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Systematic, well-designed research provides the most 
effeètive approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 

In recognition of these needs, the highway administrators 
of the American Association of State Highway Officials 
initiated in 1962 an objective national highway research 
program employing modern scientific techniques. This 
program is supported on a continuing basis by funds from 

participating member states of the Association and it re-

ceives the full cooperation and support of the Bureau of 

Public Roads, United States Department of Transportation. 

The Highway Research Board of the National Academy 
of Sciences-National Research Council was requested by 
the Association to administer the research program because 
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structure from which authorities on any highway transpor-
tation subject may be drawn; it possesses avenues of com-
munications and cooperation with federal, state, and local 

governmental agencies, universities, and industry; its rela-

tionship to its parent organization, the National Academy 

of Sciences, a private, nonprofit institution, is an insurance 

of objectivity; it maintains a full-time research correlation 
staff of specialists in highway transportation matters to 

bring the findings of research directly to those who are in 

a position to use them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway depart-

ments and by committees of AASHO. Each year, specific 
areas of research needs to be included in the program are 

proposed to the Academy and the Board by the American 

Association of State Highway Officials. Research projects 

to fulfill these needs are defined by the Board, and qualified 
research agencies are selected from those that have sub-

mitted proposals. Administration and surveillance of re-

search contracts are responsibilities of the Academy and 

its Highway Research Board. 

The needs for highway research are many, and the 

National Cooperative Highway Research Program can 

make significant contributions to the solution of highway 
transportation problems of mutual concern to many re-

sponsible groups. The program, however, is intended to 

complement rather than to substitute for or duplicate othes 
highway research programs. 

This report is one of a series of reports issued from a continuing 
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Officials. 

This report was prepared by the contracting research agency. It has 
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effectual dissemination of findings and their application in the for-
mulation of policies, procedures, and practices in the subject 
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are those of the research agencies that performed the research. They 
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can Association of State Highway Officials, nor of the individual 
states participating in the Program. 
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FOREWO RD Highway engineers in recent years have become concerned about the increasing use 
of studded tires and the resultant effects on pavements. This report contains a 

	

By Staff 	current state-of-the-knowledge with regard to both studded tire performance and 
methods of assessing pavement wear. It consists of an annotated bibliography 

	

Highway Research Board 	covering all known research on the subject from U.S. and European sources, a 
review and evaluation of the data and results of completed studies, and recommen-
dalions for future research aimed at improving the effectiveness of studded tires and 
resolving the questions concerning their effect on pavements from the standpoint of 
wear. Highway safety, research, maintenance, and pavement design engineers will 
find the information in the report useful. 

Studded automobile tires first came into extensive use in the Scandinavian 
countries in about 1961 and within a few years were being marketed in this 
country. Their acceptance and use in the snowbelt states has been rapid—estimates 
of sales exceed 6 million studded tires annually. Although several individual states 
and other agencies have conducted studies on the performance of studded tires and 
their effect on pavement wear, there was a need for a nationwide approach to the 
problem resulting in the initiation of the investigation reported herein. Due to the 
limitation of available time and funds, the objectives were confined to (1) the 
correlation and evaluation of available data on performance of studded tires, and 
(2) the development of a comprehensive method for future measurement of pave-
ment wear caused by studded tires. No actual testing, other than that required 
for validation of the proposed measurement method, was scheduled. 

The researchers of Cornell Aeronautical Laboratory have prepared correlations 
of published and unpublished information on both effectiveness of studded tires and 
pavement wear resulting from their use. It was determined that under certain con-
ditions they do improve highway safety in northern climates. The several factors 
such as ice temperature, number and placement of studs, stud protrusion, and stud 
wear, that influence their relative effectiveness are reviewed in the report. Recom-
mendations are included for a systematic approach to the development of the opti-
mum studded tire, in the sense of achieving the most benefit at the least cost, both 
from the standpoint of cost of installation and cost of pavement maintenance. 

Although a lack of uniformity in variables made it difficult to correlate previ-
ously conducted pavement-wear tests, there was ample evidence that the problem 
is severe enough to warrant a comprehensive investigation. The variety of evidence 
and opinion on the question of whether studs have a polishing or roughening effect 
on the pavement was particularly striking. Equipment suitable for quantitative mea-
surement of the effects of studded tires on pavements was found to be lacking; there-
fore, a major effort in the Cornell study was devoted to the design of an instrument 
specifically for determining both pavement wear and roughness to the nearest 0.001 
inch and to construction of a breadboard model. 

The report contains recommendations for controlled, systematic means of 
thoroughly investigating pavement wear on a nationwide basis. A field test road 



containing a number of pavement cores and using the wear and roughness meter 
developed during this project, a laboratory accelerated test, and studies of secondary 
damage possibilities are the basic measures suggested in the pavement wear program. 
Such a program would permit assessment of the pavement wear effects of studded 
versus unstudded tires on either a national basis or for any particular set of local 
conditions. It would also provide valuable information for materials engineers and 
designers who must utilize available materials while at the same time producing 
highway surfaces offering maximum safety to the motoring public and requiring 
minimum maintenance by the highway department. 
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EVALUATION OF STUDDED TIRES 

PERFORMANCE DATA AND 

PAVEMENT WEAR MEASUREMENT 

SUMMARY 	Studded tire performance is a function of many variables having to do with the tires, 
the studs and the surfaces upon which they operate. Failure to recognize, measure, 
and control these variables is the largest single reason for the apparently conflicting 
and contradictory claims on studded tire performance. 

Braking, tractive, and cornering performance is affected by (in addition to 
surface conditions) the unstudded tire characteristics, stud configuration, stud pro-
trusion, stud arrangement in the tire, vehicle speed, etc. In this report, a stud resist-
ance coefficient for operation on ice is derived and all U.S. data are correlated with 
this parameter and ice temperature. The correlation function may be considered a 
statistical representation of the typical American studded tire from which various 
performance calculations showed the following: (1) maximum braking effectiveness 
is obtained at 32°F. Studded tires on the rear of the vehicle will reduce stopping 
distance by 12 to 30 percent while studded tires on front and rear reduce stopping 
distance by 32 to 46 percent, (2) considerable improvement in cornering capability 
is indicated. With all four wheels studded at 32°F, it is calculated that a vehicle 
might be able to negotiate a curve at 40 mph on which it will breakaway in a skid 
at 30 mph without studded tires. The same variables affect traction as braking. The 
limited evidence available indicates that braking and traction effectiveness of studded 
tires is generally comparable. 

No significant loss of braking performance on bare pavements is indicated with 
less than 100 studs per tire. Stopping distance might be increased by 10 percent 

with 200 studs. 
Studded tires definitely offer an increase in safety to the users. There is 

evidence that considerably better studded tires could be offered to the American 
public than are now on the market. 

