on average) would be an 
annual refurbishing cost of about $195,000 per year. 
When using high-intensity foreground and engineering
grade background, there are two extreme cases to be 
considered: 

1. The life of high-intensity material when used 
as foreground is 5 years, which necessitates refur
bishing of the complete sign at the 5-year pointi 
the annual refurbishing cost is $120,000 per year. 

2. The life of high-intensity material when used 
as foreground is 10 years, which necessitates com
plete sign refurbishing after 10 years; the annual 
refurbishing cost is $60,000 per year. 

Annual savings resulting from use of HI/EG rather 
than HI/HI on overhead freeway guide signs would 
appear to lie between $75,000 and $135,000. Other 
possibilities, falling between these two extremes, 
include high-intensity foreground life between 5 and 
10 yearsr engineering-grade background life less 
than 10 years; and partial refurbishing before 10 
years without having to scrap useful life of the 
engineering-grade background. 

SUMMARY AND CONCLUSIONS 

Three sources of information were employed in the 
comparative evaluation of various combinations of 
reflective sheeting on freeway overhead guide signs: 
observers' judgments, luminance measures, and cost 
analysis. These three sources converged in recom
mending, on balance, the use of high-intensity fore
ground (legends and borders) on engineering-grade 
background for freeway overhead guide signs. 

Observers favored the HI/EG combination both in 
rating the features of these signs (more legible, 
more adequate, and less glare) and in consistently 
choosing the HI/EG combination over each of the other 
combinations when stating their preference judgments. 
The analysis of cost between HI/HI and HI/EG clearly 
favors the latter combination, and luminance measure
ments indicate that HI/EG provides contrast ratios 
for legibility that are at ~east as satisfaotory as 
those for HI/HI. 

The present study has some limitations that 
should be addressed. First, as mentioned previously, 
the evaluation focused on a comparison between high
intensity and engineering-grade backgrounds, when 
both had high-intensity foregrounds. The combination 
of HI/SEG was not represented, although it could be 
considered as having the potential to be a satisfac
tory overhead guide sign. 

A second limitation results from the practical 
considerations of testing under clear weather condi
tions. Previous research (]) has identified the 
importance of testing under degraded visual condi
tions when assessing a sign's content (i.e., verbal 
versus symbolic messages) • It would appear reason
able to extend this concern to evaluations of sign 
sheeting reflectivity. It has been suggested, how
ever, that in wet or rainy conditions, sign conspi
cuity may be improved because of the additional 
light reflected from the wet roadway onto the sign. 
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Currently there is no evidence to suggest that a 
particular combination of sheeting materials would 
perform better under degraded visual conditions. 

Finally, although the sample of observers did 
range in age from 20 to 60. there were not enouqh 
observers in the different age categories (e.g., 
younger than 30, 31 to 50) to analyze for the effect 
of age. Research by Sivak et al. (_!,il has identified 
age as an important variable in tests of nighttime 
legibility of signs. Specifically, this research 
indicates that younger observers enjoy an advantage 
over older observers in distance of legibility. How
ever, the more recent research by these investi
g11tnrR ('\) fnnna that the a<Je-related decrement in 
performa;ce was eliminated with increased contrast 
ratios for the letter-background combinations of 
signs; This latter result appears consis tent with 
favoring an HI/EG combination with i ts higher con
trast ratio over an HI/HI combination. 

In conclusion, any decision on use of sign mate
rials should be based on an evaluation of ohservers' 
reactions to the sign and its cost-effectiveness. It 
is recognized that certain potential limitations 
exist on the evaluations of the observers, and it is 
acknowledged that cost- effectiveness is based on a 
constantly changing equation that is affected by 
initial cost, product durability and life, and 
reflectivity. Having addressed both issues, this 
study reached a reconunendation about sign sheeting. 
Specifically, pending further research. it is recom
mended that for freeway overhead guide signs a high
intensity foreground (legend and border) on an engi
neering-grade background be used. 
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Effectiveness of Wildlife Warning Reflectors In 
Reducing Deer-Vehicle Accidents In 
Washington State 
JAMES A. SCHAFER, STEPHEN PENLAND, and WILLIAM P. CARR 

!\BSTRACT 

The effectiveness of Swareflex Wildlife Reflectors in reducing deer-vehicle 
collision rates was tested on SR-395 in eastern Washington State, on which high 
mortality rates of white-tailed deer (Odocoileus virginianus) had previously 
been recorded. Reflectors were placed in four test sections and alternately 
covered and uncovered at regular intervals during the late fall to early spring 
period from 1981 to 1984. During this period 52 deer were killed at night in 
test sections when the reflectors were covered and 6 deer were killed at night 
when the reflectors were uncovered. This difference in deer-vehicle collision 
rates between the covered and uncovered periods is significant (p < 0.005), 
which indicates that the reflectors were effective on this highway during this 
time period. 

Collisions between deer and automobiles produce a 
substantial economic cost through damage to vehi
cles, the loss of a valuable wildlife resource, and 
human injuries or fatalities. Since 1977, 3,142 
deer-vehicle accidents have been recorded by the 
Washington State Department of Transportation 
(WSDOT) • High accident rates have been estimated in 
other states, including 3,000 in Iowa in 1978 (!), 
4,900 in Colorado in 1968 (~), an average of more 
than 12,600 annually between 1972 and 1976 in Michi
gan (l_l, and 22,000 annually in the early 1970s in 
Pennsylvania (_!) • 

Pils and Martin (5) and Reed et al. (6) estimated 
that the average co;t of vehicular dam~e in these 
kinds of collisions was $500 in 1978. Washington 
State Patrol records indicate that 108 reported 
deer-vehicle collisions resulted in $82,000 in auto
mobile damages and six human injuries on just one 
30-mile stretch of SR-395 in eastern Washington since 
1977. Adding the costs of human deaths and injuries, 
Hanson (1) estimated that each deer-vehicle accident 

FIGURE 1 Wildlife warning 
reflector. 

cost $730. The economic value of each deer killed is 
more difficult to quantify (!!). Reed et al. (.§.), us
ing a damage award from a Colorado District Court, 
placed the economic loss of a deer at $350 in 1976. 
Hartman (~) and Norman (10) placed a deer's value at 
more than twice this figure based on hunting expen
ditures alone. Clearly, the 200,000 annual deer-vehi
cle collisions on America's highways (11) result in 
the loss of many millions of dollars. ~ 

A new reflector system designed to reduce the 
number of deer-vehicle accidents has been developed 
in Austria. This system, called Swareflex Wildlife 
Reflectors (Figure 1), consists of a series of 6.5 
x 2-in. red reflectors mounted along the roadway 
(Figure 2). Light from the headlights of an ap
proaching automobile is reflected at right angles to 
the roadway by the reflectors, creating an "optical 

FIGURE 2 Reflector installation. 
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fence" that presumably caus es deer to remain motion
less until the automobile has passed and the optical 
fence has collapsed. Unfortunately, most tests of 
the effectiveness of the Swareflex Reflectors have 
consisted of hefnre-ana-a f ter comparisons of deer 
kills that are confounded by variations of annual 
weather patterns, deer popula t ion densities , and 
traffic patterns. WSDOT used an experimental 
covered-uncovered design developed with the help of 
Charles T. Robbins of Washington State University 
that allows a valid statistical evaluation of the 
Swareflex Reflector system. 

METHODS 

Four test sections were established along SR-395 in 
an arid transitional ponderosa pine forest-grassland 
zone north of Spokane, Washington (Table 1). Each 
test section was placed in an area with high deer
vehicle accident rates. The sec t ions ranged from 
0.45 to 0.68 mile in length. Reflectors were placed 
at 66-ft intervals along straight road sections and 
33-ft intervals on curves on both sides of the road
way, as suggested by the manufacturer. 

TABLE 1 Locations and Number of Deer Killed in Test Sections 

No. of Deer Killed 
Total 

Section Milepost Miles Covered Uncovered 

A 214.40-2 l 4.90 0.50 II 0 
8 217.26-217.94 0.68 8 l 
C 2!8.53-218.98 0.15 17 2 
D 219.85-219.97 0.67 16 3 

220.05-220.13 
220.26-220.44 
220.52-220.60 
220.62-220.76 
220.93-221.05 

The r e flectors in each test section were alter
nately covered and uncovered at 1-week intervals 
between mid-October d11u mid-April each y~a.r fronl 
February 1981 to April 1984. The covered-uncovered 
period was extended to 2-week intervals after Decem
ber 1982. Alternate test sections were paired so 
that reflectors in each pair were covered while re
flectors in their adjacent sections were uncovered, 
and vice versa. 

The highway was traveled daily by WSDOT mainte
nance personnel. The milepost location, estimated 
time of kill, a nd the covered-uncovered status of 
the Sware flex Reflectors were recorded for each dead 
deer found along the highway. A paired t-test (12) 
was used to compare the number of deer killed """ii"t 
night during periods when reflectors were covered 
with the number killed at night during periods when 
reflectors were uncovered. 

RESULTS 

A total of 1,619 deer were killed on state highways 
from 1981 through May 1984. This total included 594 
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(37 percent) that were killed on SR-395. Seventy 
percent of the 801 deer killed statewide at known 
times of the day were killed during the nighttime 
hours. 

The number of deer killed on SR-395 during the 
mid-October to mid-April test period since 1981 was 
363, or 61 percent of the total number killed on 
that highway. Seventy-three (20 percent) were killed 
within the 2.3 miles of the test sections. The 138 
deer killed outside the test sections at known times 
of the day included 114 (83 percent} that were 
killed at night and 24 (17 percent) that were killed 
during the day. 

Fifty-eiqht deer were killed at night in tha tast 
sections during the test period (Table 1). These in
cluded 56 white-tailed deer (Odoooileus virginianus ) 
and 2 mule (O. hemionus ) deer. Fifty-two deer (90 
percent) were' killed when the reflectors we·re 
covered, and six (10 percent) were killed when the 
reflectors wer e uncovered. The difference between 
the number of deer killed when the reflectors were 
covered and the number killed when the reflectors 
were uncovered is statistically significant (p < 
0. 005). 

DISCUSSION OF RESULTS 

Swareflex Reflectors have usually been evaluated by 
comparing the number of deer killed along roadways 
after reflector installation with deer kills re
corded before reflector installation. These compari
sons have usually revealed a reduction in deer-vehi
cle collisions after reflector installation 
(citations from personal communication with Strieter 
Corporation). But annual variations of considerable 
magnitude exist in rates of deer-vehicle collisions 
(Table 2), probably because of changing deer popula
tion densities, changing traffic patterns, differ
ences in weather that affect deer movement, or other 
factors (3,13-16). These variations obscure the re
lationship between reflectors and deer-vehicle col
lision rates when comparisons are made over periods 
of time. The use of an alternating present-absent 
study design eliminates the effects of these large
scale variations and a llows a s tatistical evaluation 
of reflector effectiveness. A present-absent study 
design was used by Woodard et al. (17) for 24 weeks 
in Colorado. Because 11 deer were killed on a 1-mile 
test section when the reflectors were present com
pared with 8 deer killed when the reflectors were 
absent, they concluded that the Swareflex Reflectors 
were not effective. However, they did not describe 
the method of censusing dead deer nor did they 
specify whether the deer were killed only at night. 

Polished stainless-steel mirrors , often called 
Van de Ree rcflcctoro, have also been tested for 
their ability to reduce deer-vehicle collisions. 
Gilbert ( 18) attempted to reduce the variations in
herent in~ime comparisons by using Van de Ree mir
rors in twelve O. 5-mile randomly located sections 
along a 14.8-mile freeway in Maine. After 3 years, 
four deer had been killed in mirrored sections and 
three had been killed in nonmirrored s e ctions. This 
small sample size did not permit a statistical test 

TABLE 2 Annual Numbers of Deer-Vehicle Collisions in Washington State 

No. of Deer-Vehicle Collisions 

Location 1977 1978 1979 1980 1981 1982 1983 Total 

SR-395 99 240 174 119 185 187 308 1,312 
Eastern Washington 168 394 246 227 218 220 361 1,834 
Western Washington 263 241 201 124 87 184 208 1,308 
State total 431 635 447 351 305 404 569 3.142 
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of mirror effectiveness. Even if the sample size had 
been sufficient, the interpretation of data from 
randomly located test sections would still be plagued 
by the nonrandom distribution of deer because of dif
ferences in topography and resource availability. 
Other tests on Van de Ree mirrors have generally em
ployed a before-and-after study design (ll!_). Most 
have concluded that the mirrors were ineffective, 
although one test in Maine offered a qualified suc
cess and one in the Netherlands reported a 100 per
cent reduction in the number of deer killed during a 
4-year period. 

Although WSDOT's test of the Swareflex Reflectors 
was conducted during the late fall, winter, and 
early Spring months, the distribution of deer-vehi
cle collisions reveals only a modest increase in the 
number of deer killed in February and March on SR-
395 and other highways in eastern Washington (Figure 
3). The number of deer killed by cars in western 
Washington peaks in the summer months and is lowest 
during the winter. Reports from other states have 
indicated that the most deer activity along highways 
and the highest mortality on highways occur in late 
fall and, to a lesser extent, in spring (3,4,14,19, 
20). Reilly and Green (15) found a pronounced late 
winter-early spring pea~ in highway mortality of 
deer in northern Michigan that was in contrast to 
the fall peak of highway mortality in other parts of 
the state. Case (16) reported a peak in highway 
mortality of deer in Nebraska during May and June, 
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and a somewhat smaller increase during October and 
November. 

The manufacturer of the Swareflex Reflectors 
claims that the red color of the reflectors ini
tiates an instinctive "freezing" response in deer. 
Evidence for this functional response to red color 
has been given by Backhaus (21) and discussed by 
Koenig (~) and Weis (23), although Sever i nghaus and 
Cheatum (1_i) stated that deer are color-blind. 
Whether the red color or simply the point source of. 
light produces the functional response, the re
flectors are effective only during the hours of 
darkness, Of the deer killed by vehicles at known 
times in Washington State, most are killed at night. 
A similar majority of the deer-vehicle accidents in 
other states also occur after sunset (l,l.,3-Q.). 

SUMMARY AND CONCLUSIONS 

The economic cost of deer-vehicle collisions war
rants consideration of effective preventive mea
sures. The results and interpretations of previous 
studies of the effectiveness of deer mirrors have 
been hampered by small sample sizes and by in
fluences of large-scale environmental factors on 
deer-vehicle collision rates over time when before
and-after comparisons are made. wsnoT employed an 
alternating cover-uncover study design to test the 
effectiveness of Swareflex Reflectors in an area 
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with historically high rates of deer-vehicle colli
sions. After 3 years, the reduction in the number of 
deer killed when the reflectors were uncovered was 
statistically significant. The Swareflex Reflectors 
were effective in reducing deer-vehicle collisions 
on this state highway in Washington. 
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Abridgment 

Monitoring and Evaluation of High-Type 

Railroad Crossing Surf aces 

DEAN A. MAURER 

ABSTRACT 

High-type railroad crossing surface improvements have resulted in the replace
ment of traditional asphalt and timber crossing surfaces with specially de
signed durable materials and replacement or improvement of the track structure 
and the supporting subgrade. In this paper the various types of proprietary 
surfacing products installed in Pennsylvania through 1983 are summarized and 
the construction and design problems associated with each product are dis
cussed. To remedy construction-related problems, which are considered to be 
significant, detailed guidelines for site preparation and installation of high
type railroad crossing surfaces are proposed. 

A common problem that has occurred for many years on 
highway systems universally has been the existence 
of rough and dangerous railroad crossings (Figure 1). 
Even though the predominant causes for the problem-
excessive loading of the subgrade and inadequate 
drainage--have been recognized for a long time, only 
a limited effort has been made to correct the situa
tion until the past decade. Starting in 1973, Sec
tion 203 of the Federal Highway Safety Act provided 
special funding for the construct ion of high-type 
surfaces at selected railroad-highway grade cross
ings. This was the start of a comprehensive program 
to improve grade crossings across the United States. 
Other improvements funded by the program include 
provisions for upgrading protective or warning de
vices and the elimination of crossings where abandon
ment of rail service has occurred. 

FIGURE 1 A high-type crossing surface is desirable for a rough and 
dangerous crossing such as this. 

