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SUMMARY OF FINDINGS

Pavement and pavement marking wear by studded tires are sus-
pected causes of several effects that result in decreased highway
safety. In order of decreasing hazard the most important effects
are

1. Tire Hydroplaning and Wet Skid

2. Road Repair and Maintenance Hazard

Other effects, discussed in more detail In the report, are felt to

be of less potential hazard than the factors cited above.

In the case of hydroplaning studded tire wear was found to be
both beneficial and detrimental to safety. In some cases, a coar-
sening of the surface produces enhanced skid resistance properties.
In other cases, studded tire wear has a smoothing effect and the

skid number is reduced.

If road malntenance activity projections resulting from stud-
ded tire wear hold true, the construction sites may serve to be a
significant source of accidents. Of course, the decision to repave
or recondition a road surface is at least partially determined by
the known or suspected relationship between road damage and acci-
dents. Thus extensive repairs partially assume a knowledge of the

known accident causation factors of damaged pavement.

Some possible studded tire effects such as the ejection of
studs from high speed vehicles, or the degradation of vehicle com-

ponents were judged to have little relationship to accidents.

Modelling activities have suggested that the relationship be-
tween pavement wear effects and accident rate may be difficult to
define in an experimental context. A suggested approach plan in-

volves four major investigative phases:

1. Definition of the extent of road damage,
2. Examination of available accident data,
Observations of traffic flow patterns on lightly and heavily

damaged road sections.
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4, Collection of supplemental information during police inves-

tigations.

Studies indicate that accildent information corresponding to one
years experience on the New York or Ohio Turnpikes will be necessary

to produce results that are statistically significant.
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CHAPTER 1
INTRODUCTION

Since their introduction into this country in the mid-1960's,
the use of studded tires for winter drlving has incrcased rapidly.
The adoption and continued use of studded tires has been the source
of much controversy in the highway community. Advocates of studded
tires have argued for their continued use on the basis of increased
safety under adverse winter driving conditions. Opponents maintain
that studded tires substantially accelerate highway pavement wear
thereby increasing repair costs. Safety effects of studded tire
usage, apart from performance under adverse driving conditions, have
not been fully explored; these issues are associated principally
with the pavement wear generated by tire studs and the effects of
this wear on safety. Other important economic or non-safety related
benefits of studded tires have similarly been given little attention.

Both sides possess experimental evidence to support their views.
Tests by Smith, Clough and others [205, 206, 207, 208] indicate that
vehicles equipped with studded tires have better tractive perfor-
mance than either conventional tires or non-studded snow tires for
certain winter driving conditions; the greatest relative improvement
is on glare ice at 32° F. But climatological studies indicate that
such optimal conditions occur infrequently. On the other hand,
various pavement wear experiments and observations of actual road
surfaces indicate accelerated pavement wear from studded tire usage
[104, 153-155, 171]. But studies of relative accident involvement
have not shown any clear-cut degradation in highway safety as a re-
sult of this wear. Given the evidence to date then, opponents of
studded tire usage argue that the demonstrable costs exceed the un-
proved benefits; consequently, the use of studded tires ought to be
banned as Minnesota and Ontario have done.

Ultimately, the fate of studded tires should be resolved on the
basis of the relative costs and benefits of their use. At present,
not enough 1s known about the problem to perform such a resolution.

Efforts are continuing to determine the winter driving benefits of



studded tires and to refine the estimates of probable pavement
damage. What remains to be determined are the non-winter safety

effects of continued studded tire usage.

Apart from their direct influence on vehicle handling charac-
teristics, studded tires have two major areas of impact on the road
environment: accelerated wear of pavement surfaces and of surface
markings. Pavement wear is a function of the paving material, the
channelizing character of the roadway, the exposure mileage, and
the speed distribution of stud-equipped vehicles. Wear is most
pronounced where traffic channelization, large vehicle accelera-
tions, and high exposure occur simultaneously. Toll booth lanes
and freeway entrance and exit ramps are good examples of high wear
areas. At these locations, actual ruts or troughs an inch or more
in depth have been produced in the pavement [103, 178]. The trough
has a shape similar to a normal distribution and is characteristi-
cally three or four wheel widths wide. When channelization is not
a factor (i.e., when a lane is relatively wide and/or lane markings
are not present), the pattern of wear is more uniform across the
surface. Possible safety effects of this troughing include the la-
teral displacement of vehicles on the road, changes in pavement
skid resistance, excess accumulation of water during periods of

rain, and adverse steering inputs under certain conditilons.

Under normal practice, roadways are graded to allow free run-
off of water coming from rain, melting snow, and other causes. The
presence of stud-procduced troughs will naturally inhibit this
drainage. The reduction in skid resistance of road surfaces due to
water and other contaminant lubrication is well known and is a
source of major concern to highway engineers. Two other phenomena,
hydroplaning and wheel splash and spray, have also received increa-

sed attention recently.

Hydroplaning is a phenomenon which can result when a film of
water collects on the road surface. Under certain circumstances a
vehicle tire will 1ift off the pavement and plane on the water sur-
face in the same way that a planing boat would behave on the water.



About 1/16 inch of water is all that is required for a smooth tire
at speeds near 60 mph. Hydroplaning can be controlled to some de-
gree through tire design by allowing pathways for the water en-
trapped by the advancing tire to escape [11]. Water that collects
in stud-produced troughs in the roadway tends obviously to increase
the incidence of hydroplaning. The situation 1s not clear cut,
however, since on certain pavement types (see Appendix A, section
A.1.5) surface roughness in the trough caused by the uneven wear of
the pavement and its embedded aggregate may be an offsetting influ-
ence if the roughness itself provides channels for the water to es-
cape. In addition, the random protrusion of particles through the
water surface may tend to hinder the onset of hydroplaning.

Highway Departments in several states have projected extensive
road surface repair activities over the next several years to reme-
dy the pavement wear that is expected to result from studded tire
usage [9, 12, 83, 103]. 1If these projections hold true, then the
resulting interruptions of normal traffic flow at the repair sites
may prove to be an important source of accidents. Past experience
has shown that the accident rate that can be expected from mainten-
ance and repair activities is substantial [87, 88]. Several studies
have shown that accident mechanisms that can increase the risk at
construction or maintenance sites include collisions with equipment,
collisions with other vehicles, driving into work areas, and loss of

control due to surface conditions.

The accepted definition for "wheel splash" is water or slush
ejected to the side or to the rear as the tire comes in contact with
the contaminated pavement. Spray 1s generally considered to be wa-
ter entrained in the turbulent wake of a moving vehicle. Spray can
become prevalent with only 1/16 inch water film at speeds of 60 mph.
Again, it 1s clear that any stud-produced troughs that hold water
during or after rainstorms will contribute to the splash and spray
problem.

Trough production affects the lateral placement of vehicles in

the roadway in two ways: First is the production of physical



transverse forces on the vehicle as a result of the irregularities in
the pavement surface. A steering effect comes about from the tenden-
cy of a tire to climb the sides of a trough [109]. The result can be
similar to driving along a streetcar track with the vehicle tending
to move back and forth across the track. These lateral forces are
generally unexpected by the driver and may cause a mild loss of con-
trol that could be serious under critical conditions. For instance,
this effect may occur on a tight curve where the driver may already
be in marginal control of the vehicle. A second factor that affects
lateral placement 1s the psychological effect of the pavement surface
on the driver. Thus, drivers will tend not to drive in troughs once
an adverse steering effect has become evident to them. The driver
will naturally tend to keep his wheel between, or to one side of the
troughs. This non-central placement of vehicles in the lane can in-
crease the risk either of running off the main pavement with subse-
quent possible loss of control or of collisions with vehicles travel-
ing in other lanes. Alternatively, a weaving movement from one side
of the lane to the other may be produced again increasing the likell-
hood of crash-producing events. It might be hypothesized that shif-
ting of traffic over the breadth of the roadway will tend to mitigate
troughing problems by spreading wear more evenly over the pavement
surface. The effect might to some extent be self-alleviating. Yet,
since the most severe wear occurs in areas where the traffic is na-
turally channelized troughing might be self-reinforcing by creating

a tracking effect.

Many other possible effects of studded tire-induced wear on
highway safety may be listed. This report will consider the more 1im-
portant effects in some detall. As discussed earlier, however, each
of these effects are subject to a considerable amount of controversy
as to the full safety or economic implications that accrue. At the
present stage of the problem, therefore, a sensible program plan is
to gather and synthesize all the available information, and based on
this data, to assess the important effects where possible. Where
assessment 1s not possible, a research plan has been developed to
provide means for gathering the data necessary to make a successful

judgement.



CHAPTER 2
RESEARCH APPROACH

As indicated in Chapter 1, the present state of knowledge
concerning the safety effects of studded tires is such that the
highway community could benefit from a collection and synthesis of
the available research results. This study is designed to fill
this need.

One of the first tasks in the program was the preparation of
a bibliography of published material relative to studded tire pave-
ment wear. This bibliography is presented in Appendix D, where
references are grouped according to subject area, and entries are

listed alphabetically within each subject.

An intensive review of the literature resulted in a defini-
tion of the important categories of safety effects and delineation
of those particular areas where data was available. A detailed
presentation of this literature review is presented in Appendix A.
The material obtained from this review was used to develop acci-
dent causal chain models--first on a global basis, and then for
each separate effect. The models, coupled with the available in-
formation, were used to identify areas where additional knowledge
was required and, thus, were used to develop the follow-on research
recommendations presented in Appendix C. A more detailled discus-

sion of the modeling activities 1s presented below.
GENERAL MODEL

An early step in the research effort was to develop a general
model relating stud-induced damage to accident causation. The
model was used to guide initial efforts in classifying the litera-
ture and organizing further research efforts. Once the literature
review had been completed, the model was revised to reflect a
fuller understanding of the process. Then, in the absence of hard
data on many of the problems, the model was used to provide a basis

for informed judgement to select those areas where more serious



hazards were likely to occur. The judgement was that the more im-
portant effects will be found for wet weather, loss of control

crashes on high traffic volume interstate~type highways.

The model, which is presented in Figure 1, has three principal
segments: preconditions, active factors, and main effects. The
proconditions segment details the situations in which substantial
studded tire damage is likely to arise; the active factors section
indicates the effects of the damage on the accident causation pro-
cess, and the main effects portion shows that combination of pre-
conditions and active factors which is 1likely to have the most
substantial effect on crashes. Each element will be discussed in

more detall in the following paragraphs.

PRECONDITIONS. Pavement wear is a function of several factors
which include the volume of studded tire-equipped vehicles, the
volume of other traffic, and construction materials used, the de-
sign strength of the pavement, and the climate. Normal practice is
to design a pavement which will carry without failure an anticipa-
ted volume of traffic over some period of time. High-volume, high-
speed roads are constructed with higher design standards and with
better quality materials, and, hence, are less subject to early
failure through frost/water action, settling, and spalling than
low-volume, low-speed roadways. Pavement wear resulting from
studded tire use depends on paving materials, construction techni-
ques, traffic movements (turning, acceleration, normal driving),
and to some extent, vehicle speed. For a particular type of pave-
ment, the extent of wear varies logarithmically with the volume of
stud-equipped traffic, since as wear progresses softer materials
are removed from the pavement and the increasingly hard pavement
slows the rate of wear [140]. Translated into the time domain,
the characteristic stud-induced wear is likely to appear more ra-
pidly and to reach a greater degree of severity on high volume
roads. If, as indicated in Figure 2, low-volume roads fail for
other reasons earlier than high-volume roads, and if the low-volume
roads have a substantially lower rate of studded wear, then damage



is likely to be a much more substantial problem on the high-volume,
high-speed interstate-type highways. Stud-induced damage can take
a number of forms. The most pronounced effect is that of the wear
producing actual ruts in the road surface along the wheel path
[103]; other changes in the surface's micro-and macrostructure

can affect the pavement friction properties and the riding smooth-
ness [95]. An associated effect is the wearing away of pavement
markings. All these processes combined produce a particular pat-
tern of pavement damage, which if present, constitute a set of pre-

conditions which may be conducive to accident causation.

MAIN EFFECTS

Contrasted to the indirect influence of pavement marking wear
and changes in riding properties, the alteration in pavement fric-
tion and in the lateral profile (troughing) of the road can con-
tribute quite directly to crashes¥*. Changes in the frictional pro-
perties will vary with the type of paving materials used, and with
the kind and volume of traffic traveling over the pavement. If the
troughs become water filled to a sufficient depth, the phenomenon
of dynamic hydroplaning can occur with a subsequent loss of control,
which frequently results in a crash. Even in the absence of dyna-
mic hydroplaning the friction loss effects can contribute to acci-
dent events. The dynamlic hydroplaning can produce more severe los-
ses of control than might otherwise occur. Hence, friction loss
and troughing together may substantially increase accident poten-
tial in a direct and identifiable manner.

¥The fact that such troughing can be caused by studded tires has
been amply demonstrated [164, 166, 183, 95, 5, 29]. 1In extreme

cases trough depth may reach an inch or more as discussed in Chapter
1.
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CHAPTER 3
RESEARCH FINDINGS

Pavement and pavement marking wear by studded tires are
suspected of causing several effects which result in degraded traf-
fic safety. The effects which were potentially found to be most
hazardous in the current program are listed as follows in the order

of estimated decreasing hazard:

1. Tire hydroplaning and wet skid

2. Road repair and maintenance hazard (the result of pave-
ment surface and pavement marking restoration)

Splash and spray

Vehicle lateral placement shifting

Vehicle transverse force and steering effects

Driver fatigue resulting from noise and vibration

Ejected studs thrown from high speed vehicles

o 3 O Ul =W

Vehicle component degradation

A detailed discussion of each of these effects is presented
below, together with an assessment of thelr probable importance to
highway safety.

TIRE HYDROPLANING AND WET SKID

Tire hydroplaning and wet skid was found to be dependent on
a complex set of tire, vehicle, and road surface factors. For the
tire, these include inflation pressure, tread pattern, tread width,
tread depth, carcass construction, contact path length, deflection,
and material; for the vehicle, wheel load and suspension system;
and for the surface, texture depth, cross-slope, drainage path
length, rainfall intensity, microtexture (friction producing), and
macrotexture (drainage path outlets). In general, hydroplaning was
found to be a relatively rare event even at speeds as high as 130
mph and 0.1 inch of water, in the presence of good tread, good sur-
face and no water puddling [17]. The most important factor

11



affecting this conclusion relative to studded tire use 1s the pro-
duction of pavement wheel ruts [164, 166, 183, 95, 5, 29]. Water
accumulating in a rut depth of no more than 0.1 inch can lower the
hydroplaning 1lift-off speed by more than 15 mph.

Wet skid was found to be primarily influenced by surface tex-
ture characteristics. A gritty microtexture combined with an open
macrotexture gives the best skid resistance, both in terms of low
speed performance and Insensitivity to speed. Maintaining good
friction characteristics at higher speeds is most influenced by an
open macrotexture. Studded tire wear was found to be both benefi-
clal and detrimental to maintaining good surface skid resistance.
In some cases, (e.g., topeka or asphalt concrete) studded tire wear
in the winter coarsens the surface and produces better skid resis-
tance properties. In other cases, studded tire wear has a smooth-
ing effect, particularly when light vehicles are involved, and the
skid number 1s reduced. See Appendix A, Section A.1.5 for a de-
tailed discussion of this effect.

A nomograph which can be used for determining the speed at
which wet skid or hydroplaning will occur is developed in Appendix
B. The purpose of the nomograph is to provide data for deciding

when a pavement section needs resurfacing.

ROAD REPAIR AND MAINTENANCE HAZARD

Past experience has shown that maintenance activities repre-
sent a significant hazard to traffic [87, 88]. Historical data
from the State of Texas is listed in Table I.

In view of the vast expenditures projected by several highway
organizations for repairing studded tire-damaged roads, it can be
concluded that repair and maintenance activities will be extensive
[9, 12, 83, 103]. It therefore follows that accidents and fatali-
ties associated with such activities may be significant. No known
studies of the particular problem with road surface repair are
known. However, such activities are considered to be the second

most likely source of accldent causation due to studded tire damage.
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TABLE I
TEXAS: Rural Motor Vehicle Accidents at Areas Under Construction

Year Fatal Accidents Nonfatal Accidents
1960 60 1664
1961 L9 1598
1962 50 1450
1963 56 1517
1964 53 2131
1965 30 2033
1966 53 2341
1967 54 2650

SPLASH AND SPRAY

Studded tire-produced ruts can be expected to increase the
prevalence and intensity of visibility interference due to splash
and spray. Although annoying and bothersome, splash and spray ef-
fects prior to studded tire wear experience have not been identified
as a significant accident producer (less than 0.2% of reported ac=-
cidents [92]). Most such accidents are the result of a panic bra-
king maneuver on the part of the driver during an obscured wind-

shield experience.

Water depth was found to influence splash intensity but not
spray. Studded tire-produced ruts could, therefore, increase the
number of splash~induced accidents. No applicable studies have
been made, however, and in the absence of such studies, splash and
spray accldents are considered to be a less serious result of stud-

ded tire wear than the aforementioned effects.

VEHICLE LATERAL PLACEMENT SHIFTING

Vehicle lateral placement shifting can occur as the result of
pavement marking obliteration and wheel path wear. The former re-

sults in a loss of delineationlines which the driver uses in guiding
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his vehicle in lane holding, while the latter produces several
adverse effects which would cause the driver to steer to one side
of the worn paths. Among these several effects are (1) retained
water in the path ruts which can freeze, cause hydroplaning, or
produce splash and spray problems; (2) roughened pavement which
can cause annoying vehicle interior noise and vibration levels;
and (3) adverse steering effects from the tendency of tires to
climb the sides of the ruts.

While all of these factors could produce lateral placement
shifting and, thus, contribute to increased accident rates, none,
with the possible exception of pavement marking obliteration, has
been proven to do so. Road edge pavement markings have been found
to contribute significantly to reduced accident rates [105]. The
same, as far as 1s known, has not been shown for intermediate lane
markings on multi-lane highways.

A study to determine the influence of wheel path wear on la-
teral placement shifting has produced negative results [199]. The
method of taking data is open to question, however, in that only
the lateral vehicle placement at a point location was measured,
rather than that of the vehicle path over a finite interval. It
appears, therefore, that additional studies of the effects of in-
termediate lane markings on lateral placement, as well as more

refined investigations of placement shifting patterns are in order.

VEHICLE TRANSVERSE FORCES AND STEERING EFFECTS

Adverse side forces and steering effects can occur as the re-
sult of vehicle tires interacting with stud-produced wheel ruts.
Tires, in general, have a tendency to climb the side of a ridge,
or sloped surface. Although published evidence is conflicting, the

tendency seems to be less for tires of radial construction.

Two phenomena have been identified by Marshall, et al. [109]:
a tire running up against a low vertical ridge will tend to "hold
of f'" until sufficient side force is produced to cause the tire to

climb. Once climbing is initiated, however, a side force tending
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to reinforce climbing quickly builds up. A ridge as low as 3/8 inch
can cause a rapidly charging vehicle side force exceeding 100 1bs.
Data of this type, however, is very limited and tends to be more
subjective than objective. In any case, the comparative level of
side forces resulting from traveling in a studded tire-induced rut
with sloped sides 1s expected to be lower than that experienced with
vertical ridges. How much lower will depend on the slope and depth
of the rut.

The ridge existing at the pavement edge 1s considered in some
circles to be a main contributor to loss of control in ran-off-the-
road accidents. It may be, therefore, that stud-induced ruts of
severe depth and high side slope have a similar effect in producing
adverse transverse forces and steering effects within a traffic
lane. An answer to this question will require a more thorough ex-

amination of tire rut climbing or "nibbling" properties.

DRIVER FATIGUE RESULTING FROM NOISE AND VIBRATION
Noise and vibration effects on driver fatigue are complicated
by the fact that such effects are measured in terms which are lar-

gely subjective,

Interior noise levels in the average passenger car are just
at the dividing line at which ordinary conversation can be carried
on without great effort [131]. As far as fatigue discomfort is
concerned, interior noise levels are within the so-called noisy com-
fort criterion, but above the quiet comfort criterion. (The noisy
comfort criterion is defined to be a maximum permissible sound pres-
sure level below which people are comfortable if such people expect
a noisy environment. The quiet comfort criterion is defined in a

like manner.)

Road surface effects can increase overall vehicle noise by as
much as 10 db(A) (about 15%) from smooth tarmac to a level cobbled
surface [126]. Wet conditions can further increase the noise level
from 3 to 15 db(A). 1In the worst case involving a wet, rough sur-
face, automobile interior noise levels can exceed 90 db(A) over a
narrow frequency band. Above the 90 db(A) level, a slight decrease
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in human performance has been recorded in carrying out complex tasks
[95]. Although the results are highly subjective, it is possible
that noilse levels resulting from driving over a wet, stud-roughened

surface can produce long term driver fatigue.

