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Most people are aware of extreme cases of roughness, 
such as the potholes and bumps shown in Figure 1. 
The effect of these surface irregularities on safety 
is widely recognized. The hazard of a washboard 
road (Figure 2), where a driver can lose control of 
a vehicle at high speeds, is readily understood. 
However, the transition of a roadway from a smooth 
surface to a rough one (Figure 3), which may give a 
driver difficulty in controlling his vehicle, can be 
more subtle in its influence on safety. By violat
ing driver expectancy, a road that is differentially 
rough may be less safe than a uniformly rough road. 

Studies of the effects of roughness on vehicle 
handling characteristics were conducted in 1972 by 
Quinn and Hildebrand (1_,]), by Brickman et al. (]), 
and by Wambold et al. <i>• These studies demonstrate 
that pavement roughness had an effect on the tire
pavement friction available to the vehicle. The 
Quinn and Hildebrand study demonstrated the effect 
of pavement roughness on steering, and the study by 
Wambold et al. demonstrated the effect of pavement 

FIGURE 2 Road with washboard sections (control may be lost at 
speeds greater than 35 mph). 

FIGURE 1 Potholes and bumps in combination. 
FIG URE 3 Relatively smooth road suddenly changing to a rough 
downhill section. 
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roughness on traction. The relation between road 
roughness and accident risk was reported by Parr in 
1973 (2_). In 1975 Hutchinson et al. (_~) reported 
that: t:rar.t.ion ;,. highly nPpennent nn thP "n""n "t 
which a driver traverses a rough road i thus when 
frictional measurements are made at speeds other 
than the test speed, road profile data should be 
considered. Therefore, frictional predictions with
out profile considerations can result in gross er
rors. In 1976 Ivey and Griffin (_2) reported on the 
relationship between road surface failures and acci
dent causation. In that paper a group of engineers 
ranked a number of surface conditions in relation to 
safety, based on their understanding of vehicle dy
namics, potential surface conditions, and experi
ence. According to that ranking, washboarding, or 
corrugated surfaces, was a leading condition per
taining to the pavement surface that affected safety. 

In 1977 Magnusson and Arnberg (J!) reported that 
road roughness affects a driver's ability to collect 
information and carry out intended maneuvers; and 
roughness also forces the effects of external dis
turbances. They also reported that a person's abil
ity to perform motor tasks has been shown to be re
duced by vibrations, but it is not known to what 
degree the findings are applicable to vibrations en
countered on a rough roadway. In 1977 Bohn and 
Dunkle (_~) and in 1980 Kuehne and Bohn (10) simu
lated the effects of road roughness on pavement 
loading and traction. Although the way roughness 
reduces available pavement friction was illustrated, 
it was determined that a better tire-road model 
would be . required to achieve accurate quantitative 
results. In a recent paper Burns (11) concluded that 
roughness ·affects safety in many ways, and it needs 
to be considered in any evaluation of pavement safe
ty. He noted that roughness can reduce the steering 
and braking force and can significantly affect the 
controllability of a vehicle. Washboarding surfaces 
and reoeated cvclinq undulations of the surface can 
cause 

0

signific~nt c~ntrol problems and can shake a 
vehicle, thus causing it to lose part of its load. 
In another paper Molenaar and Sweere (12) concluded 
that rough roughness appears to have a marked effect 
on road user safety. 

A study currently under way at the Pennsylvania 
Transportation Institute makes use of a circular 
track developed by R.R. Hegmon. This track has been 
modified so that roughness of a known amplitude and 
wavelength can be inserted in a wheel track. Testing 
is currently being conducted to evaluate the full 
suspension of a vehicle. The first series of tests 
involved the use of a vehicle front end to evaluate 
the changes in traction as a function of the ampli
tude and wavelength of the roughness. Future studies 
will involve not just circumferential traction, but 
also cornering forces. A separate study has resulted 
in the installation of a roughness calibration fa
cility that will allow further investigation of the 
effects of roughness on traction. 