High-type surface improvements have resulted in 
the replacement of traditional asphalt and timber 
crossing surfaces with specially designed durable 
materials and replacement or improvement of the 
track structure and the supporting subgrade. An es
sential aspect of subgrade improvement has been the 
provision for adequate drainage. Because most of the 

developed surfacing products have been of a propri
etary nature, their use on federally funded projects 
requires, by law, evaluation of performance. The 
Pennsylvania Department of Transportation (PennDOT), 
participating in the program established by the 
Federal Highway Safety Act, developed Research 
Project 77-21 in 1977. This project, entitled "High
Type Railroad Crossing Surface Monitoring and Eval
uation," is PennDOT' s commitment to evaluating and 
reporting the performance of proprietary materials 
used for constructing improved grade crossings. 

The interim report presented herein is primarily 
an update of PennDOT' s experience between 1978 and 
1983 (using Section 203 funds). The focus of this 
report is on summarizing the various types of pro
prietary surfacing products installed through 1983 
and construction and design-related problems identi
fied with such installations. Guidelines for site 
preparation and installation of high-type railroad 
crossing surfaces are recommended for inclusion in 
contracts for new crossings to improve the perfor
mance of installation. An outline of Pennsylvania's 
new guidelines is provided for consideration. 

I. Types of high-type surfaces installed 
A. Partial depth panels with timber shims 

1. "Super cushion" rubber pads (Good
year Tire and Rubber Company) : steel plate 
reinforced-rubber (elastomeric) pads se
cured to ties by lug bolts (drive spike) 

2. "Parkco" rubber pads (Park Ruhber 
Company): steel plate reinforced-rubber 
pads secured in place by steel tensioned 
cables 
B. Full-depth sections (shimless) 

1. "Gen-Trac" elastomeric grade cross
ing (General Tire and Rubber Company): 
steel arch reinforced-rubber units secured 
to ties by lug bolts (drive spikes) 

2. "Cobra-X" grade crossing modules 
(Railroad Friction Products Corporation): 
high-density polyethylene ejection-molded 
modules secured to ties by lug bolts (drive 
spikes) 

3. "True Temper" grade-crossing 
modules (True Temper Corporation): high
density polyethylene structural foam, pres
sure-molded modules secured to ties by lug 
bolts (drive spikes) 
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4. "Omni" shimless grade crossing 
(precured RDF Tirefill, Inc., now Omni Rub
ber Products): rubber panels manufactured 
from 100 percent rubber mater i a l f rom tire 
retreading process secured to ties hy self
tapping timber bolts 
C. Relative use in the United States since 

1978 (approximate), by manufacturer and number of 
crossing sites installed 

1. Goodyear, 23 
2. Parkco, 19 
3 • Gen-Trac, 8 
4. Cobra- X, 3 
5. True Temper, 1 
6. Omni, 1 

I I. General problems associated with all types 
of crossing installations observed (* = widespread 
occurrence or a major problem) 

~. *Failed replacement approach pavement 
and joint with crossing surface (cracks and set
tlement) due to 

1. Inadequate compaction of subgrade, 
ballast, and pavement material in the area 
from the end of tie to the existing pavement 

2. Failure to install header board 
3. Mi sa ligned and damaged header boards 
4. Failure to seal or maintain pave

ment-crossing joint with rubberized asphalt 
sealant (see Figure 2) 

FIGURE 2 Failure to seal joint resulted in pavement cracking. 
Note that one-half is sealed but has no header board and is 
performing better. 

5. Inadequate existing pavement re
moved for crossing inslallalion, crealing a 
space too narrow to properly compact re
placement materials (see Figures 3 and 4) 

6. Improper crosstie length, creating 
voids and misalignment between header boards 
B. *Crossing settlement causing poor tran

sition and premature loss of riding comfort due to 
1. Inadequate ballast -aepth or com

paction or both under rails (see Figure 5) 
2. Unstable subgrade ( inadequate pre-

1 iminary investigation by soils engineer) 
3. Inadequate or improperly installed 

drainage system (see Figure 6) 
4. Improper establishment of highway 

crossing elevation 
c. Poor drainage of crossing area due to 

1. Improper size of coarse aggregate 
for pipe backfill 

2. Damaged pipe used and improperly 
installed 
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FIGURE 3 When insufficient pavement is removed for 
construction, it is improbable that the replacement material will he 
thoroughly compacted. 

FIGURE 4 Condition of joint shown in Figure 3 after 3 years. 

FIGURE 5 This method of compaction will not prevent settlement 
of track structure. 
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FIGURE 6 Because of a high water table and poor drainage design, 
crossing was completely clogged with saturated fines after only 3 
years. 

3. Pipe improperly sloped 
4. *Heat-bonded geotextiles often 

chosen to wrap trenches, which trap water 
and do not provide planar flow 

5. *Excess flow into crossing area 
when excessive debris and road dirt accumu
late along the flange wayi need for routine 
cleaning to maintain seal of high-type sur
face (see Figure 7) 

FIGURE 7 Without routine cleaning, excess highway anti-skid 
material has accumulated in shoulder area and in flange way. 

D. *Inadequate geotextiles used for track
bed stabilization; lightweight and heat-bonded 
fabrics often selected due to inadequate specifi
cation in guidelines because minimal performance 
data available for geotextiles during initial 
guideline write-up 

E. Damage to high-type crossing surface 
material due to 

l. Dragging railroad equipment where 
end drag protection plates are missing 

2. Digging by blades of highway snow
plows 

3. Sarne as C.4.--Deforrns shape of 
crossing material 

III. Specific problems associated with type of 
crossing (design) 

A. Major failure of the high-type surface 
material caused by structural failure of the mem
ber or deterioration of material from abrasion 
(Cobra x, Omni, Gen-Trac) 

B. *Loose or broken supporting wood shims 
(Parkco, Goodyear) 

C. Failure of the mechanism securing the 
surface material to the track structure due to 
either overstressing or corrosion caused by poor 
drainage of track structure (Parkco tension 
cables) 

D. Loss of numerous panel spike plugs or 
rubber caps (Goodyear, Gen-Trac) 

E. Minor cracking in surface material 
(Gen-Trac) 

DETAILED CONSTRUCTION GUIDELINES INDICATE IMPROVEMENT 

Several projects in Pennsylvania have been con
structed by using revised, detailed specifications 
for crossing installations designed to regulate con
struction procedures more closely. The specifica
tions or guidelines place particular emphasis on 
compaction, drainage installation, and pavement
crossing joint construction (see Figures 8-12). 
Early evaluation of these crossings indicates longer 
satisfactory performance is expected relative to 
prior installations constructed with less stringent 
controls. An outline of these guidelines follows (an 
unabridged pr in ting of the guidelines is available 
from the Information Center of the Pennsylvania De
partment of Transportation by requesting a copy of 
the report for Research Project 77-21): 

I. General design requirements 
A. Outline responsibility and involvement 

of all parties in contract 
B. Highlight design criteria 

II. Preconstruction coordination 
A. Establish method of submission and ac

ceptance of design proposal 

FIGURE 8 A properly designed and installed header board serves 
several functions. It provides a uniform rigid wall against which to 
compact the approach. 
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FIGURE 9 A header board placed full depth prevents loss of 
material in the tie cribs, which would eventually result in joint 
settlement. 

B. Establish method of traffic control to 
be maintained during construction (a detour is 
always preferred) 

C. Detail limits of inspection and cri te
ria for acceptance of work 

D. Attendance of all parties at an on-site 
preconstruction meeting usually promotes better 
cooperation between parties, prov ides better 
unders t anding of wor k to be accomplished, and 
eli~iriates surprise conditions 
III. Construction requirements: provide detailed 

specifications for performance of each phase of work 
[ * = providing an accompanying detailed sketch or 
specification is beneficial for these items (see 
Figure 13) l 

A. Maintenance and protection of traffic 
B. *Site preparation 
C. *Dr aina ge i nstallation and subgrade 

stabilization 
D. *Ballast replacement 
E. *Track reconstruction 

FIGURE 10 The top of a header hoard can also be designed to 
facilitate the constmction of a flexible sealed joint between the 
pavement and the crossin!!:, 
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FIGURE 11 Backer rod is recommende~ because it forms desired 
shape and prevents adhesion on bottom of joint for proper 
movement. 

F. 
G. 

struction 
H. 

s truction 

*Crossing surface installation 
*Approach pavement'-crossing joint con-

*Highway approach pavement recon-

IV. Maintenance requirements and warranties: 
provide details of post-construction requirements 
( if any) for each party (highway department, rail
road, surface manufacturer, and so forth) 

INTERIM CONCLUSIONS 

1. Lack of quality control during installation 
and inappropriate or inadequate oonotruction proce
dures are often the primary causes of premature fail
ure of high-type .grade crossings. 

2. Detailed installation guidelines or spec i fi
cations can effectively reduce premature failure of 
many grade crossings by providing a uniform measure 
of quality control during construction. Particular 
emphasis on compaction, drainage installation, and 
pavement-crossing joint construction is essential 
for long-term p er fo r mance. 

FIGURE 12 Hot-poured rubberized sealant has performed best. 
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FIGURE 13 Typical detailed sketch. 

3. Although most high-type crossing failures 
that have been evaluated indicate failure related to 
construction details, some failures indicate that 
the cause was compounded or even independently due 
to design factors related to structural support, 
type of connections, and material type. Continued 
evaluation is necessary to achieve complete docu
mentation and to determine the relevance and fre
quency of the observed deficiencies. 

4. Routine inspection to determine maintenance 
needs, such as sealing of pavement-crossing joints 
and cleaning debris from rail flange ways, is es
sential for the long-term performance of in-service 
crossings. 
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This paper is an abridgment of an interim report for 
Research Project 77-21, funded by FHWA and conducted 
by PennDOT. 

The contents of this report reflect the views of the 
author who is responsible for the facts and the ac
curacy of the data presented herein. The contents do 
not necessarily reflect the official views or pol
icies of FHWA or the Pennsylvania Department of 
Transportation. This report does not constitute a 
standard, specification, or regulation. Trade and 
manufacturers' names appear only because they are 
considered essential to the document and do not con
stitute endorsement of a product. 

Publication of this paper sponsored by Committee on 
Railroad-Highway Grade Crossings. 
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Further Investigation of the Effectiveness of 

Warning Devices at Rail-Highway Grade Crossings 

RONALD W. ECK and JOHN A. HALKIAS 

ABSTRACT 

The main objective of the study was to analyze the national inventory of the 
U .s. Oepartment of Transportation-Association of American Railroads and the 
accident files of the Federal Railroad Administration to develop measures of 
effectiveness for the following rail-highway grade-crossing upgrade stratifica
tions: (a) passive systems to flashing lights on single track, (b) passive sys
tems to gates on single and multiple track, and (c) flashing lights to gates on 
single and multiple track. Other objectives included determining the influence 
of crossing angle, train speed ratio, and train speed difference on the effec
tiveness of warning devices. Overall results confirmed effectiveness values 
developed previously (but with smaller data bases) for upgrades from passive 
systems to flashing lights (69 percent) and from passive systems to gates (84 
percent) • The only marked change from previous studies occurred in the flash
ing-lights-to-gates category; the effectiveness value determined in this study 
(72 percent) was higher than values obtained in previous work. Upgrades of warn
ing devices on single track had higher effectiveness values than those on 
multiple tracks. Variation in train speeds at grade crossings, as measured by 
the speed-ratio and speed-difference concepts, had no apparent influence on the 
effectiveness of warning devices. Additional detailed conclusions as well as 
recommendations for further study are also included in the paper. 

Safety at rail-highway grade crossings has long been 
a concern of many communities and public and private 
organizations. Although railroad grade-crossing 
accidents account for less than 1 percent of all 
motor vehicle accidents nationwide, the ratio of 
persons killed and injured to the number of grade
crossing accidents is an order of magnitude higher 
than that of all motor vet.i"cl,e accideni:.s. Conse
quently, substantial sums of money are spent each 
year to install warning devices at rail-highway 
grade crossings. 

Attempts to apply warning devices to reduce the 
number of accidents at rail-highway grade crossings 
have a long history, dating from the earliest days 
of motor vehicle travel. The recent emphasis on 
grade-crossing safety has focused on optimizing the 
use of the limited funds available for upgrading 
crossings. A resource allocation model to assist 
states and railroads in determining the most effec
tive allocation of funds for rllil-highwlly c:rossing 
safety improvements has recently been developed by 
the U.S. Department of Transportation (DOT). The 
model, which has been described by Farr and Tustin 
( 1), determines which crossings should have warning 
devices installed so as to achieve the maximum cross
ing safety benefit for a given level of funding. A 
brief description of the model is presented in the 
following paragraphs. 

'l'he typical approach in decision making on im
provement of crossing safety is first to rank all 
crossings under consideration by using a hazard 
model. The most hazardous crossings are selected 
from this list of candidates for further review. The 
final decision is based on information gathered from 
on-site visits, the applicability of available alter
natives, and the expected safety improvement. The 
resource allocation model includes a quantitative 
measure of safety benefit and equipment installation 
cost, along with a hazard value, Instead of provid-

ing a list of the most hazardous crossings, the 
model provides a list of the most cost-effective 
improvement decisions. These decisions are then 
examined and either adopted or rejected based on 
site-specific information. 

The model is designed to rank crossings in the 
order that they need improvement and to recommend 
the warning device that should be installed to be 
the most cost and safety effective. Inputs to the 
resource allocation model include the predicted ac
cident rates of the crossings, costs and effective
ness values of the different safety improvement 
options (such as flashing lights and gates), and the 
budget level available for safety improvement. To 
support the resource allocation model, costs and 
effectiveness values of different safety improve
ments were developed by using national data. 

Several aspects of ,the model suggest that addi
tional research is needed, One aspect is the effec
tivPnPss nf r'lifferent types; of grada-cros&ling im
provements. Effectiveness of a warning device is 
defined as the fraction by which accidents are re
duced after installation of the warning device, This 
issue is important not only because it affects allo
cation of scarce highway resources, but also because 
it could affect the legal liability of railroads and 
states due to choice of crossing protection at a 
particular location. 

Until the development of the resource allocation 
model, most measures of effectiveness of using gates 
versus using flashing light signals had been based 
on a study performed by the California Public Util
ities Commission (PUC) in the early 1970s (2). Mea
sures of effectiveness were developed for three 
types of improvements: passive system to flashing 
lights, passive system to gates, and flashing lights 
to gates. However, the universal applicability of 
the California PUC results has been questioned. Mor
rissey (1.) noted that the effectiveness values from 
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the PUC study were frequently criticized as being 
too high in view of accident statistics published by 
the Federal Railroad Administration (FRA). 

Morrissey (_ll undertook a study to improve the 
quality of and confidence in the data required for 
the DOT resource allocation model by determining new 
effectiveness valu.es by using national data. The new 
effectiveness values were based on an analysis of 
the accident history of about 50 percent of the 
crossings (2,994) in the United States that had 
warning device upgrades during the period January l, 
1975, to December 31, 1978. Necessary data for the 
analysis were obtained from the DOT-Association of 
American Railroads (AAR) National Rail-Highway 
Crossing Inventory and the FRA Railroad Acci
dent/Incident Reporting System. Morrissey' s ( 3) 
effectiveness values almost equaled the results of 
the PUC study; that is, the California PUC results 
were within the 95-percent confidence intervals of 
the results of Morrissey's study. 

The close agreement between Morrissey' s results 
and those of the California PUC is not surprising 
because his study essentially repeated the PUC 
study, although with a much larger and more current 
data base. However, several aspects of Morrissey' s 
study suggested a need for additional research. Since 
then, several more years of data have become avail
able, thereby expanding opportunities for deter
mining the effectiveness of various warning devices. 

To address some of the questions raised by Mor
rissey' s study, FHWA conducted additional investiga
tions into the effectiveness of warning devices at 
rail-highway crossings. In addition to examining the 
three warning device upgrade categories studied by 
the PUC and Morrissey, Farr and Hitz (_!) also ob
tained effectiveness values for upgrades to illumi
nation and to cantilevered and mast-mounted flashing 
lights. Furthermore, they determined the influence 
of number of highway lanes, number of tracks, and 
train speed on the effectiveness of warning devices. 
The new effectiveness values determined for flash
ing lights and gates revealed results that were dif
ferent from those of Morrissey's study. However, the 
results were claimed to be more accurate because the 
larger sample size used resulted in smaller confi
dence intervals than resulted from the sample size 
used by Morrissey. Farr and Hitz (_!) also found that 
the effectiveness of warning devices declined with 
increasing number of tracks for grade crossings with 
two highway lanes. In general, train speed did not 
influence the effectiveness of warning devices. 