Road surface induced vehicle vibrations which could result
from studded tire-~-damaged roadways are in the general subject area
of vehicle ride. Human response to whole body vibration is general-
ly used as the measure for ride comfort. Thus, the vibration path
which 1is most pertinent to ride considerations includes, in order,
the road, the tires, the suspension, the vehicle body, and the seat.
Each of these produces an attenuating effect on the road surface
forcing function, however, such that the vibration wave form felt
by the passenger is substantially different than that occurring in
the road. Further, individual differences in the aforementioned
vehicle components can produce an order of magnitude difference in

passenger sensed effects while traveling over the same road surface.

Comparison of seat monitored vibration data (an old runway--
reasonably level with broken surface areas fairly evenly distributed)
with proposed "Fatigue-Decreased Proficiency"” limits for vertical
vibration as established by the International Organization of Stan-
dardization (ISO), suggests that road-induced vehicle vibrations
are just below those inducing fatigue even for periliods as long as
eight hours [128]. Roughened road surfaces (i.e., black top versus
Belgian blocks) have been found to increase vibration acceleration
levels by as much as a factor of four, however [126]. On a very
rough road (Belgian blocks), resulting vibrations are probably not
tolerable for more than about an hour without some impairment in
performance. The worst examples of stud-damaged roads are somewhere
between black top and Belgian block surfaces, and, according to pro-
posed ISO standards, are estimated to cause some vibration fatigue
performance impairment after about four hours of driving. These
conclusions are obviously quite tentative, however, since (1) no
specific stud-damaged pavement test data is available, and (2) the
ISO standards are only in the "proposed" stage, with much of the

criteria data being somewhat subjective and subject to interpretation.
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Four hours of continuous driving is a long time, however--
generally longer than most people drive without resting. Fatigue
from sources other than vibration is of additional significance un-
der such conditions. Tentatively, therefore, it must be concluded
that vibration induced fatigue is not a major factor in accident
causation resulting from studded tire-induced pavement wear. Noise
levels from stud worn pavements under wet conditions are considered
to be slightly more fatigue producing. Noise induced fatigue must
be considered a minor accident causative factor compared to other

effects discussed earlier, however.

EJECTED STUDS THROWN FROM HIGH-SPEED VEHICLES

The hazard resulting from studs being ejected from high-speed
vehicles was found to be similar to that of an ejected stone of the
same weight. It was reported from Sweden that for a stud to be
ejected by centrifugal force, a vehicle speed on the order of 500
mph would be required [141]. 1In general, stud ejection is normally
caused by sliding between the tire and road surface. Ejected studs
have been found to have little kinetic energy and are often lost

during low speed travel in low gear.

If the tire is rolling near zero slip conditions (ordinary
travel), the highest stud kinetic would occur if the stud is ejected
at the top of the tire (Msz). If a stud is ejected in the contact
patch, directly below the spindle, the kinetic energy is zero. Prac-
tically, the only ejection conditions of interest are those which in-
volve a stud being thrown backward in a low trajectory which just
misses the rear overhang of the vehicle [143]. Under such conditions
the stud would have little forward kinetic energy of its own, but
would be a hazard only as the result of the velocity of a following
vehicle. The danger 1s, therefore, similar to that existing from an

ejected stone of similar weight.

In the early years of studded tire use in Michigan there were a
rash of reports of Police cars being shot as during freeway patrol.
Evidence seems to suggest that most of the events were the result of
ejected studs. Such reports have become relatively uncommon in more
recent years, however. This suggest that (1) the cause for the
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problem has been identified, or (2) stud fastening methods have im-

proved.

VEHICLE COMPONENT DEGRADATION

Component degradation mechanisms are a function of aging and
loading cycles. Studded tire-damaged road surfaces may affect the
latter, but have no effect on aging processes. The major components
affected are those which are a part of the steering and suspension
systems. With proper lubrication, however, the level of increased
wear resulting from driving over stud-damaged pavements is consid-

ered to be minor.

Studded tire-produced road asperities which could contribute
to cycling are of two types:

1. Exposed aggregate

2. Longitudinal ruts
Exposed aggregate asperities are of an order of magnitude in size
which i1s easily engulfed by the tire tread. Suspension component

cycling is, therefore, not involved.

Longitudinal ruts, especially those with steep edges, can pro-
duce significant steering system inputs. Traveling from side to
side within a rut could, therefore, increase the cycling times of
steering system components. The forces and cycling which are ne-
cessary to produce long term degradation would undoubtedly be sen-
sed by the driver as annoying, however. The driver, in turn, could
be expected to steer out and travel to one side of the ruts, thus
eliminating the disturbance. As noted earlier, no tendency for
steering out of ruts has yet been identified. Vehicle component
wear as the result of studded tire-damaged pavements is, therefore,
considered to be of minor consequence. No conclusive assessment
can be given, however, due to the general lack of pertinent data on
in-service component wear characteristics. Specifically, no data
has been found which shows the effect of pavement surface proper-

ties on steering and suspension system wear rates.

Even 1f component wear were found to be substantial, however,

the effect on vehicle safety and subsequent accident causation is
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problematic. Recent studies have shown that many vehicle components
must be worn considerably before any effect on vehicle performance
is apparent [145, 147]. Required degradation to produce "noticeable"

effects for various steering and suspension components are listed
as follows:

Shock Absorbers 50% reduction is damping

Ball Joints No noticeable effects with artificial free-
play of 0.1 inch radian and 0.6 inch
axlal

Steering Play 2.5 inch of steering wheel freeplay

These values represent substantial degradation in component perfor-
mance.
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CHAPTER &
SUGGESTED RESEARCH

As a result of the literature review and modelling activities,
it is evident that a variety of new information should be gathered
to further explicate the relationship between studded tire-induced
pavement wear and accident causation. The detailed presentation of
of a two-phase research plan is presented in Appendix C. A summary
of those results is presented below.

Follow-on research recommendations are in three separate areas:

1. Accident causation mechanisms
2. In-service mechanism identification

3. Accident data analysis

ACCIDENT CAUSATION MECHANISMS

Accident causation mechanisms are those effects identified in
the introduction which are suspected of contributing to degraded
traffic safety. Each mechanism is listed in order along with one
sentence descriptions of the research needed to close identifiable
knowledge gaps. With knowledge gained through the recommended re-
search, more definitive answers can be produced relative to the

actual hazard of each suspected mechanism.

1. Tire Hydroplaning and Wet Skid

a. Experiment research to establish hydroplaning mechani-
sms on studded tire-damaged surfaces with carefully
controlled water depth and carefully measured tire and
surface characteristics.

b. Experimental research to define asperity size orders
which produce wet traction and speed dependence trac-
tion effects.

2. Road Repair and Maintenance Hazard

a. Realilstic analysis to estimate road repair activities
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resulting from studded tire wear, and project expected
accident experience.

Splash and Spray

a. Experimental research to determine splash and spray in-
tensity for water depths between 0.1 and 0.5 inch.

Vehicle Lateral Placement Shifting

a. In-service traffic monitoring to determine vehicle path

shifting over characteristic intervals.
b. Experimental research to determine lane holding charac-
teristics as influenced by intermediate traffic lanes.
Vehicle Transverse Forces and Steering Effects

a. Experimental research to determine tire nibbling charac-
teristics in the presence of studded tire-1like wear
ruts. Both moment and side force characteristics should
be examined for representative tire types and rut pro-

files.

Driver Fatigue Resulting From Noise and Vibration

a. Experimental research to measure nolse and vibration
levels inside a cross-section of vehicles, at varilous
speeds, over typical studded tire-damaged pavements.

Ejected Studs Thrown from High-Speed Vehicles

No research recommended

Vehicle Component Degradation

No research recommended

IN-SERVICE MECHANISMS IDENTIFICATION

The recommended research described here deals with measuring

studded tire-induced pavement and marking wear patterns, and resul-

ting traffic flow patterns. The object is to identify accldent

causation mechanisms in actual in-service situations. It 1s
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suggested that one of the malor turnptke syatems, 1lke the New
York Thruway or Ohlo Turnpike, be usced as the location for the in-
vestigations, since these types of roads have excellent traffic
data, and their semi-autonomous nature minimizes many administra-

tive problems in conducting research.

Measurement of the pattern of studded tire wear will be con-
ducted in two phases. The first phase will cover relatively short
stretches, on the order of five miles, with intensive measurements,
approximately 50 per mile. The intensive measurements will be
used to establish the statistical properties of wear patterns for
badly worn and barely damaged sections. Once the statistical pro-
perties are known, the appropriate sample size to measure the entire
roadway can be calculated. A reasonable estimate of the number of
observations needed will be on the order of one per mile per lane.
The measurement apparatus will be similar to Keyser's profilometer
[166]. Skid number measurements will be made at the same points
to provide additional supporting data.

Traffic flow characteristics will be examined to establish a
correlation between causation mechanisms and wear patterns. The
recommended study will use a camera mounted on overpasses to re-
cord the vehicle paths over some distance upstream, approximately
500 feet, from the overpass. The photographs produced will be
interpreted and the results reduced to digital form. The factors
to be analyzed will be worn and unworn pavement marking, damaged
and undamaged surface, and wet and dry weather. Observing appro-
ximately 500 vehicles under each one of these conditions will
yield statistically valid results. Significantly greater variabili-
ty in the vehicle paths for the damaged pavement and worn pavement
marking conditions will confirm the traffic flow portions of the

general model.

ACCIDENT DATA ANALYSIS

Accident data analysis will be conducted using digitally coded
information from regular police accident reports. Using analysis

of variance and regression techniques, accident experience will be
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related to traffic volume, as gathered from toll records, and to
measured studded tire damage. Particular attention will be given
to the incidence of wet weather accidents on the badly worn and
unworn sections of pavement. Bascd on recent accldent experiencc
on toll roads, 1t i1s estimated that approximately 400 miles will be

needed to obtain statistically significant results.

If statistically significant relations are found between stud
damage and accident patterns, a more detailed study of accidents
will be conducted. The study will use supplementary accident re-
port forms to be completed by 1nvestigating police officers. The
supplementary report form will detail for wet weather accidents
the nature and extent of water found on the roadway at the time of
the crash, and will describe the vehicle dynamics of the involved
cars. This information will be used to determine if the pattern
of wet weather crashes is different for worn and undamaged pave-
ment sections. Approximately one year's accident experience for a
major thruway system should provide adequate data for this analysis.
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APPENDIX A
SYNTHESIS OF RESEARCH RESULTS

This section describes the synthesis of results derived from a
literature review of the degraded safety effects which result from
travel over roads that have been damaged by studded tires. The ma-
terial is organized so as to emphasize the year-round effect on
driving safety which results from the winter use of studded tires.
Both safety and wear factors are treated; the latter, however, only
to the extent necessary to provide background information for the
discussions of safety effects. The emphasized safety-related effects
are those which result from pavement and marking wear. These are

listed as below in order of decreasing importance:

Tire Hydroplaning and Wet Skid

Road Repair Maintenance Hazard

Splash and Spray

Vehicle Lateral Placement Shifting

Adverse Transverse Forces and Steering Inputs
Driver Fatigue Resulting from Noise and Vibration
Ejected Studs Thrown from High Speed Vehicles

O 31 O Ul =W N

Vehicle Component Degradation

Pavement and marking wear has a larger influence on some safety-
related effects than on others. 1In addition, more research has been
conducted, and consequently more is known about some effects than
others. The detail with which each of the effects is treated will
reflect both these factors.

A.1 TIRE HYDROPLANING AND WET SKID

Complete tire hydroplaning is a phenomenon that occurs when a
film of water separates the tire from the pavement surface. Under
such clrcumstances, tire-to-pavement friction can be less than 1/20
of the value assoclated with dry pavements.

Tire hydroplaning represents the end result of a gradual loss
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of contact friction, brought about by increased speed and water
depth. The three zone concept commonly used to describe hydropla-
ning onset is shown in Figure A-1. The part of the tire footprint
that is associated with zone A on the figure is hydroplaning, since
an unbroken water film separates that part of the footprint from
the pavement. In zone B, a transition from wet to dry traction is
occurring with the water associated with zone A being forced out to
the sides of the footprint. In zone C, the traction is essentially
dry, except perhaps for water globules or other traces of water
which are trapped in tire tread slots, or pavement interstices [2,
16, 17, 26]. Obviously, before total hydroplaning occurs, the con-
tact area C, and hence, the available friction force, must be
greatly reduced over what 1s available under dry conditions. 1In
the present discussions of skidding under circumstances where com-
plete 1ift-off does not occur, but where the tire/road friction co-
efficient is less than 0.1, an arbitrary definition of wet skid is
necessary, since hydroplaning phenomena are not always identified
as such in much of the existing tire/road interface literature.
Clearly, though, hydroplaning and wet skid are different levels of
the same phenomenon. As the remaining discussions will show,
however, where one begins and the other leaves off is not always

clear.

A.1.1 HYDROPLANING. Tire hydroplaning is a manifestation of
two, or possibly three, separate phenomena. Generally, hydroplaning
is separated into that caused by hydrodynamic pressure and that due
to the thin film, or squeeze film effect [1]. Dynamic hydroplaning
is associated with water depths of at least 0.008 inches thick.
Thin film hydroplaning, on the other hand, is confined to film
thicknesses of between 3 x 10—7 and 0.002 inches. In between these
two regions is a range of thickness of 0.002 and 0.008 inches that
has produced what has been called laminar hydroplaning [80]. La-
minar hydroplaning very probably represents some form of transition
between thin film hydroplaning where there is no flow in the water
film, and dynamic hydroplaning where the flow in the water film is

turbulent.
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A=Unbroken Water Film

B=Transition State
C=Dry or Substantially Dry Area

Figure A-1. The Three Lubrication Zones of the
Contact Patch of a Tire Rolling or
Sliding on a Wet Surface [17]
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A.1.1.1 Dynamic Hydroplaning. As the tire encounters the

flooded pavement in dynamic hydroplaning, a stagnation pressure de-
velops at the tire/water interface. Pressure builds up in the water
as the square of the tire velocity and, at a speed called the hydro-
planing speed, equals the average tire-ground bearing pressure. At
this velocity, the tire 1lifts off the road surface and planes across
the water much in the way that a water skier skis across a lake.
Tractive forces due to fluid drag result in a drag coefficient of
about 0.05 for water depths of 0.1 to 0.3 inches [22]. As a result,

the tire has a tendency to stop rotating or "spin-down".

Several researchers have made attempts to predict the hydropla-
ning speed by means of an analytical expression. Horne and Joyner
[23] found experimentally that for smooth surfaces and smooth, or
closed patterned treaded tires, dynamic hydroplaning is very closely

approximated by the relationship:

vy = 10.3% (A-1)
where
V., = hydroplaning lift-off speed (mph). (This speed is asso-
ciated with incipient "spin-down" from full rotational

speed.)

p = tire inflation pressure (psi)

The expression also holds for ribbed tires where the fluid depth is
greater than the rib depth. Horne's work was done with a large
variety of aircraft tires, and the constant in Equation (A-1) re-
flects the characteristics of these tires. Xummer [27] determined
the constant to be about 13.2 for passenger car tires. The differ-
ence is evidently due to the different carcass stiffnesses of the two

tire types.

For a time it appeared that the form of Equation (A-1) was va-
1id only for certain kinds of load-pressure relationships. 1In 1965,
Allbert and Walker [2] reported that the hydroplaning speed was in-

dependent of inflation pressure if the tire load was increased along
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with pressure, so as to maintain a constant tire deflection.
Further, it was reported that the hydroplaning speed decreased as a
function of tire pressure if the load was held constant. These re-
sults were modified later [1] to show that the constant deflection
case had a form similar to Equation (A~1). Conclusions for the con-
stant load case remained the same, however. Subsequent research by
Staughton and Williams [70] indicates that Allbert's conclusions

are probably in error, however, and are evidently the result of the
testing methods employed. Allbert's hydroplaning experiments were
carried out with the test tire on the outer surface of a rotating
drum as opposed to the flat track used by Horne. Deflection distor-
tion [43] and the relatively small amount of water required for
lift-off evidently colored the results.

Even after having overcome this challenge, however, Horne's
work is still not universally accepted--and with good reason. Fac-~
tors which are obviously important in hydroplaning (e.g., tire type
water depth, wheel load, etc.) are not taken into account. 1In
addition, road surface and tire tread characteristics are not ac-

counted for.

Some of these factors appear in a more complete equation for
predicting hydroplaning which was developed by Moore [47]. Moore's
equation was developed through theoretical consideration of the up-
ward thrust provided by the change in momentum of the water layer

in front of the tire. The expression is given as follows:

V= 2 (8-2)
where
W = wheel load
g = gravitational constant
p = fluid density
B = tire tread width
l
A=/Tiz_(g)2+gg_ L ey e (A-3)
2R R R 2R 2R

and where the other terms are defined on Figure A-2.
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Figure A-2. The Hydrodynamic Upward Thrust
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If it is assumed that

_ W
P = mRY (A-1)

then Equation (A-2) reduces to Equation (A-1). Thus, Moore's equa-
tion is more comprehensive in including the various factors which
contribute to dynamic hydroplaning. It is not accurate, however, in
that hydroplaning speeds predicted by the equation are about twice
as high as those occurring in practice. The discrepency is due to
effects in the contact area--specifically, the sinkage zone (zone A
of Figure A-1).

Under wet conditions the tire floats on a water film in zone A.
The thickness of the water film decreases progressively toward the
rear of the contact patch. If the time of sinkage of a particular
tread element exceeds the traversal time of the element through the
contact area, then zones B and C do not exist, and hydroplaning oc-
curs. In practice, it has been found that when the hydroplaning
speed is gpproached from lower velocities (e.g., automobiles or air-
craft taking off), the traversal time approaches the sinkage time
when the hydrodynamic upward thrust is but a small fraction of wheel
load. Thus, it appears that an equation like (A-2), but modified
for sinkage effects, is required. The main stumbling block 1is that
sinkage time is also greatly influenced by surface roughness and
tire tread pattern.

A partial solution to the problem, at least in terms of tire
effects, has been provided by Gengenbach [11, 12]. Gengenbach has
produced a considerable amount of experimental data which shows that
wheel spin-up speed correlates closely with the equation:

/ W
Vu = 7.61 Ed—c-— (A-S)

H
where
Vu = hydroplaning spin-up speed (mph). (This speed is associa-
ted with incipient "spin-up" from a full stop.)
CH = tire 1ift coefficient.
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(Note that the spin-up speed differs from the lift-off speed since,
as will be explained later, the former is lower than the latter.
Equations (A-1) and (A-5) are, therefore, only indirectly compara-
ble.) The basic difference between Tquations (A-2) and (A-5H) i
that the various factors assoclated with wheel dimension, conbact
length, etc., are lumped into a single 1ift coefficient term.

Tread effects are also included in this term.

In addition, surface effects are also iImplicitly included in
CH’ although the proportion contributed by the surface is unknown,
since all tests were made on the same surface. Water depth was
measured from the top of the surface asperities, however, which to

some degree removed surface dependence,

In any case, the Gengenbach equation seems to be the best yet
available for predicting incipient hydroplaning. This equation will
be used as the main hydroplaning prediction equation in other sec-
tions of the report.

In general, for conditions of smooth tires and smooth surfaces,
tire hydroplaning can occur at speeds below 40 mph. Dynamic hydro-
planing is thought to be a rare event, however, even at speeds as
high as 130 mph and 0.1 inches of water, with good tread, good sur-
face, and no water puddling [17].

A.1.1.2 Thin Film Hydroplaning. Thin film, squeeze film, or

viscous hydroplaning 1s the result of a smooth tire being unable to
penetrate a thin (less than 0.002 inches of water) but tenacious
fluid film that coats a smooth pavement surface [22]. This type of
hydroplaning is completely different than that associated with hy-
drodynamic pressure. Losses in tire-to-pavement friction coeffi-
clent associated with dynamic hydroplaning occur somewhat more
abruptly than that associated with thin film hydroplaning. This
phenomenon 1s considered in more detail by Horne [21]. In general,

thin film hydroplaning is a problem only on very smooth surfaces

[22].

Both thin film and dynamic hydroplaning are a function of se-

veral factors. These include velocity, tread design, tire material,
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tire aspect ratio, tire construction, inflation pressure, tempera-
ture, surface texture, wheel load, water depth, and possibly others
[35]. Some of the more important of these factors will be discussed

in the following subsections.

A.1.2 SURFACE EFFECTS. Pavement surface properties affect
hydroplaning in terms of water accumulation. According to Gallaway,
et al. [2L41], pavement water depth above the surface texture can be

described by the following empirical equation:

d = [3.38 x 10731/ Ly M3 ) %% ys) "2y - (A-6)

where
T = surface texture depth (in.)
L = drainage path length (ft.)
I = rainfall intensity (in./hr.)
S = pavement cross-slope (ft./ft.)