One factor that is probably the least understood 
is the effect of vehicle ,tibration induced by road 
roughness on driver performance. It has been re
ported by human factors researchers that continuous 
exposure to vibration may induce fatigue, which may 
in turn be a factor that contributes to accidents. 
To date, no direct relationship between road rough
ness and fatigue-related accidents has been estab
lished. The International Standards Organization 
( ISO) standards provide a link between vibrations 
and fatigue, but the link between fatigue and high
way safety is still missing and is perhaps a subject 
that might be pursued in further research. 
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Potholes 

Holes in the pa'.rement ha, . .Te to be a foot 
or more long and wider than a tire to be 
hazardous. If a driver claims his ve
hicle was thrown out of control by a 
small hole, treat this statement with 
suspicion and look for driver actions 
which may be contributing factors, such 
as cutting back into lane after over
taking.... A vehicle can be turned over 
by hittin<J iii chuck hole without si')ml on 
either the tire or the hole, especially 
when the edges of the hole are rounded. 

With this statement Baker (13) gave credence to the 
danger of holes--a major example of discontinuities. 
Whether called pothole, chuck hole, or any other 
colloquialism, the nature of such a hole is to be 
hard on tires, vehicles, and drivers' tempers. But 
are they a significant dirsct thraat to safety? This 
alleged influence on safety may be highly inflated 
by many accident reports that reflect driver frus
trations and excuses. 

Accident reports state that holes are a causative 
factor in many accidents. In 1976 Ivey and Griffin 
(_2) reported a rank ordering of roadway disturbances 

h~RPc=t nn l c; _ Qf:iA ;:tit""~; n,::ant-R ; n Nnr+-h r.::.rnl; n.::t. - Hole 
was mentioned in 34 reports that ranked hole sixth 
out of 19 disturbances behind the key words water, 
dropped, soft, curb, and edge. In a Delphi ordering 
developed by the same authors, holes ranked eigh
teenth out of 20 disturbances. 

In 1977 Klein et al. (14) completed a study of 
the influence of roadway disturbances on vehicle 
handling. The accident data cited were difficult to 
interpret because of the extremely small sample size 
from each source. As part of this study a question
naire was sent to thf! mf!mher,,hip of the Ant:omobi le 
Club of Southern California. Twenty-eight percent 
(1,412 individuals) responded. Holes ranked third 
out of 13 identified disturbances in terms of a 
driver's perception of hazard. It appears that, 
whether justified or not, holes are clearly per
ceived to be a significant threat to safety. It is 
also clear that this public perception is not shared 
by many engineers who have significant knowledge of 
vehicle handling and stability characteristics. 

To clarify this apparent difference in opinions, 
Zimmer and Ivey (15) conducted a series of con
troll,ed vehicle-hole interaction experiments. With 
holes as large as 3 ft long (diameter) and 7 in. 
d~ep, the stability of vehicies was not affected. 
That is, the trajectory, or vehicle path, was not 
changed. The only safety-rel.ated influence of holes 
identified was damage to tires and rims, with the 
associated potential for an air-out. Figure 4 shows 
one of the tests conducted on naturally occurring 
holes. By controlled experiments and computer model
ing, the drop rates of various automobile suspension 
systems were determined. The information was then 
combined with observed tire deformation effects to 
determine the limits of safety (see Figure 5). 

As illustrated in Figure 5, the critical point 
for a particular vehicle and speed combination is 
first located by a combination of full-scale tests 
and computer modeling. A line is extended up and to 
the right from that point. The area cut off by the 
two arrows (i.e., the area of the chart above and to 
the right of the intersection of arrows) represents 
those combinations of hole length and depth that 
could produce a potentially hazardous condition. 
Conversely, the area to the left and below the in-
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FIGURE 4 1978 Honda CVCC traversing hole 40 in. deep and 8 
in. long. 

tersection of arrows indicates relatively safe hole 
sizes for the indicated speed, 

Figure 6 is a generalization of Figure 5, where 
three bands of safety are shown based on the four 
test vehicles evaluated, The first band (left and 
lower) defines hole length and depths referred to 
being reasonably safe (where a prudent driver of a 
reasonably maintained vehicle would experience no 
significant problem in traversing a hole). The mid
dle band, which is bounded by the upper and lower 
extremes of tested vehicles, represents an area of 
questionable safety, where a vehicle could sustain 
tire, rim, or suspension damage when traversing a 
hole with the defined dimensions. Finally, the un
safe band defines length and depth combinations that 
might produce a hazardous condition for any of the 
four vehicles tested. 