Currently there are a number of issues concerning 
the effectiveness of warning devices that need to be 
addressed. Questions might be raised about the ef
fectiveness of gates versus flashing lights at lo
cations where warrants for gates are not met (e.g., 
a single track crossing with low to moderate train 
speeds) . This is an important question because it 
affects the resource allocation model, and thereby 
influences the legal liability of railroads and 
states because of a choice of flashing lights rather 
than flashing lights and gates at a particular loca
tion. Additional efforts to stratify the data further 
to develop measures of effectiveness for the instal
lation or upgrading of devices under various circum
stances are definitely needed and have been noted by 
Farr and Hitz (4). Estimates of the effectiveness of 
stop signs would be desirable. This is a standard 
highway sign that may have a level of effectiveness 
that is greater than crossbucks. Several other po
tentially important factors should be analyzed to 
determine their influence on the effectiveness of 
warning devices. These factors include crossing 
angle and the ratio of maximum timetable speed to 
actual train speeds. For the latter factor, a cross
ing with a high timetable speed but a predominance 
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of slow-speed trains that is not protected by a con
stant-warning-time device may create problems of 
credibility with motorists. 

STUDY OBJECTIVES 

The overall objective of the proposed research was 
to analyze further the national DOT-AAR inventory 
and FRA accident files to develop measures of ef
fectiveness for the installation or upgrading of 
rail-highway grade-crossing protection devices under 
various conditions. Specific objectives of the study 
were 

l. To develop measures of effectiveness for the 
following crossing upgrade stratifications: (a) pas
sive warning device to flashing lights (single 
track), (b) flashing lights to gates (single track) 
either due to accidents or high train speeds (> 50 
mph), (c) flashing lights to gates (multiple tr~kl, 
(d) passive warning device to gates (single track) , 
and (el passive warning device to gates (multiple 
track); 

2. To determine the influence of angle of cross
ing on the effectiveness of warning devices; and 

3. To determine the influence of speed ratio 
(ratio of maximum timetable speed to typical minimum 
speed) and speed difference (difference between 
maximum timetable speed and typical minimum speed) 
on the effectiveness of warning devices for upgrades 
from (a) passive warning devices to flashing lights, 
(b) passive warning devices to crossing gates, and 
(c) flashing lights to crossing gates. 

DATA ANALYSIS 

The DOT-AAR Crossing Inventory File and the FRA Ac
cident Data File for the period January l, 1975, 
through December 31, 1982, were obtained from FRA. 
Of particular interest in this study was the classi
fication of warning devices. The inventory file as
signed a warning device class to each grade crossing. 
The FRA classes include eight categories of warning 
devices that reflect the level of motorist warning 
present. In general, the higher the class, the more 
warning information is provided to the motorist. 

The first four warning device classes (no signs, 
other signs, stop signs, and crossbucks) are 
referred to as passive devices. Classes 5, 6, and 7 
(special devices, wigwags or bells, and flashing 
lights, respectively) have usually been grouped into 
the flashing-light category (active devices). How
ever, because classes 5 and 6 are infrequently used 
and often do not meet appropriate traffic engineer
ing guidelines, these two classes were deleted from 
the flashing-light category in this study to provide 
more meaningful results. Class 8 of warning devices 
(flashing lights with gates) represents the most 
extensive type of crossing protection. 

The data set that was created after working with 
the inventory data base included 13,852 warning de
vice changes at public grade crossings. This data 
set was then merged with the accident file data 
base. To determine the effectiveness value for each 
upgrade category, or warning device, the average 
accident rates (accidents per crossing year) for 
crossings before and after installation of warning 
devices were compared. 

The following formula ( 3) was used to calculate 
the effectiveness of the warning devices: 

(1) 

where 

E effectiveness of a particular warning device; 
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TABLE 1 Summary of Results of Effectiveness Values for Flashing Lights and Gate Upgrades 

Before Upgrade After Upgrade Standard 

Upgrade No. of Crossing 
r,.h,, ... ,.... .... a CivS$1ngS A c(.1Jcnb Yea,s AL:e:iU1v11l!:I '--'"~"'E,'-'J) 

P to FL 2,786 1,407 10,824 448 
Pto G 2,781 2,157 10,934 352 
FL to G 2,167 2,139 ~ 639 

Total 7,734 5,703 29,937 1,439 

8 P = passive , FL;:: flashing lights, and C = nashing lights with gates. 

total number of accidents before warning 
device installation; 
total number of cross years before warning 
device installation; 
total number of accidents after warning 
device installation : and 
total number of crossing years after 
warning device installation, 

Results of the computations of effectiveness values 
are presented in the following section. 

RESULTS 

Overall Effectiveness 

Currently, the rail-highway crossing resource allo
cation model considers three categories of warning 
device upgrades: (a) passive systems to flashing 
lights, (b) passive systems to gates, and (c ) flash
ing lights to gates, Effectiveness values and con
fidence intervals for upgrades within these warning 
device categories were calculated and compared with 
similar results from earlier studies. This was done 
both to serve as a check on the methodology used 
'noro-fn ~nA t-4"'1 aV:toffl4' .... .-.. nl-,,.... .. 1,.,.,....,. th a r ~ WOiJ.ld be any 

changes in effectiveness values with the larger 
sample size used in this study, Results are pre
sented in Table 1, As the data in Table 2 indicate, 
the results are slightly different from those ob
tained in previous studies. Because of the addi
tional data used in the current study, the results 
are more accurate, as indicated by the smaller 
confidence intervals. 

i n Tat.lt: 2 U1ctL indicales .!I-.L-ua1..a 

only effectiveness values for flashing-lights-to
gate upgrades have changed markedly from previous 
sc.uaies. Farr and Hitz (4) had noticed a similar 
phenomenon and noted that- it was difficult to ex
plain. They hypothesized that flashing-light cross
ings more recently selected for upgrading to gates 
had unique characteristics that caused gates to be 
particularly effective relative to flashing lights. 

It is also possible that the increased effec
tiveness is because of improved traffic engineering 

Dev ia lion of 95 Percent 
Crossing Effectiveness Effectiveness Confidence 
Ycan; Vaiue (%) Value ('1oJ Interval(%) 

11,234 69 1.6 66-72 
l l,29] 84 0.9 82-86 
8,838 72 l.2 70-75 

3 l,363 76 0.7 74-77 

( as it applies to the layout of the displays) at 
crossings that have been recently upgraded. When 
flashing lights are upgraded to flashing lights and 
gates, an entirely new crossing installation, includ
ing both displays and control circuitry, generally 
results. Further, since the completion of the Cali
fornia PUC study (2), motion sensors and predictors 
have come into common use. This increases the credi
bility of the device and may contribute to the higher 
effectiveness value. 

Single-Track Upgrades 

Three different stratifications of warning device up
grades on single tracks were examined: (a) passive 
systems to flashing lights, (b) passive systems to 
gates, and (c) flashing lights to gates. The data in 
Table 3 present the effectiveness values and confi
dence intervals for each of these upgrade categories, 
Unexpectedly, warning device upgrades on single 
tracks had a higher effectiveness value than those 
on multiple tracks. 

As anticipated, the highest effectiveness value 
(86 percent) was associated with upgrades from pas
sive devices to flashing lights with gates. Upgrades 
frum flashing light.s to gates had an effectiveness 
value of 74 percent. The lowest effectiveness value 
of the three upgrades was associated with the pas
r; i·v·e-to- flaahing -=- lights condition (71 pt:Lcent). Be
cause of the large sample size involved, confidence 
intervals were of approximately the same width as 
those for the overall analysis presented previously, 

As a subset of the analysis just described, the 
upgrading of warning devices from flashing lights to 
gates on single track under the circumstances of (a) 
accidents and (bl high train speeds (maximum time
table speed of 50 mph or greater) was examined. The 
data in Table 4 present effectiveness values for 
those crossings that experienced accidents before 
the upgrade occurred. Also presented in Table 4 are 
effectiveness values for r.rm,RingR th;,t P><pPri.,.n,:,i?rl 
one or more accidents either before the upgrade or 
after. Crossings that did not experience accidents 
hefor a or ufter the upgrade were excluded because it 
was thought that such crossings would not aid in the 

TABLE 2 Comparison of Effectiveness Values for Flashing Lights and Gate Upgrades for Current and Previous 
Studies 

Effectiveness Values 95 Percent Confidence Interval 

l/p~rad e Current r.-irr and Mon issey California Current Farr and Morrissey California 
C'alcgory 3 Stu<ly Hitz ( 1982) (1981) rue 11974) Study Hitz (1982) (1981) PUC (1974) 

P to FL 69 71 65 64 66-72 66-75 57 -73 NA 
P to G 84 8:> 84 88 82-86 79-85 80-89 NA 
FL lo G 72 69 64 66 70-75 65-73 56-71 NA 

Not\': NA .,, nol av:iilahh.• 

ur, = passhc, 1 I ==- fl:i'ihin g li!,!.hfs, and c; = flashinp. li"Fhls with 1:1aks. 
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TABLE 3 Summary of Results of Effectiveness Values for Single- and Multiple-Track Upgrades 

Before Upgrade After Upgrade Standard 
Deviation of 95 Percent 

Upgrade No. of Crossing Crossing Effectiveness Effectiveness Confidence 
Category• Crossings Accidents Years Accidents Years Value(%) Value(%) Interval(%) 

Single Track 

Pto FL 2,488 1,287 9,686 390 10,079 71 1.63 68-74 
P to G 2,089 1,584 8,110 234 8,609 86 0.95 84-88 
FL to G 1,626 1,539 6,187 437 6,703 74 1.34 71-76 

Multiple Track 

Pto G 567 520 2,311 113 2,202 77 2.27 73-81 
FL to G 483 569 1,961 193 1,894 65 2.70 60-70 

3P = passive, FL = flashing lights, and C = flashing Jights with gates. 

TABLE4 Effectiveness Values for Upgrades from Flashing Lights to Gates on Single Tracks 

Before Upgrade 
Maximum 
Train Speed No. of Crossing 
(mph) Crossings Accidents Years 

Crossings with Accidents Before 

0-49 456 1,054 2,137 
;,, 50 231 475 1,062 

Crossings with or without Accidents Before 

0-49 1,007 1,054 4,062 
;,, 50 619 475 2,252 

examination of high accident experience in which 
train speeds were 50 mph or greater. Although the 
effectiveness values for the O-to-49-mph category 
were slightly higher than values for the high-speed 
category (83 and 81 percent, respectively), the 
difference was not significant. This result was 
unexpected because it was thought that installation 
of gates would be more effective at crossings where 
high train speeds are encountered . 

When the crossings were added to the analysis 
that did not experience accidents before the upgrade 
but did have accidents after the upgrade, the effec
tiveness values for the two speed categories were 
significantly different. As expected, the effective
ness values were lower than for crossings that ex
perienced accidents before the upgrade. The O-to-49-
mph ca t egory again revealed a higher effectiveness 
value (76 versus 68 pe rcent ) than did the h i gh- speed 
category. Once again, this is contrary to the notion 
that effectiveness of gates should be higher at 
crossings with high-speed trains. One possible expla
nation for these results is the credibility problem 
created when the majority of rail traffic on a line 
travels at speeds substantially less than the time
table speed. This problem will be discussed in a 
subsequent section, 

Multiple-Track Upg r ades 

Two different stratifications of warning device up
grades on multiple tracks were examined: (a) passive 
systems to gates and (b) flashing lights to gates. 
Effectiveness values and confidence intervals for 
each of these categories are given in Table 3. Note 
that these upgrades had a lower effectiveness value 
than did the corresponding upgrades on single track. 

As expected, upgrades from passive devices to 
flashing lights had a higher effectiveness value (77 
percent) than did upgrades from flashing lights to 

After Upgrade 
95 Percent 

Crossing Effectiveness Confidence 
Accidents Years Value(%) Interval(%) 

140 1,671 83 80-86 
80 959 81 77-85 

253 4,000 76 72-79 
184 2,705 68 63-73 

gates (65 percent). In both cases the confidence 
intervals were larger than those obtained in the 
overall or single-track analyses because of the 
relatively small sample sizes involved. 

It is hypothesized that the lower effectiveness 
value associated with multiple-track upgrades is due 
to the greater exposure (product of train times 
vehicular volumes) likely to be found at these cross
ings. Accidents continue to occur because of high 
exposure levels even after gates have been installed 
at the crossing. Ideally, the accident rates used in 
developing the effectiveness values should include a 
measure of exposure. 

A further investigation involving improvement 
types and before-accident rates for active and 
passive devices was made to determine if any ad
ditional conclusions could be drawn. Before-accident 
rates in terms of accidents per crossing year were 
computedi these are given in Table 5. Note the rela
tively high rates in the flashing-lights-to-gates 
category for both single and multiple track. It can 
be inferred from the data that flashing lights are 
upgraded to gates in response to an accident 
problem. Although this is good management, it does 
tend to bias the effectiveness data. 

TABLE 5 Before-Accident Rates for Single- and 
Multiple-Track Upgrades 

Upgrade 
Category' 

Pto FL 
Pto G 
FLtoG 

Accidents per Crossing Year 

Single Track 

0.133 
0.195 
0.250 

Multiple Track 

0.225 
0.290 

8 P::: passive, FL= flesh.ing lights, and G::: flashing Ughts with 
gates. 
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I nflue nce o f Cro ssing Angle 

The effectiveness of crossing warning devices would 
be expected to be related to the angle of the cross
ing. Effectiveness of devices should he g r eatest at 
oblique-angle crossings because it is at these loca
tions that motorists may have difficulty determining 
the exact location of the track. They may also have 
trouble detecting an approaching train because of 
sight obstructions in the vehicle or because of un
certainty in determining where to look along the 
tracks. 

In this part of the research, crossing-angle 
categories of Oto 30 degrees, 30 to 60 degrP.P.s, ~n~ 
60 to 90 degrees were analyzed for their influence 
on the effectiveness of warning devices. The in
fluence of angle of crossing on the effectiveness of 
warning devices is given in Table 6 for both single
and multiple-track categories. 

For the single-track condition, a review of the 
data in Table 6 indicates that for upgrade cate
gories of passive to flashing lights and flashing 
lights to gates, the effectiveness values are great
est in the angle-of-crossing category of 60 to 90 
degrees. Th i s i s contrary to the hypothesis stated 
at the beginning of this section. As expected, the 
effectiveness of single-track upgrades from passive 
devices to gates was greatest in the oblique-angle 
categories, with an 88-perce nt e f fectiveness. Note 
that the confidence intervals were rather wide 
because of the relatively small sample sizes in each 
of the upgrade categories. 

Results for multiple-track crossings did not re
veal a definite pattern like the single-track cross
ings. Highest effectiveness value (83 percent) was 
for the passive-to-gates upgrade with a crossing 
angle of Oto 29 degrees. This outcome was expected. 
However, it was not expected that, for this same type 
of upgrade, the angle-of-crossing category of 30 to 
59 degrees would be associated with the lowest effec
tiveness value (70 percent). The opposite results 
were obtained for the flashing-lights-to-gates up
grades. In this case, the 30-to-59-degree category 
had the highest effectiveness value (70 percent). The 
C=to=29-deg ree category was assoc iated wi~n ~ne 
lowest effectiveness value (63 percent). Because of 
the small number of crossings in the multiple-track 
categories, some of the effectiveness values had 
large confidence intervals. 
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Although the lack of any definite pattern as far 
as variation in effectiveness with angle of crossing 
was unexpected, the results may be explained by two 
items of information that are not included in the 
d;;,ta bas e. The first of these is sight distance. 
Sight distance is not quantified in the data base 
nor are sight obstructions ( such as vegetation or 
structures) noted. The second factor is the direc
tion of approach of vehicular and train traffic. Both 
of t hese factor s are important in determining when 
drivers first detect the p resence of trains, yet 
neither is included in the data base. 