The magnitude of pavement wear reported in nine documents, eight pilot studies 
and one more elaborate study, and tests at CAL confirm the need for an investigation 
that takes into account all variables affecting pavement wear by studded tires and 
by other traction aids. The major task of the wear study reported herein—develop-
ment of methods for determining pavement wear due to studded tires and other 
causes—has been accomplished. 

The available literature on road wear was found to be limited in quantity of 
tests and in consideration of the pertinent variables. At the request of the sponsor, 
heavy emphasis was placed on the development of methods for measuring wear and 
roughness, and on their validation. By analysis of available test data, the results of 
single stud tests at CAL, and drawing from experience in related disciplines, the 
variables entering the wear process were enumerated, their relative importance was 
judged, and methods for their investigation were outlined. Finally, mathematical 
relations between the variables were developed which can serve in arriving at 
predictions of wear under local traffic conditions. 
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CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

The modern studded tire received its first extensive use on 
automobiles in the Scandinavian countries in the 1961-
1962 season. Subsequently, its use has spread to other 
European countries where there are significant winter 
driving problems. In the 1963-1964 winter season, studded 
tires began to be used in both the United States and Canada. 
Miller (8) presents information showing the rapid accept-
ance of studded tires in the U.S. with an order of magnitude 
increase in the number of tire studs sold in each of the next 
two years following their introduction in this country. 
There can no longer be any doubt as to the acceptance of 
studded tires as a winter driving aid by a significant propor-
tion of the vehicle owners in the northern climates of this 
country where their use is legal. 

This increased use has come in spite of a number of 
legitimate questions that have been publicly raised about 
performance of studded tires and their effect on the public 
roads. It will be shown in this report that, without question, 
tires can be designed and studded which, when used on all 
four wheels, will offer very significant improvement in 
braking, traction and cornering performance on icy high-
ways within certain temperature limits. It can also be 
shown from existing literature that studded tires do cause 
accelerated wear and damage to highways. Thus, the ques-
tions that confront the vehicle owner, the studded tire manu-
facturer, the safety engineer, and the highway engineer are 
not whether studded tires offer increased safety and con-
venience or whether studded tires damage highways, but 
questions of degree, optimization, economics, and priority. 

As prerequisites to optimization and cost effectiveness 
studies, it is essential that additional information be ob-
tained on both studded tire performance and pavement 
wear. Information is also needed on winter driving condi-
tions as accident causation or contributive factors. It is 
clearly in the public interest to know the trade-offs so that 
studs can be used in a manner to maximize performance 
and minimize highway damage. With the passage of the 
National Traffic and Highway Safety Acts of 1966, the 
American people were committed to providing increased 
automotive safety. The use of studded tires, in furtherance 
of the purposes of this legislation, must be examined and 
the various economic factors considered. 

The scope of the present program precluded both the 
conduct of additional performance experiments and any but 
very limited laboratory experiments on the highway wear 
problem. It was not possible to visit organizations that 
have conducted test programs on either performance or  

wear and discuss the programs first hand with the people 
who had conducted them. It was necessary to rely com-
pletely on published material. There has been much con-
fusion and (seemingly) many conflicting claims with regard 
to studded tire performance. It is the present authors' con-
clusion that these conflicting claims and confusion stem 
largely from an empirical and incomplete approach to 
performance determination. There appear to be a number 
of cases where the basic precepts of scientifically conducted 
experiments were not observed. There was often failure to 
recognize, and therefore to control or measure, important 
variables; there was inadequate parameter control and 
variation; repeatability and confidence levels were not estab-
lished; base runs were not made; etc. Coming out of such 
experiments have been many unsubstantiated and unquali-
fied conclusions. 

The research approach followed in the performance in-
vestigation was to examine test methods and data rather 
than conclusions or claims. Fortunately, well-conceived, 
properly-conducted experimental programs have been re-
ported. From the analysis which is discussed herein, certain 
very definite trends and patterns have emerged from the 
studded tire performance mystique. The important vari-
ables have been identified and in many cases quantitative 
conclusions are possible. The authors have attempted to 
include sufficient detail in the report so as to permit the 
reader to determine rather precisely how the data were 
handled, what assumptions were made, and what processes 
were used in arriving at the conclusions. 

The tire performance investigation reported here differs 
from the damage investigation in scope and objective. The 
former concentrated on critical analysis and evaluation of 
existing performance data. The latter emphasized the de-
velopment of methods for assessing pavement damage, and 
included investigation of the nature of wear, its measure-
ment in test situations, and prediction of actual road wear. 

Because of the great interest shown by the general public, 
the tire and stud manufacturers, and the highway engineer-
ing community in the pavement wear and the stud effective-
ness problems, it is essential to indicate clearly, at the outset, 
the limited scope of the present investigation. The objec-
tives of the study were confined to the following two tasks: 
(1) Correlation of data on the frictional characteristics of 
studded tires on ice, packed snow, and on bare pavements 
(wet and dry); and (2) development of a method, or 
methods, of quantitative assessment of the difference in 
wearing and abrasive effects of studded versus unstudded 
tires on different types of surfaces. 



CHAPTER TWO 

FINDINGS 

The findings of any project of the type of this one, primarily 
of the "literature search" category, are necessarily circum-
scribed by the publications reviewed, both as to the methods 
described and the resulting data presented and analyzed. 
Such results as were obtainable in the current instance are 
summarized in the following. Detailed discussions of the 
several points are presented in appendices, as follows: 

Studded tire performance 	................. Appendix A 
Methods for assessing pavement wear ....... Appendix B 

Single stud 	tests 	......................... Appendix C 
Wear and roughness measurement .......... Appendix D 
Mathematical relations between wear 

variables 	............................ Appendix E 
The mechanics of pavement wear by studded 

tires 	................................ Appendix F 

Stud-ice mechanics 	...................... Appendix G 
References and annotated bibliography . . . ... Appendix H 

STUDDED TIRE PERFORMANCE 

Braking 

A significant body of data has been produced on 
braking performance from both U.S. and foreign sources. 
Vehicle stopping distance and friction trailer measurements 
have both been employed. Repeatability tests of a standard 
tire (the ASTM E-17 rubber highway tread) have estab-
lished a reasonable confidence level in the accuracy of the 
friction trailers both between and within the several test 
programs. 

Data on highway tread and snow tires show good 
agreement between friction trailer and vehicle stopping 
distance tests on ice. The two methods of testing do not 
give equivalent results for studded tires. The differences are 
such that higher effective coefficients of friction are indi-
cated in the constant-speed (20 mph) friction trailer tests 
than in the variable-speed stopping distance tests. 

Friction coefficients of both highway tread and snow 
tread tires are a function of ice temperature. Friction 
coefficients for the highway tread tires nearly double from 
a minimum value at 32°F to a maximum at about 0°F. 
Below zero little further increase is noted and there is some 
evidence of a decrease. 