From this equation 1t is clear that two of the factors affecting
water depth are under the control of the pavement designer. These
are pavement texture and cross-slope. Increasing either the pave-
ment texture depth or the cross-slope results in a decrease in wa-
ter depth.

The effect of surface properties on hydroplaning, or wet skid
is best illustrated by the surface classification concept first pro-
posed by Allbert and Walker [2], and later modified by Kummer and
Meyer [28]. 1In this scheme, pavements can be classified according
to the two different asperity size scales which affect friction and
drainage properties:

1. Smooth surfaces (bleeding asphalt, highly polished stone
asphalt or cement concrete surfaces).

2. Fine-textured, rounded surfaces (worn stone or silica sand
surfaces of fine gradation).

3. Fine-textured, gritty surfaces (new silica sand or metal
carbide-epoxy surfaces).
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4. Coarse-textured, rounded surfaces (polished slag or lime=-
stone surfaces or large gradation or uncrushed gravel
surfaces).

5. Coarse-textured, gritty surfaces (new slag pavements con-
sisting of large particles, possessing large- and small-
scale macroscopic roughness, or limestone surfaces which

contain more than 10 percent sand-sized siliceous material).

The gritty or harsh microtexture of a surface determines 1ts basic
friction properties and hence, its low speed skid number. The

coarse, or open macrotexture of a surface determines its drainage
characteristics. Drailnage characteristics, in turn, determine the

variation in skid number with speed.

The microtexture scale affecting low speed number is on the
order of 0.001 to 0.004 in. [3, 32, 51, 81]. The manner in which
surface microtexture affects the friction level is illustrated in
Figure A-3. On this figure, increased friction levels are obtained

by adding microtexture to a surface of constant macrotexture.

The macrotexture asperity scale affecting surface drainage is
on the order of 0.002 to 0.10 in. [15, 60, 73]. The effect of ma-
crotexture on a surface of constant microtexture is shown on Figure
A-l4, In the example shown, the friction level at low speeds remains
relatively constant with increasing macrotexture. This effect is
a consequence of the fact that water inertial effects vary with the
square of velocity. At low speeds, the effect is minimal, but at
higher speeds, the result is a significant loss in friction. In-
creasing the macrotexture increases the number of water outflow
channels, and reduces the buildup of hydrodynamic pressure.

As might be expected, these examples represent a relatively
simple explanation of the effect of pavement texture on friction
properties. (See References 47, 63, 181, for example, for a more
thorough discussion of pavement friction characteristics.) The ex-

amples do, however, give an indication of basic trends.

Whether it be the thin film or dynamic variety, hydroplaning
occurs most readily with smooth tires in combination with a smooth,
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fine textured surface. For surfaces categorized as coarse or open
textured, dynamic hydroplaning does not occur until the depth of
the water film exceeds the helght of the surface projection. For
example, the hydroplaning 1lift-off speed is greater for an open
textured surface than for a closed surface, i.e., Vd is greater for

gravel seal coat than for concrete [35].

Measures that have been used to improve pavement surfaces re-
lative to reducing hydroplaning include grooving the pavement,
roughening the pavement to increase its macrostructure, and adding
an open porous wearing course to the existing pavement surface.
Horne and Joyner [23] report that grooving an airport runway with
3/8 inch by 3/8 inch grooves at two inch centers raised the water
level, causing hydroplaning from 0.17 inches to 0.40 inches. Addi-
tional studies of the benefit of grooving were carried out in
England by Harris on wet runways at speeds of 80 mph [17]. For a
water depth of between 0.01 and 0.02 inches, it was found that the
braking force coefficient was about 0.2 on an ungrooved surface,
and that this remained about the same in a direction parallel to
the grooves. Perpendicular to the grooves, however, the coefficient
was measured to be 0.6. At a lower speed of 30 mph, however, no
difference was noted in braking force coefficients, parallel and

perpendicular to the grooves.

The use of a porous wearing course to alleviate dynamic hydro-
planing is based on the principle of providing better fluid
drainage in the tire-ground contact patch [21]. The porous surface
allows water trapped in the footprint to flow right through the
pavement as well as through drainage channels provided by the tire
tread and the macrostructure of the pavement. The wear, freeze-
thaw, and microtexture characteristics of such a surface would have
to be considered before electing to use such a surface as a hydro-
planing suppression method, however.

A.1.3 TIRE EFFECTS. The tire factors that influence dynamic
hydroplaning include inflation pressure, tire diameter, tread pat-
tern, tread width, tire material, carcass construction, wheel load,
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contact length and deflection. Several of these are not indcpendent
of one another, however. For example, the wheel load divided by the
contact area is nominally equal to the inflation pressure, whereas
the contact area is a function of both the contact length and the
tire deflection. The interaction 1f reasonably well understood,
however, as evidenced by the success Horne [23] and Gengenbach [11]
have had in describing dynamic hydroplaning onset analytically

(see Equations (A-1) and (A-5), respectively). As discussed earlier,
for smooth surfaces, smooth tires, and water depths greater than

0.1 in., Horne found that the hydroplaning speed was solely a func-
tion of inflation pressure. For less restrictive conditions,
however, Gengenbach demonstrated that wheel load, tread width, tread
pattern, carcass construction, and water depth were also factors.
Since dynamic hydroplaning is a manifestation of hydrodynamic 1ift,
wheel load is obviously a factor in determining incipient 1lift-off,
since it is the wheel load that counteracts the 1ift force. For
relatively flexible tires, however, the tire will deflect under

load and cause the contact patch area to increase. This results

in the contact pressure being essentially equal to the inflation
pressure. In the more general case, however, Gengenbach has shown
that wheel load effects are related to the square root of the hy-
droplaning speed, and that load interacts with tire constructions
and tread patterns to define a characteristic tire 1ift coefficient.

Comparing smooth tires, Gengenbach found that the 1ift coeffi-
clent (CH in Equation A-5) was a constant of 59 for belted radial
tires, and that for conventional tires, CH varied according to:

gy .32
- c
oy = 16 (32)

where wC is the prescribed maximum tire load capacity.

(A-T7)

Gengenbach also demonstrated that CH was greatly influenced by
tire tread pattern. For the six patterns shown in Figure A-5, pat-
terns A, B, C, and D were found to have the same CH value of 15.5.
Pattern E was determined to have a value of 10, and F a value of
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26. The patterns were carefully cut so as to insure that the pro-
portion of groove voids to the entire tread surface remalned con-
stant. CH differences were, therefore, solely due to pattern dif-
ferences. The characteristic in patterns A-D which results in a
uniformly low coefficient is the open nature of the sides of the
treads. This allows water trapped in the contact patch to be
squeezed out laterally. The difference between treads D and E is
attributed to the fact that water is squeezed to the center of
pattern E whereas 1t is squeezed to the sides of pattern D. No
lateral movement within the contact patch is permissible with pat-
tern F, thus accounting for the much larger value of CH for that
pattern. It is clear, therefore, that the best tread patterns for
hydroplaning suppression are those with open passages to the tread

edges which allow the escape of trapped water.

A different kind of tread modification has also been used as
a means of raising the speed of dynamic hydroplaning onset. This
method involves cutting small slots or sipes in the tire surface in
the lateral direction. Siping 1s a controversial matter, however,
and while some researchers have reported marked improvements in
traction characteristics through siping [16, 26], others have re-
ported siping to be of little or no value [53, 82].

Sipes are believed by some to provide increased traction
through two effects acting in concert. First, the sharp edge of
the sipe tends to produce a very intense local bearing pressure
that is large enough to puncture the viscous fluid film separating
the tread from the surface. Second, the sipe itself furnishes a
low pressure cavity in the tire tread into which some of the now
punctured fluid film can drain. These combined effects purportedly
allow many adhesion points on the tread rib to develop and thus in-
crease traction. Horne and Joyner [23] suggest that siping is most
beneficial on smooth surfaces at high speeds, however, and that
sipes on the sides of the tread are most beneficial. Seemingly
contradictory results obtained in testing siped tires may therefore

be the result of test conditions.

Increasing the tire aspect ratio (width/diameter) increases
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the contact patch area and causes hydroplaning at lower speeds [35].
This is due to the fact that on wlder tires, the water trapped 1n
the contact patch has a longer escape distance and thus increases
the tendency for hydroplaning [16]. The best contact patch ellipse
for minimizing hydroplaning, therefore, is one with a maximum
length and a minimum width [1]. This type of ellipse minimizes the
water escape distance and tends to maximize the lengths of zones

A and B, as discussed earlier in conjunction with Figure A-1. The
importance of tire width in dynamic hydroplaning is clearly eviden-
ced in Equations (A-2) and (A-5) where it is shown that increasing
the tread width causes the 1ift off speed to be reduced.

Friction on wet surfaces is mostly associated with the removal
of water at high speed, rather than with tire material. Rubber
material is therefore considered to be of somewhat less importance
than tread design for accomplishing this purpose. Braking force
coefficients up to 0.5 have been achieved on fully flooded, smooth

surfaces, however, through careful tread and material improvements

[26].

While some of the other factors are more important, tire con-
struction can also have a significant effect on dynamic hydropla-

ning performance (e.g., the difference in C. values for smooth,

radial and belted tires mentioned earlier).H In order to perform
effectively in a wet surface environment, the tire contact patch
must not be unduly distorted as it transmits loads to the vehicle.
Radial ply tires have the least distortion of all types due to
their high modulus of lateral rigidity. Braking force coefficient
values for radial tires as opposed to cross ply tires show values
10 to 30% higher in tests on smooth wet asphalt [26]. Tires with
rounded (as opposed to square) profiles are also more pressure-
dependent relative to dynamic hydroplaning [70]. In general, the
lift-off speed for a smooth rounded tire can be 50 to 100% higher
than for a smooth square profile tire.

A.1.4 FLUID EFFECTS. The primary fluid effects which influ-
ence dynamic hydroplaning include water depth, hydrodynamic 1ift
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and drag, and fluld viscosity.

As mentioned earlier, the primary manifestation of dynamic
hydroplaning involves the tire 1lifting off from the road surface
and planing along on a thin film of water. Since the tire-to-
ground friction i1s virtually reduced to zero under these circum-
stances, the tire tends to spin down, or stop rotating. Spin-down
has been noted at water depths as low as 0.2 mm [11]. Increasing
the water depth causes a progressively lower spin-down until the
depth reaches about 9 or 10 mm [35]. The fluid drag coefficient
associated with dynamic hydroplaning is believed to be on the order
of 0.05 and 1s the result of pressure drag and fluid viscosity.
The pressure drag is due to the tire displacing fluid as it planes
along [22]. A comparison of the various factors contributing to
the tire/road skid number in the presence of a surface water layer

is given by Kummer [27].

Pressure in the tire contact patch has been found to be signi-
ficantly lower in the tread grooves than on the surface of the
tread ribs for grooved tires [23]. This pressure difference be-
comes progressively smaller until at a speed of about 94 knots no

difference is evident.

As noted earlier, when a tire has stopped rotating as the re-
sult of dynamic hydroplaning, it has been found that a forward
velocity of the tire must be reduced substantially before spin-up
occurs again. This phenomenon can be explained by the fact that
the rotating tire allows incoming water to readily pass through
and drain from the rear of the contact patch. When the tire stops
rotating, however, water in-flow and out-flow from the contact
patch 1s greatly diminished. The water trapped 1n the sliding
contact patch tends to circulate in left- and right-hand vortices.
The effective fluid drag in the contact patch at this time is,
therefore, greatly reduced. The tire forward speed must be lowered
substantially until the trapped water can effectively drain from
the contact patch and allow the tire to regain contact with the

road surface. Trapped water is therefore the primary factor being
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responsible for the difference between the spin-down and subsequent

spin-up speeds [21].

Viscous fluids, i1.e., flulds that are 1nherently slippery, in-
duce hydroplaning more readily than ones of lower viscosity [23].
Dust and oil comblning with rain water produce a fluild which is more
viscous than water alone and, therefore, dynamic hydroplaning
speeds associated with these conditions are lower [21,23]. In this
same vein, stopping distances are 1.6, 2.6, and 3.0 times greater
for wet, slushy, and flooded surfaces, respectively, when compared

to dry surfaces [22].

A.1.5 STUDDED TIRE FACTORS. The major studded tire-induced
factors contributing to hydroplaning and wet skid are pavement tex-

ture changes and wear ruts.

The effect of water accumulating in worn wheel path ruts is
discussed in Section A.1.1.1. It 1s shown there that ruts which
allow water accumulations to only 0.1 inch can be the most signifi-
cant surface factor contributing to hydroplaning. Unevenly worn
ruts may be an additionally hazardous factor. Accumulated water in
uneven ruts can produce situatlions where some wheels are hydropla-~
ning while others are not. The result is a degradation in the ve-
hicle directional stability, as well as in braking and cornering

efficiency.

As discussed earlier, a gritty microtexture combined with an
open macrotexture gives the best skid resistance. Studded tire
wear has been found to be both beneficial and detrimental in main-

taining good surface skid resistance.

New Portland Cement concrete surfaces are commonly given a
rough "broom" finish to enhance skid resistance. Several resear-
chers [103, 137, 140, 180, 183] have reported that this finish is
quickly worn away during initial exposure to studded tires. The
surface then becomes somewhat less skid resistant. For certain
kinds of matrix/aggregate combinations, however, additional exposure

to studded tires will cause an increase in skid resistance. The
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increase may be enough to bring the skid resistance up to the ori-
ginal broom finish friction level. The general character of the
wear as it affects microtexture, macrotexture and skid number (SN)
is illustrated on Figure A-6.

Several factors are illustrated on this figure which are of

interest. As the broom finish is worn away, the microtexture be-

comes smoother. This trend continues until the studs begin to
penetrate the more dense material below the broom effect and the

surface becomes more gritty again.

The macrotexture of a broom finish is somewhat closed, and

initial studded tire wear tends to make it more closed. As the
matrix is worn away around the aggregate, however (assuming in
this case that the matrix material is softer than the aggregate),
the surface becomes more open, and the pavement drainage charac-
teristics are improved. Ultimately, as some of the aggregate is

dislodged, the macrotexture becomes slightly less open.

The net effect of these two separate effects is 1llustrated
by the variation in skid number. It should be noted that this
skid number profile is an illustrative example for an assumed
measurement speed. As mentioned earlier, microtexture has the most
effect on low speed friction characteristics, whereas macrotexture
is most important at high speed. Therefore, the variation in skid
number with the number of studded tire passes will be dependent
upon the speed at which the skid number is measured. The profile
shown on Figure A-6 could, therefore, be markedly different for

different measurement speeds.

In-service measurements of skid number variation as the re-
sult of studded tire wear have shown a wide variation in results.
Hyyppd [189] found a large seasonal variation in skid resistance
when asphalt roads were subjected to vehicle traffic equipped with
studded tires. In winter, studded tires were found to coarsen
the surface and raise the coefficient of friction. The coarsening
effect was found to be most prevalent in traffic lanes which were
heavily traveled by heavy vehicles.
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For multiple lane highways, the friction coefficient was found
to increase in the right, or slow lane as the result of winter
studded tire wear. The passing lane, in contrast, showed loss in
friction potential. This result was attributed to the fact that
heavier vehicles travel almost exclusively in the right lane and
thus when equipped with studded tires roughen the surface more. Ve-
hicles using the passing lane are mainly passenger cars and these,
being lighter, have a greater tendency to polish the surface. The
winter coarsening effect was not found to be universal, however. 1In
some cases, both the right and passing lanes were found to have lost
friction potential during the winter. In general, the changes were

not large.

Other studies of skid resistance tend to confirm Hyyppa's re-
sults. Pavement friction tests made in Ontario during the years
1967 through 1970 are summarized on Table A-1 [178]. The changes
indicated are relatively small and suggest that studded tire wear
has neither worsened, nor improved the skid resistance of most
Ontario pavements. Although not stated, these measurements were
evidently all made at the same time of the year. Fromm and Corkill
[159] and Smith and Schonfeld [178] in Ontario, as well as Wehner
in West Germany [183], show the same seasonal variation in skid re-

sistance that was found by Hyyppé&.

A.1.6 SUMMARY. In summary, studded tires have been found to
be both beneficial and detrimental in relation to pavement friction
characteristics. Where a specially prepared friction surface 1is
abraded, the effect is detrimental. On the other hand, the fric-
tion properties of a previously smooth surface can be improved sig-
nificantly through exposure to studded tires. At least one resear-
cher (i.e., Ludema [30]) for example, has recommended that surfaces
of low friction can be rehabilitated by taking a hard object and
spalling the pavement surface to improve its texture characteristics.
This appears to be a function already being undertaken by the tire
stud.

While studded tire use may not adversely affect pavement
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chnaracteristics relative to hydroplaning and wet skid, the same 1s
not true of uneven wear effects which have resulted in wheel track
troughing, or rutting. Ample evidence of such troughing has been
documented [164, 166, 168, 178, 183, 189]; therefore, the wear
mechanism producing such effects will not be discussed here. The
effect on hydroplaning of water accumulating in rut depression 1is

defined quantitatively in Section A.1l.1.

A.2 SAFETY ASPECTS OF ROAD REPAIR MAINTENANCE ACTIVITIES

Road surface repair activities are projected to be substantial
during the next several years if studded tire use continues unaba-
ted. Past experience has shown that the accident rate which can be
expected from such maintenance and repair activities can be sub-
stantial. Road surface repair activities are, therefore, considered
to be the second most important source of accidents resulting from
studded tire wear. As the following discussions will show, however,
this feeling is more intuitive than factual, since 1little applica-
ble data i1s available.

Pavement surface repairs in the State of Wisconsin [83] are
projected to average $5.4 million over the next twenty-five years
as the result of studded tire damage. Approximately 2,800 miles of
pavement are involved. In Minnesota, the costs are expected to be
$2.8 million for 1973 and are projected to rise to $13.3 million
per year by 1980 [12]. Costs in the Province of Ontario are esti-
mated to total $127 million through 1979 for repairing stud-damaged
pavements and pavement markings [103, 9]. From these estimates it
can be concluded that roadway maintenance activities will increase
substantially over previous levels as the result of studded tire
wear. This conclusion is supported by projected repair activities
for Wisconsin [83]. As the result of studded tire damage it is
estimated that, over a period of twenty-five years, as many as ten

additional pavement overlays will be required for stretches of
heavily traveled roadway.

Several studies have shown that increased accident levels can
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be expected when malntenance and construction activities are in

progress. Sample accident mechanlisms include:

1 Collision with maintenance equipment.
2 Collision with other vehicles.

3. Driving into work areas.
4

Loss of control because of road surface conditions.

In general, construction site accidents occur through error on the
part of motorists, or construction crews. Driver errors may result

from:

1. Confusion in reading signs, or warning signals.
2. Not following sign-indicated messages (e.g., slowing down).

3. Being confronted with an unexpected situation.
Construction site crews contribute to accidents through:

1. Improper sign or warning signal placement.
2. Sign messages which are incorrect and which are soon ig-
nored.

3. Improper lane marking alteration.

A tabulation of construction site accidents in Illinois by
McGarry [85, 86] indicated that the greatest hazard occurs where
the highway is under construction, but still open to traffic.
Examples included bridge replacement or pavement connection pro-
jects where it was necessary to build a detour around the original

alignment and thus introduce sharp turns.

The next most dangerous situation involved patching, widening,
and resurfacing, where the road could remain open but where barri-
cades were required intermittently. Most accidents in these cir-
cumstances involved rear-end collisions. Drivers failed to recog-
nize in time that traffic ahead was stopped, or slowing down. It
is this type of maintenance activity which will be prevalent rela-
tive to studded tire-damaged road surface repair resulting from
studded tire damage.

Construction site accident statistics for the States of Texas,
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Virginia, and Wyoming are shown on Tables A-2, A-3, and A-4, res-
pectively [87]. A more detailea breakdown of Virginia statistics
for the six-month period between May and Octoboer of 1968 1a shown
on Table A-5 [88]. It is clear from these tables that construction
and maintenance site accidents represent a significant component of
total accident statistics. Data are generally incomplete, however,

and are evidently not collected on a national basis.

In summary, cost projection analyses have shown that road re-
pair activities will be significantly greater as the result of
studded tire damage. Further, construction site accident rates in-
volving resurfacing are among the highest for all maintenance acti-
vities. With the continued use of studded tires, then, it can be
expected that road repair activities will be one of the highest
sources of assoclated accidents. Factors which could affect this

conclusion are:

1. Improved construction site accident prevention measures.
2. Improved road surface and stud design characteristics which
result in reduced wear.

