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CBAPTER VIO

DISCUSSION AND CONCLUSIONS

Rear~end collisions are a serious problem On eXPressways
and freeways, The high percentage of this type of accident has been mostly
considered to be related fo the pattern of driving and the relative risk
accepted by the majority of drivers in car-following situations., Therefore,
an attempt was made in the foregoing_study to evaluate the degree of
traffic safety in bal‘mfollowillé‘ by testing real world data aé;amsf safe

spacing criteria,

8.1 Safe Spacing Concepts and Recommendations

Basic Assumptions

Two different criteria of safe spacing We.re introduced {o
provide a measure for analyzing traffic safety in car—follo.wing. Assumptions
had to be made to simplify the complex car~following problem and to give
reasonable approximations of most existing conditions for the car-following
situation.

Both the absolute and marginal gafety concept were based
on the as Sumptioln of one lane traffic with no possibility to switch lanes.,
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Even on multilane expressways with dense traffic, these conditions are
quite comunon as discussed by Herman(30) in an investigation of the car-
follow'ing model, Principally, however, the possibility to avoid a rear—end
collision by changiﬁg the lane is dependent on the traffic density in the
adjacent lanes, As depicted in Figure 25, only 5 out of 48 vehicles
switched on to thé inside lane investigated in this stuc_ly,

The following assumptions, of a car-following model with énly
fwo cars following each other under uniform conditions were used in this
investigation: |

1. Both vehicles fravel at abo.ut the same velocity.

2. Road conditions are identical for both vehicles'.

3. Deceleration patterns are similar for both vehicles.
Though the car-«following model has been proven to provide a valid
description of traffic flow, it seems 10 be questionable whether traffic
safety in car-following can be comprehensively analyz_'.ed by safe spacing
criteria based on a simple {wo-car model. |

The variance in human responses, road conditions, and

vehicle capabilities, are important factors in rear-end collisions. Traffic
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dynamics and the propagations of disturbances in heavy traffic are considered

to be determining factors in chain collisions, Mosi frequently in chain
collisions, the first vehicle stopped in an emergency is not involved in a

collision with the immediately following car, but the third and fourth vehicle
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ave implicated.
However, though both concepts of absolute and of marginal
safety' do not consider the degree of variance in real life conditions, they
can be considered to establish valid boundaries for the coméarison by which

the relative degree of safety in car-following situations can be tested,

Theoretical Safe Svacing

The absolute as well as marginal safety critervion of this
study resulted in a continuously widening envelope of safe spacing with
increasing velocities (Figures 8, 9, and 11), The concepts were based on
ranges of coefficients of friction obtained by the Stoppil1g distance method
and reaction times between 0.7 anci 2.0 seconds.,

Th;e literature review revealed that the methods and results
of friction measurements differ quite considerably.' It was found that the ‘
field of skid-prevention research is characterized by a multitude of
different testing equipment and methods and by little effort to coordinate
the measurements of the various researchers, and to establish standards
for testing methods. For the purposes of this study, it was necessary to
set up friction ranges in relation to velocity and fo accounf.; for the variety
of factors most commonly found to influence ﬁze stopping capahility of
vej;nicles.,

No valid correlation between friction ranges obtained by

the {railer method and friction values based on the stopping distance method
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has been established, The frictional data obtained by ’F11e stopping distance
method were used fo compute safe spacings, since this method - similar
to the absolute safety concept of this study - most clearly represents the
conditions .of panic stops with locked wheels,

Figure 12 shows that the spacings calculatéd for safe conditions
and dry pavement agree with the stopping distances by Normann (4)
and Starks and Lister (26)‘whereby Stark-Lister's distances are only
valid up to 60 mph, The comparative analysis indicated that Normann's
average experimental distances (for a sample of 53 drivers) approach
the safe spacings basé& on the lower limit of the friction range (Figure 5)
at velocities over 60 mph., Normann's 85-percentile curve (Figure 10)
pfesented bralking distances; whicl are by far higher than the stopping
distances computed from the friction ranges of Figure 5, espec_iaily for
velocities above 60 mph., Thus it is concluded that Figure § denotes too
high friction values a;s to be representative for actual braking decelerations
of 85 percent of the drivers,

Figure 9 illustrates that the inﬂ_uence of wet pavement
conditions is very p‘ronounoed. Drivers should maintain spacings which
are about 1,5 times the distances required for dry road surfaces. Wet
pavement conditions affect the required safe spacing more . distinctly
than an increase of reaction times from 0.7 to 2,.0. seconds,

It the case of marginally safe conditions, all vehicles are



assumed to produce the same rate of déceleration. The concept of
marginal safety results in linearly increasing spacings with increasing
velocities since speed enters the equation for marginally safe spacing
as a lineax factor, Spacings are the same for dry as well as wet pavement
conditions. |

Thus, conditions assumed for the absolute safety concept
require the consideration of the friction between tire and surface and of
the influence of velocity, The mz'u:ginal‘ safety criterion requires
spacings mainly depending on the reaction time of drivers and the time

lag in propagating disturbances.