Snow tire friction coefficients show a variation similar 
to the highway tread except that they are less nonlinear. 
There is a dearth of low-temperature data, but the evidence 
is that the friction is still continuing to increase at - 5°F, 
the coefficient being twice its value at 32°F. 

Studs in number and configuration typical of Ameri-
can tires give an increment of effective friction coefficient 
at 32°F which is almost as great as that of the basic tire. 
However, the studs lose effectiveness as the ice temperature  

is reduced. Extrapolation of existing data (which go to only 
—5°F) indicates that all effectiveness of the studs will be 
lost at —10°F. 

There tends to be some scatter in all the ice data 
which cannot be accounted for by measurement impreci-
sion. The factors responsible for the scatter must be, in 
part, with the ice and in part with the tire. There is con-
sistently more scatter in studded tire results than unstudded. 
Lack of control or knowledge of stud protrusion and shape 
may account for much of this scatter. The primary conclu-
sion is, however, that after all steps are taken with regard 
to parameter control and measurement, numerous repeat 
runs are essential. To make one or two runs to evaluate a 
device, configuration or parameter is a waste of time and is 
bound to lead to erroneous conclusions. 

Because of insufficient data and lack of control of 
stud protrusion, no quantitative conclusions can be made 
regarding the effects of protrusion, although it appears that 
within the limits of these tests, effectiveness increases with 
increased length. 

In assessing effects of stud wear, account must also be 
taken of tire wear. No definitive evaluation of the effect of 
wear is possible because of lack of protrusion control and 
the qualitative nature of the term wear. It does appear, 
however, that for the type of use the subject worn tires had 
received, the effectiveness of the studs as compared with 
new studs in new tires was reduced. Somewhat systematic 
wear measurements by the RCAF showed nearly equal 
wear of rubber and studs (resulting in constant protrusion) 
on front tires and greater wear of the rubber (resulting in 
increased protrusion) on rear tires. 

A parameter which infers a variation of stud effective-
ness proportional to the number of studs correlates the 
American data no better than one which is independent of 
the number of studs. The scatter of the data is such that 
reliable conclusions on the effect of the number of studs 
are not possible. 

Swedish data in which considerably more studs were 
used show that if additional lines of studs are provided, 
increased effectiveness can be achieved up to at least 260 
studs. 

There is no evidence that the aluminUm oxide studs 
were any more or less effective than the tungsten carbide 
studs in spite of average stud protrusions which were some-
what greater than those on the other tires. 

There is little difference in stopping distance be-
tween a car equipped only with highway tread tires and one 
equipped entirely with studded tires at temperatures of 0°F 
and below. As the ice temperature increases, considerably 
shorter stopping distances are indicated for the studded tire 
car. At 30°F a reduction of nearly 50 percent is indicated 
using the friction trailer data. Calculations based on stud 
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effectiveness determined from stopping distance data indi-
cate that the shortening of stopping distances may be more 
nearly 30 percent, however. 

Experimental problems in testing in packed snow 
precluded quantification of stud effectiveness. Qualitatively, 
however, the evidence is that studs provide some additional 
braking performance. 

Bare pavement stopping distance tests show that 
stopping performance with tires equipped with up to 100 
studs is not significantly degraded (and sometimes im-
proved—particularly on wet pavements). With more studs, 
performance seems to become progressively degraded, but 
with as many as 216 studs, the friction coefficients are 
decreased by less than 10 percent. 

Traction 

Studded tires on the drive wheels offer potentially 
large improvements in accelerating from rest and from 
rolling conditions. 

The conclusions listed under braking on the influence 
of ice temperature, such as stud number, pattern, pro-
trusion, wear, are generally applicable to the traction 
condition. 

Studs appear to be about as effective in traction 
braking. 

Cornering 

The greatest deficiency in stud effectiveness data is in 
cornering performance. 

All four tires must be studded if significant cornering 
performance is to be achieved. 

A very simple analytic model in which braking effec-
tiveness data are used in the calculation of cornering effec-
tiveness indicates large potential cornering gains if all four 
tires are studded. 

Safety 

As with many vehicle factors, the data on accident 
causation and contributing factors needed to make hard 
quantitative assessments of the significance of studded tires 
on safety simply do not exist. 

The much higher accident rates during the winter 
months, after making allowance for the fewer daylight 
hours, indicate that the decreased tire friction coefficients 
on icy or snow-covered pavements are significant causative  

factors. It follows that any means of increasing the effec-
tive friction coefficients will increase driving safety. 

The National Safety Council's admonitions that even 
with the higher friction coefficients offered by studded tires, 
stopping distances will still be considerably longer than 
those on dry pavement, while true, should not be interpreted 
as suggesting that the potential improvements are not 
worthwhile. 

General 

Comparison of U.S. with foreign practice in studded 
tires suggests that a systems approach in the design of 
studded tires could considerably improve,  the effectiveness 
of such tires over what is presently achieved, whatever 
number of studs is employed. 

While the empirical approach to studded tire develop-
ment which has been used in this country has resulted in a 
product which offers a significant measure of performance 
improvement, research on basic stud-ice mechanics has not 
been accomplished. 

Because of implications with regard to safety and to 
highway damage, the development of optimum studded 
tires cannot be left exclusively to the private sector. Gov-
ernment sponsored research in all aspects—stud-ice me-
chanics; stud design and retention; tire design; stud-highway 
interaction—is essential and in the public interest. 

PAVEMENT WEAR 

Analysis of the literature on pavement wear due to 
studded tires and exploratory single stud tests have demon-
strated that such pavement wear is severe enough to war-
rant a comprehensive investigation of the conditions which 
control its severity. 

On the basis of analysis of road wear problems, it is 
concluded that both wear and roughness must be measured. 
An instrument for such measurement was designed and the 
validity of the measurement method was demonstrated with 
a breadboard model of the instrument. 

The variables affecting the magnitude of pavement 
wear were studied and two test methods were developed. 
They are an accelerated indoor test and a closed loop field 
test. 

Four specific aspects of road maintenance associated 
with the type of wear caused by studded tires and the tie-in 
of wear with maintenance decisions at the local agency 
level were pointed out. 



CHAPTER THREE 

INTERPRETATION 

STUDDED TIRE EFFECTIVENESS 

Differences Between American and Foreign Practice 

From the material presented in Chapter Two and Appen-
dix A it is quite clear that there are noteworthy differences 
between American studded tires and those used in foreign 
countries (including those used by the RCAF). The data 
correlated in Figure A-9 included tires from most of the 
major tire manufacturers in the U.S. and are considered to 
be a representative cross section. The number of studs per 
tire varies from 64 to 108 with an average of about 80. The 
minimum number of studs in the RCAF program was 72, 
going up to 366 studs per tire. The number of studs in the 
Swedish study varied from 52 to 260. The Swedish report 
recommends about 150 studs per tire for European cars 
and conditions. The authors did not elaborate on the 
specific characteristics of the cars and the conditions. The 
recommendation appears to be based on a compromise be-
tween the increased performance gains on ice and snow 
and performance losses on bare pavement. Road damage 
problems are not mentioned. 