I nfl ue nce o f Train Speed 

At a number of crossings, activation of warning de
vices is based on the maximum timetable speed of 
trains. However, the majority of rail traffic on the 
line may travel at speeds substantially slower than 
the timetable speed. This creates credibility prob
lems with motorists in that some drivers may try to 
proceed past flashing lights or maneuver around 
crossing gates because of the lengthy time interval 
between signal activation and actual passage of the 
train through the crossing. The influence of train 
speed on the effectiveness of warning devices was 
examined by using two different measures. One con
cept was the speed-difference approach, in which 
speed difference was calculated as the algebraic 
difference between maximum timetable speed and 
typical minimum speed. Also, a speed-ratio concept 
was examined, in which the ratio of maximum time
table speed to typical minimum speed was computed 
for crossings. Influence of train speed on the 
effectiveness of warning devices was determined for 
the three categories of flashing lights and gate 
upgrades. 

Figures 1 and 2 show that there was no relation
ship between train speed difference and effective
ness values in any upgrade category for single
track and multiple-track crossings, respectively. 
Spearman's Rho statistical tests for trend were 
performed; they indicated that there were no trends 
(either upward or downward) at the 95-percent con
fidence level. 

Figures 3 and 4 show the plots of effectiveness 
values versus train speed ratio. Spearman's Rho 
tests revealed no significant trends in any of the 

TABLE6 Influence of Angle of Crossing on Effectiveness of Warning Device 

Before Upgrade After Upgrade 
Angle of 95 Percent 

Upgrade Crossing No. of Crossing Crossing Effectiveness Confidence 
Category• (degree) Crossings Accidents Years Accidents Year.~ Val11e(%) Interval(%) 

Single Track 

P to FL 0-29 246 160 990 52 983 67 57-77 
30-59 436 177 1,739 60 1,776 67 57-76 
60-90 1,774 950 6,948 278 7,313 72 69-76 

PtoG (}...?.9 252 208 898 31 1,127 88 84-92 
30-59 266 194 1,048 25 1,095 88 83-93 
60-90 1,550 1,182 6,165 178 6,386 85 83-88 

FLtoG 0-29 119 158 678 59 749 66 57-76 
30-59 225 157 818 65 975 65 56-75 
60-90 1,221 2,214 4,691 313 4,971 76 73-79 

Multiple Track 

P to G 0-29 66 91 288 13 238 83 73-92 
30-59 73 59 303 16 278 70 55-86 
60-90 428 370 1,719 84 1,685 77 72-82 

FL to G 0-29 39 59 159 21 153 63 47-79 
30-59 60 64 258 17 227 70 55-85 
60-90 384 446 1,543 155 l,514 65 59-71 

8 P = passive, FL = flashing lip;hts. and G = flashing light~ with gat~s. 
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FIGURE 1 Relationship between speed difference and 
effectiveness values for flashing lights and gate upgrades at 
single-track crossings. 

j 
!i 
.e . 
~ 
> 

! 
.~ 
1, 

ffi 

100 

90 

80 

70 

60 

so 

40 

JO 

20 

10 

_..a_ 
p-- ', 

I 'q ,9 

~ 
/ I I 

0 / \ / r, I I 

':~:~ \ /,J) 

I 
I 

0 

, , A 'w', ,,,.,'\ \, 
I 'CY , I 

/ v' 'd 

Passive to G.itcs 

Flashing Lights to (;atL•s 

0'---~--....... --~--~---'---'---~--' 
0-9 10- 19 20-29 )0- 19 40-~q 50-5 9 

Speed Difference (mph) 

FIGURE 2 Relationship between speed difference and 
effectiveness values for flashing lights and gate upgrades at 
multiple-track crossings. 

99 

100 

? 
90 

80 

~ 

I 
I 
I 

I 

I 

I , , 
/ I 

I 

~ 
!i .e . 
" ~ 
~ = 

-~ 

ffi 

10 

60 

so 

40 

10 Passive to Flashing Light.s 

Pass ivc to c;,a tc.s 

20 
Fl.i:ishing l.i.ghts to Cates 

(0 

I 
I 

I 

I 

I 
I 

I ,, 
I 
I 
I 
I 
/ 
I 
I 

0 '-~-+---'--+--'-+--'--+--'--1--~--£/"-.... -<J"-.u:1.~ 
0-1 2-) 4-5 b-7 8-9 10-11 12-1) 14-15 

1-2 J-4 5-'1 7-8 9-10 11-12 lJ-lli >1S 

Speed Ratio 

FIGURE 3 Relationship between speed ratio and effectiveness 
values for flashing lights and gate upgrades at single-track 
crossings. 

100 ~ ~ 
I \ 

,, 
I I 

,, 
90 I I ,1 

\ 9 a. I I 
I 

9 BO -c;i r 
I ,, I I , r, 

' ,~ 

I 9 
,, ? 

I 
,, 
,1 

70 I 1' I 

': ' 1 

~ 
I \ I 1 I vi \ I 

~ 60 I I I 
.e 

I 

V 
II . 
~ -= I I ; I ¢ 1, I I 

~ 
50 I I I 

" 
, 

I I I I 
.~ () I 

·~ 
I 

1, 

:= 40 I l I 
w I\ I I I I 

I I I I I 

JO Passive to I I I I r, 
Flashing I I I I I 
Lights I I I 

20 I ,' ,, 
Passive to I I 
Cates 

I 
, , 
1 I 

10 ,1 

0 0-l Z-l 4-) 6-l 
1-1 J-4 5-6 

Speed Ratio 

FIGURE 4 Relationship between speed ratio and effectiveness 
factors for flashing lights and gate upgrades at rnultiple·track 
crossings. 

/ 



100 

upgrade categories. Thus it was concluded that train 
speed ratio had no influence on the effectiveness of 
warning devices. 

The results of these analyses were unexpected. 
Train speed; as measured by tpe two concepts used 
here, has no apparent influence on the effectiveness 
of warning devices f or flashing lights and gate up
grades. 

CONCLUSIONS 

Results of this study generally confirmed the effec
tiveness values that were developed previously for 
upgrades from passive systems to flashing lights and 
from passive systems to gates. Upgrades from passive 
systems to flashing lights had an effectiveness 
value of 69 percent, whereas upgrades from passive 
systems to gates had an effectiveness value of 84 
percent. The only marked change from results of pre
vious studies occurred in the flashing-lights-to
gates upgrade category. The effectiveness value 
determined in this study was 72 percent. This is 
higher than values obtained in previous studies. 
There is no readily available explanation for this 
phenomenon. 

Other important conclusions drawn from the study 
are as follows: 

1. Warning device upgrades on single track had 
higher effectiveness values than those on multiple 
track. In both cases the highest effectiveness value 
was associated with upgrades from passive devices to 
flashing lights with gates. 

2. There was no s ignificant difference in ef
fectiveness values between the O-to-49-mph and the 
SO-mph-and-greater speed categories, for upgrades 
from flashing lights to gates at single-track cross
ings that had accidents before the upgrade. 

3. Flashing lights appear to be upgrad.ed to 
gates in response to an accident problem. Although 
this is good management, it tends to bias the effec
tiveness data. 

4. Effectiveness of upgrades from passive de
vices to gates at single-track crossings was 
greatest in the oblique-angle categories (88-percent 
effectiveness). However, for passive-to-flashing
lights and flashing-lights-to-gates upgrades, effec
tiveness values were greatest in the 60-to-90-degree
angle category. Results for multiple-track crossings 
failed to show a definite pattern. 

5. Variation in train s peeds at crossings, as 
measured by the speed-di ffe rence and speed-ratio 
concept s , had no apparent inf l uence on the effec
tiveness of warning devices for flashing lights and 
gate upgrades. 

H1':t.:UMMl!:NOATI0NS 

Results of this study suggest a number of areas in 
which additional research could prove fruitful. 
These are outlined in the following paragraphs. 

Reference was made in a preceding section to the 
motorist credibility problem that exists at certain 
grade crossings that are equipped with active warn 
ing devices. There are two basic types of control 
systems for active devices: (a) fixed-distance con
cept and (b) constant-warning-time concept. With 
fixed-distance systems, trains activate the signals 
or gates a predetermined distance from the crossing. 
The major drawback to such systems is that warning 
devices operate continuously while the train is on 
the approach track circuit, regardless of train 
speed. Motorists may become impatient in situations 
in which the warning device is active for a long 
time (e.g., slow train speed). Constant-warning-time 
equipment has the capability of sensing a train in 
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the approach section, measuring its speed and dis
tance from the cross i ng , and ac tivating the warning 
device. Thus, regardl ess of train speed , a uniform 
warning time is provided. with constant-warning-time 
systems, trains can move or s witch on the approaches 
without reach i ng the c ros sing a nd, depending on their 
speed, never cause the crossing warning devi ces to 
be act i va ted . 

It could be hypothesized that the greater the 
difference between typical train speeds and maximum 
timetable speed (the basis on which the signals were 
des igned), the h ighe r the accident rate at crossings 
equ ipped with fixed-distance sys tems . Additional 
research is warranted to analyze the DOT-AAR data 
f iles t o de t ermine if acc ident frequency and cha rac
t eristics at crossings with fi xed- distance systems 
d iffer from thos e c r ossings with constant - warni ng
time systems . Note, however , t hat t he results wil l 
have little meaning unless the accident data are 
normalized for exposure (traffic volume times train 
volume). 

The need to develop a means to normalize e xposure 
data is critical. This affects the analysi s of con
stant-warning-time devices and may also account for 
the lower effectiveness of cantilever flashers noted 
by Farr and Hitz (_!). Constant-warning-time devices 
tend to be used on more important rail lines on which 
there are more train movements and thus higher ex
posure. Similarly, cant i l ever flashers are frequently 
used at crossings on mul .tilane highways, at which 
vehicular exposure would be higher. 

Results of this study indicated no definite rela
tionship between angle of crossing and effectiveness 
values . It was hypothesized that this was due to 
lack of information about sight distances and direc
tions of approach of vehicular and train traffic at 
the grade crossing. Further study is warranted, per
haps involving field investigations, to determine 
the influence of these variables on accident experi
ence . Deve lopment o f a simple yet meaningful way to 
incorpora t e s uch factors i nt o either t he inventory 
o r acci den t data bas e appears to be appropr iate . 

Another fruitful area of future research would be 
the development of capital and life-cycle costs for 
each of the upgrade categories studied in this 
project. These are needed if the results of this 
project are to be applied to the resource allocation 
model. This information can also be used to deter
mine the relative cost-effectiveness of various im
provement alternatives (such as flashing lights ver
sus lights with gates on a single-track crossing). 

There is one other area, closely related to the 
determination of effectiveness values, in which ad
ditional research would be desirable. In this study, 
confidence intervals were calculated by using a re
lationship developP.11 hy Morrissiey (1). Howeve r, cal
culation of appropriate conf idence interval s for 
effectiveness factors is s ubj ect to some interpreta
tion because of the un ique statistical nature of 
crossing acci de nts . Statisticians contacted by the 
investigators poi nt ed out the need for a more 
thorough derivation of confidence interval formulas 
for the effectiveness studies. Determining the vari
ance of ratios, such as the accident rates con
sidered here, was beyond the s cope of this project 
because of its theor e tical complexity. Additional 
research of a statistical nature is needed to deter
mine whether the confidence interval used here and 
in previous studies is appropriate and, if not, to 
develop a true confidence interval. 
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Effectiveness of Constant-Warning-Time Versus 

Fixed-Distance Warning Systems at 
Rail-Highway Grade Crossings 
JOHN A. HALKIAS and RONALD W. ECK 

ABSTRACT 

The study objective was to determine the influence of road classification, 
angle of crossing, and train speed on the effectiveness of fixed-distance and 
constant-warn i ng-time systems at public rail-highway grade crossings. Data were 
acquired from the u.s. Department of Transportation-Association of American 
Railroads Crossing Inventory File and the FRA Accident/Incident Reporting Sys
tem for the period January 1, 1975, through December 31, 1982. Fixed-distance 
and constant-warn i ng-time systems revealed similar effectiveness values (82 and 
85 percent, respec tive ly) when changed from passive devices . For changes f rom 
fixed-distance to constant-warning-time systems , t he effectiveness value was 26 
percent. This result tended to confirm the hypothesis that constant-warn_i ng
time systems have greater credibility with motori sts than ao fixed-distance 
systems. Functional class of road had no appa~en t influence on the effective
ness of warning systems for upgrades to fixed-distance systems and constant
warning-time systems. The effectiveness of upgrades in the fixed-distance-to
constant-warning-time class was greatest for the angle-of-crossing category of 
0 to 29 degrees (68 percent). For passive-to-fixed-distance and passive-to
constant-warning-time upgrades, effectiveness values in the 60-to-90-degree
angle category were essentially equal to those in the oblique-angle categories 
(82 percent). For constant-warning-time systems, effectiveness increased with 
increase in variation of train speed. Train speed, as measured by the concepts 
of speed ratio a nd speed difference, had no apparent influence on warning 
system effectiveness for either system. 
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The Federal Railroad Safety Act of 1970 and the 
Federal Highway Safety acts of 1970 and 1973 re
quired the Secretary of Transportation to take ac
tion to improve rail-highway grade crossing safety. 
In response to these mandates , the Nation;,J. Rail
Highway Crossing Inventory and the Railroad Acci
dent/Incident Reporting System were implemented (ll• 
These data hases , which are updated on a regular 
b a s i s, are used ex tensively by federal, s tate1 and 
r ailroad company planner s and decision maker s as 
well as by researchers. The files are important in
puts to the U.S. Department of Transportation (DOT) 
resource a l location procedure and a ccident p r edic t ion 
equations fo r rail-hig hway qrade crossings . Th P 
g enerally d eclining t r e nd in r ail-highway g rade
cross i ng fatalities since t he mid- 1970 s can p robably 
be at least partially attributed t o the imp roved 
dec i sion mak i ng made possible by t he se data bas es . 

To support resource allocation decisions, costs 
and effectiveness values of different safety im
provements a r e needed (~) and have be en deve loped by 
using national data . The effective ness values used 
represent the percentage reduction in accidents ex
pected from installation of a particular type of 
warning d evice at a t ypical c ross ing . Currently (3), 
effect i ve ness values are required for t h e th'r°ee 
types o f warning dev ice insta llations cons ide r ed by 
t he DOT resour c e allocation procedu re: Ca) flashing 
lights i nsta lled at pass i ve l y signed c rossings, (b) 
gates installed at passively s igned c r oss ings, and 
(c) gat e s i ns t alled at cros sings with f lashing 
lights . 

The existence of the FRA data bases has prompted 
a number of recen t research effor ts (4, 5) t o develop 
effectiveness val ues f or o t her t ypes -of w~rning de
vice installations for pQssihle cons iderat i on by the 
resource allocation procedure. The authors (2_) 

developed measures of effec tive ne s s for warning de 
vices under a variety of condi t i ons. It was found 
that va riation in train speed had no appar e nt in
fluence o n warning device e ffect ive ne s s f or flashing 
lights and gate upgrades . Thi s r e s ul t was unex
pected, as will be discussed later. 

There are two basic types of control systems for 
activa (i.e., f lash ing light.s or gates) warn i ng de
vices: (a) fixed-distance concept and (b) c onstant
war n i ng-time concept . With :f ixed-di s tance systems , 
tra i ns act ivate t he s i g na l s o r, gates at a predete r
mined distance from t h e c r ossing . This distance i s 
calcula t ed by using t he speed of the fas t est train 
and a s peci fied mi n i mum wa rni ng t i me. The major 
drawback to such s y stems i s t ha t wa rning d evices 
operate continuously while the train is on the ap
proach track c ircu it, regardless of train speed. 
Motorists may become i mpatient in situations in 
wh ich t he wa rn i ng device i s active f or a l ong time 
(e .g., slow trai n speed \. This o re11 t p,a c-r ,:,.r'l i bility 
proble ms with mot oris t s in that s ome drive r s may try 
to proceed past flash i ng l i gh ts or maneuver around 
crossing gates because of the lengthy time interval 
between signal activation and actual passage of the 
train through the crossing. 

Constant-warning-time systems provide the most 
desirable type of train detection a t c r ossings where 
trains traveling at widel y d i fferent ·spe eds us e the 
crossing. Cons t ant-warning-time equipment has the 
capabili t y of sensing a train i n the appr oach sec
t i on, measuring its s pe ed and distance f rom the 
c rossing , and ac tivating the warn i ng device. Thus, 
r egardless o f t rain speed, a un iform wa rning time is 
prov i ded. 