3. Revised road wear projection data.

A more definitive conclusion relative to expected accident rates
would require the acquisition of more refined construction site acci-
dent data and the updating of projected resurfacing activity esti-
mates.

A.3 SPLASH AND SPRAY

Splash and spray are terms that are applied to water that is
ejected to the side, or behind a vehicle as it travels over a wet
pavement. Splash is usually defined to be the larger drops of water
or slush which fall to the pavement immediately after becoming air-
borne. Spray is a term given to the finer droplets which become
entrained in the turbulent wake of the vehicle. Measurable amounts
of spray can result from water depths as thin as 0.01 inches.

Clearly, stud~-produced troughs will contribute to splash and spray
problems.
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Table A-?
TEXAS: Rural Motor Vehicle Accidents at Areas Under

Construction¥
Year Fatal Accidents Nonfatal Accidents
1960 60 1664
1961 49 1598
1962 50 1450
1963 56 1517
1964 53 2131
1965 30 2033
1966 53 2341
1967 54 2650

¥Source: Texas Department of Public Safety, Austin, Texas

Table A-3
VIRGINIA: Accidents at Areas Under Construction#*

A1l Fatal Personal Property
Year Accidents Accidents Injury Damage
1960 574 b n.a. n.a.
1961 881 5 217 659
1962 971 15 247 709
1963 1109 7 272 830
1964 1319 9 307 1003
1965 1814 16 383 1415
1966 1763 13 394 1356
1967 1734 9 b7 1308

¥Source: Virginia Traffic Crash Facts, plus information from the

Virginia State Police Headquarters, Richmond, Virginia
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Table A-4

WYOMING: Accidents at Areas Under Construction#*

Total
Year Number of Accidents Injuries Fatalities
1962 127 76 3
1963 108 54 4
1964 n.a. n.a. n.a.
1665 100 91 3
1966 118 86 6

¥Source: The Wyoming "1965 Construction Area Motor Vehicle Acci-
dents" (discontinued after 1966). Among the materials surveyed this
one presents the most elaborate analysis of accidents at construc-
tion sites. It compares districts, gives descriptions of the acci-
dents, and concludes that 32% of the accidents occurred entering or
leaving detours with 13 such accidents assigned the cause: "Failed

to make curve onto detour--overturned".

Table A-5
Summary of Accident Data

Construction
Construction Equipment Maintenance Total
Total Accidents 513 74 93 680
Persons Killed 17 0 5 22
Persons Injured 242 18 57 317
Property Damage $375,540 $53,785 $80,370 $509,695

Splash and spray laboratory tests on an uncovered wheel [95]
indicate that the major portion of water is displaced sideways in
the form of splash. Water thrown off in the rearward direction

leaves the trailing edge of the contact patch in the form of spray.
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Departure angles are on the order of 30 degrees from the horizontal.
Spray droplets are lifted off the road by the tire and carried along
in the turbulent wake of both the tires and the vehlcles. Water
contained in tire grooves and sipes is thrown clear after about one-
quarter revolution. The amount of water thrown free decreases as
the tire continues to rotate and essentially stops after two-thirds
of a revolution. Wind and vehicle speed tend to force the droplets
backward; the greater the relative wind, the more tendency for a

splash drop to shatter and become part of a spray mist [96].

Accidents resulting from splash and spray are relatively un-
common. An analysis in England indicated that 1.3 percent of wet
weather accidents are the result of mud or water thrown on the
windscreen [97]. A similar study in the state of Michigan of both
wet and dry weather accidents has shown that the accident frequency
resulting from splash and spray is on the order of 1 to 500, or
1 to 600 [92]. Evidently, accidents resulting from splash and
spray occur most frequently during overtaking maneuvers or during
passing maneuvers from the opposite direction. It is not completely
clear what the accident producing effects from splash and spray are,
however. It appears that drivers tend to learn to compensate for
the effects of splash and spray. When accidents do occur, the ori-
gin seems to involve a sudden loss of visibility which causes the
driver to carry out some type of panic maneuver. Roadways randomly
rutted through the use of studded tires would obviously be more

likely to produce these conditions.

The factors influencing splash and spray include water depth,
vehicle speed, tire tread pattern, road surface characteristics,
and vehicle characteristics (i.e., shape, fenders, mud flaps,
wheel arrangement, etc.). Each of these factors will be discussed
in terms of its individual relation to splash and spray in the
following subsections.

A.3.1 WATER DEPTH. Water film thickness seems to have 1little
influence on spray but greatly influences splash [94, 95]. As in-
dicated earlier, depths of 0.01 inches have produced significant
splash effects, while depths on the order of 0.001 inches seem to
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be the smallest that produce any significant amount of spray. The
functional relationship between splash production and water depth is

evidently unknown, however.

In an investigation on the effects of mud flaps on passenger
cars, Chapoux [91] found that spray length increases approximately
as the square root of water depth and as the square of speed. Spray
height, on the other hand, evidently increases directly with both
velocity and water depth, but does not exceed the height of the
vehicle.

A.3.2 VEHICLE SPEED. Vehicle speed has an effect on both
spray density and the production of spray through shattering of
splash droplets. According to Maycock [97], spray density is insig-
nificant below 30 mph, but increases rapidly thereafter at about
the 2.8 power of speed. Most water displaced by the tires below
30 mph falls to the pavement without breaking up. According to
Lane [98], splash droplets shatter into spray according to the re-
lationship

(u~-v)r = 54 (A-8)

[t
I
<
il

Relative drop velocity in mph.

=
1}

Droplet diameter 1in inches.

For drops between 0.05 and 0.10 inches in diameter, the critical
speed for shattering is between 20 and 35 mph. This effect is res-
ponsible for the large increase in spray (mist with increasing
speed).

Spray patterns are influenced by wheel speed in that spray
thrown forward increases with increasing wheel speed. Splash drop-
lets leaving the tire tangentially in a vertical direction move
forward at vehicle velocity. Those leaving later move at a greater
velocity than the vehicle and, hence, have a greater tendency to
shatter into spray mist. Smaller tires traveling at a greater ro-
tational speed would, therefore, tend to produce more spray than
would larger tires for the same vehicle speed.
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A.3.3 ROAD SURFACE. Conventional road surfaces may or may not
have an effect on spray production. Surfaces made of impervious
gravel and chip dressings were found to reduce spray by as much as a
factor of two over untreated surfaces [97]. Control in these ex-
periments was not sufficient to guarantee results, however, and the
effect of surface treatments on splash and spray production is there-

fore not clear.

An experimental porous surface was also examined under these
same wetting conditions and this surface produced no spray whatever.
A characteristic of a porous surface is that it allows water to be
drained down through a porous layer without the necessity of drain-
ing along the surface itself. While alleviating problems with
splash and spray (also hydroplaning) the porous surface lacks dura-
bility and tends to lose porosity with time.

A.3.4 TIRE TREAD PATTERN. For water depth less than 1/8 inch,
Maycock [97] found that a smooth tire produced more side splash
than a treaded tire while the spray differences were insignificant.
Other research has shown that side splash is progressively greater
with (1) winter treads (2) summer treads (3) all tires. Kamm, et
al. [95] found that sidesplash could be greatly reduced by bonding
a flexible chine to the tire sidewall. In the same set of experi-
ments, it was found that a transverse tread is best for removing
droplets from a tire and that it is also best from the hydroplaning
suppression standpoint. In this last context it has been found that
a hydroplaning smooth tire produced the greatest amount of splash
[947.

A.3.5 VEHICLE FACTORS. Maycock [97] found that vehicles with
sloping backs produced about twice the spray as did vehicles with
flat square backs. Evidently vehicle aerodynamics has a great in-
fluence on the pattern of spray while the spray density is mostly
influenced by tire type, water depth, and vehicle speed [95].

A.3.6 COUNTERMEASURES. Measures to counter the effects of
splash and spray have generally been concerned with reducing or
removing the source of the airborne water. Since most splash and
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spray problems arise from commercial vehicles, most of the applicable
research has been directed toward developing fenders and mud flaps
for splash and spray suppression [147, 183, 95, 97]. Carefully de-
signed mud flaps, for example, have been developed which reduce spray
behind a large commercial vehicle by as much as a factor of three or
four. Other spray suppression devices have included a hood mount
detector which is used to deflect airflow away from the windscreen.
Spray reductions on the order of two to ten times have been experien-
ced with such devices [97]. Problems have resulted with hood mounted
deflectors, however, in that the drops tending to flow around the
deflector and land on the windscreen tend not to merge and produce a
mottled effect which 1s difficult to see through.

A.3.7 SUMMARY. In summary, it can be understood that splash
and spray effects are reasonably well understood and that studded
tire-induced pavement ruts will increase both the frequency and in-
tensity of windscreen visibllity loss. The 1ncrease in subsequent
accldents rates is problematical, however. Heretofore, accidents
resulting from splash and spray have not been a significant factor
in accident statistics. It i1s expected, therefore, that splash- and
spray-produced accidents are a less probable source of studded tire-
induced accidents than the effects discussed in Sections A.1 and
A.2.

A.4 LATERAL PLACEMENT SHIFTING CAUSED BY MARKING WEAR AND WORN

WHEEL PATHS

Vehicle lateral placement shifting can result from pavement
marking obliteration and wheel path wear. The former results in a
loss of delineation lines which the driver uses in guiding his vehi-
cle 1iIn lane holding, while the latter produces several adverse
effects which may cause the driver to steer to one side of the worn
paths. Among these several effects are: (1) retained water in the
path ruts which can freeze, cause hydroplaning, wet skid, or produce
splash and spray problems; (2) roughened pavement which can cause
annoying vehicle interior noise and vibration levels; and (3) ad-
verse steering effects from the tendency of tires to climb the rut

side slopes.
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A.4.1 LANE MARKING EFFECTS. Research by Gordon on a two-lane
road (one lane in either direction) [100] has shown that the road edge
and center line are the primary visual inputs which the driver uses
in guiding his vehicle. These two cues involve between 80 and 90% of
the driver's eye fixation positions in the normal course of driving.
It would seem logical to conclude, then, that intermediate lane mar-
kings on either side also provide the primary vehicle guidance stimu-
lus on multi-lane highways. Lane marking obliteration should, there-
fore, produce degraded lane holding and vehicle guidance characteris-

tics--particularly on curves.

Before and after accident from the state of Ohio indicates that
pavement edge markings along rural two-lane highways have made a sig-
nificant reduction in accident statistics [102]. The data indicated
a net reduction of 37% in fatalities and injuries with a significance
at the 0.02 level.

Other studilies have shown that pavement markings have a signifi-
cant effect on vehicle lateral placement. Data collected by Willis-
ton [105] at four different straight, two-lane sites show that the
lateral placement distance from the centerline becomes progressively
larger as lane marking cues become fewer. The data are summarized on
Table A-6. The data also show that placement distance is influenced
by the presence of opposing traffic. The most significant edge mar-
king effects on placement were found to occur at night. After dark
the majority of drivers tend to drive nearer the middle [104].

Table A-6

Lateral Placement From Centerline (ft.) As Influenced
by Pavement Markings

MEETING
Site FREELY MOVING OPPOSING TRAFFIC
Markings 1 2 3 ! 1 2 3 !
Centerline & Edge Lines 2.6 2.9 3.4 4.1 3.0 3.5 3.8 4.6
Centerline Only 2.7 3.2 3.7 3.2 3.1 3.5 4.3 3.5
No Markings 3.2 4,0 4.3 3.2 3.8 4.4 4,5 3.7

Similar studies by Hubbell and Taylor [101] tend to confirm
these conclusions. It was found that the extremes in lane holding
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were represented by no markings and a solid yellow centerline plus
edge lines. Edge delineation was found to be the only significant

element on all cases.

While it is clear that lane markings can have a significant
effect on both accident causation and lateral placement, no survey
has been identified whicn shows the general prevalence of marking

wear as the result of studded tire use.

A.4.2 OTHER EFFECTS. The occurrence of other effects which
may lead to lateral placement shifting such as water accumulation
in ruts, roughened surfaces, and adverse steering forces and mo-
ments are all discussed elsewhere in terms of individual contribu-
tion as accident causation mechanisms. No connection has yet been
found, however, between these effects and lateral placement shift-
ing. In the only known study which has been made to determine
lateral placement effects resulting from studded tire wear, the re-
sults were negative [99]. 1In these studies, eleven straight-away
sections of freeway with rut depths ranging between 0.26 and 0.56
inches were compared in terms of lateral placement with fifteen
similar unworn sections. Videotape units recorded vehilicle place-
ment distributions at specific point locations on each pavement
section. A synopsis of results is shown in Table A-7. The simila-
rity of results indicated no significant or discernible differences
in vehicle placement between freeway lanes with appreciable wear
as compared with lanes not exposed to studded tire wear. It should
be noted, however, that all surveys were made in the presence of
dry pavement and in clear weather. Therefore, no conclusions can
be drawn relative to avoiding wheel ruts where trapped water is pre-

sent.

A.4.3 SUMMARY. It is evident that lane marking obliteration
can have an effect on vehicle guidance and accident causation. In
the absence of survey data showing actual marking wear patterns,
however, it would generally appear that marking obliteration is not
a large studded tire-produced accident causative factor. The pave-

ment markings which are most important in affecting placement and
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Table A-T

Placement Comparison Between Worn and Unworn Pavement Sections

Distance From Vehlicle Centerline to

Right Pavement Edge % Vehicles
Arithmetic Standard Coefficient Within Three
Mean Deviation of Variation Foot Wheel Ruts
LANES WITH WHEEL
PATH WEAR (19) 6.01 ft. 1.27 ft. 21.23% 78%
UNWORN LANES (7) 6.26 ft. 1.32 ft. 21.16% T7%

accident rates are lane delineators--particularly edge markings.
These are not located in the areas of substantial wheel path wear
along most highway sections, however. Therefore, marking wear
cannot be identified as a commonly prevalent source of lateral
placement shifting. On the other hand, lateral placement shifting
for other reasons could lead to marking wear and thence to a com-
pounding effect of additional placement shifting. No evidence sup-

porting this hypothesis has been produced, however.

Marking wear has been reported to be uncommonly excessive in
areas where lane crossing and weaving is prevalent [103] (e.g.,
curves, or interchange ramp locations on multi-lane highways). To
compound the problem, lane markings at these locations are of
greater need in vehicle guidance and their loss is therefore of
greater significance. Such locations could represent an exception
to the general lack of a cause-effect relationship between studded

tire wear and lateral placement shifting.

Other than lane marking obliteration, no wear effect has been

shown to cause lateral placement shifting.

A.5 ADVERSE TRANSVERSE FORCES AND STEERING INPUTS

Adverse transverse forces and steering moments may be trans-

mitted to a vehicle as the result of tire interaction with studded
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tire-worn wheel ruts. The adverce offects could result from two

mechanisms:

1. Roadholding degradation resulting from a roughened surface
which may occur during cornering and/or braking.
2. Tire/rut edge interaction as the result of tire nibbling

characteristics.

A.5.1 ROADHOLDING EFFECTS. Roadholding effects are influen-
ced by pavement asperities which are of large scale compared to
those responsible for producing tire/road friction. Such asperi-
ties are measured in terms of inches, whereas friction-producing
macro- and microtextures are measured in terms of fracticns of an

inch.

While the friction-producing characteristics of a pavement
surface can be described in terms of a skid number, this number may
not be reflected in the maximum cornering and braking forces which
can be generated by the vehicle. Such forces are a function of
vehicle speed, suspension, tire characteristics, large scale road
surface asperities, road surface contaminants, and the particular
characteristics of the maneuver. In order for a vehilicle to take
advantage of the available pavement friction, the suspension sys-
ftem must act to keep the tires uniformly in contact with the road
surface. Large scale surface asperities-~-those important in vehi-
cle ride considerations--tend to degrade this capability. 1In
addition, a particular cornering or braking maneuver may result in
unequal tire loading which 1s independent of large scale surface

effects (e.g., vehicle mass transfer through pitch, or roll).

While a good deal of research has been done in these areas,
[106, 110, 111, 112], much is still not clearly understood. In
particular, no research has been identified which shows the effects
of traveling over worn ruts while at the same time carrying out
braking and cornering maneuvers. Therefore, in the absence of such
information it 1s not clear what effect ruts and roughened surfaces
would have on these maneuvers. Intuition would suggest, however,

that the resulting accident causation hazard is not as large as
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that of the effects discussed earlier.

A.5.2 TIRE/RUT EDGE INTERACTION. Tires, in general, have a
tendency to climb the side of a ridge or sloping surface. In the
tire trade this phenomenon is known as "nibbling". A climbing
reaction does not always occur immediately upon contact with the
ridge, however. Initially, most tires running up against a low
vertical ridge will tend to "hold off" until sufficient side force
is produced to cause the tire to bite into the ridge face. Once
climbing on the ridge is initiated, however, a side force tending

to reinforce climbing quickly builds up.

Marshall et al. [109] show data which illustrate these cha-
racteristics for three kinds of tires. The tires were made to
cross a 1/2 inch plank at a 1/2 degree angle with respect to the
direction of travel. An initial "hold off" tendency followed by a
force tending to reinforce climbing is clearly evident for both
bias and bilas-belted tires. The same is not true for radial tires,
however. In this latter case, the forces are generally in a direc-
tion to oppose climbing. The peaks and valleys in the nibbling
responses evidently correspond to ribs and grooves in the tire tread.

The data of Marshall et al. [109] shows that the side force
quickly varies from -125 1lb. to +135 1lb. for the bias and bias-
belted tires. This "swing back" tendency has important implica-
tions. If a driver tries to steer across a ridge, the initial res-
ponse of the tire 1s in a direction to oppose his actions. For the
radial tire this opposition tends to continue for the duration of
the nibbling process and provides the driver with a consistent and
predictable feeling. For the bias and bias-belted tires, however,
the "swing back" tendency tries to pull the tire across the ridge
and can come as a surprise to the driver. Drivers trying to get back
onto the road after going off on the shoulder have been known to
spin-out because of this effect.

The implication of torques being applied to the steering sys-
tem through nibbling is not considered to be as serious. A torque
applied at the tire is typlically reduced by a factor of about twenty
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by the time it is felt by the driver. The resulting disturbance
torques of one or two foot-pounds, applied at the steering wheel,
are well within the control capabilities of all drivers. Further,
for cars equipped with power steering, the disturbance torque will
be negligible. It can be concluded, therefore, that the tire
aligning torques produced by nibbling will be of less consequence

than the resulting side forces.

Other data showing the nibbling characteristics of tires tra-
veling over objects is presented in [107, 113]. 1In contrast to
the results for nibbling, these data show that radial tires (rigid
breaker) are more influenced by the obstacles than conventional
designs. Whatever the relative difference, however, it 1s clear
that tires running over road irregularities can generate signifi-

cant side forces.

The implications of these findings for tires traveling over
wheel ruts produced by studded tire wear 1s not completely clear.
Studded tire-worn ruts have sloped sides and hence cannot be ex-
pected to generate lateral forces which are as large as those pro-
duced by ridges. The forces may be large enough to draw a vehicle
to one side or the other of a rut, however. If the driver attempts
to steer so as to remain in a rut, a side-to-side jostling effect
can be expected. The severity of the phenomenon will be a function
of rut profile, tire type, vehicle characteristics, and the deter-
mination of the driver to remain in the wheel paths. The unpleasant
effect could be simply alleviated, of course, by the driver shifting
his vehicle to one side of the worn paths. In fact, a vehicle left
to itself would tend to climb out of the worn paths on its own
accord. As indicated in Section A.4, however, no evidence of lateral

placement shifting in practice has yet been found.

A.5.3 SUMMARY. Adverse transverse forces may occur as the
result of roughened pavement surfaces, or worn wheel paths. The
former may affect vehicle roadholding characteristics, and thus cor-
nering and braking. The latter may cause an adverse side-to-side
motion when a driver attempts to travel in the worn ruts. No direct
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experimental evidence is available which supports the existence of
either phenomenon, however. If pavements continue to be worn at
present rates, the likelihood of roadholding degradation, and ad-
verse rut travel effects will be increased. In this event, vehicle
handling characteristics in traveling over roughened and rutted
pavements should be more carefully examined. In present circum-
stances, however, adverse transverse forces are considered to be of
less consequence than the effects mentioned heretofore in terms of

accident causation mechanisms.

Rut or roughened surface-induced steering torques are consi-

dered to be of negligible consequence.

A.6 NOISE AND VIBRATION EFFECTS ON DRIVER FATIGUE RESULTING FROM

ROUGHENED PAVEMENT

The subjective effects of noise and vibration are not consis-
tent and depend upon the subject, the setting, and the type of
disturbance. In general terms, noise is heard and influences the
body through the ear, whereas vibration is felt, affecting man
primarily by the widespread mechanical disturbance of organs and
tissues. High intensity, low frequency sound (less than 100 hz)
can enter the body by direct absorption through the body surface,
however, and can excite non-auditory sense organs. In this connec-
tion, the ultimate physiological effect of such noise 1s essentially
similar to that of full body mechanical vibration. The best known
frequency dependent effects of noise and vibration on man are re-
ported by Guignard [122].