The foreign work also gives attention to the stud ar-
rangement. Footprints are presented in both the RCAF and 
Swedish reports while none are in the U.S. literature. That 
the number of lines could be significant is recognized in 
both foreign reports but not the U.S. reports, suggesting 
that there has not been concern by the manufacturer and 
that an important variable has not been taken into account 
in U.S. practice. The procedure seems to have been to 
modify existing tread molds to provide holes for studs 
rather than to design new treads to permit effective stud 
installation. Potential gains in studded tire performance 
are both achievable and practical. 

Practice in the U.S. has generally been to use studded 
tires on the rear wheels only. Such a procedure is, of 
course, justified in consideration only of traction. If only 
two wheels are to be studded, better braking would proba-
bly be achieved if they were on the front. Little cornering 
improvement can be expected unless all tires are studded. 
This practice is reported to be rather common in Europe. 

While it was beyond the scope of this study to examine 
stud and tire design as such, it seems likely that stud wear 
properties and protrusion length have received reasonable 
attention by U.S. stud manufacturers; that the pragmatic 
approach has led to the use of materials with about the 
right wear characteristics; that the protrusions used repre-
sent reasonable compromises between stud effectiveness and 
stud retention in the tire. 

Stopping Distance 

Using the correlated stud resistance coefficients shown in 
Figures A-9 and A-10 as being statistically representative of 

current American studded tires, stopping distances on ice 
were calculated for a passenger car with several combina-
tions of tires. The cases considered were for highway tires 
on the front with (1) highway tires on the rear, (2) snow 
tires on the rear, and (3) studded snow tires on the rear. 
A fourth case with studded highway tires on the front and 
studded snow tires on the rear was also calculated. The 
highway tire characteristics used were those shown for the 
1966 standard in Figure A-6; the snow tire characteristics 
were Brand A in Figure A-7; the incremental stud resis-
tance was calculated from Figure A-b. Seventy-two studs 
were considered in both front and rear tires when appli-
cable. The calculations are then based on friction trailer 
data. It will be recalled that agreement between friction 
trailer and vehicle data was good for both highway and 
snow tires, but for studded tires, stopping distances calcu-
lated from friction trailer results were less than those 
measured on the vehicle. Thus, the advantages calculated 
for the studded tire configurations and shown in Figure 1 
are believed to be greater than would be expected in reality. 

At the lower temperatures (-5°F to 0°), the differences 
between the four configurations are not great; the longest 
stopping distance of 108 ft for four highway tires is re-
duced 18 percent to 88 ft with four studded tires. As the 
temperature increases, the stopping distance for the un-
studded tires increases markedly and is about 173 ft at 
30°F. The solid curve for all four tires studded shows a 
reduction of nearly 50 percent. 

The measured stopping distance data shown in Figure 
A-S were used in the calculation of a stud effectiveness re-
duction factor which could be applied to the friction trailer 
correlations used in preparing Figure 1. To give an indi-
cation of how optimistic the data in Figure 1 may be, 
these factors were applied to the stud effectiveness with the 
results shown as the dashed lines. The stud effectiveness 
factor varies from 1.0 at 0°F to 0.5 at 30°F. Making the 
corrections significantly reduces the apparent advantages of 
the studded tires. At 30°F the stopping distances over the 
highway tread tire value have been reduced by only 12 per-
cent for the studded snow tires on the rear and by 32 per-
cent for studded tires front and rear. 

Concurrent with the 1966 NSC tests at Stevens Point, 
CAL conducted a series of vehicle tests (7). These included 
locked wheel stopping distances with both front and rear 
tires studded. The data points, corrected to an initial speed 
of 20 mph, are shown in Figure 1. it will be noted that 
the experimental stopping distances with unstudded tires 
while slightly less are in fair agreement with the calcula-
tions. The stopping distances with the studded tires are 
slightly greater than those calculated. Because of the 
general scatter in studded tire data which has been pre-
viously discussed, only limited conclusions can be drawn 
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from these few points. It does seem quite clear, however, 
that better agreement is obtained with the calculations 
using the stud effectiveness factor. Further correlations 
between friction trailer and stopping distances need to be 
made for the studded tire cases before these data can be 
used with confidence. The evidence is, however, that the 
dashed lines in Figure 1 are more realistic. 

Traction 

Improved traction performance with studded tires accom-
panies improved braking performance. While the trac-
tion gains are primarily convenience factors, the safety 
implications should not be overlooked. The ability to 
negotiate a hill where a car might otherwise be required to 
back down, the ability to make evasive accelerations, etc., 
clearly have safety implications. 

Cornering 

The dearth of data on cornering performance makes it 
impossible to provide hard data to support arguments that 
studded tires offer significant safety advantages in cornering 
although strong subjective opinions that they do have been 
transmitted to the authors from the top safety engineers of 
two of the largest automobile companies in the U.S. The 
very crude calculations presented earlier indicate that such 
may be the case. The completion of the processing, analy-
sis, and the release of the NSC 1967 data are expected to 
shed considerable light on this matter. 

Accident Causation 

Even after establishing that studded tires shorten braking 
distances, improve traction, and enhance cornering capa- 
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bility on ice and snow, the knowledge of causation factors 
in the United States is inadequate to permit quantitative 
judgments on their effect on safety. The data base and 
necessary studies simply do not exist. 

While there is a paucity of data on skidding on ice or 
snow covered highways, studies have shown that the sur-
face of a road or street may be far more important in the 
occurrence of accidents than are most design and traffic 
control elements (24). Skidding may be involved in acci-
dents in two ways: (1) the skid may occur before brak-
ing, causing the vehicle to take a different course from that 
intended by the driver, or (2) the skid may occur after 
braking, making it impossible for the driver to stop or 
decelerate in the anticipated distance. 

(24) states, "Although there is overwhelming evidence 
that skidding is involved in a high proportion of accidents, 
national statistics on accidents do not specify the number 
in which skidding occurred." 

A study of accidents on the Pennsylvania Turnpike (24) 

definitely showed that wet pavement is more hazardous than 
dry. The number of accidents per million miles of travel on 
the Turnpike for each surface condition was as follows: 
dry, 1.1; wet, 1.9; snow or slush, 4.8; icy, 8.2. 