It could be hypothesi zed that t he greater the 
difference between typ i c aJ. train speeds and maximum 
timetable speed (the basis on which signals are typi
cally des igned ) , the grea ter the effectiveness of 
devices upgraded to constant-warning-timP systems . 
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The results just mentioned (6), from situations in 
which variation in train speeds had no influence on 
the effectiveness of warning devices, included the 
aggrega t e of fixed-distance and constant-warning
titne gys tems: no det:: iled breakdown was available 
from the FRA data base. Additional study appeared 
warranted to analyze the DOT data base to determine 
if the effectiveness of warning devices at crossings 
with fixed-distance systems differs from that at 
crossings with constant-warning-time systems. 

Farr and Hitz (1) investigated the effectiveness 
of constant-warning-time devices. Two crossing up
grade categories were e xamined: (a) flashing lights 
without cons;tant wa rning time upgraded to flashing 
lights with constant warning time, and (b) gates 
without constant warning time upg r aded to gates with 
constant warning time. The results were unsatisfac
tory because there were only 39 upgrades in the first 
category (117.6 crossing years of data be fore up
grade and 113.2 crossing y ears of data after upgrade) 
and 80 upgrades in the second cate gory (213 .4 c ross
ing years be fore and 259.9 cros sing ye a rs a f ter). 
The confidence intervals we r e t oo l a r ge to pr ovide 
any meaningful estimates of effectiveness. Further 
investigation of this issue using additional. data 
available in the inventory and accident files 
appears appropriate. 

The overall goal of the study described here was 
to develop measures of effectiveness for fixed-dis
tance and constant-warning-time systems under sev
eral conditions. Specific objectives of the study 
were to determine the influence of each of the fol
lowing variables on the effectiveness of the two 
different warning systems: 

1. Road classification, 
2. Angle of crossing, and 
3. Train speed, in particular, speed difference, 

speed ratio, and maximum speed. 

DATA ANALYSIS 

The DOT-Association of American Railroads (AAR) 
Crossing Inventory File and the FRA Accident Data 
File for the period o f J anuary 1 , 1975, through 
December 31, 1982, were obtaine d from FRA. Of par
ticular interest in th i s study was the classifica
tion of warning de vices . The inventory file assigns 
a warning device c l ass to each grade crossing. The 
FRA classes include eight catPgori e~ o_f warning 
device s t ha t re fle c t the l evel of motoris t warning 
prese nt . I n gener al , t he higher t he class, the more 
warning informat i on provided to the motorist. 

The fir s t four warning de vi ce c l asse s (no signs, 
other s igns , stop s i gns , and crossbucks) are re
ferred to as passive devices. Classes 5, 6, and 7 
(s pecial devices, wigwags or u~lls, and flashing 
lights, respectively) have usually been grouped into 
the flashing-light category (active devices). How
ever , because classes 5 and 6 are infrequently used 
and often do not meet appropriate traffic enginee r
ing guidelines , these two classes were deleted f r om 
the flashing-light category in this study to provide 
more meaningful results. Class 8 of the warning 
devices (flashing lights with gates) represent the 
highest type of crossing warning. The existence of 
constant-warning-time systems at crossings with 
active devices was indicated in the inventory as a 
positive response to the question: Does crossing 
signal provide speed selection for trains? 

The data set that was created for the overall 
effectiveness of fixed-distance and constant-warn
ing-time systems , after wor k i ng with the inventory 
data base, i ncluded 3,195 warning device changes at 
public grade crossings. These 3,195 changes (Table 
1) are warning device changes to f ixed-distance and 
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TABLE 1 Number of Warning Device Change Records by System Type for Active Devices 
(1975-1982) 

Warning Device System Type After Change 

Fixed Distance 
Constant Warning 
Time 

Flashing Flashing 
Warning Device System Type Before Change Lights Gates Lights Gates Total 

No signs, stop signs, other signs, or crossbucks 1,061 1,103 192 405 2,761 
Flashing lights with fixed distance NC NC 68 222 290 
Flashing lights with constant warning time 19 0 NC NC 19 
Gates with fixed distance NC NC 0 122 122 
Gates with constant warning time 0 3 NC NC 3 

Total 1,080 1,106 260 749 3,195 

Note: NC Indicates not considered in this study; these are changes from one warning device system to the same warning 
device system. 

constant-warning-time systems (for both flashing 
lights and gates) • Note that the number of warning 
device changes is substantially larger than that 
found by Farr and Hitz (~). This is believed to be 
due to the larger data base used in the current 
stu.dy and the fact that all warning device changes 
were examined, whereas Farr and Hitz (]) exam.ined 
only the most recent change. 

The inventory data base described in the preced
ing paragraph was then merged with the accident file 
data base. To determine the effectiveness value for 
each upgrade category, or warning device system, the 
average accident rates (accidents per crossing year) 
for populations of crossings before and after in
stallation of warning devices were c ompared. The 
following formula (4) was used to calculate the 
effectiveness of the warning device systems: 

(1) 

where 

E • effectiveness of a particular warning device 
system, 

Ab z total number of accidents before warning 
device installation, 

Yb z total number of crossing years before 
warning device installation, 

Aa • total numbe r of accidents after warning 
device installation, and 

Ya total number of crossing years after 
warning device installation. 

Results of the computations of effectiveness values 
are presented in the following section. In reviewing 
the data it should be noted that the FRA accident 
data base, which was used in compiling effectiveness 
values, has not been independently verified and 
represents only reflections of accident data as 
reported by railroad carriers. 

RESULTS 

Overall Effect iveness 

Three main categories of warning system upgrades 
were considered in this study: (a) passive to fixed
distance system, (b) passive to constant-warning
time systems, and (c} fixed-distance to constant
warning-time systems. Effectiveness values and 
confidence intervals for upgrades within these cate
gories were calculated and, where appropr.iate, com
pared with general results from earlier studie,:i. 
Note that "downgrades" from constant-warning-time to 
fixed-distance systems were investigated initially, 
but this category had to be eliminated from further 
consideration because of its extremely small sample 
size. Overall results of effectivel'less values are 
presented in Table 2. To provide additional insight, 

TABLE 2 Summary of Results of Effectiveness Values for Upgrades to Fixed-Distance and Constant-Warning-
Time Systems 

Before Upgrade After Upgrade 
95 Percent 

No. of Crossing Crossing Effectiveness Confidence 
Upgrade Category Crossings Accidents Years Accidents Years Value(%) Interval(%) 

Passive to fixed 
distance 

Lights 1,061 449 3,715 156 4,706 73 68 to 78 
Gates 1,103 802 4,310 102 4,506 88 86 to 90 

Total 2,164 1,251 8,025 258 9,212 82 81 to 83 
Passive to constant 

warning time 
Lights 192 80 551 31 925 77 68 to 86 
Gates 405 266 1,395 44 1,785 87 83 to 91 

Total 597 346 1,946 75 2,710 85 81 to 89 
Fixed distance to 

constant warning time 
Lights 68 34 167 54 331 20 -11 to 51 
Gates 122 23 258 39 608 28 -8 to 64 

Total 190 57 425 93 939 26 3 to 49 

Lights to gates 222 122 578 49 1,028 77 59 to 95 
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F1GURE I Graphical co111pari8u1t uf before-and-after accident rates for upgrades to fixed-distance and constant-warning-time systems. 

graphical comparisons were made of the before-and
after accident rates on which the effectiveness 
values were calculated; these are shown in Figure 1. 

Both fixed-distance and constant-warning-time 
systems revealed high effectiveness values (82 and 
85 percent, respectively) when changed from passive 
devices . This is due in part to the change from use 
of passive devices to use of active warning dev i ces. 
It was expected that these values would be high 
whether the system was a fixed-distance system or a 
constant-warning-time system. It was not expected 
t hat both upgrades would have essentially the same 
e ffectiveness value. 

For changes from fixed-distance to constant-warn
ing-time systems, two principal types o f upgrades 
were considered: (a) f lashing lights (or gates) of 
fixed distance to flashi ng lights (or gates) of 
constant warning time, and (b) flash i ng lights of 
f ixed distance to gates of constant warning time. 
For the former case, ·t he effect iveness was 26 per
cent . The 95-percent confidence interval, although 
rather wide because o f the small sample size, did 
not include zeroi thus there was a significant 
degree of effectiveness . Note that Farr and Hitz (1) 
had examined similar cases (but with smaller sample 
size) and f ound negative effectiveness values . 

TABLE 3 Influence of Road Classification on Effectiveness of Active Warning Systems 

Before Upgrade After Upgrade 
95 Percent 

No. of Crossing Crossing Effectiveness Confidence 
Upgrade Category Crossings Accidents Years Accidents Years Value(%) Interval(%) 

Rural 

Passive to fixed distance 
Principal arterial 20 3 58 I 103 81 39 to 100 
Minor arterial 78 39 237 6 386 91 83 to 99 
Major collector 327 125 1,096 45 1,520 74 65 to 83 
Minor collector 277 108 905 25 1 ..,,....., 

t,.JVL. 84 77 to ~I 
Local 683 346 2,730 57 2,714 83 78 to 88 

Passive to constant 
warning time 

Principal arterial 11 1 24 I 64 63 -39 to 100 
Minor arterial 23 11 62 5 117 76 52to 100 
Major collector 65 25 202 6 301 84 70 to 98 
Minor collector 6R 29 220 ~ 318 95 88 to JOO ~ 

Local 199 89 659 25 917 80 71 to 89 
Fixed distance to constant 

warning time 
Principal arterial 12 2 30 6 61 -48 -275 to 100 
Minor arterial 23 7 47 6 126 68 35 to 100 
Major collector 38 12 74 8 192 74 52 to 96 
Minor collector 34 3 106 2 156 55 -25 to 100 
Local 39 7 88 8 194 48 -3 to l/l/ 

Urban 

Passive to fixed distance 
Freeway 4 3 15 I 18 72 Oto 100 
Principal arterial 67 50 257 9 271 83 71 to 95 
Minor arteria 1 177 167 651 37 759 81 75 to 87 
Collector 155 138 612 23 616 83 76 to 90 
Local 367 269 1,433 52 1,491 81 76 to 86 

Passive to constant warning 
time 

Freeway 2 2 5 6 11 -36 -200 to 100 
Principal arterial 18 16 65 3 76 84 65to100 
Minor arterial 48 41 153 9 229 85 75 to 95 
Collector 62 58 215 5 276 93 87 to 99 
Local 101 74 340 13 463 87 80 to 94 

Fixed distance to constant 
warning time 

Freeway 8 6 23 4 41 63 20 to 100 
Principal arterial 71 58 173 41 329 63 50 to 76 
Minor arterial 72 44 182 24 325 69 55 to 83 
Collector 34 13 76 15 160 45 7 to 83 
Local 79 24 103 23 386 50 22 to 78 
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The effectiveness of upgrades from flashing 
lights of fi xed distance t o gates of c onstant warn
ing t ime was r ather high (77 per cent). Th is is 
actually a s pecial ca se o f t he H xed-distance-to
cons tant-wa rn i ng-time ca tegory . Much o f the e f fec
tiveness is probably caused by the concurrent up
grade in warning dev i ce type from flash i ng lights to 
gates ; p rev i ous work (6) has i ndicated t hat s uch 
upgrades have effec tiveness val ues in t he r ang e of 
70 to 75 percent. 

Influence of Road Class i f ica t i on 

The influence of road classification on warning 
system ef fec tiveness was analyzed to determine 
whether cer t ain roadway types demonst rated different 
warn i ng system e f fec tiveness value s than o t he rs. 
I mplic itly associa ted wi th each ro adway functional 
type would be infor mation a bou t c erta in c ross ing 
cha racte r is tics s uch as average daily traff i c a nd 
urban versus rural environment. For example, Farr 
and Hitz (3) noted that the greater visual con
fusion that confronts motorists in urban areas may 
be r e sponsible for the s ignificantly lower effec
tiveness values for certai n categories of warni ng 
device upgrades at urban cross i ngs . Results of this 
analysis, given in Table 3 and shown in Figure 2, do 
not indicate any trends or significant differences 
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in effectiveness values for either the urban or 
rural road classifications. Some effectiveness 
values are higher than others, but because of the 
large conf i dence intervals attributable to the rela
tively s mal l sample sizes, no significant differ
ences were noted. 

I"nfluence of Cros s i ng Angle 

The effectiveness of crossing warning devices would 
be expected to be re la ted t o t he a ngle of the cross
ing. Dev i ce eff ectiveness s houl d be greatest at 
oblique-ang le cros s i ngs because it i s at these loca
tions that motorists otherwise might not be able to 
detect the crossing in advance. They may also have 
trouble detecting an approaching train because of 
sight obstructions in the vehicle or b ec ause of 
uncertainty in determining where to look alo ng the 
tracks. 

Crossing-angle categories of O to 29 degrees, 30 
to 59 degrees, and 60 to 90 degrees we re analyzed to 
determine their influence on the effec tive ness of 
warning systems. Data on the influence of angle of 
crossing on the effectiveness of warning systems are 
given in Table 4 and s hown in Figure 3. Rev iew of 
the data in Table 4 ind i cates that for two upgrade 
categories, passive to f i xed dis t ance and passive to 
cons tant warning time, e ffect iveness values in the 
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FIGURE 2 Graphical comparison of before-and-after accident rates for active system 
upgrades as a function of road classification. 
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60-to-90-degree-angle category are roughly equal to 
or greater than those in the oblique-angle cate
yoc ies. This is contrary to the hypothesis stated at 
the beginning of this section. As e xpe cted, the 
effectiveness of upgrades in the fixed - distanc e-to
constant-warning-time category was greatest in the 
O-to-29-degree-angle class, in which there was an 
effectiveness value of 68 percent. In most cases the 
confidence intervnls wPrP r~thPr lar0e hecause of 
the relatively small sample sizes. There was an 
overlap in the confidence intervals of the three 

Minor 
Arterial 

Co llec to r Local 

upgrade angle categories; this indicated that there 
was no significant difference between pffectiveness 
values at the 95-percent confidence level, 

Although the lack of any definite pattern as far 
as variation in effectiveness with angle of crossing 
was unexpected , the results may be explained by two 
i terns of i nf ormation not included in the data base. 
The first of these is sight di stance. Sight distanc~ 
ic not quantified in the dala t,., ,.~ aml siyht obstruc
tions (such as vegetation or structures) are not 
noted, The second factor is the direction of ap-

TABLE 4 Influence of Anglr. of Crossing on Effectiveness of Active Warning Systems 

Before Upgrade After Upgrad e 
Angle of 95 Percent 
Crossjng No. of Crossing Crossing Effectiveness Confidence 

Upgrade Category (degree) Crossings Accidents Years Accident s Years Value(%) Interval (%) 

Pa ssive to fixed distance 0-29 189 148 695 29 814 83 77 to 89 
30-59 330 163 1,200 41 1,448 79 72 to 86 
60-90 1,639 940 6,120 188 6,942 82 79 to 85 

Passive to constant warning 0-29 81 57 263 15 379 82 72 t o 92 
time 30-59 75 33 229 9 358 83 70 to 96 

60-90 441 256 1,454 5 1 2,032 86 82 to 90 
Fixed distance to constant 0-29 37 19 75 ]] 134 68 46 to 90 

warning time 30-59 54 32 175 29 333 52 30 to 74 
60-90 321 128 763 103 1,510 59 49 to 69 
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FIGURE 3 Graphical comparison of before-and-after accident 
rates for active system upgrades as a function of crossing angle. 

proach of vehicular and train traffic. Both of these 
factors are important in determining when drivers 
first detect the presence of trains, yet neither is 
included in the data base. 

Influence of Train Speed 

The introduction to this paper alluded to the 
motorist credibility prohlem associated with fix.ed
distance systems at crossings at which there is sig
nifioant variation in train speed. At locations 
where the time interval between signal activation 
and actual passage of the train through the crossing 
is lengthy, some drivers may try to proceed past 
flashing lights or maneuver around crossing gates. 
Because they provide a shorter and more uniform 
waiting time, constant-warning-time systems would be 
expected to be more effective than fixed-distance 
systems at crossings at which there are large varia
tions in train speed. 

It should be pointed out that warning device 
credibility is a function of the track circuit de
sign speed and the frequency distribution of actual 
train speeds. Neither ·variable was considered in 
this study. The inventory data base did not include 
information on track circuit design speed. A pre
iiminary analysis was made of the actual train 
speeds reported in the accident data base. It became 
apparent that, in some cases, the reported speed was 
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not accurate, and many times speed data were not 
reported at all. 