Recommended Safe Spacir.ag.

As shown in Figure 11, there ié no simple rule of thumb which
can. be considered to be valid for safe spacing or for all conditions in
car~-following situations.

The American recommendation of one car length per 10 mph
increment in velocity is represented by curves similar to the marginaiiy
safe concept, The reaction time of drivers, however, is not considered a
determining factor, The ‘I;luropean rule of 10 meters per 10 km/h increment
in velocity resulfs in distances which are larger for ‘velooities below
50 mph than the required spacing for the concept of absolute safety and
too small for velocities in excess of 50 mﬁh, The -secén-d European

recommendation, similar to the absolute safety concept, presents mean
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values of the absolute safety concept, This recommendation, however, does
not provide a simple rule for the American driver since it is based on the

metric system of measurement.

8.2 Traffic Flow and Traffic Safely

A major problem of today's traffic condition is how to
increase traffic flow and how to improve traffic safety at the same time,
An attempt was made in Chapter V of this study to determine the consequences

of the safe spacing criteria on the fundamental parameters of traffic flow.

Relationships of the Fundamental Flow Parameters

The deduotion. of the relationships betweenvélume, density :
and velocity from headway models or safe spacing concepts is not new (36).
The basic difference between the ¢~k~v relationships of this study
(Figures 13~20) and the flow diagrams of early reseavchers (Highway
Capacity Manual, 1950) is the inclusion of a‘variety of factors affecting
traffic safety in car-following by the use of safe and marginally safe
headways which were based on realistic ranges of reaction times and
coefficients of friction.

Maximum flows betwesn 1000 and 1900 veh/h/lane were
found for

1. velocities hetween 16 and 20 mph, and

2. dengitites between 40 and 120 veh/mils



depending on the reaction time and the coefficients of friction.

Traffic volunes deduced from headways based on low
coefficients of friction, prevailing with wet pavement conditions, are
lower than volumeé for higher Iriction values with dry pavements,

This explains.the fact that traffic flow is more likely to break down .
when the pavement is wet and volwmes experienced with dry pavement
conditions cannot be mainfained at similar velocities,

For the safe as well as marginally safe condition, trafficr
flows are strongly dependent on the reaction times of drivers;. The
shorter the reaction time, the higher the volumes, For the concept of
marginal safety and most common car-following velocities (up to 60 mph),
tﬁe flows based on uniform reaction times of 0,7 seconds are 2.5 times
higher tha_n the traffic volumes possible for reaction times of 2.0 seconds.,
Even the absolute safety concept results in an increase of traffic flow of
30 to 70 percent with reaction times reduced from‘z., 0 to 0.7 seconds.
Hence, on an automatically conirolied higliway, traffic flow éould be .
considerably increased - by eliminating thel retarding effect of driver

reaction times.

Traffic Flow Models and Safe Spacing Criteria

The traffic flow models of Greenshields and Greenberg have
been compared in Figure 21 with the volume~density relationship deduced

from the absolute safety concept, The comparison was based on the
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assumption that the fundamental parameters of the models expressed by
average statistical g, k, v values cén be considered as uniform parameters
as lntroduced by the absolute safety criterion. This assumption appears
to be justified when regavrding traffic flow from a macroscopic viewpoint,
There is no difference beiween the atlempt to describe the sum of individual
vehicle movements, known as traffi.c flow, by average flow parameiers,
and the approach to describe traffic flow by assigning wiform velocities
and headways to the individual vehicrles and their movermenis.

Both models indicated spacings which were larger than the
spacings required by the absolute safety concept, Since it has iaaen
established from the dats of this study that vehicles do not generally maintain
these large spacings, but are trave.lling in platoons with iong distances
between these platoons, the problem of improving traffic safety in the
car-following situation without decreasing traffic flow is réduced {0
the problem of "distributing" veﬁicles along the highway with sufficient

"safe' spacings in between,

8.3 Degree of Safety in Car~following

Five safe spacing sets for dry pavement conditions were
selected to analyze car~following data . obtained by phéto grammetric
techniques on the northbound inside lane of an 6800 foot urban section of

Interstate Highway 71 in Columbus, Ohios:



Absolute Safety Concept:
Al and Az : reactio'n times 0.7 and 2,0 seconds,upper
and lower friction limit (Figure 5).
Marginal Safety Concepl:
JB1 and B2 : reaction times 0.7 and 2,0 seconds
Amenrican Safe Spaciné Recommendation:
R: one car length per each 10 mph.
The pertinent results have been listed in Chapter VI, It
can be concluded that
1. about 90% of the drivers consider criterion B4 as the
minimum safety criterion in car-following,
2, about 60% of the drivers implicitly aeoept the
recommendation R for safe spacing,
8, safe spacings bhased on the absolute safety criteria
Aq and AZ, are maintained for 10 and 30%,
. respectively, of the driving time and are travelled
by 40 and 4 bercent of the driﬁt_ars, respectively,
4. there is a distinct minimum safety range for
velocities between 30 and 40 mph.
Only the fourth conclusion can be compared with data from the
literature gince tﬁe approach of this study is new and since it was the first

time that car-following data both in space and in time were available for
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. a whole platoon of cars travelling along a {reeway. Solomon (43)
investigated traffic accidents as related to travel speed from accident
reporis (Figure 80). He found the lowest involvement rate for velocities’
between 60 and 70 mph and steeply increasing accident rates for velocities
'below 40 mph:. Thus, the number of accident~involved drivers per 100
million vehicle miles increases about 2.3 times from 50 mph to 40 mph
velocity, and about § times from 50 mph to 30 mph travel speed.

Solomon's results agree with the findings of this study as
depicted in Figure 2.9'. The min?mum safely range between 30 and 40 mph
depending on the safety criterion corresponds to the steep increase of
accidents below 40 mph as shown in Solomon's figure, Til@ increase of
safety faciors for velocities akove 4‘5 mph accords with decreasing involve~
menf r&l‘tes"‘fbr velocities over 40 mph reaching a minimum at about 65 mph,

Velocities over 60 mph were not covered by this study, and
mere studies will be necessary;. A speed limit of 60 mph has heen imposed
on the investigated urban section of 1 71 where, close to the downtown area
of Columbus, high traffic densitigs oceur, Therefore’, insufficient dats

were obtained in the speed range exceeding 50 mph.

8.4 Recommendations

Further research is recommended to verify the findings. of
~ this study which in this form have been obtained for the first time. It is

therefore suggested:
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1. to extend car-following studies to 'other highways,
2. to extend investigations on traffic safety as related
to velocities in excess of 50 mph.
3. to explore .the ”degrree of unsafety''or the
severity of possible rear-end collisions in car-
following situations with special régard fo safety factora;

below 1.0,
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APPENDIX FOR "SAFETY CRITERIA IN CAR~FOLLOWING

SITUATIONS FOR FREEWAY TRAFFIC!
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Table 5 : Unsafe Driving Time of Individual Vehicles

Vehicle No.,

Total Observation

Unsafe Driving Time

Time (in % of Total Observation Time )
(sec.) Aq Ay B 1 By R
207 6 0 100.0 0 66,6 0.
208 10 160.0 100.0 0 100,0 100.0
209 20 0 75.0 0 50,0 0
210 5 0 100,06 0 . 66.7 0
211 40 93,4 100.0 6.7 100.0 33.3
212 45 31.3 100.0 0 §7.5 . 0
213 " 60 87.5 100,0 43.4 81.5 52,
214 66 52,1  95.6 0 78,1 26.0
215 57 28.6 76.3 0 57.2 0
504 16 83.3 100.0 83.3 83.3 50.0
216 85 27.6 79,4 13.8 65.5 27.6
217 85 33,3  90.0 0 76.6 3.3
218 43 68.9 100.0 6.2 93.8 68,9
220 105 7.1 94,2 0 94,2 74,3
221 110 47,2 97.2 0 89.5 21.0
222 113 53.9 94,9 2,6 94.9 38.5
223 113 27.5 97.5 0 90, 0 2.5
9224 117 39.0 80,5 0 63.5 24.4
219 117 - 67.5 100.0 - 10.0 92,5 37.5
295. 126 8.2 75,0 0 38. 6 0
811 23 54,6 100.0 18.2 91,0 54,5
237 129 93.0 100.0 16.3 100.0  20.9
226 127 67.5 95.5 0 90.6 53,4
524 124 64.2  $0.4 23.8 88.1 38,1
227 130 93,1 100.0 56.% 100.0 95.4
228 130 34,1 86.3 0 65.9 15,9
229 130 86.5 100.0 34,1 - 100.0 77.2
30 180 84.1 97.6 40.% 97.6 12,7
231 130 0 - 13,6 0 0 0
526 10 76,0 100.0 0 100.0 © 50.0
831 40 0 78,6 -0 42,9 0
232 130 78.6 95,1 11.¢ 88.1 50,0
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Table 5 ( Continued)