A summary of data on skidding in personal injury acci-
dents in England in 1957 (19) indicates that there can be 
little question that icy pavements are important factors in 
accident causation. While these data are 10 years old and 
represent English experience, it just doesn't appear to be 
reasonable that the times or conditions could be so much 
different in the U.S. today that icy roads are not similarly 
important in accident causation. It seems self-evident then, 
that studded tires have great safety significance. 

In a general discussion (24) of skidding accidents, it is 
said: "Of course, it would not be correct to attribute all 
skidding accidents to the pavement surface. In many 
instances, the vehicle is riding on ice or snow and the fric-
tion coefficient of the pavement is not involved. In other 
cases, the forces between the tires and roads are so great as 
to exceed any realistic friction values. Nevertheless, re-
search has clearly shown that accidents do occur when 
friction coefficients are low and that considerable reduction 
in accidents can be achieved by improving pavement sur-
face." it follows that if the effective friction coefficients 
can be increased (by studding tires, for example), consider-
able reduction of accidents can be achieved. 

The NSC has emphasized that even though the per-
centage reductions are substantial, the stopping distances on 
ice are still large compared with bare pavement (and those 
attainable with tire chains). The Swedish report contains 
the admonition that "tire studding is valuable but its worth 
should not be overrated." These warnings are, of course, 
most proper if used in the context that they are made. They 
do not justify conclusions that studded tires should not be 
used because they are ineffective. Arguments that studded 
tires are hazardous because they give drivers a false sense 
of security must be put in the same category as saying the 
introduction of four-wheel brakes was hazardous for the 

same reason. 

PAVEMENT WEAR AND ROAD MAINTENANCE 

Appendices A, C, D, and E present a design for a wear 
and roughness meter and detailed recommendations for 
measuring pavement wear due to studded tires and other 
traction aids. Test methods outlined are graduated from 
accelerated tests in a wheel test rig, to field tests in a 
loop closed to other traffic, and finally to application tests 
on roads subject to mixed traffic. The precautions necessary 
to obtain valid data have been pointed out. If all these 
recommendations are followed, the various interested agen-
cies will have the means to determine actual or predicted 
road wear due to studded tires and other traction aids on 
roads in their locality. The magnitude of wear, measured 
or predicted, will, of course, vary regionally according to 
the values of the various variables that influence wear rate 
and the number of vehicle passes. 

Measured wear depths in the pilot studies were as high 
as 0.25 in. at a crossover point in a parking lot after 21,000 
passes with a 3/4  -ton truck (27). This example is cited here 
in so much detail only for illustration. The point is that, 
under conditions that were more or less representative of 
actual road conditions, wear depth of tenths of an inch 
were obtained with numbers of passes that could occur in 
days at busy highways. However, the observation of the 
vital variables that are needed to properly weigh the mea-
surements was incomplete. Also, comparative measurements 
of other highway damage were not made. Therefore, what 
can be said at this time is only that there is good reason for 
putting such measurements on a rational basis. This view 
is what gave rise to the current project and a rational 
approach to the wear determination is presented in this 
report. 

The question that remains is, "What road maintenance 
problems are associated with this measured or predicted 
road wear?" A number of considerations enter: 

Every reported wear test and all test interpretations 
indicate that maximum damage per pass occurs during 
panic stops. Therefore, highway locations at which panic 
stops are frequent should be kept under surveillance. Since 
traffic situations requiring frequent panic stops are unde-
sirable, correction may best be made by road relocation or 
widening. However, the immediate corrective action and 
the one of concern here would be resurfacing of such spots. 
A first step would seem to be a count of the frequency of 
panic stops at such locations (as was actually done in one 
of the pilot studies); such counts should be followed by 
wear measurement or surveillance of road condition. In-
formation on the dependence of such damage on axle load 
and other variables that is expected from the tests recom-
mended in this study, will greatly improve the predictability 
of damage from panic stops. 

The layer of pavement removed may be thick enough 
locally so that steps are created that require patching. Here, 
the roughness portion of the wear and roughness meter will 
be helpful by providing quantitative information. Criteria 
for pavement roughness or profile variation (steps) that 
require correction would have to be established. 

A tendency for removal of small mortar particles and 
exposure of coarse aggregate has been noted and recorded 



by a number of observers. The susceptibility of such ex-
posed pavement to other damage has not been established. 

Potential maintenance problems in the State of New 
York were explored through discussions with various high-
way officials. The following officials were contacted: Gen-
eral Supervisor, Division of Operation and Maintenance, 
Department of Public Works, Albany; Assistant Super-
intendent of Maintenance, New York State Thruway Au-
thority, Elsemere; Maintenance Supervisor, District 5, New 
York State Department of Public Works, Buffalo; Super-
visor of Highway Maintenance, County of Erie; and various 
Town of Amherst highway officials. 

No information or statistics were available on the rela-
tionship between highway maintenance practice and use 
of driving aids, including studs. Apparently, no organized 
investigations have been made that relate to this problem. 
The unanimous opinion, however, of all of these officials, 
was that no additional maintenance costs have been in-
curred that can in any way be correlated with stud use. 
A few instances were reported, at a toll station stop on the 
NYS Thruway, for example, in which a noticeable increase 
in surface damage has been observed and attributed to stud 
use. Also, several officials were quick to point out that 
specific evidence of damage having been caused by tire 
chains, especially on trucks climbing hills, is a part of their 
experience. In addition, it was pointed out that while it is 
known that studded tires do produce damage, it is possible 
that the relatively low level of damage that has been 
casually observed in New York State thus far may be 
simply due to an insufficiently high use rate. 

If this situation is typical of most of the states, it is 
obvious that there is not enough evidence available upon 
which to base any rational judgment of the beneficial 

(safety) aspects of studded tires in relationship to their 
deleterious aspects (increased maintenance costs). The in-
formation that is needed in order to make this judgment 
falls in these categories: (1) studded tire use rates; it is 
especially important that the data be on a comparative 
basis with the use of other driving aids that are not now 
illegal in any states (e.g., chains), (2) measures of damage 
and wear caused by studded tires and other driving aids, 
(3) the relationship between these damage measures and 
the resulting (increased) maintenance required, and (4) 
the relationship between studded tire use and safety. 
Information of the type needed in the last of these cate-
gories is undoubtedly the most difficult to obtain. For, not 
only is it necessary to first evaluate studded tire effective-
ness more thoroughly, but also to relate effectiveness to 
(increased) safety. Finally, all four factors must be prop-
erly weighted in a cost-effectiveness sense. 

In view of the obvious needs for more data on both wear 
and damage and on effectiveness, and in consideration of 
the other difficulties touched on in the preceding discus-
sion, it does not seem likely that the studded tire safety 
versus damage question can be answered on a strictly ra-
tional basis within the next few years. Indeed, the problem 
of putting a dollar value on safety may preclude making 
such a strict determination at any time. 