The influence of train speed on the effectiveness 
of warning systems was examined by using three dif
ferent measures. One concept was the speed-differ
ence approach, in which speed difference was the 
algebraic difference between maximum timetable speed 
and typical minimum speed. Second, a speed-ratio 
concept was examined, in which the ratio of maximum 
timetable speed to typical minimum speed was com
puted. It was hypothesized that large speed differ
ences and large speed ratios would be associated 
with high accident rates (or greatest danger) for 
crossings equipped with fixed-distance warning sys
tems. Finally, a maximum timetable speed was used to 
check the effectiveness of the two different warning 
systems, because high speed is usually associated 
with the highest accident rates. 

Figure 4 shows the relationship between train 
speed difference and effectiveness values for the 
three upgrade categories being considered. It was 
recognized that these points do not represent con
tinuous data; nevertheless, this format was chosen 
to make it easier to identify any trends that might 
exist. Although the fixed-distance-to-constant
warning-time upgrade had the lowest effectiveness 
value, it was the only upgrade category to show an 
increasing trend when tested using Spearman' s Rho 
statistical test. This tends to confirm the hypoth
esis stated earlier in this section 1 that is, the 
effectiveness of constant-warning-time systems 
should increase as variation in train speed in
creases. To provide additional insight, graphical 
comparisons of the before-and-after accident rates, 
on which the effectiveness values were calculated, 
were made (see Figure 5). 

Figures 6 and 7 present the relationship between 
speed ratio and effectiveness values for the three 
upgrade categories. Spearman's Rho tests revealed no 
significant trends in any of the upgrade categories. 
To investigate the relationship further, train speed 
ratios were grouped differently than those shown 1n 
Figure 6 (results are not shown here) • There was 
still no significant relationship between train 
speed ratio and effectiveness values. 

The relationship between maximum timetable speed 
and effectiveness value is shown in Figures Band 9. 
Spearman's Rho revealed no significant trends in any 
of the upgrade categories. Thus it was concluded 
that neither speed ratio nor maximum timetable speed 
had art influence on the effectiveness of warning 
systems. 

CONCLUSIONS 

This study carried the analysis of the rail-highway 
grade-crossi.ng inventory and accident data bases one 
step farther than had been done in the past. Rather 
than considering the effectiveness of active warning 
devices in general, effectiveness values were de
veloped for fixed-distance and constant-warning-time 
systems for several different stratifications of 
variables. Upgrades from passive devices to fixed
distance and constant-warning-time systems bad al
most equal effectiveness values--82 and 85 percent, 
respectively. For changes from fixed-distance to 
constant-warning-time systems, the effectiveness 
value was 26 percent. This result tended to confirm 
the hypothesis that constant-warning-time systems 
have greater credibility with motorists than do 
fixed-distance systems. 

Other important conclusions drawn from the study 
are as follows: 

1. Functional 
influence on the 

class of road had no apparent 
effectiveness of warning systems 
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for fixed-distance and constant-warning-time up
grades. 

2. For passive-to-fixed-distance and pass i ve-to
constant-warning-time upgrades, effectiveness values 
in the 60-to-90-degree-angle category were e ssen
tially equal to or s l ightly greater than those in 
the o blique- a ngle categories (approximately 82-per
cent effectiveness ). 

3. As expected, the effectiveness of upgrades in 
the fixed-distance-to-constant-warning-time category 
was greatest for the angle-of-crossing class of O to 
29 degrees, which had 68-percent effectiveness. 

4. A significant relationship was found between 
train speed difference and const a nt-wa rn i ng-time 
systems; that is, system effec tive ness i ncreased as 

the variation in train speeds at a location in
creased. 

5. Train speed, as measured by the speed ratio 
and maximum timetable speed, had no apparent in
fluence on the effectiveness of warning systems for 
fixed-distance and constant-warning-time upgrades. 

RECOMMENDATIONS 

Results of this study suggest several areas in which 
additional research is recommended, These are out
lined in the £ollowing paragraphs . 

Additional research is warranted to analyze the 
DOT-AAR data files to determine if, when normalized 
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by exposure, accident rates at crossings with fixed
distance systems differ from those at crossings with 
constant-warning-t ime systems . Only by normalizing 
the a ccident rates by e xposure (traffic volume times 
train volume) can the credibility issue be ad
dressed. In this way, the hypothesis that accident 
rates at crossings equipped with fixed-distance 
systems would be expected to increase with increas
ing difference between typical train speeds and 
maximum timetable speeds could be tested, 

Similarly, it would be desirable to make the 
comparisons described in this paper for different 
expos ure levels. The authors are c urrently conduct 
ing a nalyses of a c c i den t ra tes by e xpos ur e. Although 
the r esults are not yet i n a fo r m s u itable f or 
inclusion in this paper, it is anticipated that they 
will be published at a later date. 

Another area of future research would be the 
development of statistical models to identify vari
ables that are significantly related to grade-cross
ing a cc ident r ates (normaJ..i zed by exposure) for 
fixed-d i stance and cons tim t -wa r ning- t i me systems. 
Identification of such factors would be useful in 
r efin i ng guidelines or warrants f o r install ing 
fix.ed-d i st1mc e and cons t ant-warning-time sys tems. In 
a ddi tion, the developme nt of capital a nd life-cycle 
costs o f t h e t wo different warning systems would 
prov i de a no t he r source of input for the development 
of installation guidelines. 
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Discussion 

Brian L. Bowman• 

Halkias and Eck are to be commended for identifying 
the need for, and their willingness to conduct, an 
incJ~p~mlent study on the effectiveness of constant
warning-time devices. Determinations on the effec
tiveness of improvements at rail-highway grade 
crossings is a difficult undertaking. The task is 
made complex by the relatively low number of acci
dents that involve trains, the accuracy of requisite 
operational and physical data, and the determination 
of appropriate exposure factors. 

Review of the study effort prompts the following 
comments: 

l. The DOT-AAR Crossing Inventory File was used 
to provide information on crossings for the study. 
This file provides the only means to obtain national 

*Goodell-Grivas, Inc., 17320 west Eight Mile Road, 
Southfield, Mich. 48075. 
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information on the physical and operational charac
ter is tics of crossing without contacting individual 
railroads and states. The inventory requires the 
active support of both railroads and states to main
tain current data. Often this suppor t i s riot as 
universal as desired and changes take place without 
accompanying inventory updates. The result is that 
the inventory, although probably the best tool 
available for obtaining information on crossings, 
does not always contain current and accurate data. 

This problem has been found to be prevalent in 
train speeds, traffic and train volumes, and the 
entry used to designate the presence of train speed 
selection equipment (i.e., constant-warning-time de
vices) • Some of these discrepancies become evident 
when the inventory is closely scrutinized, For exam
ple, the inventory was searched for a ll cross i ngs 
that had (a) a positive response to speed selection 
capabilities, and (bl only passive warning devices, 
This search revealed that more than 201 crossings 
have constant-time-control capabilities in conjunc
tion with passive warning devices. This result is 
contradictory because if train detec tio n equipment 
exists there are probably active wa rn i ng devices 
present at the crossing. 

The authors have recognized these difficulties 
and provided partial control by including only 
crossings with positive r esponses to both speed 
selecti on and active warning, This will serve to 
eliminate the erroneous passive warning entries. 
However, those crossings with active warning devices 
and erroneously coded as having speed selection 
capabilities are still included in the study. Un
fortunately, the only solution to t his p r oblem is to 
verify that the correct combinations of detection 
and warning devices exist on a site-by-site basis. 
This would be a huge task and, possibly, outside the 
scope of the authors' study. Without the verifica
tion, however, it is unknown if we are actually 
analyzing crossings with the desired combination of 
detection and warning devices. 

2. As mentioned by the authors, constant-warn
ing-time devices are intended to prevent train 
accidents that are attributable to driver 
impatience. Therefore, these accidents would be 
characterized by vehicles being impacted by or 
striking the first unit of the train, For e.xample, 
the installation of constant-warn i ng-time devices 
would not be expected to reduce the number of acci
dents in which the tenth consist of the train is 
impacted, This type of accident indicates that (a) 
the vehicle was not stopped at the crossing, (b) the 
d r iver was not subjected to an excessive wait time, 
and (c) driver impatience was not a factor in the 
accident. 

The measures of effectiveness chosen for an eval
ua t i on shou l d have at leas.t a c asual relat i onship 
with the project ob j ectives . Because the s t udy ana
l.y zed total number of accidents without considera
tion to specific accident types, there is an un
certainty as to the proper interpretation of the 
study results. 

3. The authors performed comparisons between 
analysis groups without investigating the need to 
stratify sites by physical and operational charac
teristics. Consideration should have been given as 
to why constant-warning-time devices are installed 
to determine if stratification of analysis sites is 
required. If, for example, the devices are primarily 
installed to alle via t e problems caused by large 
train spee d ratios, then all analysis categories 
should poss ess the same train speed ratio. The fail
ure to stratify creates no problems as long as com
parisons within groups, such as before-and-after 
analysis on the same sites, are performed. If, how
ever, analysis between groups that have different 
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physical a nd o perational c ha racteristics (i.e., 
fixed distance with flashing l igh t s versus constant 
warning with flashing lights) takes place without 
stratification, then the results can be confounded. 
Thus the conclusions of this study, which are based 
on comparisons between groups without investigation 
of the need for stratification of analysis sites, 
should be interpreted with caution. 

4. The authors used confidence intervals to 
infer significance by inspecting the data range and 
to compare data from different populations. The use 
of confidence intervals is good and actually pro
vides more information than only reporting a hypoth
esis test or a significance level. However, statis
tical significance should not be inferred by 
inspect ing the rang e t ha t exists between the con
f idence limits. This range is established by rela
tionships betwee n data items within the analyzed 
sample and the sample size. Observing values outside 
of the confidence band indicates a relatively un
likely event, given the hypot he tical si t uation ana
lyzed. Stating that sign ificance e x is ts bec a use zero 
is not within the limit is misleading. Similarly, 
comparisons of confidenc e limits between different 
analysis groups, with d if fe r e nt phys ical and 
operational characteristics, are confounded and also 
misleading. 

5. The authors hypothesized that the effective
ness of constant-warning-time devices would be ex
pected to be related to crossing angle. Whether this 
would be expected or not is questionable and the 
question is not resolved by the results of this 
study . Cha nge s from fixed-distance systems to 
constant- warning-time systems were analyzed by 
grouping sites with flashing lights a nd sites with 
g at es together. The presence or a bsence o f gate s 
may , however , have a greater i.nfluence o n acc idents 
tha n t he type of train detection c ircuitry . Failure 
to identify the degree of improvement that was at
tributable to constant-warning-time devices and that 
which was due to gate installation precludes any 
conclusions on the e ffectiveness of constant-warning
time upgrades with respect to different crossing 
angles . 

6. The need for using exposure factors, con
sidering both roadway and train volumes, was 
identified by the authors. This is especially 
impo rtant because the analysis consisted of acci
dents occurring during a 7-year period. A consider
able amount of change, both in roadway and train 
volumes, can be expected to o c cur in a 7-year pe
riod. This change shou ld be accounted for by using 
exposure facto rs or controlled by employing either 
comparative or control site experimental plans . Be
cause this was not done in the study, it is not 
known what portion of the observed change is caused 
by the analysis variables and what portion is caused 
by changes in train and traffic volumes. 

In summary, the authors have identified an issue 
that is in need of further research. Constant-warn
ing- t ime dev ices are often i nsta lle d becaus e "every
thing e lse has been t l'.i e.d. • Knowledge about t heir ef
fect ive ness will enable dev ice depl oyment based on 
their p robable effect and not on i ntuitive j udgment. 
This, howeve r, require s a strong exper imen tal design 
to min imize validi t y threats and con f ound i ng ef
fects. The need for a stronger evaluation has been 
identified by the authors, but the resources for 
such an evaluation were probably beyond the scope of 
this study. The applicability of the conclusions and 
effectiveness factors are therefore constrained, and 
caution should be exercised in interpreting the 
study results. 
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Discussion 

William D. Berg• 

The research conducted by Halkias and Eck has re
vealed that the use of constant-warning-time track 
circuits can have a positive influence on safety. 
However, the level of effectiveness that can be 
expected under various real-world conditions remains 
undetermined, Several comments will be offered about 
interpretation of the findings presented by Halkias 
and Eck, as well as about the direction of future 
research in this area. 

Data on the overall effectiveness of constant
warning-time track circuits are presented in Table 2 
and Figure 1. Because the estimated effectiveness 
for upgrades to flashing lights or gates with a 
constant-warning-time track circuit fall within the 
95-percent confidence interval for the corresponding 
upgrades with a fixed-distance track circuit, the 
effectiveness of the track circuit design cannot be 
distinguished from the obvious benefits created by 
the upgrade to an active warning device. For those 
crossings at which only a change in track circuit 
occurred, the confidence interval for the effective
ness factor includes zero for both flashing-light 
and gate systems. Thus, based on the data presented 
by the authors, it cannot be concluded that type of 
track circuit has a statistically s ignificant impact 
on safety. This does not mean that no benefit 
exists, but simply that the data base was not able 
to permit its measureme nt . When the data are aggre
gated over both flash i ng-light and gate systems, the 
estimated 26-percent effectiveness of constant-warn
ing-time track circuits is sig n if icant. This sup
ports the hypothesis that this t ype of track circuit 
can be more effective than traditional fixed-dis
tance designs, but it does not explain under what 
conditions these benefits can be expected to occur. 

Examination of Figures la and b reveals that the 
after-accident rates for both flashing-light and 
gate upgrades are approximately equivalent, regard
less of track circuit design. In addition, the be
fore-accident rates for gate upgrades are larger 
than for the flashing-light upgrades. This suggests 
that the effectiveness of automatic warning devices, 
as measured by the actual change rather than the 
percentage change in accident rate, is principally a 
function of the before-accident rate. Restated, 
automatic warning devices appear to provide a given 
absolute level of safety, and the relative change to 
that level depends on the accident rate that existed 
before the improvement. 

The comparison of the accident rates shown in 
Figure le indicates that constant-warning-time track 
circuits can provide an accident reduction of about 
0,03 to 0.04 accident per year (although as noted 
previously these estimates are not statistically 
significant). In addition, for those flashing-light 
crossings that received an upgrade to a constant
warning-time track circuit, the data suggest that a 
substantially greater accident reduction could have 
been achieved if gates had been installed and no 
change had been made to the track circuit. This 
would certainly be intuitively reasonable. Finally, 
the g£ade crossings represented in Figure le exhibit 
much larger accident rates (both before and after 
the change in track circuit) than the similarly 

*Department of Civil and Environmental Engineering, 
University of Wisconsin-Madison, 1415 Johnson Drive, 
Madison, Wis. 53706. 
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equipped crossings represented in Figures la and b. 
This probably reflects substantially different 
exposure levels, because the former crossings were 
upgraded to active warning devices at an earlier 
time because of high train and traffic volomes. This 
observation also points out the importance of in
corporating exposure in accident rate calculations 
and comparisons. 

The data presented in Figure 3 show that grade 
crossings with acute angles of less than 30 degrees 
are more hazardous that those with larger acute 
angles. As noted by the authors, the principal in
fluencing factor is probably the corner sight dis
tance at the crossing, a factor that is not avail
able in the data base. The implied 52- to 68-percent 
effectiveness for track circuit upgrades is mislead
ing and should be considered unreliable because, of 
the 412 grade crossings in the sample, 54 percent 
involved a concurrent upgrade from flashing lights 
to gate. The effectiveness of this improvement 
virtually obscures the benefits of the more respon
sive track circuit. As noted previously, Figure le 
suggests that constant-warning-time track circuits 
can reduce accident rates by 0.03 to 0.04 accident 
per year. 

The data in Figures 4-9 reveal that speed dif
ference and speed ratio do not provide any useful 
insight into the effectiveness of constant-warning
t ime track circuits. This should not be unexpected 
because the benefits of these train detection sys
tems is due to their credibility, and this is a 
function of the track circuit design speed and the 
range of actual train operating speeds. The speed
difference and speed-ratio variables are poor indi
cators because they rely on maximum train speed 
rather than on track circuit design speed. The 
typical credibility problem occurs when the maximum 
train speed over a crossing is reduced without a 
concurrent change in the track circuit. This causes 
an increase in warning times beyond the desired 
25-sec ti.me interval, therP.hy r.rP.At.ing a situation 
in which there sometimes is more than ample time for 
a motorist to safely traverse the crossing even 
though the warning devices are operating. The 
greater the difference between the track circuit 
design speed and the minimum train speed, the 
greater the credibility problem. A constant-warning
time track circuit virtually eliminates the credibil
ity problem. 