The separate effects of noise and vibration on driver fatigue,
as produced by road roughness, are discussed in the following sub-

sections.
A.6.1 NOISE EFFECTS

A.6.1.1 Sound Measurement. Sound level is commonly measured

in one of two ways. Sound pressure level (SPL) is an absolute mea-

sure of sound pressure which is defined as follows:
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SPL = 10 log

(A-9)

no

ref

In other words, SPL 1s the root mean square pressure, P, related in

decibels to a reference pressure, P In general, P is equal

, ref’ ref
to 0.0002 microbar. The units of SPL are referred to as db(C) when
read on the C-scale of a sound level meter. The C-scale represents
a response which is essentially uniform over the audible frequency

spectrum.

A more commonly used sound pressure measurement method is
based on the A~-weighted scale equalization scheme. This weighting
scale approximates the inverse frequency response characteristics
of the human ear at the 40-phon loudness level [119]. Little weight
is given to low frequency sounds. In general, the A-weighted scale
is statistically indistinguishable from the best psychologically
derived measures in 1ts relationship as a predictor of human res-

ponse to vehicle noise.

Careful attention must be given to differences in the meaning
between db(C), which is a direct measure of sound pressure level
and db(A), which corresponds to the A-scale weighted sound level
measurement. For example, a change of 10 db(C) in SPL means that
two different sounds vary in power by a factor of 10. On the other
hand, a change in 10 db(A) on the A-scale means that two sounds
essentially differ by a factor of 2. A difference of 20 db(A) means

that one sound is rated as four times as noisy as another [120].

A.6.1.2 Subjective Response to Noise. 1In the general subjec-

tive response to noise, intensity and duration as well as frequency
are 1mportant. Discomfort is not a reliable guide to loss of wor-
king efficiency or impairment to health. Man can find pleasantly
exhilarating a level of noise which will cause permanent hearing
damage [122]. Deafness avoidance and comfort criteria as a func-
tion of noise frequency are shown on Table A-8 [125]. These are

suggested criteria for automotive designers. Other criteria for
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noise control are suggested by Rosenblith, et al. [131].

Table A-8
Limits for Deafness-~Avoidance and Comfort

Maximum Permissible Sound Pressure Level,
above 0.0002 microbar.

Deafness-Avoidance Criterion Comfort Criterion
Repeated
Occasional Exposure
Octave Exposure (Period of Noisy (People Quiet (People
Band (1 Hr or Less) Months) Expect Noise) Expect Quiet)
38- 75 125 115 100 80
75~ 150 120 110 95 70
150- 300 120 110 90 60
300- 600 120 105 85 55
600~1200 115 100 75 50
1200-2400 110 95 65 50
2400-4800 105 90 60 50
4800-9600 110 95 55 45

Annoyance, fatigue, discomfort, and irritability are frequent
subjective reactions to excess noise [134]. Mental performance and
motor processes are influenced by noise--at least temporarily [125].
Work carried out under noisy conditions requires a considerable in-
crease in energy expenditure even though output may remain the same.
In complex tasks, performance falls off under high noise conditlons
(a slight effect is noticeable for nolse above the 90 db(C) level)
[95]. Decision tasks also show a performance decrement at about
the 90 db(C) level. The decrement is in terms of more error, rather
than as a reduction in output. This is also true for simple or re-
petitive tasks. In short, noise can have widely deliterious effects

on task performance.

On the other hand, some types of nolse can lead to increased
work performance. For example, intermitfent and impulslve noise

may be beneficial to persons involved in boring tasks. For simple,
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low information processing tasks, noise tends to improve performance
[115]. Steady low intensity noise, however, usually produces no

change 1in performance.

A.6.1.3 Vehicle/Roadway Noise Characteristics. The amount of

tread and tread pattern, roadway roughness, wetness, stiffness of
the tire casing, tire loading, vehicle speed, and the coupling be-
tween tire and vehicle body are all important in determining the
amount of noise produced by a vehicle traveling along a roadway
[119]. Accurate data on the noise produced by the various tire/road-
way interaction mechanisms for current tire/roadway combinations are
unavailable, however [120]. In addition, although the various
components involved in vehicle noise production are recognized, the
specific mechanisms are not well understood, or easily measured
[136]. DNoise produced by tires, in particular, is not easily alle-
viated. Factors which increase safety, traction, and tread wear

in tires also contribute to increased noise [133].

Typical nolse spectra measured inside two vehicles with the
windows closed are reported by Callow [117]. These data were ob-
tained during travel at 45 mph over a smooth, dry, tarmac surface.
Peak noise levels are 74 db(A) for an Austin Mini Mk. II 850, and
69 db(A) for a Ford Zephyr 6 Automatic. For these vehicles, the
noise levels are just at the dividing line for Speech Communication
Level 55 [131]. While this data is typical, it does not necessarily

represent the extremes.

Peak sound level tends to increase as a function of vehicle
speed [117]. The data are a composite of measurements from 24 dif-
ferent automobiles and again represent travel over a dry, smooth

tarmac surface.

Callow [117] shows that maximum sound levels are about 87
db(A) near 70 mph. Since the spectrum shape for vehicle noise is
relatively independent of vehicle speed [119], it can be concluded
that these peak values occur at frequencies somewhere between 75 and
300 hz. Therefore, even at 70 mph, vehicle interior noise, resul-

ting from travel over smooth surfaces, is below the noisy comfort
criteria.
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The effect of a roughened road surface on vehicle interior
noilse has been determined from data collected for 29 different
automobiles traveling over the MIRA stone-sett surface (a level
cobbled surface [126]). The mean nolse levels resulting from
traveling over this surface are about 8 db(A) higher than compara-
tive values for the tarmac surface. The highest values are on
the order of 98 db(A), however. These values exceed the noilsy
comfort criteria, as discussed in Section A.6.1.2, and are at a

level which will cause some fall-off in driving task performance.

Water on a pavement surface may increase the resulting noise
level produced by an automobile anywhere from 3 to 15 db(A). For
example, wet smooth asphalt is 15 db(A) noisier than the same
surface when dry, while a rougher portland cement surface is 8
db(A) noisier when wet [129]. Evidently, the rougher the surface,
the lesser the increase in noise from dry to wet conditions.

Mills [126] indicates that road noise is more sensitive to the
presence of water at low speeds than at high speeds, and at low
vehicle weights, rather than high weights.

A.6.1.4 Noise Produced by Studded Tires, and Pavements

Roughened by Studded Tires. The noise produced by studs on

studded tires is, in general, insignificant [133]. A slight buz-
zing is heard when both front and rear tires are equipped with
studs. Stud noise is almost unnoticeable, when only the rear tires
are studded. In general, stud noise is heard most clearly by a

bystander, at low speed, on a smooth hard surface.

The noise produced by surfaces roughened by studded tires
very probably lies between the noise produced by the smooth tar-
mac and stone-sett surfaces described in the previous section. A
relative comparison of these two surfaces along with a spray and
chip (3/4 in. chippings) is shown on Figure A-7 [126]. The spray
and chip coating is about midway between the other two in terms
of noise~producing characteristics, and is probably comparable to
a studded tire-~damaged surface. It would appear that vehlcle in-
terior noise, resulting from travel over roads roughened by
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studded tires, would be in the 90 db(A) range. Although the results
are highly subjective, this 1s a noise level which can produce mar-

ginal long term driver fatigue.
A.6.2 VIBRATION EFFECTS

A.6.2.1 Subjective Response to Vibration. Repeated attempts

have been made to define 1limits of human exposure to mechanical vi-
bration. Most of the application has been in transport or military
vehicles where driver comfort or crew performance has been the
criterion. The difficulties associated with defining limits are
primarily due to the fact that measured results must be based on
subjective reaction. As mentioned earlier, such reactions are not
consistent and depend upon the subject, the setting, and the type
of disturbance. In broad terms, human tolerance to whole body vi-
bration is lowest in the 4-8 hz band of frequencies [122]. This is
recognized in the "fatigue-decreased proficiency limits for verti-
cal vibration" which have been proposed by the International Stan-
dardization Organization (ISO) [121]. The 4-8 hz frequency band
evidently corresponds to visceral resonance which causes these fre-
quencies to be highly objectionable. In general, up to about four
minutes exposure, time is not a factor in the ISO limits [123].
From that point up to 24 hours, however, the acceleration tolerance
limits are reduced continuously to a level of about 4% of those

for short time exposure.

In general, the higher the frequency, the lower the displace-
ment amplitude must be to maintain a given level of comfort. A
plot of subjective responses to vibration as a function of dis-

placement amplitude and frequency is shown in [130].

While the results discussed above represent an attempt to de-
fine vibration tolerance limits, it would be wrong to assume that
discomfort is solely related to the body's dynamic response to
vibration, or that any simple numerical expression of human toler-
ance can be universally applied. As in the case of annoyance by
noise, disturbance by vibration of any given intensity will depend

on individual susceptibility and the particular circumstances. 1In
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a home, for example, the limit of acceptability of vibration may
lie on, or a little above, the threshold of perception (on the
order of 0.02 m/secz), whereas in public transport a level of some
20 db higher than this may be accepted as not uncomfortable.

In general, the human body is less able to tolerate vibration
than is the vehicle structure. Thus, vibrations transmitted
through the vehicle body, although having little effect on the

vehicle, may be somewhat more detrimental to the driver.

Specific detrimental effects that have been noted relative to

exposure to prolonged vibration include [132]:

1. Degraded visual acuity as manifested in blurring of the
visual image on the retina. (The result of relative

movement between the eye and the viewed object.)

2. Degraded reaction time in performing simple decision

tasks.

3. Degraded performance in tracking tasks--tasks which make
up a large part of the driving task.

Road-induced vibration can, therefore, have serious effects on
driving performance. Tne effects are, however, dependent upon

vibration frequency, intensity, and duration of exposure.

A.6.2.2 Vehicle/Roadway Vibration Characteristics. Road

surface-induced vehicle vibrations which could result from damage
by studded tires are in the general subject area of vehicle ride.
The vibration path which 1s pertinent to ride considerations
(i.e., the path associated with whole body vibration) includes, in
order, the road, the tires, the suspension, the vehicle body, and
the seat. Each of these produces an attenuating effect on the
road surface forcing function, such that the vibrations felt by
the passenger are substantially different than those occurring in
the road. Further, individual differences in the aforementioned
vehicle components can produce an order of magnitude difference in

passenger-sensed effects while traveling over the same road surface.

Vehicle ride (vibration) characteristics are commonly measured

69



both objectively and subjectively. The former consists of placing
accelerometers at selected positions within a vehicle and recor-
ding accelerations while traveling over selected roads. The lat-
ter consists of weighing the opinions of individual subjects in
their reaction to vehicle and road characteristics. Objective

measures will be used in the present discussion.

Comparisons between the acceleration spectra of 28 different
vehicles as measured by Oliver and Whitehead [128], and the ISO
proposed standards discussed in [121] show that the indicated vi-
bration levels in all vehicles except one are below "Fatigue-
Decreased Proficiency" (FDP) limits for up to eight hours of ex-
posure. The vehicle not meeting the eight-hour exposure limit (a
light commercial van) would, according to the proposed ISO stan-
dards, cause some FDP after about five hours (an amplitude of 0.05g
in the 2-4 and 4-8 hz bands).

The effects of road surface and speed on vehicle spectra are
illustrated by data collected by Chiesa and Oberto [118]. These
data are vibration spectra for three automobiles (a set which ex-
hibited the highest amplitude spectra out of a total of six vehi-
cles tested), that were tested on three road surfaces (uneven,
cobbled, smooth) at three different speeds (40, 65, and 90 km/hr).
All measurements were made with accelerometers fixed to the front
part of the vehicle body at a rigid point on the frame above the
front wheels. (These mountings should produce vibrations of
greater amplitude than those produced from seat-mounted instru-
ments.) The vehicles used weighed between 2.600 and 3,100 1b.
when loaded with three passengers and instrumentation.

In examining the various spectra of Chiesa and Oberto it 1is
evident that there is a general increase 1n vibration amplitudes
with speed. It can also be noted that amplitudes increase roughly
in the order of the smooth, cobbled, and uneven surfaces. With
few exceptions, however, maximum accelerations are less than 0.5
m/secz. Vibration induced FDP should not be expected, then, for

at least four to six hours (see Hanes [123]).
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A.6.2.3 Vibration Produced by Pavements Roughened by Studded

Tires. The spectral data presented by Chiesa and Oberto [118] un-
doubtedly encompass the road surface conditions which can result
from studded tire damage. Comparison of these spectra with vibra-
tion tolerance standards indicate that an exposure of at least
four hours would be neecded to produce Fatigue-Decreased Proficien-
cy (FDP).

Care should be taken in interpreting this result, however,
for as Van Deusen [135] has pointed out, it is difficult to inter-
pret random vibration data (which contains all frequencies) in
terms that can be compared with tolerance limits. While it might
appear that a vibration becomes limiting whenever a measured in-
tensity in any one frequency band exceeds a limiting value, this
procedure ignores the additive effects of adjacent frequency bands.
It seems reasonable to assume that the human does not respond in-
dependently to each frequency component, but that his response 1is
a cumulative effect representing all frequencies. Since vibration
tolerance data is determined from subjective response at a single
frequency, it is not surprising that attempts to interpret these
results in terms of vehicle ride comfort have not been completely
successful. 1In the complicated vehicle vibration environment,
then, vibration tolerance data should only be used as a rough
guide.

In light of these comments, FDP due to travel over studded
tire-damaged surfaces may very well occur at time intervals sub-

stantially less than the four hours mentioned earlier.

A.6.3 SUMMARY. Both noise and vibration effects, resulting
from travel over roads which have been worn by studded tires, have
been found to have an effect on driver fatigue ,but only after long
term exposure. Neither effect, by itself, is considered to be a
serious factor in accident causation, however, since the time in-
tervals required to produce FDP are generally longer than most
people drive without resting. TFatigue effects resulting from a

comblined noise and vibration environment are undoubtedly more
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deleterious. No combined tolerance limits for both stimull have
been uncovered, however.

A.7 EJECTED STUDS THROWN FROM HIGH-SPEED VEHICLES

Experimental evidence has shown that studs are lost from
studded tires during operation usage. Experience has shown that
studs are more frequently lost from stud rows which are nearer
the center of the tread pattern [138, 140]. Other evidence
clearly indicates that studs are lost much more frequently during
panic stopping and starting maneuvers, than during ordinary
driving [138]. Tire wear appears to be an additional factor af-
fecting increased loss rates [142]. While it is clear that stud
loss can be expected as the result of studded tire use, loss
rates cannot be easily quantified. In addition to the factors
mentioned above, other factors affecting stud loss include stud
type, stud protrusion, stud wear, tire compound, tread pattern,
stud hold shape (in tread), stud installation pressure, and the
thickness of the undertread between the stud flange and tire
cords. Whatever the factors involved, however, it is clear that

studs are lost.

The operational loss, or ejection of studs has been reported
to be frequent but not hazardous. In the early years of studded
tire use in Michigan there were a rash of reports of pollce cars
being shot at during freeway patrol. Evidence seems to suggest
that most of the events were the result of ejected studs. Such
reports have become relatively uncommon in more recent years,
however. This implies that (1) the source of the problem has been
identified, or (2) stud fastening methods have improved.

The mechanism of stud loss is generally due to sliding be-
tween the tire and road surface. Research in Sweden has shown
that for studs to be ejected by centrifugal force, the vehicle
speed must be 500 mph [141]. Lost studs, however, often appear
during low speed travel, frequently 1n low gear, and generally pos-
sess very little kinetic energy [139]. Nevertheless, the Italian
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government has recommended that flaps be fitted behind rear wheels

when studs are used.

The hazard involved from a lost or ejected stud is illustrated
on Figure A-8. Four points are shown which will be assumed to be
positions of possible stud ejection along the tire circumference.
If it is assumed that the tire is rolling without slip (a good
assumption for high speed travel), then the stud ejection veloci-
ties for the various points are as indicated on Table A-9. Clearly,
only those studs ejected at low angles (between points 1 and 2)
will clear the roar overhang of the vehicle and become a hazard to
oncoming traffic [143]. It is clear, also, that the backward ejec-
tion velocity of such studs will be relatively low. For values of
the angle, ¢ < 26°, the backward ejection velocity will be less
than 10% of the vehicle velocity. (Values of ¢ for contemporary
automobiles are between 8 and 24° [254].) Under these conditions,
The stud will be a hazard primarily as the result of the velocity
of a following vehicle. The danger is similar fo that of an ejec-

ted stone of similar mass.

AV

Vehicle
oV < Rear Overhang
V < <:>
V(l-cos
¢ $)

o ©

V, = V(l-cos ¢)
Figure A-8. Stud Ejection Geometry
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Table A-9
Stud Ejection Velocitiles

Ejection Point Ejection Velocity#®
1 0
2 V (1-cos ¢)
3 v
4 2V

¥The vehicle is assumed to be traveling at velocity V.

In summary, stud loss, although occurring rather frequently--
especially as tires become worn--should not be considered a major

factor 1in accident causation.

A.8 YVEHICLE COMPONENT DEGRADATION

Vehicle component degradation mechanisms are a function of
aging and loading processes. The former consist of corrosion, rot,
sunlight, deterioration, etc., while the latter include fatigue
failure, abrasive wear, buckling, creep, and fracture [149]. Road
surfaces damaged by studded tires may affect load cycling processes,
but have no effect on aging. The components which will be most
affected are those which make up the steering and suspension sys-

tems.

The primary studded tire-produced road surface asperities
which could cause adverse component loading conditions are the
longitudinal ruts. Other asperities, such as exposed aggregate,
are of an order of magnitude in size which is easily engulfed by
the tire tread. Although noisy, component cycling is not involved.

Longitudinal ruts, especially those with steep edges, can
produce significant steering system inputs (see Section A.lL).
Traveling from side-~to-side within a rut could, therefore, increase

the cycling times of steering system components. In addition, such
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travel would aluo inercase the ceyeling hisvories of suspencion
components. Deflectlon amplitudes would be low, however. The
forces and vibrations which are necessary to produce long term
degradation would undoubtedly be sensed by a driver as annoying,
however. A driver, in turn, could be expected to steer out of
and travel to one side of such ruts, thus eliminating the distur-
bance. As noted in Section A.4, however, no tendency for steer-

ing out of ruts has yet been identified.

If it is assumed, however, that ruts of significant depth
elther do exist or will exist at some future time, the question
then becomes what will be the expected component degradation re-
sulting from such ruts? Unfortunately, very little information
is available which can lead to a satisfactory answer. Evidence
further suggests that realistic random load fatigue testing,
similar to loading conditions during actual highway travel, is
Just now being incorporated into automobile component design
standards [148, 151]. Data that are available on actual component
reliability are, for the most part, in private hands and not avail-
able to the public [152].

The only published data found was that of a few fragmentary
tests which were conducted at the Motor Industry Research Associa-
tion's (MIRA) pavé (cobbled) track in England [146]. One thousand
miles on the pavé track is considered to be equivalent to the
lifetime of a vehicle on normal roads. The subject tests on un-

specified vehicles produced the following component failures:

1. An idler arm support bracket broken after 29 pavé miles.
2. A front suspension cross member cracked after 850 pavé
miles.

3. A steering arm broken after 912 pavé miles.

On a statistical basis these data indicate little more than

the fact that the events happened, and are of no value in arriving
at generalized conclusions.

In considering the question of gathering the needed data to
arrive at statistically significant answers, the following problems
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are immediately evident:

1. The number of vehicle models, the number of individual
components, and the required test mileage are so large as
to make a full scale test program completely impractical.

2. Data collected for one set of vehicles would become obso-
lete as soon as the results of the data are used to modi-
fy components and change their failure characteristics.

3. The effects of secondary factors such as proper lubrica-
tion, corrosion environment, and minor changes in struc-
tural strength could be large in fatigue failure statis-
tics.

By and large, then, the systematic collection of data which could
be used in drawing meaningful conclusions about component wear
and failure rates 1s considered to be impractical, i.e., data
concerning wear and fallure rates which result from travel over
pavements roughened by studded tire use.