It seems likely, therefore, that a start on obtaining an 
answer to the question can only be taken after sufficient 
evidence has been collected that shows a significant eco-
nomic disadvantage on the road maintenance aspect to the 
use of studded tires. Fortunately, the acquisition of such 
evidence falls on the side of the equation that is most 
amenable to numerical evaluation—the measurement of 
wear and damage and the assessment of these in economic 
terms. 

CHAPTER FOUR 

CONCLUSIONS AND RECOMMENDED RESEARCH 

CONCLUSIONS 

The conclusions of a project such as this, because of its 
predominantly "library search" character, are actually the 
"findings" of the project. Therefore, such conclusions as 
there are, have already been given as the findings in Chapter 
Two. 

RECOMMENDED ADDITIONAL RESEARCH 

Studded Tire Effectiveness 

While the pragmatic approach to studded tire design and 
practice has resulted in products which offer winter driving 
safety advantages, it seems quite clear that these products 

are far from optimum in the sense of achieving the most 
benefit at the least cost direct (cost of the studded tires) 
and indirect (added costs of highway maintenance). Addi-
tional research in the direction of such optimization is in 
the interests of both the private and public sectors. 

A combined theoretical and experimental research pro-
gram is recommended. Such a program would start with 
a consideration of structural and mechanical properties of 
ice. (Mechanisms of rubber friction (20 to 23) on ice are 
fairly well understood.) From these the probable stud 
penetration and ice cutting and failure mechanisms would 
be formulated. Laboratory tests of single studs passing 
through ice at various speeds would be made to validate 
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and refine the theoretical model which has been formu-
lated. The interactions due to multiple studs would then 
be added to the theoretical model and the laboratory tests. 
The effects of stud configuration, protrusion length, ice 
temperature, sliding velocities and other variables would be 
determined. The laboratory experiments would then be 
extended to a single wheel to establish correlation with the 
idealized experiments and to introduce variable slip effects. 
The laboratory experiments would be followed by full-scale 
friction trailer and vehicle tests using tires in which a sys-
tematic variation (particularly stud number and arrange-
ment) could be readily varied. Data would be correlated 
on the basis of the theoretical models which had been pre-
viously validated. The primary initial emphasis would be 
performance on ice, with braking (varying degrees of slip), 
traction and cornering investigations made. 

Techniques would be developed for repeatable compact-
ing of snow and for determining the properties of the com-
pacted snow. Off -roadlocomotion and trafficability disci-
plines would be used to develop methods for predicting 
performance on packed snow. Full-scale friction trailer 
tests, similar to those made on ice would be conducted. 

Assessment of Pavement Wear 

Methods for measuring pavement wear and roughness 
developed as a primary task under this project have been 
presented in the body of this report. We make the follow-
ing suggestions for their implementation. 

ACCELERATED WHEEL TEST RIG 

It is recommended that a permanent indoor test facility 
be operated centrally for all interested agencies. As dis-
cussed in the report, this rig serves several purposes: By 
incorporation of control pavement segments of uniform 
texture, it will serve as a reference standard by which the 
consistency of other tests and new materials can be evalu-
ated; many of the test variables can be evaluated rapidly 
and inexpensively to the extent that functional relations are 
established, thereby reducing the number of road tests 
required to establish numerical relations. 

FIELD TEST LOOP 

The dimensions for the field test loop, as given earlier 
for illustrative purposes, are minimum and a larger loop 
would be acceptable. We recommend that the loop be 
located in a region of the country where temperatures 
below freezing are regularly obtainable. Any existing test 
loop meeting these specifications and available for one en-
tire winter season would be acceptable, if the recommended 
modifications (roofed sections, installation of core sections 
and heating) can be installed. 

It is recommended that the number of pavement cores 
tested be sufficient to include the major varieties of interest. 
However, in order to keep the total down to a manageable 
minimum (in view of all the other variables that must be 
tested) we recommend that some screening tests be made 
in which the range of expected differences is explored. 

At the conclusion of the accelerated and the field tests, 
a comprehensive report should be issued which should 
enable each local agency to calculate expected wear (by 
methods outlined in Appendix E) after they have estab-
lished the pertinent local variables. 

ROAD TESTS 

Since even the field test loop provides only a simulation 
of traffic conditions and not all pavement conditions can 
be tested, it is recommended that validation of the test 
results be by local agencies at local roads. Again it must be 
emphasized that interpretation of such tests must take into 
account the pertinent local pavement variables, (e.g., pave-
ment composition and age) and traffic count for the range 
of other variables such as axle load, deceleration, and 
temperature. 

SECONDARY DAMAGE 

A separate investigation of secondary damage should be 
conducted. By secondary damage is meant road wear or 
other damage that is caused or aggravated by the initial 
action of studded tires. During the single stud tests of the 
current project, some pertinent observations were made in 
this regard, but limitations on the scope of the program did 
not permit extended investigation. The observation was the 
occurrence of what appeared visually to be hairline trans-
verse cracks at the bottom of grooves produced under con-
ditions of maximum friction drag. Further, single stud 
cutting tests and detailed surface studies are recommended 
to explore this phenomenon. If they do indeed occur, such 
cracks could play a role by weakening of pavement in 
subsequent freezing, salting and thawing cycles. There 
should be separation of such tests from tire and vehicle 
tests because here detailed microscopic observation of test 
of pavement properties is required; single stud tests of the 
type initiated under this program appear very suitable for 
such work. 

TIRE-STUD RELATIONS 

Both the performance of studded tires and their damage 
to pavements are a result of the dynamics of stud-pave-
ment contacts. These events, in turn, are influenced by the 
dynamics of the tire-stud contact areas. Investigation of 
these tire-stud relations will lead to (1) improved under-
standing of performance and road damage, (2) more ra-
tional studded tire specification, and (3) better and faster 
methods of evaluating new stud and tire designs. Factors 
that should be investigated are outlined as follows: 

Geometry. The shape of the stud and the shape and 
relative size of the receiving hole in the tire will determine 
where in the stud the forces act that resist pull-out from the 
tire and lateral and rotational motion. The protrusion 
length of the studs affects the magnitude of these forces. 

Forces. In first approximation, the normal load as 
determined by stud pressure and the "cutting force" de-
termined by the sliding velocity, control wear depth. Of 
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course, the orientation of the stud with respect to the tire 
will also affect the forces developed at tire-stud and stud-
pavement contact areas. 

3. Thermal effects. Heat is generated due to stud-
pavement contact and due to stud-tire motion. The former 
is important because it raises the stud tip temperature, thus 
influencing its wear, and because it transmits heat to the  

stud-tire contact areas. Temperature increase at the latter 
surfaces may affect rubber strength and tightness of stud 
seating. 

4. Stud failure. Studs can fail by pull-out and fracture. 
Their effectiveness is diminished by looseness and excessive 
wear. The effect of contact forces and heat on stud failure 
should be known. 