Although the choice of vehicles tested by Zimmer 
and Ivey (15) would appear to be adequate to define 
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a fairly wide spectrum of vehicle characteristics, 
this has not been experimentally verified, Param
eters such as inertial properties, spring stiffness, 
and tire stiffness should be considered to objec
tively evaluate the sprectrum of vehicles encom
passed, Other factors such as vehicle loading and 
the influence on vehicles other · than four-wheeled 
passenger vehicles were not considered, There are 
probably no two potholes alike in terms of shape, 
edge slope, and bottom contour. This study used a 
definable edge, which was square, with vertical 
sides and a level bottom, This approach provided 
insight into a worse-case situation, which may en
compass only a small number of highway potholes, It 
does, however, permit conservative safety predic
tions, because any sloping of the sides will only 
produce a safer condition for a given size hole. 

It is apparent from the study by Zimmer and Ivey 
that a hole must be relatively large to constitute a 
significant influence on safety when rim or tire 
damage are the guiding criteria. At common highway 
speeds in excess of 40 mph, a hole must be in excess 
of 60 in, long and 3 in. deep to constitute a threat 
to the smallest automobiles. On urban streets with 
traffic speeds as low as 20 mph, holes must still be 
more than 30 in, long and more than 3 in, deep to 
have the potential of damaging tires and rims. 

Damage to tires and rims, with the associated 
potential for an air-out, is the only significant 
influence of holes on safety identified in the study 
by Zimmer and Ivey, Holes are atypical of most 
highway surface discontinuities in that they have a 
greater potential to cause damage at lower vehicle 
speeds. A vehicle with an air-out is obviously much 
easier to cope with at 30 mph than at 60 mph, The 
result of these two effects is that the usual size 
hole a driver encounters is not likely to be a major 
problem when struck directly, 

Problems can arise if a driver .reacts to a hole 
inappropriately, For example, it is counterproduc-
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FIGURE 6 Genen,Jized zones of safety for hole length and depth combinations. 

tive to react with braking or extreme cornering to a 
hole in the vehicle.'s path. In general, a given size 
hole is more likely to cause damage if speed is 
reduced. Losses of control can occur if extreme 
braking is produced at highway speed. Extreme cor
nering can have two results. First, if a driver re
acts with a large steering input to avoid a hole, he 
may produce a loss of control on a low friction sur
face. Second, he may put his vehicle in a hazardous 
position with respect to other traffic. In the 
authors' opinion, it is probably the latter maneuver 
that accounts for most of the accidents where holes 
are identified as having an influence on driver 
safety. 

The influence of holes encountered when cornering 
deserves further attention. A cornering (turning) 
vehicle transfers weight from the wheels on the in
side of the turn to the outside wheels. The springs 
on the heavily loaded side are compressed. When one 
of these tires encounters a hole it goes down faster 
because of the acceleration of the higher spring 
force. Thus it is in position to be damaged more 
quickly (down farther in a given length of hole for 
a opccific opeed) than io represented in Figure 5. 
A second and potentially more hazardous situation is 
if a tire is moving laterally and encounters the 
side of a hole. A trip and roll could possibly oc
cur in this situation, but it would require the car 
to be in an extreme lateral drift (skid). This 
lateral drift would need to be so extreme that it 
would be associated with intemperate vehicle control 
or a loss of control that preceded contact with the 
hole. It could be that first-hand knowledge of an 
event such as this, even though it is likely to be 
rare, led Baker (13) to say that "a vehicle can be 
turned over by hitting a chuck hole •••• • 

The purpose of this work is not to conclude that 
holes in highway surfaces should be tolerated. The 
many disadvantages of these flaws dictate their 
elimination within the bounds of financial con
straints. In this day of highways that are "past 
maturity and in future shock" (16), it is unlikely 
that the public will choose to fund the maintenance 
required to make holes an endangered species. In-

stead, the purpose of this work is to put the influ
ence of holes on safety into perspective so that 
maintenance activities can be appropriately made 
priority items. 