Even if data were avallable that indicated substantial com-
ponent wear and fatigue rates, however, the effects on vehicle
safety and subsequent acci@ent causation are problematical. Bird
et al. [145] and Fancher, et al. [147] have shown that most suspen-
sion and steering components must be worn considerably before any ef-
fect on vehicle performance is apparent. A synopsis of this work is
given by Fancher, et al. [147] and can be reviewed there by the reader
who 1s interested in greater detail. Briefly, the conclusions
reached relative to various kinds of steering and suspension com-

ponents are listed as follows:

Shock Absorbers - Shock absorber degradation contributes to

a deterioration in vehicle handling performance under conditions
which excite vertical vibrations. The phenomena which result are
manifestations of "brake hop", "wheel hop", and "axle tramp".
These phenomena contribute to a net loss in tire shear force and
reduce both braking and cornering performance. Even with vastly
degraded shock absorbers, however, changes in performance are not
large. Removing 90% of the fluid from shock absorbers was found
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to cause premature wheel lock-up in braking maneuvers and a loss
of roadholding capability in a turn [147]. The loss in braking
performance was on the order of 20%. In this same test series,
however, using shock absorbers with worn guide rods and broken
valve guides (common manifestations of extreme wear) produced no

perceptible change in roadholding performance.

Other work has shown that shock absorber damping characteris-
tics must be degraded at least 50% from nominal before significant
differences in vehicle performance or driver skill requirements
are apparent [144, 145]. It was also found that a 50% decrease
in damping reduced maximum lateral acceleration capability (tur-
ning performance) by 25 to 40%. Again wheel hop was the major

factor.

Ball Joints - Loose ball joints have little effect on vehil-

cle handling performance, short of complete faillure.

Steering System Play - Steering wheel play seems to have

little effect on path following accuracy until play at the
steering wheel periphery exceeds 3.0 to 3.5 in. [145]. The main
effect of steering wheel play seems to be an increase in driver
work load to account for increased peak-to-peak steering wheel
motion. A similar conclusion was reported by Fancher, et al.
[147], where it was found that, "Indeterminancies of front wheel
steer angle which arise due to lash in wheel bearings, ball joints,
tie-rod ends, or in the steering gear box, whether taken singly

or in combination, do not exhibit a first-order influence on vehi-

cle limit performance."

Other Components - Front wheel misalignment was found to be

an insignificant factor in path following accuracy for all but
the most severe maneuvers [145, 147]. Vehicle rollover resis-

tance may, for example, be influenced by front end misalignment.

The loss of a stabilizer bar and a steering damper have also
been investigated by Bird, et.al.[145]. Each was found to alter
vehicle handling characteristics and in some cases increased the

amount of control activity required. No immediate safety-related
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effects were apparent, however.

In summary, the road surface asperities resulting from
studded tire damage which could cause adverse component wear rates
are the longitudinal wheel ruts. Traveling from side-to-side on
such ruts will increase the wear rates on steering and suspension
components. No relevant wear rate data areavailable, however,
which could be used to define the severity of the problem. In any
case, even if wear rates are substantial, the effects of component
degradation on accident causation have been found to be of 1little
consequence unless the wear is of such magnitude as to virtually
require component replacement.
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APPENDIX B
IN-SERVICE PREDICTION OF HYDROPLANING AND WET SKID

Tire hydroplaning and/or wet skid is considered to be the most
serious driving hazard resulting from the pavement wear patterns
produced by studded tires. Accordingly, a nomograph has been pre-
pared which can be used both for predicting hydroplaning and for
determining when a pavement sectlion should be resurfaced, or rough-
ened. The nomograph 1s shown on Figure B-1. The details of how
the nomograph was developed and how it can be used are described

in this appendix.

B.1 NOMOGRAPH DEVELOPMENT

The nomograph i1s based on the application of Equations (A-5)
and (A-6) of Appendix A. Equation (A-6) [119] has been modified
to include the effect of water accumulating in a worn wheel path

rut and is rewritten as follows:

d=03.38 x 1073(1/m) ")y B398y 2 st e v (B-1)

where each of the parameters 1s listed in Table B-1 along with its
definition and in-service range of values. The ranges are self-
explanatory, except, perhaps, for texture depth, rainfall intensity,
and cross-slope.

TABLE B-1
WATER DEPTH VARIABLES

Variable Definition Units In-Service Range
T Surface Texture Depth in. 0-0.25 in.
L Drainage Path Length ft. 12-60 ft.
I Rainfall Intensity in/hr 0-5 in/hr
S Pavement Cross-Slope ft/ft 0 to 1/8
R Rut Depth in. 0 to 0.5 in.
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Texture depth for most pavements rarely averages more than
0.10 inches [119, 2407. The indicated range was extended to 0.25
inches to account for aggregate exposure which may result from
studded tire wear. The indicated maximum cross-slope 1s the level
which is considered by the AASHO [237] to be the maximum practical

superelevation rate for curve design (i.e., e = 0.12).

Rainfall intensity and typical yearly duration experience are
given in Table B-2. Since duration experilence varies widely from
one geographical region to another, the data shown represent little
more than a rough indicator. In general, fthough, rainfall intensi-
ty greater than 1.0 in/hr 1s very uncommon. Rainfall of such seve-
rity would undoubtedly require a driver to slow down for lack of

visibility, regardless of the hydroplaning threat.

TABLE B-2
RAINFALL INTENSITY EXPERIENCE [312, 64]

Name Intensity (in/hr) Typical Yearly Duration (hr/yr)
Drizzle 0.01 32
Light Rain 0.04 - 0.20 20
Heavy Rain 0.60 - 0.80 13
Heavy Downpour 1.0 1.1
Very Heavy Storm b.o 0.4

In examining Equation (B-1), the term in brackets on the right
side represents the run-off rate, the T term is used to correct the
depth levels to the tops of the asperities, and the R term repre-
sents water accumulation in ruts. If the water level is below the
tops of the asperities, d can be negative. As wlll become evident

in using the nomograph, the dominant term is the rut depth. This
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is true for rut depths above 0.2 inches and for all reasonable
values of the other parameters.

Equation (A-5) is rewritten as follows:

Vo= 7. W
u 7.61 BdC (B-2)
H
where
W = wheel 1load
B = tire tread width
CH = tire 1ift coefficient
d = water depth

This equation is supported by a considerable amount of experimen-
tal data which were obtained from a rotating drum tire testing
machine [11, 12]. In the experiments, the drum is initially rota-
ted at a speed which is somewhat above the hydroplaning lift-off
speed. At this speed the test tire is not rotating. To determine
Vu’
The speed at which rotation begins, then, is called the spin-up

the drum i1s gradually slowed until the tire starts to rotate.

speed, Vu' As noted in Section A.1 of Appendix A, Vu is lower
than the spin-down speed, Vd’ which is commonly associated with
automobile tire hydroplaning. Vu’ therefore, represents a more
conservative approach to predicting incipient hydroplaning or wet
skid. The validity of Equation (B-2) has been checked against in-
dependently derived data [64] and has indeed been found to be con-
servative. (The independent data was obtained from hydroplaning
tests which utilized a towed traller and a test trough with con-
trolled water depth.)

In using Equation (B-2), values of the ratio W/B were obtalned
for typical vehicles [258, 259] and values of C, for typical tires

[11, 12]7.

H
W/B values were found to range between 68 and 240 1b/in. The

smaller values are associlated with small automobiles of the
"forelgn car" class (weight 1,500 to 2,000 1b), whereas the larger
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values are typical of station woron and limousine class automo-
biles. This 1s an interesting Ifinding since it implies that
smaller vehicles are more likely vo experience hydroplaning. In
constructing the nomograph a value of 65 1lb/in was used for W/B.
This means that the hydroplaning or wet skid speed, determined

from the nomograph, will be a worst case condition.

Values of CH for tvplical tires are chown on the nomograph.
As indicated in Appendix A, Genpgenbach found for smooth, conven-

tional tires that C,, varied according to the following formula:

H

. ) 1.342

Cp. = U6 <W£ (B-3)

where

|

WC = prescribed maximum tire load capacity

In practice, WC/W is no more than about 1.8. Therefore, a worst
case value of CH for a smooth conventional tire 1s about 100.
This is the value shown on the nomograph.

Surface effects were difficult to determine since all of the
Gengenbach data was collected using the same surface--a water-
proof abrasive lining of grain size 80. (This means that the
surface abrasive must pass through a screen of 80 meshes/lineal
inch.) Under Kummer's classification system (see Section A.1.2)
this would be called a Tine textured, gritty surface. 1In order
to determine the effect of surface properties on the hydroplaning
or wet skid speed, V as computed from Equation (B-2), was multi-
plied by a surface factor constant. For a fine textured, gritty
surface the constant 1s 1.0. For other surfaces, the constant

was determined by the following ratio:

VH(surface n)

K = (B-L)

VH(fine textured, gritty surface)

where VH is the hydroplaning, or wet skid speed. Values of K

were computed from two separate sets of consistent data (i.e.,



same tires, tire pressure, tire loading, and water depth) and

averaged [2, 28]. These values are shown on the nomograph.

B.2 NOMOGRAPH USE

The upper row of the nomograph represents a graphical so-
lution of Equation (B-1l). The lower row represents Equation
(B=-2).

A sample solution is shown for the following parameter
values:

L8 rt/ft

0.8 in/hr

20 ft

0.10 in

0.20 in

25 - Closed tread, radial tire

Q ™ 3 B H W

=

0.65 - Coarse textured smooth surface

For this example, the hydroplaning or wet skid speed is 24 mph.

84



PROPOSED RESEARCH PLAN

Empirical verification of the adverse safety effects of
studded tire-induced road damage present: many difficulties. The
problems arise from the wide variety of preconditions which may
play a role in any particular group of accidents and from the
rather poorly understooC mechanisms which produce a crash under a
particular set of circumstances. The work necessary to directly
verify the effects of studded tire damage on crashes will be ex-
tensive, and the decision to embark on such a project must weigh
carefully the substantial likelihood of inconclusive results in
this area against the potential payoffs from other research; e.g.,
the need for better definition of the properties of the tire/road

interface.

An experimental research plan should involve four major in-
terrelated activities: (1) definition of the extent of damage to
a particular road network, (2) examination of the presently avai-
lable accident data to detect any association between studded
tire damage and accident patterns, (3) observations of traffic
flow behavior to ascertain differences between lightly damaged
and heavily damaged roadway sections, and (4) collection of sup-
plemental information from police accident investigations to deter-
mine unique patterns of vehicle dynamics in the crash sequence

associated with studded tire-damaged roadway sections.

The investigation would be conducted in two phases. During
the first phase, measurement of studded tire damage and analysis
of accldent data will be pursued. This effort will show 1f stud-
ded tire damage 1is sufficiently extensive to present a widespread
potential hazard, and i the potential exists, whether or not the
damaged sections display a substantially different accident ex-
perience than the undamaged sections. If both propositions hold
true, then the next phase, involving activities three and four
can be implemented to demonstrate more clearly the precise nature
of the hazards created by the studded tire damage.
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The most attractive location for the investigation is one of
the turnpike systems located in the northern states. These sys-
tems possess several features which strongly recommend them. They
present the high-volume, well-constructed roads that will exper-
ience substantial studded tire damage. The traffic and accident
data available from them is good. Normal accounting procedures
ensure accurate counts of traffic volume. The roads are well pa-
trolled by specially assigned police units which will yield quite
full accident coverage and a high standard of report quality.
Administratively, the turnpikes are operated by a semi-autonomous
state agency which will minimize the problems of operating a

multi-phase investigation¥.

Yet, the turnpikes' unique advantages pose problems of their
own. First, quite possibly for reasons indicated above, the
furnpikes have an accident experience which 1s far better than
the typical portions of the Interstate system. The generality of
turnpike results might be questioned, and detecting differences
on a lower accident rate base imposes more stringent statistical
requirements. Further, the uniformly high maintenance standards
of the turnpikes may prevent as severe damage from appearing as
would be found on some Interstates. Both of these problems sug-
gest the possibility of a Type II error in not finding an effect
when, indeed, one is present. 1In this sense the present program
poses a strong test of the adverse safety effects of stud damage,
since if an effect is found on a recognizably safe road system, it
constitutes good evidence of hazards elsewhere.

Problems that were likely to crop up in using regular Inter-
state or other limited-access highways also weighed heavily in
the recommendation for using toll roads. First, to detect possibly

¥The decision to use turnpike authorities 1s not intended as any
reflection on the excellent research efforts and facilities of
state highway departments, but the turnpikes are in the unique po-
sition of having central responsibility for all phases of operation
including construction, maintenance, traffic, and enforcement

which greatly simplifies the problems of organizing the research
project.
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fine statistical differences will require highly accurate traffic
volume information, which would require an expensive, additional
research investment on non-toll roads. Second, traffic conditions
on turnpikes tend to be more uniform through the absence of heavy
commuter traffic and frequent interchanges found in the urban por-
tions of the Interstate system. Third, although little hard data
is available to substantiate the assumption, the typical turnpilke
driver may be both more mature and literally more sober than the
typical freeway motorist. All these points suggest, then, that
freeways will tend to have more extraneous variation in their data
and hence the turnpikes' advantages would seem to outweigh their

problems.

In formulating this experimental plan, officials of three
turnpikes, the New York Thruway, the Ohio Turnpike, and the India-
na Toll Road, were contacted to discuss the anticipated research
effort. All three agencies expressed interest in possible parti-
cipation, provided that appropriate arrangements were made, and
offered many useful, concrete suggestions on the operational pro-
blems of conducting the program. Based on the observations during
the visits, the New Yorkx Thruway has experienced the most severe
damage and possesses a sufficiently large traffic volume to offer
good experimental possibilities. The Ohio Turnpike has experienced
somewhat less damage than the New York Thruway, but has already
completed the first program element (a survey of studded tire da-
mage) and of the three systems, Ohio seemed particularly receptive
to research efforts. The Indiana Toll Road fortunately has es-
caped the extent of damage suffered by the other two highways and
therefore is not a likely candidate. Between New York and Ohio,
the choice 1s close; final defermination should be made only after

more fully exploring the program with these agencles.

In the sections that follow each task will be discussed in
more detail. The experimental design estimates which have been

prepared are based on the New York data, but can be applied to
Ohio with slight modification.

87



C.1 SURVEY OF ROAD DANAGE

Before any other meaningful research can begin, a survey of
road damage 1s needed, both to allow an assessment of the relative
severity of the potential hazard and to determine if sufficiently
large sections can be found to make statistically valid compari-
sons of accident experience. While the potential for damage has
been experimentally verified and has been of great concern, areas
of severe damage presently have been confined to limited highway
sections where conditions have been favorable for i1ts development.
As indicated in the analysis of accident experience which follows,
determination of the differences in accident potential requires
large roadway segments, but our informal scanning of several ex-
tensive highway stretches indicated only slight damage to most
areas. Finally as a matter of analytical necessity, 1t must be
possible to link accident data to the characteristics of particu-
lar road segments. Hence there is a need for systematic assessment
of the damage before proceeding¥.

Two types of stud-induced changes must be assessed: the extent
of rutting, and alterations in pavement friction properties#*¥,
While methods of characterizing the pavement on both these dimen-
sions are still evolving, presently available techniques will be
used to collect data. For changes in pavement friction properties,
the usual skid trailer techniques can be used. Measurement of
wheel path wear 1s not standardized, but a technique similar to
Keyser's [166] seems most promising. The amount of data necessary
for analysis will depend on the inherent variation in wear pat-
terns, and a two-stage sampling plan is suggested. Both issues are

discussed in detail below.

¥Concern with the potential damage is still legitimate, since the
limited damage to date probably portends what will eventually oc-
cur elsewhere. It is quite possible, though, that the problem cur-
rently is not researchable at the level of determining differences
in accident rates, since sufficiently great segments of highway
have not yet experienced damage.

¥*¥The term damage is not used with respect to changes in the pave-
ment friction characteristics, since the action of studded tires
may or may not adversely affect these properties.
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C.1.1 MEASUREMENT OF WHELL PATH WEAR. Wheel path wear mea-
surement by itself is an inhercently simple process. All one needs
to collect quite accurate data is a long, reasonably firm straight
edge and a machinists' square. The problem is to collect rvapldly
large amounts of data under traffic conditions to minimize traffic
congestion and crew hazard. While more sophisticated means might
be devised, Keyser's profilometer [166] modified to cover the en-
tire twelve-foot lane width and mounted on a truck's hydraulic
tailgate, appears to be the most convenlent approach. The recor-
ding medium used can be eilther paper strips, as originally used by
Keyser, or an electronic system. For paper strips, a lever arm
resting at one end on the surface and attached to a tracing pen
will produce an accurate record of the profile. The records can
then be hand-measured at suitable intervals (say three inches),
the measurements tabulated, and these tabulations entered onto
punch cards and into the computer. This approach requires a mini-
mum of specialized equipment and personnel and, consequently, will
need only a short time to implement. However, the data reduction
process, particularly for large amounts of information, can be
time consuming. Alternatively, electronic techniques can be used
to record the data. Instead of a pen tracing on paper, the level
arm would be attached to a potentiometer (pot) and the vertical
displacement would be recorded as a signal on one track of a tape
data recorder. Similarly, the lateral distance across the road
can be recorded with a string pot, and the degree of super-eleva-
tion with a pendulum pot, on the second and third tracks respec-
tively. The fourth track can be used to mark particular sites.
Once recorded, the tapes can be processed with an analog to digi-
tal converter, and the data will be ready for analysis. This
method bypasses hand processing, which introduces errors, both in
the field in positioning the paper record strips, and in the of-
fice in measuring and tabulating. Field operation may also be
slightly faster by eliminating steps necessary to change paper
strips and to adjust pens for each observation. As a disadvantage,
electronic recording requires instrumentation engineers and tech-

nicians to design and to assemble the equipment, and less widely
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available computer facilities to convert the tape records to digi-
tal form. The set-up costs for the electronic recording will be
higher than for paper and pen, but the operating costs per obser-

vation will be lower.

Preliminary comparative cost analysis of the two techniques
is illustrated in Table C-1. TFor 500 observations, the mechani-
cal technique has a clear cost advantage over electronic recor-
ding due to high initial equipment cost for the more sophisticated
approach. For 2500 observations, the costs are roughly comparable
i1f the on-road collection rate for electronic means allows a 20%
faster recording rate. If data recording occurs at the same rate
for both techniques, then the point at which the electronic ap-
proach breaks even is in the 14,000-16,000 range. Equipment cost
estimates were based on the informed opinion of HSRI technical
personnel, and included machining and installation of mechanical
components, purchase and assembly of unique electronic components,
and rental of a data recorder. Collection costs were estimated
on the basis of a two technician crew obtaining four observations
per hour using pen and paper techniques and five per hour with
electronic means*. Hand measuring and keypunching costs are based
on performance of similar coding tasks, and the computer processing
costs were estimated from the current charge structure of the HSRI
1800/AD4 hybrid computer facility. Since actual costs will vary
from organization to organization, a more detailed analysis will be
desirable before making the final determination of the approach to
be used. A conservative approach would use pen recordings in the
first stage sample, and would then use the experience and the in-
dicated sample size to determine if electronic recording means

will be cost-effective.

¥Both estimates may be somewhat optimistic, since they both have
assumed eight minutes of travel time between sites and a single
unit operation. A second vehicle with driver may be necessary for
traffic protection which would increase the costs by about 30%.
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Taple C-1

Preliminar;: Comparative Cost Estimates of
Obrervation ol Wheel Path Wear

Pen & Paper Recording Electronic Recording
Number of Observations Number of Observations
Ztem 500 2500 500 2500
Equipment $ 500 $ 500 $3500 $3500
Field Crew $1875 $9375 $1500 $7500
Tabulation $ 200 $1000 $ -= $ --
Keypunching $ 70 $ 350 $ —- $ -=
Computer Ops. $ 30 $ 150 $ 200 $1000
TOTALS $2675 $11375 $5200 $12000

C.1.2 STATISTICAL VALIDITY OF WEAR MEASUREMENTS. A two-stage
procedure will be used to describe stud-induced changes in pavement
characteristics. The first stage will measure wear patterns over
two relatively short intervals of highway, one lightly damaged and
one heavily damaged, to determine the variance in wear patterns for
a particular highway segment. If wear patterns are fairly uniform,
then a limited number of measurements will be taken from each
highway segment to characterize the wear pattern over the entire

highway system.

As discussed earlier, the amount of stud-induced wear is a
function of volume of vehlicles with studded tires, traffic move-
ments, and highway materials. Of these three factors, traffic vo-
tume and highway materials are relevant to wear patterns on main
lanes of high-volume, interstate type roads. Within this context,
a highway segment is defined as the length of pavement over which
the traffic volume and construction materials used are constant;

a segment 1s elther the entire road between two interchanges, or
the portion of an inter-interchange segment which was constructed

with the same type of materials. The definition is illustrated in



Figure C-1 where the first segment is the entire road between
interchange 1 and interchange 2, the second segment 1s the portion
of the road between interchange 2 and the end of type 1 pavement,
and the third segment is the balance of type 2 pavement between
interchange 2 and interchange 3. The first stage effort will be
to define the degree of variance within a particular segment, and
the second stage effort will be to examine wear patterns among
segments . ¥

A basic research hypothesis is that the wear found within a
pavement segment 1s relatively uniform. The suggested wear mea-
surement program will test this hypothesis. The initial detailed
measurements will establish within-segment variation and will de-
termine the number of measurements needed to establish among-seg-
ment differences in wear. If the wear found in a segment is both
uniform and pervasive, then it can be assumed that the damage will
affect traffic over the entire segment, and that meaningful sta-
tistical comparisons can be made about accident experience among

segments.