In conclusion, the research conducted by Halkias 
and Eck does tend to confirm the hypothesis that 
constant-warning-time track circuits can provide 
greater safety when con.d i tions warrant their use. 
However, it is doubtful that estimates of the magni
tude of these benefits are necessary for resource 
allocation studies for two reasons, First, existing 
aooidcnt prediction procedure I!! are not suff icieuLly 
accurate to reliably distinguish the small differ
ences in accident rates associated with alternative 
track circuit designs. Second, decisions regarding 
the type of track circuit that should be used at a 
crossing are quite properly a design decision rather 
than a resource allocation decision, Guidelines for 
selecting type of track circuit, as well as place
ment of signals (cantilevered versus mast mounted) , 
are already available (1), Therefore, it is not 
clear that further research on the effectiveness of 
constant-warning-time track circuits will lead to 
useful and implementable results. If additional work 
is to be conducted, it should be based on data that 
include the design speed of fixed-distance track 
circuits and accident rates normalized for exposure, 
and the exper !mental design should use a treatment
control type of before-and-after comparison (~). 
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Discussion 

John S. Hitz• 

Thank are extended to the Committee on Railroad
Highway Grade Crossings for this opportunity to 
comment on the paper by Halkias and Eck. This 
subject is of great personal interest to me hecause 
I have been involved in similar research at the 
Transportation Systems Center (TSC), U.S. DOT, dur~ 
ing the past several years. Comments are addressed 
in particular to determining the effectiveness of 
constant-warning-time devices. 

Efforts to determine the effectiveness of con
stant-warning-time devices are worthwhile. Because 
these devices add significantly to the costs of 
warning device improvement projects, their use 
should be justified by a resultant increase in 
effectiveness, If they can be shown to be cost
effective, then they constitute an additional 
"weapon" in the arsenal of preferred means of 
improving crossing safety. It should be mentioned 
that these devices have additional benefits in their 
ability to improve highway traffic flow, which 
further justifies their use in certain applications. 

The Halkias and Eck study determined an average 
effectiveness of 26 percent for constant-warning
t ime-device additions to flashing 1 ights and gates 
compared with fixed-distance systems. The 95-percent 
confidence interval for this value is quite large, 
however. The true value of effectiveness could lie 
anywhere between 3 and 49 percent. This large 
uncertainty is a reflection of the small amount of 
data available for analysis. However, practical 
insight of crossing safety suggests that these 
devices should have some positive level of safety 
improvement. Increasing the credibility of warning 
devices should result in fewer instances of 
motorists taking risks to avoid long waits at 
railroad grade crossings. Results of a similar study 
at TSC tend to support this notion and are 
consistent with the Halkias and Eck study. At TSC it 
was found that the effectiveness of all flashing 
lights and gates tended to be lower at crossings 
with large variations in train speed. Although the 
results of these studies suggest that constant
warning-time devices are effective, it would be 
desirable to have more confident answers on this 
issue. I would like to provide some suggestions ·on 
how it is possible to move toward this goal through 
further analysis of the available data. Any such 
study, however, must recognize and resolve to the 
extent possible problems with both the quality and 
quantity of the data, 

The limited quantity of data available on con
stant-warning-time devices lowers the confidence 
that can be placed in resulting effectiveness 
values. This problem is aggravated when the data are 
sectionalized to analyze specific factors that 
influence effectiveness, as is inevitably the case. 
Therefore, as much as possible of the data that are 
available for analysis should be used. This can be 
accomplished by concentrating further analysis on 
the data for upgrades from passive devices to lights 
and gates that do and do not include constant-

*Transportation Systems Center, DTS-54, U.S. Depart
ment of Transportation, Kendall Square, Cambridge, 
Mass. 02142. 
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warning-time devices. This is the largest group of 
upgrades and will thus yield the most confident 
results. Halkias and Eck investigated this group but 
found no difference in effectiveness between upgrades 
that did and did not include constant-warning-time 
systems. These results should be investigated 
further by addressing some of the following issues 
regarding data quality. 

Several problems with data quality result from an 
inability of the data to fully describe features of 
crossings that may influence the effectiveness of 
warning devices (e.g., restricted sight distance). 
If constant-warning-time devices are systematically 
chosen for installation at crossings with restricted 
sight distance, the data may reveal the devices to 
have a lower-than-actual level of effectiveness. 
This problem can be minimized by ensuring that the 
two groups of crossings being compared (upgrades to 
fixed-distance and constant-warning-time devices) 
are equivalent in terms of potential for accidents 
before the upgrade. This will tend to control for 
those factors not in the inventory that may in
fluence the hazard leve.l of a crossing and thus the 
effectiveness of warning devices. It is recommended 
that the DOT basic accident prediction formula be 
used because it is the best indicator of the hazard 
level of the crossing before upgrade. This does not 
necessarily require that the crossings in each group 
be categorized into subgroups of equal hazard, which 
would reduce sample sizes. A reasonable requirement 
would simply be that the two groups have the same 
distribution of hazard levels. 

A similar data quality problem is failure of the 
data to describe the full extent of improv!,!ments 
that may take place when a constant-warning-time 
device is installed. For example, flashing lights 
may frequently be replaced with larger, more effec
tive lights at the same time that constant-warning
time devices are installed. With the data available 
it is difficult to determine if resultant safety 
improvements are caused by the improved lights or by 
the addition of constant-warning-time devices. This 
problem will be largely avoided by investigating 
upgrades from passive devices because only new 
lights of similar effectiveness will be involved. 

Another problem with data quality to be addressed 
is the vagueness with which constant-warning-time 
devices are defined. The existence of a constant
warning-time device can only be implied from the 
data by a positive response to the ambiguous ques
tion, Does crossing signal provide speed selection 
for trains? The type of constant-warning-time device 
is not indicated. Many of the devices could be of 
the motion-detector type. These devices are intended 
more to reduce long traffic delays and congestion 
than to provide a constant warning time. Therefore, 
they would tend to have little impact on reducing 
accident statistics, because the crossings involved 
would generally have low-speed switching movements 
and few accidents to begin with. If significant 
numbers of motion detectors are included in the 
data, then the effectiveness results for constant
warning-time-devices could be biased downward. To 
reduce the occurrence of this problem, the con
stant-warning-time-device group should be screened 
to eliminate most motion detectors by excluding 
crossings with large numbers of switch trains or 
primarily low-speed trains or both. 

Regarding train speeds, a more detailed analysis 
of train speed variation should be enlightening. no 
crossings in the constant-warning-time group actually 
have large variations in train speed? How does this 
compare with the same information for the fixed-dis
tance group? One would expect that the constant-
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warning-time group would have the greatest train 
speed variation. When determining the effectiveness 
of a constant-warning-time device relative to a 
fixed-distance device, the comparison should be made 
between locations with equivalent levels of train 
speed variation. The basic question that is being 
addressed is whether constant-warning-time devices 
are more effective than fixed-distance devices under 
conditions of large train speed variations. If level 
of train speed variation is not controlled, the re
sults could be significantly biased. 

Another type pf data limitation results from 
possible changes to crossing characteristics that 
may influence effectiveness after a warning device 
upgrade has taken place. For example, significant 
changes to train and highway traffic could occur 
after an upgrade, thus increasing the likelihood of 
an accident. Anticipated changes in such charac
teristics of crossings may lead to some decisions 
about upgrades. If the inventory does · not account 
for these changes or if they are not considered in 
the analysis, effectiveness results could be biased. 
Unfortunately, this is a particularly difficult prob
lem to overcome. Even if various editions of the in
ventory are analyzed to determine crossing changes 
over time, there is no assurance that the actual 
changes that have taken place have been reported. 

If the precautions that are outlined in this 
discussion are considered, it is possible that the 
results may have a sufficiently high level of 
confidence to be of practical use. In any event, the 
data will have been used for all its useful 
information. The suggestions in this discussion are 
consistent with proposals by Halkias and Eck for 
future work. I wish them success and look forward to 
working with them in these efforts. 

Authors' Closure 

We greatly appreciate the thoughtful and construc
tive reviews made by Hitz, Bowman, and Berg of our 
paper. We agree with their comments concerning 
clarification of certain items in the national data 
base and on the need for a sound experimental design 
(including choice of appropriate variables) in any 
work of this nature. Although we were remiss in 
neglecting certain critical points in our analysis 
( for example, analysis of total accidents without 
consideration of specific accident types) lack of 
resources constrained us in other areas, most no
tably the site-by-site verification of the existence 
of the correct combination of detection and warning 
devices. 

The only specific issue we wish to address con
cerns Bowman's comments on statistical significance 
and comparisons of confidence limits. Stating that 
significance exists because zero is not within the 
confidence limit is valid, as in the case of the 26-
percent effectiveness of fixed-distance to constant
warning-time upgrades at a specified confidence 
level. For situations such as the one encountered 
here, that is, working with ratios, comparisons of 
confidence limits between two sample means are 
appropriate and valid tests, because confidence 
intervals not only provide information on the true 
mean of a sample but are also used as hypothesis 
tests for differences between means. 

We recognize that, in general, our paper may have 
raised more questions than it answered. Although the 
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effectiveness factors developed may not be directly 
applicable at this point in time, the process of 
producing these "first-cut" effectiveness factors 
has resulted in new information regarding the use 
and effect of different types of grade-crossing 
warning devices. We did not mean to imply in our 
recommendations that decisions regarding what type 
of track circuit to use were resource allocation 
decisions. As Berg correctly pointed out, they are 
design decisions, The point to be made is that even 
though the designer may not use the actual quan
tities developed in our work, the insights provided 
by our findings should lead to improved decision 
making. 

Perhaps the greatest value of the paper, and the 
discussion that has taken place relative to it, is 
the explicit identification of data limitations and 
areas in which additional research is needed, It is 
hoped that the identification of these limitations 
will encourage maintenance of a current and accurate 
DOT-AAR Crossing Inventory File and even serve as an 
impetus to making some minor modifications to the 
data base that will enhance its use as a decision
making tool. Identification of research needs should 
prove of interest to both researchers and funding 
agencies. 

Based on the information in this paper and in the 
discussions, the major data base and research issues 
relative to rail-highway grade crossings in general 
and fixed-distance versus constant-warning-time sys
tems in particular have been outlined. These are as 
follows: 

1, The inventory file does not always contain 
current and accurate information, 

2. Certain additional crossing features (mainly 
sight distance and extent of improvements made) 
should be added to the data base. 

3. The definition of constant-warning-time de
vices in the data base needs to be improved. 

4. It is imperative that exposure be incorporated 
into accfdent rate calculations end comparisons. 

5. The use of track circuit design speed rather 
than maximum train speed is needed to provide in
sight into the effectiveness of constant-warning
time systems. 

6. A treatment-control type of before-and-after 
experimental design is recommended for work of this 
nature. 
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7. The comparisons described in this paper 
should be made for different stratifications of 
physical and operational characteristics ( including 
exposure), 

8, In examining device effectiveness versus 
angle of crossing, the degree of improvement at
tributable to constant-warning-time systems and that 
due to gate installation must be determined. 
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Procedure for a Priority Ranking System for 

Rail-Highway Grade Crossings 

TIMOTHY A. RYAN and JOHN W. ERDMAN 

ABSTRACT 

In 1982 the Interstate Division for Baltimore City undertook a study of 19 
rail-highway grade crossings, with the objective of reconunending improvements 
for those crossings. A portion of the study involved the development of a pro
cedure that would rank the crossings in terms of their relative need for im
provement. An equation that considered safety, vehicular delay, and emergency
access problem potential was used as the basis of the ranking procedure. The 
procedure also required the decision maker to quantify the relative importance 
of these three factors. The equation yielded a numerical score for each loca
tion under study. The crossings were then ranked on the basis of their scores. 
The crossing with the greatest score received the number 1 ranking; the rest of 
the crossings were ranked in descending order based on their scores. Although 
the procedure has several weaknesses (which are documented in this paper), it 
was found to be quite useful for the purposes of the study. 

In 1982 the Interstate Division for Baltimore City 
(IDBC) undertook a study of 19 rail-highway grade 
crossings, with the objective of reconunending im
provements for those crossings. The crossings in
volved in the project had been identified by IDBC as 
being important, for one or more of the following 
reasons: 

1. Under existing conditions, severe delays to 
roadway vehicles (especially emergency vehicles) 
resulted from extensive use of the crossing by 
trains, 

2. An unusually high accident rate had been ex
perienced at the crossing, and 

3. Use of the crossing hy trains had been pro
jected to increase because of expanded coal export 
activities at the Port of Baltimore. 

A portion of this project involved the develop
ment of a procedure that would rank the crossings in 
terms of their relative need for improvement. The 
purpose of this paper is to document the procedure 
thus developed. 

RANKING PROCEDURE 

The following general equation was used as the basis 
of the ranking procedure: 

where 

(1) 

total score for a particular crossing, 
normalized value of a parameter of concern, 
and 
weighting given to parameter Xi, such 
that 

1.00 (2) 

[Equations 1 and 2 were proposed by Davis (]J in 
1979 as a technique for evaluating air pollution 
control strategies.] 

The crossings were ranked on the basis of their 
total scores. The crossing with the greatest total 
score received the number 1 ranking, and the rest of 
the crossings were ranked in descending order based 
on their total scores. 

The normalization of each of the parameters was 
accomplished by dividing all values of the parameter 
in question by the greatest value of that parameter 
and then multiplying the value thus obtained by 100. 
The resulting values were dimensionless and were 
between O and 100. This normalization was thought to 
be necessary to maintain a similar level in the con
tribution of each parameter to the total score. It 
was thought that use of a dimensionless term would 
be simpler than attempting to convert all parameters 
into the same units. The limitation that the weight
ing terms must add up to 1. 00 forces the decision 
maker to rank the importance of a parameter relative 
to the other parameters. 

For this project, it was believed that three 
separate elements should be considered in the rank
ing procedure: 

1. The safety of motorists and pedestrians at 
the crossing, 

2. The delay experienced by vehicles at the 
crossing, and 

3. The potential for delay to emergency vehicles. 

Thus Equation 1 became 

ST= cw.ii H + (Wol D + (~) E 

where 

WH = weighting given to the safety parameter of 
the motorist and pedestrian, 

WD weighting given to the delay parameter, 
~=weighting given to the parameter for 

emergency-access problem potential, 
H safety parameter of the motorist and 

pedestrian, 

(3) 
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n delay parameter, and 
E parameter for emergency-access problem 

potential. 

The development of these terms is described in the 
following paragraph. 

The question may be asked: Why bother rating 
crossings at all? Why not develop potential solu
tions for each crossing, and then perform cost
benefit analyses to rank improvements? Ideally, po
tential improvements for each crossing could be 
identified and developed to a level at which mean
ingful cost-benefit analyses could be performed. 
However, such a procedure could be quite lengthy and 
expensive, particularly if the number of crossings 
is large and if grade separations (the costs of 
which are quite site specific) are among the im
provements to be considered. A priority rating 
system can quickly and relatively inexpensively 
identify those crossings that are most in need of 
improvement. Potential improvements for the short 
list of crossings can then be subjected to cost
benefit analyses at a fraction of the cost of per
forming cost-benefit analyses for potential improve
ments for all crossings. 

DEVELOPMENT OF PARAMETERS 

Safety Parameter 

For simplicity, a hazard index was used as a measure 
of motorist and pedestrian safety at each crossing. 
(A hazard index is a numerical value obtained from 
one of several techniques.) The hazard index used 
for existing conditions in this project was the one 
currently used by the Maryland Department of Trans
portation (MOOT). Details regarding this hazard 
index may be found elsewhere (1) • The hazard index 
used for future conditions was also one proposed for 
use by MOOT. Details regarding this hazard index may 
be found elsewhere (3). 

'T'h,o h.::ii,'7;:trn i n~AV- td:IC! nnrm::11 i '70~ by di".!iding all 
values of the hazard index by the greatest value of 
the index and then multiplying all values thus ob
tained by 100. Thus all of the normalized values of 
the hazard index were between O and 100. 
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Dela y Parameter 

The delay parameter was developed as follows. As
sume the existence of a hypothetical isolated rail
highway crossing at which a one-way, one-lane road
way is crossed by one railroad tracK. Let 

A average roadway vehicle arrival rate at 
the crossing (vehicles/time), 

\J average roadway vehicle departure rate 
from a queue of stopped vehicles following a 
blockage of the crossing by a train (vehi
cles/time) , and 

Ts time the crossing is blocked by a train. 