Vehicle No, | Total Observation Unsale Driving Time

Time (in % of Total Observation Time )
(sec.) Ai_. A2 Bl BZ R

233 130 11.9 85,86 0 26,2 0
234 130 38,1 97,6 0 §8.1 2.4
35 129 83,3 97,6 16,6 97.6 76.1
236 130 100.0 100,80 11,9 100,0 70,1
238 125 47,5 95,0 0 81.0 21.4
239 125 90.0 100.0 35.0 97,5 80.0
240-- 111 39.5 97,4 0 65.7 13,1
241 78 88,4 100,0 80,7 100.0 46,1
243 62 55.2 95,8 0 91.8 79,1
245 59 81.7 95,3 4,6 95,3 45,6

244 42 23.5 88,3 0 47,0 . 0
245 29 63.6 90,9 0 81.7 9.1
246 il 60,0 100.0 0 100.0 20,0
247 . 9 100.0 100,0 O 100,0 100.0

248 8 25,0 100.90 0 100.0 0
249 6 100,0 100.0 0 100,60 100.0

Average .
78 71.23 90.89 106,97 80.28 37.08

-
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Table 6 : Average Safely Factor for Individual Vehicles

Vehicle No,| Total Observation Average Safely Factor
Time
(sec.) Al A2 . B, B, R
207 ’ 6 1.39  0.68 2.74 0,95 1,58
208 10 0,69 0,34 1,34 0,47 0,82
209 20 1,85 0,91 3.68 1.26 2.21
210 | 5 1,26 0.68 3,17 1,12 1.92
. 211 4.9 0.76 0,37 1.43 0,50 1.04
212 45 .20 0,58 2,31 1.00 1.41
213 60 0,60 ~0.30 1.32 0.47 1,02
214 86 1,03  0.51 2.13 .0.74 1,54
215 57 1,77  0.85 3,38 1,18 2,17
504 16 0.0  0.37 . 1.68 0,58 1,22
216 85 1.19  0.58 2.33 1,12  1.33
217 86 - 1,37 0.64 2.56  0.90 1.49
218 43 0.88 0,41 1.67 0.8 0.96
220 105 0,98 0,44 1,73 0,59 1.04
221 110 .21  0.56 2.22 0.78 1.29
222 118 1.03  0.45 1.85 0.65 1,10
223 113 1,81 0.85 2,32 0,98 1.34
224 - 117 1,85 0,65 2.65 1.11 1.54
219 117 0.92 0.43 1.68 0.58 1.13
- 295 126 1,59 0,78 3,17 1,11 2,14
811 23 .15 0.53 2.01 0,69 1.38
237 129 0.69 0.34 1.41 0.30 1,25
226 127 1.0l 0.48 1,92 0,70 1,11
594 124 .18 0.51 1,90 0,66 1,29
227 130 0.56 0.25 1.00 0.35 0,59
228 130 1.36  0.65 ~ 2,70 0.94 1.56
229 130 ' 0,72 0,34 1.32 0.456 0.77
230 130 0.65 0.83 1,12 0.44 0.86
231 130 2.71 1,30 5,17 1.81 3.53
526 : 10 0.87 0,43 1.65 0,58 1.01
851 : 40 1.57  0.78 3,14 1,10 1.82
232 130 0.93  0.44 1,75 0,61 1.13
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Tabhle 6 ( Continued)

Vehicle No.| Total Observation Average Safety Factor
Time
{sec.) Ag AZ Bq B'z R
233 130 .71 0.82  3.32 1,16 2,02
234 130 1,16 0.56 2,31 0.81 1,70
235 129 0.72 0,36 144 0.51 0,98
236 130 0,63 0,31 1.30 0,45 0.83

238 ' 125 1,10 0.55 2.21 0,77 1.28
239 195. 0,92  0.32 1,32  0.46  0.73
240 111 1,23 0.62 2.55  0.89 . 1,48
241 78 0.73 0,86  1.46 0,51  1.09
243 62 0,96 0,47 1,89 0,686 1,33
242 59 0,91 0.43  1.92 0,56  1.09
244 42 .59 0,72 2.76  0.87  1.88
245 29 1,06  0.52 2.08 0.72 1,34
246 11 0.87 0,52 . 1,91 0,87 1,25
247 9 0.60 0.31 .1.28° Q.45 0.73
248 8 1.06  0.54 2,26  0.79 1.38
2489 6 0.6 0,34 - 1.37 0.48  0.88