The suggested research plan has been constructed on the assum-
ption that wear will be uniform over relatively long segments.
The uniformity assumption, if valid, permits the program to be
confined to a manageable number of measurements and allows
straightforward testing of statistical hypotheses. If, however,
the uniformity assumption does not hold, the research problems will
become far more substantlal--possibly so substantial that no mean-
ingful results could be extracted. Should, for example, the wear
patterns be such that only short segments of a few yards to around
a mile have relatively uniform damage, then the proposed research
design would be invalid. Under conditions of extreme variability,

it indeed would be difficult to perform any empirical research.

#One slight problem with this definition is the treatment of por-
tions of the roadway within an interchange area such as between
ramps. Two approaches can be used. One 1s to arbitrarily define
the boundary between the two segments as the point midway between
the two most widely separated ramps. A more analytically conven-
ient approach 1s to consider the interchange area and some distance
from it, say .25 mile, as a distinct pavement segment.
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About the best that could be done would be to take intensive wear
measurement for a large sample of segments, and to obtain similar
measurements at a large number of accldent sites. The researchers
could then compare the extent of damage at accident sites with
that at sample sites, in hopes of inferring inductively more se-
vere damage being assoclated with accident locations. However,
this procedure will be subject to the usual logical pitfalls of
any inductive study.

Unfortunately, no information is currently available to in-
dicate which conditions are likely to hold. Field observations of
damage have centered on measuring wear over time at selected spots,
rather than on describing damage for long road segments. An in-
vestigation of damage similar to the one recommended was in pro-
gress in Ohio, but the results are unlikely to be available soon.
One of the investigators devoted effort to the problem. His ob-
servations left him pessimistic about the ability to research
damage patterns 1in the near future. He, with the assistance of
a number of highway officials, was able to locate only sporadic
occurrences of moderate to severe damage. While these areas
might portend future, more extensive damage on more extensive road
areas, their presently limited nature will pose difficult problems
in conducting any research either of the recommended plan or of
alternative plans. Still, in areas where damage had occurred, it
appeared to be fairly uniform over extended segments. Hence, the

recommended plan was developed rather than alternative plans.

Choice of the appropriate statistical technique for determi-
ning wear uniformity is closely tied to the general problem of
characterizing pavements, and, hence, until the more general pro-
blem 1s resolved no entirely satisfactory statistical approach
can be adopted. ZFor the present, the most straightforward ap-
proach 1s to treat the observations as points from a multivariate
normal distribution. For each profile measured, the depth of
wear for a number of points across the profile can be recorded so
that the profile will be described by a vector of observations

Y = (yl, Vos +ee ¥ yn) where y. 1s the depth of wear at the

i’

ith point on the profile.
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The number of observations across the profile 1nitially needs
to be quite large, so as to vield guite an accurate estimate of
the structure of intercorrelations among the points; a measurement
interval of 1.5 or 3.0 iInches seems appropriate and will produce a
vector of 96 or 48 observations per profile. To establish statis-
tical validity, twice as many profiles as observations per profile
should be taken for each segment in the initial sample. Hence,
if the original measurement interval was 1.5 inches, 192 profliles
per segment would be recuired. Once the data has been collected,
it can then be analyzed to establish the minimum number of points
per profile and the minimum number of profiles per segment neces-
sary to accurately differentiate between degrees of wear. Without
such a detailed analysis 1t 1c not possible to predict the number
of profiles per segment since the multivariate approach is suffi-
ciently complex to make a priori judgements unreliable¥*. Although
the exact number of measurements per segment cannot be accurately
predicted, a reasonable upper bound on the measurements would be
two per lane per mile. A higher per mile sampling rate would in-
dicate that the wear pattern i1s so variable that a global approach
is not suitable. Further, requiring more than one profile per

half mile would make dava collections costs prohibitive.

Pavement friction will be measured using the conventional
skid trailer techniques. To provide a consistent data base, the
skid measurements should be conducted at the same point as the la-
teral profiles are taken, and these readings should be incorpora-
ted into the same data vase as the profile measurements. Both
sets of measurements should be conducted at some standard refer-
ence point such as a one-tenth mile marker, so that they can bve

replicated to show any progressive effects of wear.

C.1.3 SUMMARY. To summarize, pavement wear will be measured

*The multivariate norma’ distribution is discussed in mcst advanced
statistical texts. It is used to describe the joint occurrence of
two or more related events. For example, if one were to collect

data on the height and weight of a number of individuals, the pairs

of height/weight observations would have a bivariate normal distri-
bution.
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using conventional fechnigues similar to those developed by Keyser.
The choice of recording means, mechanical or electronic, will de-
pend on a cost-effectiveness analysis and the number of measurements
per lane per mile needed for statistical validity. Observations
will be divided into two portions. The first set will consist of
intensive measurements of a badly worn and of an undamaged pavement
segment. Data collected during the first set will be analyzed to
determine the number of measurements needed to accurately describe
the wear on a particular pavement segment. If observations can be
made less frequently than two per lane per mile, then the second
set of profiles covering the entire road system can be taken. Si-
multaneously, skid measurements will be made at the same polnts as
the profiles. Both sets of data will be reduced to computer usable
form, and combined with the accident data, described below, in
order to determine the relationship between accident occurrence

and stud-induced wear patterns.

C.2 ACCIDENT DATA ANALYSIS

The second research task is to analyze currently available
accldent data from the study highway system. The road damage sur-
vey will be linked with the accident data to determine if a sta-
tistical meaningful relationship exists between pavement wear and
crashes. Analysis will be performed for the total number of acci-
dents and for several subsets of accidents using a variety of
statistical techniques. A large number of accidents (on the order
of a year's experience for the Ohio or New York turnpikes) should
be used, since it must be conservatively assumed that the relative

effect sought is quite small.

Two principal difficulties in performing any accident data
analysis are the large inherent variation in crash producing cir-
cumstances and the statistically rare nature of accident event
probabilities. Usually the analyst is confronted with either
trying to find gross multiple order of magnitude effects of a
countermeasure for a quite limited area, or with trying to deter-

mine diffuse effects over a wide area. In the gross effects case,
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a very specific countermeasure, such as placing a stop sign at a
blind corner, can reduce the rnumber of accidents per vericle mile
or passage by many orders of magnitude; bul oince the particular
location has a relatively cmall number of aceidents, the wide
chance fluctuations over time will tend to make statistical com-
parisons difficult. In the diffuse effects case, a particular
change, such as increasing the number of police traffic patrol
hours in an area, willl nave only a small effect at any particular
location. Consequently, large base and test areas must be ob-
served for long periods of time to generate reliable statistical
tests. However with long observation times and large areas, the
underlying assumption of similar characteristics between control
and experimental areas becomes increasingly tenuous. In the po-
lice patrol example, no two neighborhoods are quite alike in the
make-up of population, traffic pattern, degree of commercializa-
tion, and other factors which can affect accident experience. As
time progresses, travel patterns are likely to alter within any
particular area as new roads are constructed, new shopping areas
opened, new housing developed, and as other traffic improvement
programs occur. Confronted with such problems, one can either
attempt to measure concomitant changes and allow for their effects
in the analysis and interpretation of results, or one can use
multiple intermediate measures which are more closely tied to

the problem being studied.

Studded tire-induced road damage appears to be a problem of
diffuse effects as defined above, and consequently measurements
must be taken over a large area for an extended period of time.
By using a turnpike system, the effects of extraneous changes be-
tween fest areas can be minimized to some extent and changes that
do occur, (i.e., increases in police patrol, traffic control im-
provements, weather conditions, and fluctuations in traffic volume)
can be recorded and incorporated into the analysis. To some ex-
tent even changes in traffic mix between automobile and truck
traffic can be controlled through the toll receipt data. Two
serious problems will remain, however. The first is of a techni-

cal nature. Due to reconstruction, some segments of both the
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New York and Ohio systems have had the original portland cement
construction overlaid with acphalt. This might produce a condi-
tion 1n which only reliatively short pavement sections of both
types display a particular degrec of wear, and consequently after
allowing for pavement type effects, insufficient data will remain
fo estimate wear effects. 1In a more extreme case, particular
degrees of wear may be confined to particular pavement types,
thus utterly confounding the effect of pavement type and wear.
Unfortunately, this situation may be quite likely to arise, since
the new asphalt overlays will have 1little wear while the older
portland cement will be more seriously worn. The second problem,
which 1s of less serious consequence, is that driving patterns,
even apart from differences in traffic volume and vehicle mix,
can vary from segment to segment of a long highway system. What
effect, if any, this will have on the analysis 1s problematical,
but the interpretation of results must include the consideration
that for both New York and Ohio, certain sections carry large vo-
lumes of commuter traffic while others are oriented predominantly
to long distance travel¥. With the exception of the confounding
of pavement wear and pavement type effects, the overall problems

of conducting the accident data analysis are quite manageable.

Several statistical methods will be used. Initially, pave-
ment segments will be classified by pavement type and by two or
possibly three wear levels: slightly, moderately, and severely
damaged. Standard analysis of variance techniques will be applied
to find any significant differences 1n accident rates among seg-
ments.

If such differences are found, multiple linear regression

¥0ne possible effect of this problem can be found in New York
where the damaged areas are mostly 1n the upstate portions of the
Thruway, and the undamaged areas closer to New York City. 1In
analyzing the relative frequency of wet weather accldents on da-
maged and undamaged sections, the results may be partly contamina-
ted by commuter traffic being relatively less sensitive to weather
conditions than long distance trips, since the latter are some-
what more dlscretionary.
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techniques will be used to cpecify tne relationship among the
variables more exactly. Specifically, two such relationships that

might be tested are:

(1) ACCi a, + a VMILEi + a AWbARi + a SDWEARi + auPTYPhi +

0 1 2 3
PCN . C-1
35 WETl + uy ( )
(2) ACC. = a, + a In(VMILE,) + a,In(AWEAR,) + a.ln(SDWEAR.) +
1 0 1 1 2 i 3 i
auPiYPEi + a51n(PCNWETi) touy (Cc-2)
where:
ACCi is the numoer of accidents on the ith segment,

VMILEi is the number of vehicle miles on the ith segment,
AWEARi i1s the average depth of wear on the ith segment,
SDWEARi is the standard ceviation of wear on the ita segment,

PTYPEi is the pavement type, where O=portland cement and
l=asphalt, in the ith segment,

PCNWET. 1s the percent of time that the pavement segment is

wet,
Uy is a random error term,
a. 1s the coefficient of the jth variable, and a. is
J the intercept of the regression line, and
1n() designates the natural logarithm of the particular

variable.

Equation (C-1) tests the assumption that there is a strict linesar
relationship among the variables, while Equation (C-2) tests the
alternative hypothesis that the relationship is curvilinear. All
the variables are relatively self-explanatory with the possible
exception of SDWEAR, which is included as an attempt to determine

1f a highly variated wear pattern is relatively more or less
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dangerous than a uniform one.

The final analysis activity will examine in more detail dif-
ferences between wet and dry weather accidents on differing pave-
ment segments. Chi-square analysis of contingency tables can be
performed for the following combinations: pavement type by degree
of wear by wet and dry weather accidents, pavement type by degree
of wear by wet and dry weather accidents adjusted for proportion
of wet and dry days on segments, and wet weather accidents for
pavement type of type of accidents (loss-of-control vs. other
types). The first analysis will test the hypothesis that differ-
ent segments experience a greater or lesser amount of wet weather
accldents depending on the degree of wear experienced, and the se-
cond analysis will test to determine if there are significant dif-
ferences in climate between the worn and unworn segments which
might account for the differences in wet weather accidents. The
third analysis examines the question of whether differences can be
attributable to loss-of-control incidents which presumab1§ arise
through hydroplaning incidents. An example of the analysis is
presented in Table C-2%¥,

Table C-2
Example of Contingency Table
X2 Analysis

Pavement Condition

Pavement Type Wet Dry Total
Slight Wear Xll X12 Xl.
Moderate Wear X21 X22 X2'
Severe Wear X31 X32 .Ei;
TOTAL ET; -ET; X.‘

where:

Xij is number of accidents occurring in the (i, j)th category,

¥The statistical techniques referenced are described in most intro-
ductory statistical texts.
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X.j or Xi. is the total of the jth column or the ith row and
X.. 1s the grand total,

. . s o 2
The X2 statistic = 2: (Kii—:Tgii)

i Fi] for Eij belng the expec-

. . - X.j X.1i
ted number of occurrences in each ceatepory which 1] = ——Q—

N e e

As indicated earlier, data for the analysis will come from the
road damage survey and “rom standard police accident reports which
are avallable in digita.ly coded form from both the New York Thru-
way and the Ohio Turnpike, for which a coding form is illustrated
in Figure C-2. Further subdivisions of the data to specify more
complete differences between worn and undamaged segments can be
attempted, but 1t i1s quife possible that more refined analysis will
not yield statistically significant results due to relatively small

amounts of data in particular subdivisions.

The amount of data for statistically significant results de-
pends on the type of analysis and on the inherent differences in
accident experience among road segments. The first statistical ap-
proach--analysis of variance of accident rates among road segments
--demands the most data. Furthermore, it should be conservatively
assumed that the effects sought are quite small. Hence, the data
specifications are drawn on the basis of an analysis of variance
of accident rates seeking small differences. Under the appropriate
statistical assumptions, the ratio of accident rates per vehicle

mile for two segments will have the F distribution so that#:

F(nz, n1> = rl/r2 (C-3)

where:

r, 1s the accident rate per vehicle mile (or some convenient
1 multiple thereof),

n:_L is the number of accidents used in computing the ith rate.

¥The necessary statistical assumptions are that for a given traffic
volume, and the number of vehicle miles driven over a segment, the
number of accidents follows a Poisson distribution, and that the
total vehicle miles on the segment has the Gamma distribution.
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The appropriate test is whether the ratio Is significantly diffe-
rent from 1. In the present case, the ratio of accidents per ve-
hicle mile on damaged and undamaged road segments is to be tested.
Published statistical tables or computer programs indicate signi-
ficant values of F for combinations of ny and n,. Assuming the
damaged segment accident rate is 5% higher than the undamaged
rate, 2000 accidents on undamaged and 1500 accidents on damaged
segments are needed to make an observed F ratio of 1.05 signifi-
cant at the 95% confidence level. To detect a 15% difference,
750 undamaged pavement and 500 damaged pavement accidents will be
needed.

The number of road miles of differing types needed for analyv-
sis can be deduced from the numbers above, if the number of acci-
dents per road-mile 1s known for each type of pavement. Unfor-
tunately, without conducting the pavement damage survey, the pre-
cise figures cannot be xnown, but they can be approximated by
taking the average number of accidents over the entire turnpike.
For the New York Thruway in 1971, there were 9.3 accidents per
main-line road-mile, and from 1966 through June, 1970 the Ohio
Turnpike averaged 8.2 accidents per mile. Approximately 80% of
the crashes involved passenger vehicles and non-icy conditions,
which reduces the New York crashes per road-mile to 7.5 and the
Ohio crashes per road-mile to 6.5¥%. For the 7.5 accidents per
road-mile experience, approximately 200 miles of stud-damaged and
250 miles of undamaged pavement would be required to detect a 5%
difference in per mile accident rates. For the 6.5 accidents per
road-mile figure, 75 damaged and 115 undamaged road-miles will be
needed to detect a 15% difference*¥, The number of accidents and

¥The base accident per road-mile data was derived from published
New York reports and from the HSRI Ohio Turnpike accident data
file. The 80% car/non-icy figure was based on the Ohio experience
of 75.8% experience informally adjusted to reflect the higher pro-
portion of summertime passenger car mileage which the raw data
does not reflect due to use of four and one-half years data, the
last half-year of which does not cover the peak summer months of
July, August, and early September.

¥*These figures have been rounded up to the nearest 25 and 5 mile
units respectively.
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road-miles are about equal to a year's experience of the New York
Thruway for the 5% difference and of the Ohic Turnpike for a 15%

difference to be statistically significant.

Briefly summarizing, accident data analysis efforts will
merge road damage survey results with currently availlable police
accident report information. The combined data will be used to
study the effects of road damage on overall crash rates and to
determine differences in accident patterns for damaged and undama-
ged sections. Assuming small differences, the amount of data re-
quired by conventional statistical standards will be on the order
of a single year's experience for the New York Thruway or Ohio
Turnpike, but the use of such extensive systems will run a rela-

tively high risk of contamination by extraneous factors.

C.3 DETAILED ACCIDENT INVESTIGATION

If the accident data analysis activity discovers a statisti-
cally significant association between wear patterns and accident
experience, a further investigation will be needed to verify the
relationship. Verification 1s necessary to ensure that observed
effects are not generated by extraneous factors nor by chance.

The recommended approach is a bi-level accident investigation pro-
gram. For this study, police officers will complete a supplemental
accident report providing more information on road conditions and
pre-crash vehicle dynamics than is currently collected. The sup-
plemental form will cover such matters as pattern and depth of
pavement wear at the accident site, depth and pattern of water
coverage, severity of skidding patterns, and the officer's esti-
mate of the contribution of these factors to the crash sequence;

a sample form is presented in Figure C-3.

Accident data presently available does not cover such items
in detail. Details about the road surface are often not given, or
if present, are presented in broad categories such as wet, snow-
covered or icy, and dry for surface condition, and as defective or
not-defective for pavement condition. The first categorization

of surface condition permits no distinction among the various
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. Water Distribution

4

Extent

[] Dry

[] Damp

[] Wet 1/4" or less depth
[] Covered 1/4" or greater
[] Slush

2. Precipitation
[ ] None
[] Sprinkles
[] Drizzle
[ ] Moderate
[] Driving

4, Temperature
[1 40°F or lower
[ ] 41°F or above

5. Skidding
Before After
[] None []
[] Some []

[] Pronounced []

Degree of Contribution
[] Sole Cause of Crash
[] Major Factor
[] Contributing Factor
[] Minor Factor
[] No Influence
[] Mitigating Factor

Distribution
[] Even

[ ] Puddled

[ ] Channeled

Duration
[] Started less than 15 min. pricr
[] Started 15 to 60 min. prior

[] Started 60 min. or more prior

5. Tire Tread

R.F. L.R.

L.F. R.R.

Path

[] Straight [] Greater than 360°
[] Less than 90° [] Clockwise

[] 90° - 180° [] Counterclockwise

[] 180° - 360° [] Fishtail

Degree of Confidence
[] Absolutely certain
[] Highly confident
[] Think probable

[] Believe possible
[ ] Pure speculation

Figure C-3

Supplemental Accident Coding Form
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levels of water accumulation which may range from damp to covered
with water of an extensive depth. Presence of road defects are
probably only recorded for conditions which represent severe imme-
diate hazards such as pot holes and wash outs, with more subtle
factors such as polishing and studded tire damage normally ig-
nored. Similarly, vehicle defects are most likely recorded only
when they have anobvious relationship to the accident, as when
defective tires are indicated when a blow-out precipltates a
crash. Vehicle dynamics are offen indicated by a diagram on the
accident report. Unfortunately, most of the diagram information
is not reduced to digital form; the conventional approach is to
indicate loss-of-control as the accident cause usually when no
other explanation, like "speed too fast for conditions", can be
applied. While crash reporting has been improving, the present
data still reflect a preoccupation with assigning legal fault to
a driver with a consequent neglect of road factors and a tendency
to assess a single cause of the accident. Consequently, while
being useful in studying overall patterns, the present data do

not provide the depth of detall to study a specific problem.

The bi-level approach, which has been used in a number of
studies, including the companion NCHRP report on winter driving
effects of studded tire use, attempts toc remedy some of the pro-
blems with current crash reporting procedures. In the bi-level
study, police officers complete a supplemental accident report
form yielding detailed information about a specified class of
accldents. The collected information is then merged with the ori-
ginal accident data base, and the appropriate statistical analysis
is conducted to test specific hypotheses about the problem being
studied. Useful information often can be gained through the cir-
culation of written instructions and forms to a wide number of
police agencies. However, information of the highest gquality can
only be collected by working with a limited number of agencies,
by carefully instructing fleld forces in the use of the form, and
by continued fileld liaison with officers collecting the data.
Since the research plan recommends the use of a turnpike system

which is normally patrolled by a relatively small, permanently
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assigned state police attachment, the carefully controlled ap-

proach is easily achievable and should be followed.