Assume further that, at time To, a train starts ~o 
block the crossing. The length of the queue at the 
end of the blockage is given by 

Qmax = ATs (4) 

where Omax is the length of the queue at the end 
of the blockage (vehicles). 

This situation is shown in Figure 1. The length 
of the queue at any time between To and TR is 
the vertical distance from the time axis to the 
arr i val line. 

At time TR the train completes its blockage of 
the crossing, and the queue of vehicles begins to 
discharge at a rate of \J. However, because vehi
cles continue to join the back of the queue at a 
rate of A, the queue is not completely discharged 
in the amount of time given by Omax/µ. Instead, 
as shown in Figure 1, the queue will be completely 
discharged at time TF i that is, at the point where 
the arrival line and the departure line intersect. 
This point is shown as Point A. 

The time required for the queue to clear com
pletely (T~cl may be found by determining the lo
cution of roi11t A. Assutt1.L i1g that C.he vertical a.xis 
passes through the time axis at TR, Point A is de
fined by the following equations: A= TQCµ and A= 
Qmax + T~cA. By ,rnhAti tntion, 'l'Qcl' = Qmax + TQ2. Re
calling ~hat, 

Ts ------- --,...! 

FIGURE 1 Roadway delay. 
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TQcµ ATs + TQCA 

TQcµ - TQcA = ATs 

TQC = ATs/(µ - A) (5) 

The length of the queue at any time between TR 
and Tp is given by the vertical distance between 
the arrival line and the departure line . At Point A, 
of course, this distance is zero. 

The delay experienced by roadway vehicles as the 
result of a train crossing is equal to the area of 
triangle T0 TRA. This area is given by 

D (1/2) (base) (height) 

(1/2) (Ts) [A (Ts + Tgcl] 

(l/2)ATs(Ts + T9cl 

where Dis the total delay. 

(6) 

The delay experienced by roadway vehicles at any 
rail-highway grade crossing may now be found by 
relaxing the assumptions of the original model. For 
multiple-lane approaches, approach volume per lane 
is used to find D; O is then multiplied by the num
ber of lanes. (This assumes, of course, that the 
approach volumes are equally divided among the ap
proach lanes.) 

If all trains are the same length, total vehic
ular delay may be found simply by multiplying the 
vehicular delay per crossing by the number of train 
crossings. If the trains are different lengths, 
however, the situation is somewhat more complicated. 

A long train obviously blocks a crossing for a 
longer period of time than a short train does (as
suming that the two trains travel at the same speed). 
Thus as the train length increases, Ts increases. 
As Ts increases, vehicular delay increases. How
ever, as noted in Equation 7, delay does not increase 
linearly with Ts, but rather as the square of Ts• 
Recall Equation 6: 

Substituting for TQC from Equation 5, 

D (1/2}ATs [Ts + (TsA/µ - A)] 

(l/2lATs' + { [(1/2)A'Ts'1/(µ - >.)/ 

(1/2)>.Ts 2 
{ 1 + [A/(µ - A)]) 

(6) 

(7) 

The effect of this on the delay computations is 
that delay must be computed for each length of train 
and the results added together to obtain the total 
delay. It should be noted that this model has 
several weaknesses: 

1. The model considers only peak-hour delay, and 
2. The model is deterministic, and thus does not 

take into account variations in roadway and railroad 
traffic flow. 

However, given the accuracy of the available infor
mation needed as input to the model, these limita
tions were not thought to be too severe. 

The delay terms were normalized by dividing all 
values of the delay parameter by the greatest value 
of the parameter and then multiplying all values 
thus obtained by 100. Thus all of the normalized 
values of the delay parameter were between O and 100. 
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Parameter for Emergency Access Problem Potential 

Emergency access problem potential was determined 
subjectively for each location on the basis of a 
consideration of the following factors: 

1. Type of development in the general area of 
the crossing: The type of development was extremely 
important. Residential areas were believed to have a 
greater need for emergency access than did indus
trial areas (assuming that all other factors were 
equal) because of the concentration of population in 
residential areas. 

2. Speed and convenience of alternate route: 
This factor also was extremely important because of 
the desirability of providing a convenient alternate 
route for an emergency vehicle that encounters a 
blocked crossing. 

The emergency-access problem potential term was 
given a numerical value between O and 100, with 0 
being lowest and 100 being greatest. There are two 
major disadvantages with this parameter: (a) the 
value of parameter is determined subjectively, and 
(b) the parameter requires thorough familiarity with 
the vicinity of each crossing and with the probable 
routes of emergency vehicles. 

Weighting Factors 

The weighting terms were determined entirely sub
jectively, subject to the constraint 

as explained earlier. Obviously, the greater the 
weighting given to a term, the more important that 
term is. Once a weighting term was assigned a par
ticular value, it retained that value for all the 
locations under study. (Of course, it would also be 
possible to allow the weighting factors to vary from 
location to location, as long as the summation con
straint is met at each location.) 

The use of the weighting factors requires an 
individual to quantitatively assess the relative 
importance of the various parameters. However, the 
subjective method of determining the weightings 
weakens the procedure. The weighting factors for the 
values are given in the following table: 

~ 
Delay (w0 ) 
Safety (l'ltt) 
~mergency-access problem potential (~) 
Total 

USE AND RESULTS OF PROCEDURE 

Value 
0.25 
0.25 
0.50 
1. 00 

Two scenarios were evaluated in this project: exist
ing conditions and future conditions following an
ticipated expansion of coal export activities at the 
Port of Baltimore. The raw values of the hazard 
index term, the delay term, and the emergency-access 
problem potential term under these scenarios are 
summarized in Table 1. The values in Table l were 
then normalized and placed on a worksheet, along 
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with the weighting factors. The data in Tables 2 and 
3 give the completed worksheets for each scenario. 

Examination of the data in Tables 2 and 3 reveals 
that the rankings of the locations remain relatively 
constant. Waterview Avenue is ranked first under 
bOth scenarios, and rankings 2 through 5 include the 
same four locations, although the order changes. 
Only three locations had their rankings chang e by 
more than one position: going from existing condi
tions to future conditions, Bush Street went from 
ranking 10 to ranking 12; 2600 Hollins Ferry Road 
went from ranking 5 to ranking 2; and O'Donnell 
Street Service Drive went from ranking 14 to ranking 
8. 

Eenhill Avenue receive~ a high ranking (ranking 6 
under existing conditions and ranking 7 under future 
conditions). This may at first be surprising, con
sidering the low normalized delay value and the low 
normalized hazard index at this location. As the 
data in the tables indicate, however, the emergency
access problem potential value is quite high, and 
this is the major contributing term to this loca
tion's total score. 

CONCLUSIONS 

The ranking procedure developed in this project was 
found to be useful in ranking the crossings in terms 

TABLE 1 Raw Values of Parameters 

Hazard 
Location Conditions Index l • 

Warner Street Existing 0.5476 
Future 0.6013 

Ridgely Street Existing 0.3452 
Future 0.3776 

Bayard Street Existing 0.2549 
Future 0.2747 

Bush Street Existing 0.3065 
Future 0.333 2 

2200 Hollins Ferry Road Existing 0.1669 
Future 0.2088 

2600 Hollins Ferry Road Existing 0.3550 
Fut.ure 0.5834 

2000 Hollins Ferry Road Existing 0.1892 
Future 0.2479 

Berlin Street Existing 0.0870 
Future 0.1058 

2000 Annapolis Road Existing 0.2179 
Future 0.2389 

2100 Annapolis Road Existing 0.2210 
Future 0.2561 

Kloman Street Existing 0.1400 
Future 0.1535 

Waterview Avenue Existing 0.6048 
Future 0.6898 

Benhill Avenue Existing 0.1636 
Future 0.2195 

Quarantine Road Existing 0 0944 
Future 0.2146 

Glidden Road Existing 0.1199 
Future 0.2519 

O'Donnell Street Existing 0.2383 
Service Drives Future 1.0524 

Newkirk Street Existing 1.1207 
Future 1.2051 

Ponca Street Existing 0.2399 
Future 0.2951 

Holabird Avenue Existing 0.4185 
Future 0.5165 
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of their relative need for improvement. The proce
dure offers the decision maker the opportunity to 
quantify the magnitude of the problems found at 
various locations, and also allows for the oppor
tunity to quantify the relative importance of vari
ous problem parameters. 

As noted in the paper, the procedure does have 
several weaknesses. The following specific shortcom
ings should be addressed in further study: 

l. A technique for establishing the weighting s 
should be developed. 

2. An objective procedure for determining emer
gency-11cces!! problem potenti11l !!hould be developed. 
Such a procedure should consider quantitatively the 
length of the alternate route and the time required 
for use of that alternate route. 

3. Monetarization of the parameters would be 
preferable to the normalization procedure used in 
this project. 
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Emergency-
Hazard Peak-Hour Access Problem 
Index 2b Delay Potential0 

0.2541 829.9 10 
0.2584 1,256.8 10 
0.0614 323.l 20 
0.0643 489.5 20 
0.0477 89.2 so 
0.0502 135 . J 50 
0.2252 278 I 50 
0.2288 421.0 50 
0.2103 99.3 100 
0.2180 197.5 100 
0.0587 194.7 85 
0.0735 584.7 85 
0.0457 135.8 100 
0.0519 432.5 100 
0.1914 9.9 25 
0.1958 o3 .0 25 
0.3838 182.4 40 
0.3876 317.3 40 
0.3804 49 .7 40 
0.3860 317,3 40 
0.2072 158 .2 60 
0.2099 275.6 60 
0.0822 1,083.7 80 
0.0865 1,248.5 80 
0.0387 9.6 90 
0.0482 74.8 90 
0.0268 3.3 85 
0.0493 I 01.4 85 
0.0329 8.5 85 
0.0589 251.4 85 
0.0347 402.9 30 
0.0910 661.9 30 
3.8770 119.3 70 
3.9144 286.6 70 
0.0509 118 ,9 70 
0.0573 381 .l 70 
1.2540 105.6 5 
1.2876 339.7 5 

8 Based on current MOOT technique; assumes al1 trains are day trains. 

bBased on proposed MDOT technique; assumes alJ trains are day trains. 

cBesed on subjective weighting by proj~ct team. 



TABLE2 Location Ranking: Existing Conditions 

Weighting of Normalized 
Emergency- Emergency-

Weighting Normalized Access Access Emergency-
of Hazard Hazard Hazard Weighting No rmalized Delay Problem Problem Access Total 
Index Index Score: of Delay Delay Score: Potential Potential Score: Score: Project 

Location (Wtt) (H) HS= WH • H (Wo) (D) DS = Wo • D (WE) (E) EAS= WE• E HS+ DS + EAS Ranking 

Warner Street 0.25 48.9 12.2 0.25 76 .6 19.2 0 .50 10 5.0 36.4 11 
Ridgely Street 0.25 30.8 7.7 0.25 29 .8 7.5 0 .50 20 10 .0 25.2 17 
Bayard Street 0 .25 22.7 5.7 0.25 8.2 2. 1 0.50 50 25 .0 32.8 13 
Bush Street 0.25 27.3 6.8 0.25 25.7 6.4 0.50 50 25 .0 38.2 10 
2200 Hollins Ferry Road 0.25 14.9 3 .7 0.25 9.2 2.3 0.5 0 100 50.0 56 .0 4 
2600 Hollins Ferry Road 0.25 3 1.7 7.9 0.25 18.0 4 .5 0.5 0 85 42 .5 54.9 5 
2000 Hollins Ferry Road 0.25 16 .9 4 . 2 0.25 12.5 3. 1 0 .50 100 50.0 57.3 3 
Berlin Street 0.25 7.8 2.0 0.25 0.9 0 .2 0 .50 25 12.5 14.7 18 
2000 Annapolis Road 0 .25 19 .4 4 .9 0 .25 16 .8 4.2 0 .50 40 20 .0 29.1 15 
2100 Annapolis Road 0 .25 19.7 4.9 0.25 4 ,6 1.2 0 .50 40 20.0 26.1 16 
Klaman Street 0 .25 12.5 3 .1 0.25 11.8 3.0 0 .50 60 30 .0 36.1 12 
Waterview Avenue 0.25 54.0 13.5 0.25 100.0 25.0 a.so 80 40 .0 78.5 I 
Benhill Avenue 0,25 14 .6 3.7 0.25 0.9 0.2 0.50 90 45 .0 48.9 6 
Quarantine Road 0.25 8 .4 2. 1 0.25 0 .3 0 . 1 0 .50 85 42 .5 44.7 8 
Glidden Road 0.25 10.7 2.7 0.25 0.8 0 .2 0.50 85 42 .5 45.4 7 
O'Donnell Street 

Service Drive 0.25 21.3 5 .3 0 ,25 37.2 9.3 0.50 30 15 .0 29 .6 14 
Newkirk Street 0.25 100.0 25 .0 0.25 11.0 2.8 0 .50 70 35 .0 62.8 2 
Ponca Street 0.25 21.4 5 .4 0.25 11.0 2.8 0.50 70 35 .0 43.2 9 
Holabird Avenue 0.25 37 .3 9.3 0.25 9.7 2.4 0 .50 5 2 .5 14.2 19 

TABLE 3 Location Ranking: Future Conditions 

Weighting of Normalized 
Emergency- Emergency-

Weighting Normalized Access Access Emergency-
of Hazard Hazard Hazard Weighting Normalized Delay Problem Problem Access Total 
Index Index Score: of Delay Delay Score: Potential Potential Score: Score: Project 

Location (Wtt) (H) HS=Wtt • H (Wo) (D) OS= Wo • D (WE) (E) EAS=WE•E HS+ OS+ EAS Ranking 

Warner Street 0.25 49.9 12.5 0.25 100 .0 25.0 0.50 10 5 .0 42.5 II 
Ridgely Street 0.25 31.3 7.8 0.25 38 .9 9.7 0.50 20 10.0 27.5 17 
Bayard Street 0.25 22 .8 5.7 0.25 10.7 2.7 0.50 50 25.0 33.4 14 
Bush Street 0.25 27.6 6 ,9 0.25 33.5 8.4 0 .50 50 25 .0 40.3 12 
2200 Hollins Ferry Road 0 .25 17.3 4 .3 0 .25 15 .7 3.9 0 .50 100 50.0 58 .2 5 
2600 Hollins Ferry Road 0.25 48.4 12 .1 0.25 46 .5 11.6 0 .50 85 42 .5 66.2 2 
2000 Hollins Ferry Road 0 .25 20.6 5.2 0 .25 34.4 8.6 a.so 100 50.0 63.8 4 
Berlin Street 0.25 8.8 2.2 0 .25 5.0 1.3 0 .50 25 12.5 16 .0 19 
2000 Annapolis Road 0.25 19.8 5.0 0.25 25.2 6.3 0 .50 40 20.0 31.3 16 
2100 Annapolis Road 0.25 21.3 5.3 0.25 25.2 6.3 0 .50 40 20 .0 31.6 15 
Klaman Street 0 .25 12.7 3.2 0.25 21.9 5.5 0.50 60 30.0 38.7 13 
Waterview Avenue 0.25 57 ,2 14 ,3 0.25 99.3 24.8 0 .50 80 40.0 79.1 1 
Benhill Avenue 0.25 18.2 4.6 0 .25 6.0 1.5 0.50 90 45.0 51.1 7 
Quarantine Road 0.25 17 .8 4.5 0.25 8.1 2.0 0 .50 85 42.5 49.0 9 
Gildden Road 0.25 20.9 5 ,2 0 ,25 20.0 5.0 0 .50 85 42.5 52.7 6 
O'Donnell Street 

Service Drive 0.25 87.3 21.8 0.25 52.7 13.2 0 .50 30 15.0 50.0 8 
Newkirk Street 0.25 100.0 25.0 0.25 22.8 5.7 0.50 70 35 .0 65.7 3 
Ponca Street 0.25 24.5 6.1 0 .25 30.3 7.6 0.50 70 35 .0 48.7 10 
Holabird Avenue 0.25 42.9 10.7 0.25 n.o 6.8 0.50 5 2.5 20.0 18 
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