APPENDIX A 

STUDDED TIRE PERFORMANCE 

The terms "performance" or "effectiveness" are used inter-
changeably in this report as generics which include braking, 
traction, and cornering properties. These latter terms are 
defined in a subsequent section of this appendix. Included 
here are the details of the literature review on studded tire 
performance together with the technical discussion of the 
methods described therein and the resulting data. 

LITERATURE REVIEW 

A literature search was conducted during the course of this 
program to obtain published material pertinent to studded 
tire performance. The documents were divided into cate-
gories of technical reports and papers, semi-technical litera-
ture appearing in trade journals or general news media and 
commercially- or trade association-oriented publications. It 
was established that the latter two categories did not contain 
any original information of scientific standing which had 
not been taken from the technical reports and papers; thus 
this literature was discarded. In the category of technical 
reports and papers, it was found that in many instances the 
same studies had received multiple publication. The redun-
dancies were then eliminated in most instances. 

In addition to the published reports and papers, certain 
preliminary reports and various privileged information was 
acquired. Although the restrictions placed on the use of 
this material have been observed, it has been determined 
that no substantiated information was contained in them 
which was in significant disagreement with the conclusions 
which are presented in this report. At the time of this 
writing, the results of the 1967 National Safety Council 
Winter Driving Hazard Program have not been released. 
The 1967 program included vehicle braking, traction and 
cornering tests on ice with studs mounted on all four wheels. 
These data will be of considerable interest in confirming 
some of the estimated performance and tentative conclu-
sions included in this report. 

The literature judged to be significant included one 
Canadian (RCAF) report and one Swedish report. Al-
though the authors are reasonably confident that no im- 

portant data from this country were overlooked, there may 
be foreign studies that have been reported that did not come 
to their attention. 

Appendix H is an Annotated Bibliography and List of 
References. The reports and papers which were finally 
retained, accompanied by brief descriptions of their con-
tents, appear first. Other references follow which do not 
contain information specifically on studded tires. 

TECHNICAL DISCUSSION 

In this report, the term "tire performance" refers to the 
basic functions that tires serve in transmitting longitudinal 
and lateral forces between the highway and the vehicle. 
The longitudinal forces are necessary to provide accelera-
tion (traction) and deceleration (braking) of the vehicle 
while the lateral forces are required for vehicle turning or 
cornering. Specific performance measures are defined in 
the discussions of braking, traction, and cornering. 

In the normal operation of tires on bare pavement (dry 
or slightly wet), the primary friction mechanisms are re-
lated to tire-highway adhesion (an interface phenomenon) 
and to hysteresis (a deformation phenomenon). Kummer 
(12) also includes cohesion, grooving, and viscous losses 
under the general category of friction. Friction coefficients 
are defined as ratios of sliding resistance to the slider load 
(normal to the surface). Those resistance forces which are 
unrelated to the normal force are not properly expressed as 
friction coefficients. The presence of ice, snow or slush on 
a highway may change the entire character of the tire 
performance problem into one more nearly analogous to 
the off-road-locomotion problem in which the physical and 
mechanical properties of the surface become important 
parameters. In general, the resistive and tractive forces will 
involve the surface-surface adhesive forces, surface-surface 
frictional forces, the internal cohesive and frictional forces, 
and sinkage, in addition to tire properties and loadings (13). 

For conventional tires runningor sliding on hard ice, the 
usual tire friction concepts will normally be valid, the us 
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of the nondimensional tire friction coefficient being a con-
venient means of generalization and correlation. With 
studded tires, caution must be exercised on two counts: (1) 
in classical friction theory, the friction coefficient is assumed 
to be independent of normal load, and (2) stud resistance 
may, in part, be due to momentum exchange from the 
sliding tire to the fractured ice which, strictly speaking, is 
not considered as friction. None of the literature reviewed 
considered these aspects of the resistive and tractive phe-
nomena. 

The manner in which frictional considerations come into 
play in braking, driving, and cornering on highways is 
discussed by Kummer and Meyer (14). Although their 
paper was written in the context of normal highway opera-
tion, it is generally applicable to operation on ice except 
that the attainable friction coefficients are much lower; with 
the starting and braking power characteristics of passenger 
cars, it is frequently difficult to operate at tire slip below 
the limiting friction coefficients. 

The importance of tire slip with studded tires is not fully 
understood. Some of the experimental results which are 
discussed indicate that there may be a critical friction 
coefficient at less than 100 percent slip while other data 
show contrary results (6). It is argued in Appendix F that 
in locked wheel braking a stud sliding in the same track as 
one ahead of it will not offer as great a resistance as its 
predecessor. Thus, it might be expected when the slip is 
such that a new stud comes into contact with the surface 
just as the track in the ice from the preceding stud ends 
that near-maximum effectiveness would have been reached. 

In starting from rest, near-maximum tractive force would 
be expected at degrees of spin (negative slip) such that 
tracks in the ice just overlap. Once the tracks do overlap, 
if forward motion does not result, a decreased tractive 
effort, or drawbar pull, would be expected causing a loss 
of equilibrium with the torque input to the wheels and 
consequent wheel spinning. Most of the test reports re-
viewed report only the locked wheel (100 percent slip) 
braking results and the traction at the onset of wheel spin-
ning (a low value of negative slip). If the preceding 
hypotheses are correct, the critical values for braking would 
be expected to be nearly equivalent to the tractive values. 

Testing Techniques, Unstudded Tires 

Kummer and Meyer (14) have discussed testing tech-
niques in relation to determining highway skid resistance. 
Much of this discussion is appropriate to studies concerned 
with winter driving skid resistance. Measuring equipment 
that has been used for full-scale testing of studded tires falls 
in two categories: (1) Skid testers or friction trailers, and 
(2) vehicles. The friction trailers have generally been used 
in the steady-state locked-wheel sliding mode at a fixed 
speed although a Swedish machine has been used in a 
steady-state slip mode. Vehicles have been operated in the 
nonsteady-state sliding mode to measure stopping distances 
from some initial speed. They have also been used to pull 
dynamometers for traction measurement and for nonsteady-
state cornering measurements. 

Goodwin and Whitehurst (15) have presented a corn- 

prehensive paper on the skid trailer technique for measuring 
the surface-tire forces during skidding of a test wheel which 
includes detailed information on one of the skid trailers 
employed (UT), the metric system calibration, data record-
ing and interpretation, etc. 

The vehicle test procedures are discussed in the appro-
priate program references. In general, standard stopping 
distances were measured. However, on-board instrumenta-
tion consisting of accelerometers (5) or accelerometers, 
gyros, etc. (7) was also used. In the RCAF tests, a traction 
dynamometer was used. 