Most of the suggested form items are reasonably self-expla-
natory and stem directly from the study efforts. The confidence
and importance scales for certain items are relatively unique. The
confidence scale has been assigned for items for which the officer
may not be able to make a direct observation but must rely on
indirect references from physical evidence, witness reports, or
drivers' statements. The importance scale will aid in assessing
the relative effect of pavement factors; 1t would differentiate

among these three hypothetical crashes:

1. While traveling on a wet pavement, a driver, without
making any control movements, unexpectedly loses control,
and the vehicle strikes some fixed object or another

vehicle.

2. While traveling on wet pavement, the driver makes a
violent evasive or braking maneuver to avoid striking a
deer, loses control, and his vehilicle impacts another

vehicle or fixed object.

3. While traveling on wet pavement, the vehicle is struck
at an angle by another vehicle, goes out of control, and

comes to rest without another impact.

In the first crash, skid-producing conditions can be rated the
"most important" causative factor. In the second example, the
investigator would have to judge whether the skid would have oc-
curred under normal conditions. If so, wet pavement factors pro-
bably can be considered "contributory", and if not, pavement
factors would be rated "very important”, but not "most important"
since the driver's actlons precipitated the event. For the third,
pavement factors can be judged "not important". The items on the
scale require subjective judgements, but making these opinions
explicit will provide more information than excluding possibili-

ties, either through arbitrary coding conventions or by omitting
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them by default. Particular items are discussed below.

The water depth and pattern items seek to determine if stud-
damaged sections experlence substantial water depths more fre-
quently and if the particular water accumulation pattern can have
an effect on out-of-control events. Water patterns are schemati-
cally outlined on the form. The water depth classifications have

been chosen somewhat arbitrarily:

1. Damp describes conditions when water is microscopically
present asevidenced by pavement color and tactile sensa-

tions of moistness, but with no discernible water cover.

2. Wet implies a discernible water cover less than one-quar-
ter inch deep. This range is most often associated with
slippery conditions, but dynamic hydroplaning can occur

under extreme conditions.

3. One Quarter to One Half Inch covers the range for which

dynamic hydroplaning can happen under not unusual cir-
cumstances, and for which slipperiness is almost always

present.

L. Over One Half Inch presents circumstances under which dy-

namic hydroplaning can commonly occur, and for which
other hydroplaning forces, like differential drag among

wheels, can play an important role.

The skid path items are included to determine if stud-induced
damage patterns are associated with more severe loss~-of-control
situations, which implies a greater inherent danger, since the
likelihood of recovery 1is smaller for a more severe skid. Similar-
ly, the pre-crash-maneuvers data is sought to determine if unexpec-
ted loss-of-control is more frequently experienced on stud-damaged
pavement. Traveling speed prior to crash and tire tread depth
information are requested since these elements frequently affect

the incidence of hydroplaning.

Pavement wear information is recorded only in a qualitative

fashion, since it will be impractical to measure wear at each
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accident site with the road damage survey techniques. The road
damage survey results will be used as the primary classification
for pavement condition at the accident site; the milepost loca-
tion will be used to establish the necessary link. The officer's
report of pavement conditions will be used to insure against
misclassification, eith2r at the boundaries of pavement segments

or for anomalous pavement wear in a particular section.

The amount of data required to obtain statistical accuracy
is difficult to predict a priori, since little information is
availlable on the distributions of the various factors. However,
if 300 crashes are investigated for each wear condition, reasona-
bly tight confidence intervals can be established for even rela-
tively infrequent cells¥*. The 600 total accidents correspond to
one year's wet weather crash experience on the Ohio Turnpike,
and to a somewhat shorter period on the New York Thruway. To
simplify administration, all wet weather accidents for a period
should be included; this will reduce the risk of bias in allowing
the police to select accidents to meet a quota.

Data analysis will proceed like the comparison of the rela-
tive frequency of wet weather accidents on damaged and undamaged
sections. As indicated earlier, detailed accident investigation
should follow the accident data analysis, but it is possible to
perform this task in parallel with or prior to the previous task.
However, the second alternative increases the risk of expending

substantial effort without foreseeable results.

In short, detailed accident investigation logically follows
accident data analysis. The investigation will collect supple-
mentary information on all wet condition crashes for a specified
period. Police officers will collect the data in the course of
their normal accident investigations, but to insure high quality,
constant field liaison must be maintained between the research
group and the police. About 600 crashes will be needed. Informa-

tion will Include items on wear patterns, water accumulation, tire

¥For example, for 300 observations, the 95% confidence interval
about a base proportion of .10 is approximately + .055.
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condition, and skid characteristics. The accumulated data will
be matched with the standard accicent report information and the
road damage survey results, in order to assess significant dif-

ferences in accident patterns over various wear characteristics.

C.4 TRAFFIC FLOW MEASUREMENT

A1l of the suggested research so far has been directed to-
ward measuring the final effect of studded tire damage on acci-
dents. With this problem, as with many others, isolating the
effect of a particular factor from the multiplicity of other fac-
tors is quite difficult. Studies suggest one useful intermediate
measure of effectiveness: changes in traffic flow associated

with damaged pavement sections.

To measure changes in traffic flow patterns, it is recom-
mended that a time lapse photography technigue be employed. The
position of a particular car would be photographed at several
intervals for a predetermined length of time. Using photometric
techniques, the relative position of the vehicle can be calcula-
ted. After recording the information for a large number of vehi-
cles, approximately 200, under a particular set of conditions,
the observations would be repeated at another site or sites, and
the results would be compared using standard analysis of variance

techniques.

Traffic engineers have long felt that irregularities in traf-
fic flow have contributed to accidents, with considerable recent
interest being generated by the conflict studies of Perkins and
others. The measurements have had a predominant empirical base
with strong statistical association shown between the variations
in the traffic stream and the number of crashes occurring.
Theoretical explanations have been sparse, particularly in rela-
ting driver actions in conflict situations to crashes. Despite
the lack of a good theory, it seems reasonable a priori that the
greater the variation in vehicle paths, the more likely that they
will either collide with one another or leave the roadway and

strike an object. Examination of Table C-3, which was constructed

110



under extreme simplifying assumptions, indicates that the probabi-
lity of a crash may be substantially increased by slight increases
in the standard deviations (or variance) of the vehicle path. For
example, an increase in the standard deviation of the path from
0.75 feet to 1.00 feet results in a UL-times increase in the pro-
bability of leaving the road, and an increase in the standard de-
viation from 1.00 feet to 1.25 feet leads to a 31-times increase

in the probability of two vehicles sideswiping each other.

Table C-3

Hypothetical Crash Probabilities as a Function

of Standard Deviation of Vehicle Path1

Standard Probability2 Probability ;
Deviation of Off-Road of slde-swipe
.25 * *
'50 * *
.75 0.32 x 10’” *
1.00 0.14 x 1077 0.11 x 107"
1.25 0.82 x 107° 0.34 x 1073
1.50 0.23 x 1071 0.23 x 1077
1.75 0.43 x 1077 0.76 x 107°
2.00 0.67 x 107 % 0.17 x 107"
2.25 0.91 x 1077 0.30 x 107"
2.50 0.11 0.49 x 107t
3.00 0.15 0.78 x 107t
4.00 0.23 0.14
5.00 0.27 0.20
6.00 0.31 0.2l
6

¥Probability less than 0.5 x 10~
lThe tables are constructed assuming that vehicle or vehicles have
a mean path about the midpoint of a twelve foot lane with a three
foot clearance between vehicle and edge of lane, and that their
actual position varies in a random fashion following the normal
distribution. These are "instantaneous" probabilities, in that they
represent the probability that an event will involve a particular
vehicle or vehicles at any instance in time.
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The recommended experimental program was directed toward
measuring such fine changes in vehicle paths. An explicit con-
flict measurement approach was considered, but it was not adopted,
since it was felt that conflicts, as usually defined, would occur
too infrequently under free-flow highway conditions. Instead the
approach used by the Wisconsin Highway Department in a recent
study was chosen as being more closely related to the underlying
phenomena. The original study did not yield positive results,
but this does not appear to be a consequence of the methodology.
Rather, the original study collected a limited amount of data
which would have revealed only gross differences, and observa-
tions were point measurements which are somewhat less likely to
reveal increased path variations over some distance, particularly
if vehicles tend to track each other*. The recommended program
increases the data to be collected and uses measurement of posi-

tion over an extended distance to resolve these difficulties.

The experiment should be conducted in two phases. The first
phase will involve testing the field equipment, determining the

accuracy of measurements under particular conditions (nighttime

2This is the probability that a vehicle's path will deviate by
more than 3' in only one direction.

3This is the probability, assuming independent changes in path,
that separation between vehicles will be less than zero, given a
mean lateral separation of six feet.

¥This second point is a rather fine one. If the variation of
vehicle paths is truly random, then point measurements will yield
the same estimates of variance as will following the cars over a
distance. If, though, the paths follow a cyclic pattern, there
is a possibility, perhaps remote, that the changes 1n frequency
and amplitude will be such that the apparent variation at a point
remains unchanged. This possibility will be increased if the ve-
hicles tend to track each other, since at a particular point each
vehicle will tend to maintain the same position in the roadway.
Further, since the observations were made in an upstream direction
from overpasses, any path variation induced by stud damage might
have been obscured by the drivers' attempts to steer a steady
course when confronted by the perceived constriction of the road-
way from the overpass structure itself.
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and rain), and lccating the maximum distance over which photo-

graphs can record vehicie movements reliably.

At a maximum, 144 series of obrervations will be needed. This
represents observations at two different sites for each comblna-
tion of the conditions indicated in Table C-4. If observations
under nighttime or wet weather conditions prove to be impractical,
the number of observations can be reduced to 36. A compromise
design, which neglects wet weather effects, but which includes
nighttime effects of pavement marking wear, would require 48 total
site observations. As indicated earlier, 200 observations per

site would be sufficient to generate high statistical reliability*.

Table C-4
Factors and Levels for Inclusion in Traffic Pattern Survey

A. Pavement Wear B. Marking Wear
1. None or slight 1. None or slight
2. Moderate 2. Heavy
3. Heavy

C. Traffic Volume D. Light Condition
1. Light 1. Day
2. Medium 2. Night
3. Heavy

E. Weather Conditions

1. Clear
2. Rain

Full experiment: AxBxCxDxE
Minimum experiment: AxBxC

Compromise experiment: AxBxC + BxCxD(2).

Observations would be made of vehicles using the main driving
lane, but the passing lane could be included by repeating the

* =
F(200,200)~12> P = .99
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observations. This later cxpansion would significantly increase
the cost of the data collection ¢ffort, but would not double 11,
since certain costs associated witlh preparing a slte for observa-

tions would remain fixed.

Site selection will be a rather straightforward process, the
principal problem being finding locations which satisfy the pave-
ment wear/traffic volume requirements. The pavement wear infor-
mation can be determined from the road damage survey information,
or if this experiment is conducted independently, from qualitative
assessment of the degree of damage along particular road segments.
The difficulty will be in locating sites which have heavy damage
but light traffic volume and vice versa. This problem might be
simplified by using daily fluctuations in traffic volume at a
particular site, rather than selecting sites with different traf-
fic volumes. Yet, this procedure is somewhat more risky since it
involves the chance of contaminating the data with differences
particular to one site. The pavement marking levels can be easily
established by conducting observations before and after the annual
spring-time repainting. Lighting conditions pose no particular
problem, other than the avoidance of dawn and dusk periods when
glare will adversely effect driver performance. Weather condi-
tions are the most problematical, and eliminating them from the
design may avoid many scheduling problems. Sites should be limi-
ted to non-interchange overpasses on straight, level sections to
avoid contamination from entering traffic, passing, and curve fol-

lowing events.

Many of the operational problems will have to be solved during

a pre-test period. Procedures suggested here can only be prelimi-
nary. For each site, a survey will be required to determine ele-
vations and distances from the point on the overpass where the

camera 1s to be mounted to a number of reference points along the
roadway. Reference points should be fixed objects that are easily
visible and relatively close to the roadway, but should not be on
the roadway itself, since it is quite possible that they might be

obscured by other vehicles, dirt or debris, or obliterated by
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traffic wear. Referconce polnts should be at no more than 100!
intervals and should be found on both sides of the roadway.
Standard delineator markinegs can be used for this purpose, or 1f
greater accuracy 1s desired, the survey crew can stake reference

points at predetermined distance:¥.

Photographing of the vehicles will be a relatively straight-
forward process. Equipment required is commercially available
and includes a 35mm motion picture camera equipped with a high-
quality wide-angle lens and variable-interval time lapse feature;
an interval timer; a tape switch traffic counter; én interval
counter; and either a radio signal generator/receiver set or line
transmission equipment. The traffic counter can be installed in
the lane where traffic is to be observed and would be connected
to a digital interval counter. After passage of a determined
number of vehicles, the interval counter would generate a signal
to the camera control. The camera control would then activate
the camera for the period necessary to take the desired number of
frames. The camera should be tripod mounted and located on the
downstream side of an overpass. A person should be statloned with
the equipment at all times to service it in case of malfunction

and to prevent theft and vandalism.

Specific values for several of the intervals mentioned in
the preceding paragraph can be suggested. The basic observation
period should be two hours in length and should be timed to avoid
peak traffic periods when vehicle paths are 1likely to be strongly
affected by saturation conditions. The number of vehicle passages
between observations would then be adjusted on the basis of traf-
fic volume to achieve the 200 vehicle observations within the two

hour period. The 36 second average interval between observations

¥This would simplify one portion of the data reduction process by
allowing incorporation of standard coefficients for distance in
computing the position in the lane. However, the convenlence will
be minimal, since precise calculation of the vehicle will require
site specific data on elevation of the camera, angle of declina-
tion of the camera, and grade and superelevation of the road sur-
face.
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should be sufficiently long to ifacure that the path of the vehlcles
between observations are independent of one another. The two hour
period will be sufficiently long to insure that transient factors
in the traffic stream, such as disabled vehicles on the shoulder, a
convoy of mobile home transports, or police patrol vehicles, will
not grossly affect the overall sample. At the same time, if the
two hour period 1s properly chosen, 1t will be sufficiently short
to avold the gross cyclic changes in traffic volume over the course
of the day. A five second filming period is recommended with
frames being taken each 0.5 seconds. The five second period will
allow observation over approximately 500 feet (440' at 60 mph, 550'
at 75 mph), with approximately 50 feet between observations (44!’

at 60 mph, 55' at 75 mph).

After completing the observations, the film will be processed
and the observations translated into data on the vehicle path.
The data reduction process can use avallable digitizing equipment
which will record the co-ordinates of the surveyed reference
points identified in the photograph and reference points on the
vehicles. The vehicle reference points ideally would be the point
of contact of the rear tires, but since this may not always be ob-
servable some other points may need to be used. Three points are
suggested: the lower left and right corners of the rear bumper,
and the center of the license plate. Average values for the
height above the pavement and the horizontal separation of these
points can be used without introducing substantial error. The ob-
served coordinates of the reference points from the photographs and
the surveyed information about the fixed reference points can then
be processed through a relatively simple computer program to solve
the necessary trigonometric equations and to compute the variance
of the vehicle path. The data can then be analyzed through stan-
dard analysis of variance techniques to determine if significant
differences are assocliated with stud-induced damage factors. If
the stud damaged areas show a significantly higher variation in
vehicle paths, then one might infer that such damage contributes
to a factor which iIs commonly thought to be associated with acci-

dent causation.
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C.5 PROGRAM COSTS

The data gathering activities recommended are quite extensive
and a presentation of likely program costs can be useful 1n jud-
ging at what level each activity should be implemented. Such es-
timates are presented in Tables C-5.0 through C-5.4. As can be
seen in Table C-5.0, the cost could range from $23,725 under very
optimistic assumptions for the most modest program, to $120,150
under very conservative assumptilions for the most fully implemen-

ted program.

Estimating costs for the program in advance is not an easy
task, since several poorly known variables will strongly affect
the amounts involved. The costs will vary markedly with the a-
mount of data to be collected in the field and the type of person-
nel used to obtain it. 1In the case of data collection under the
traffic flow measurement activity, itemized in Table C-5.4, the
possible variation is between $750 and $14,350. The low figure
was arrived at by assuming that 36 observations would be required,
that each observation could be conducted by a single student assis-
tant, earning $3.50/hour, in a four hour period; and that only a
modest amount of local travel would be required. The high figure
of $14,350 assumed 144 field observations, conducted over a six
hour period, by two civil service rated engineering technicians
earning $6.50/hour; in addition the higher figure reflected an
assumed 50-mile travel distance for each observation and the neces-
sity of overnight trips for one-third of the observations. The
other collection activities display similar variation for essen-

tially the same reasons.

Other program costs show some variation, but not as exten-
sively as data collection. The main source of variation in these
areas arises primarily due to differences in optimistic and con-
servative estimates of the amount of effort needed to complete a
specific planning, programming, or analysis task. For example,
the planning and administration item under accident data analysis,
Table C-5.2, ranges in cost from $1000 to $3000. For the low fi-

gure, the task might be supervised by someone at the junior
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professional level and could involve a very dirvect data transfer
operation. At a higher figure, obtaining the data might require
protracted negotiations with the tipplying agency involving senior
personnel, and once the data were received, evolutlon and super-
vision of a detalled computer and manual recoding operation might
be needed. Costs were based on approximate salary levels for the
types of personnel involved at the University. Likewilse, computer
processing costs and equipment costs were derived from informal
discussion with informed persons within the University. One major
cost area, overhead charges, has been omitted since rates and items

included vary radically from agency to agency.

Table C-5.0
Estimated Program Costs by Major Activity Area1

Activity Low High
Pavement Wear Survey $5,675 $25,500
Accident Data Analysis $3,600 $14,900
Detailed Accident

$6,300 $36,100

Investigation
Traffic Flow Measurement $7,750 $43,650

TOTAL $23,725 $120,150

Table C-5.1

Estimated Program Costs for Pavement Wear Survey By Major
Expense Items

Activity Low High
Planning & Administration  $1,500 $6,000
Data Collection2 $2,675 $12,000
Data Analysis $1,500 $7,500
TOTAL $5,675 $25,500

1All expenses 1in this table reflect direct costs only, and do

not make provision for agency overhead charges. They do attempt
to reflect, where possible, all incremental costs, even though

in some instances the services may be "free" to the project, such
as police time on supplemental accldent reports.

2See Table C-1 for complete detail.
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Table C-5.2

Estimated Program Costs for Accident Data Analysis

Activity Low High
Planning & Administration $1,000 $3,000
Computer Programming $ 600 $2,400
Manual Encoding of

Supplemental Information } 0 33,000
Computer Processing $1,000 $2,500
Statistical Analysis $1,000 $4,000
TOTAL $3,600 $14,900

Table C-5.3

Estimated Program Costs for Detailed Accident Investigation

Activity Low High
Planning & Administration $2,000 $6,000
Data Collection $1,250 $24,000
Clggi;gimzrocessing § 250 $3,000
Computer Programming $ 800 $3,600
Computer Processing $1,000 $2,500
Data Analysis $1,000 $3,000
TOTAL $6,300 $36,100
Table C-5.4
Estimated Program Costs for Traffic Flow Measurement
Activity Low High
Planning & Administration $1,500 $6,000
Equipment & Supplies $2,800 $8,600
Data Collection $ 750 $14,350
Photo Interpretation $ Loo $7,700
Computer Programming $ 800 $2,000
Computer Processing $ 500 $2,000
Data Analysis $1,000 $3,000
TOTAL $7,750 $43,650
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APPENDTX D
BIBLIOGRAPHY

A bibliography of references pertinent to the relationships

between studded tires, pavement wear, and accidents is presented

in this appendix. References are divided into fifteen distinct

categories, and are listed alphabetically within each division.

The fifteen categories are:

10.
11.

12.

13.
14.

15.

Tire Hydroplaning and Wet Skid--General and Induced By
Studded Tire Pavement Wear

Safety Aspects of Road Repalr Maintenance Activities
Splash and Spray

Lateral Placement Shifting Caused By Marking Wear and
Worn Wheel Paths

Transverse Forces and Steering Effects Resulting From

Roughened Pavement and Worn Wheel Paths

. Noise and Vibration Effects on Driver Fatigue Resulting

From Roughened Pavement

. Ejected Studs Thrown From High Speed Vehicles
. Vehicle Component Degradation

. Pavement Material Properties and Studded Tire-Induced

Wear Characteristics

Studded Tire-=-Induced Pavement Friction Changes

Pavement Marking Practices, Material Properties, and
Studded Tire Wear

Studded Tire Performance Characteristics

Tire Stud Design and Performance Characteristics
Accident Studies Involving Skidding and Studded Tire Use

Miscellaneous
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