In summary, it appears improbable that any but 
the largest holes cause significant control prob
lems. Exceptions may be a large number of holes in a 
small area that cause extreme roughness, especially 
where maneuvers such as braking or cornering are re~ 
quired. Under some highway conditions, the slower 
the speed is of a vehicle, the larger is the impact 
force for a given size hole. Although tire or rim 
damage may be more probable at lower speeds for deep 
holes, the result of such damage will be easier for 
the driver to accommodate. The greatest influence 
of holes on safety may be the hazard caused by 
drivers trying to avoid them. 

Curbs 

Curbs and gutters were used to facilitate the in
gress and egress of carriage riders and later auto
mobile passengers, to control roadway drainage, to 
help delineate the edge of the travelway, and to af
ford protection for pedestrians. As paved roadways 
branched out into the rural areas, so did the use of 
curbs. Early standards and guidelines published by 
federal and state agencies promoted their use on 
rural highways and urban streets. 

Two basic types of curbs have been used for many 
years. Barrier curbs, which were designed to pro
hibit or discourage encroachments are relatively 
high and steep faced. Mountable curbs, which were 
designed to enable vehicles to cross them readily, 
are relatively low, with flat sloping faces. Details 
of widely used curbs of each type can be found in 
the AASHO Blue Book (17). 

Studies in the 1950s by Benton and Peterson (18) 
and Benton and Field (!2.) were some of the first to 
note the potential safety problems with curbs. 
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Vehicle jump subsequent to impact with the curb was 
observed, and recommendations were made regarding 
barrier height as a function of barrier setback from 
the curb. In 1964 the Highway Research Board Spe
cial Report 81 (.!.Q_) alluded to possible problems if 
high curbs are used in front of guardrails. 

The first Yellow Book published by AASHO in 196 7 
(21) stated that "a dike or curb should not be used 
i~ front of guardrail where it may result in a dy
namic jump by the vehicle before it strikes the bar
rier." NCHRP reports by Michie and Calcote (1£.) and 
Michie and Bronstad ( 23) recommended that curbs be 
placed behind guardrail. The Red Book published by 
AASHO in 1973 (24) pointed out the need for rela
tively flat surfaces in front of barriers. It stated 
that barrier curbs should not be used on freeways 
and high-speed arterials. The second Yellow Book 
published in 1974 (25) reflected these recommenda-
tions. -

In 1974 Olson et al. (26) reported on a number of 
actual vehicle tests ana"" computer simulations of 
vehicle behavior subsequent to impact with various 
curb types. The report concluded that "it has been 
found that curbs offer no safety benefit on high
speed highways from the standpoint of vehicle be
havior following impact." The AASHTO barrier guide 
of 1977 (ll.) concluded that a curb should not be 
used as a redirective device, and if it is used with 
a barrier, the face of the curb should be no closer 
to the traveled way than the face of the barrier. 

A recent study by Griffin (l!!_) indicated that 
small cars are more likely to be involved in curb 
accidents than are large cars. This appears to be a 
logical consequence, because handling and stability 
problems associated with car-curb involvements 
should be inversely related to wheel size. 

The literature and data in the report by Griffin 
strongly suggest that the hazards curbs present to 
errant motorists on high-speed facilities in terms 
of potential loss of vehicle control, potential 
overturning, and incompatibility with barrier per
formance outweigh those benefits that may accrue as 
a result of improved delineation, drainage, and 
traffic control. On most high-speed facilities, de
lineation, drainage, and traffic control can be 
treated better by other means. 
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