In attempting to correlate studded tire braking perform-
ance taken by these two techniques (friction trailer and 
vehicle stopping distance), it is necessary to evaluate and 
compare data taken with similar tires and under similar ice 
conditions. The National Safety Council Winter Driving 
Hazards Programs conducted over the years 1963-1966 
have used both test methods so that extensive data on 
comparative configurations are available for this purpose. 

The test equipment and procedures employed are de-
scribed (1-4). The tests were run on specially flooded and 
frozen areas; in 1963 and 1964 at Gaylord, Michigan and 
in 1964 and 1965 at Stevens Point, Wisconsin. Data were 
obtained in two ways: automobiles were driven in a straight 
course and accelerated to a speed slightly greater than 20 
mph. The driver then allowed the vehicle to decelerate. At 
20 mph, the brakes were locked and the distance measured 
for the vehicle to come to a complete stop. Other measure- 
ments were made using friction trailers supplied by General 
Motors, Portland Cement Association, and the Tennessee 
Highway Research group. The friction trailers were towed 
at a constant speed of 20 mph with one or both wheels 
(depending on the trailer) locked. Oscillograrns were taken 
of the braking force at this speed. With a knowledge of 
the tire load, an effective friction coefficient between the 
tire and ice was then calculated. More detail on those 
procedures may be found in (15). 

The tires used on all programs were 7.50x 14 with a 
rated load of 1,085 pounds. The friction trailers were 
ballasted to the same weight. The test cars weighed 4,325 
pounds with nearly equal static weight distribution. Stati-
cally, all wheels were within 10 pounds of the standard 
test weight (1). 

Precautions were taken to assure consistency of friction 
trailer data by making many repeat runs in both directions 
with individual trailers and by comparing results between 
trailers. No statistical analyses have been presented, but it 
is clear that the authors (2-4) have high confidence that all 
three trailers gave consistent results. 

During each test period, a series of tests was conducted 
using standard highway tread tires made from ASTM E-17 
rubber and provided by the General Tire Company. These 
tires serve as a base configuration which establishes the 
repeatability of the experiments from year to year. 

The standard E-17 data may be used to establish a com-
parison of friction trailer measurements and vehicle stop- 
ping distance measurements. 

In the classical theory of sliding friction (for example, 
12), the frictional force restraining sliding motion between 
any two particular materials depends only upon the normal 
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load and is independent of the area of contact and the 
sliding speed. Thus, if the theory is valid for tires sliding 
on ice, the stopping distance calculated from a measured 
friction coefficient should agree with the measured stopping 
distance and vice versa. 

Figure A-i shows the friction coefficients measured with 
the E-17 tires during the four test periods (1-4) plotted 
vs. ice temperature. The faired line is the least squares 
curve fit of all the data. It has the form first used in (1). 

/L=a+bT+cT2 	 (A-i) 

After 1963, the NSC has used linear curve fits for the E-17 
highway tread data. There is strong evidence that the non-
linear behavior of the E-17 and other highway tread tire 
data recognized by the NSC in 1963 is real. Consequently, 
a second-degree curve has been fitted to these data with the 
following results: 

ju = 0.0910 - 0.000304 T - 0.000020 T2  (A-2) 

The standard error of estimate is 0.0096. 
Similarly, the stopping distance data measured over the 

four-year period are shown in Figure A-2. A least squares 
curve has been fit to them as follows: 

s = 135.6 + 1.22T + 0.072T2 	(A-3) 

As has been discussed, the friction coefficient can be 
converted to stopping distance and vice versa within the 
assumptions of the classical theory of sliding friction by 
letting: 

sa+$T+yT2 	 (A-4) 

The results are given in Table A-i. 

A comparison of the measured stopping distances with 
those calculated from the friction coefficients is shown in 
Figure A-3. It may be seen that the calculated values vary 
from about 11 percent greater at - 10°F to about 13 per-
cent less at 32°F than the measured values. The reasons 
for these discrepancies are not known*;  however, since the 
same tires and the same ice were used for both tests, differ-
ences here tend to be ruled out. No corrections are made 
for the aerodynamic drag which is present on the vehicles 
and not the friction trailers. On a 20-mph stop the aero-
dynamic drag is equivalent to a friction coefficient of about 
0.0015 (21/2  percent of the lowest friction coefficients 
measured; the correction is such, however, that if it were 
made it would increase the differences noted in Figure A-3 
at the higher ice temperatures). Since the friction trailer 
coefficients used in the calculations were determined at a 
speed of 20 mph, while the stopping distances are effectively 
integrations over a speed varying from 20 mph to 0 mph, a 
failure of the assumption that the friction coefficient is 
independent of speed could cause discrepancies between the 
two measurements. 

* According to (16) many additional friction trailer measurements at the 
higher temperatures were made in the 1967 program which were lower 
than those presented in Figure A-i. The additional measurements will 
tend to reduce these discrepancies. 
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TABLE A-i 

VALUES OF COEFFICIENTS IN FRICTION COEFFICIENT AND STOPPING 
DISTANCE EQUATIONS 

FRICTION COEFFICIENT 
	

STOPPING DISTANCE 
QUANTITY 

FROM 
	

A 	B 	 C 
	

a 

Friction Trailer 	0.0910 	—.000304 	—.000020 	143.9 	0.508 	0.0534 
Vehicles 	 0.0961 —.000805 —.000017 	135.6 1.22 0.072 

In spite of these differences, the separate consistency of 
both the friction trailer and the stopping distance data is 
judged to be generally good. The standard errors of esti-
mate of 0.0096 in friction coefficient and 12 feet in stopping 
distance over this period on experiments where there are 
inevitably many uncontrolled variables indicate good pre-
cision of measurement. There is considerably more scatter 
in the studded tire data. This scatter must be due to causes 
other than measurement precision. 

The good consistency noted also gives reasonable con-
fidence that, if sufficient repeat runs are made, comparisons 
of different configurations (using the same technique) will 
be valid and that incremental effects may be determined. 

Experimental Data on Studded Tires 

Studded tire effectiveness will be discussed under separate 
categories of braking, traction and cornering. Within each 
category, to the extent that data are available, performance 
on ice, compacted snow and bare pavement are discussed. 
The role of the various surface-tire characteristics is con-
sidered within each of these subgroups, as follows: 

1. BRAKING PERFORMANCE 

(a) Braking on ice; friction trailer and vehicle measure-
ments. In the previous section, the agreement between 
vehicle data and friction trailer data for the E-17 highway 
tread tires was examined. It is necessary to consider this 
matter further since both friction trailer and vehicle data 
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Figure A-2. Locked-wheel stopping distance vs ice temperature. 



taken into account here in calculating stopping distances. 
The effective friction coefficient may easily be derived to be 

(all), + (b/l)P-f  
P-c - 1 + (h/l)(P-r /Lf ) 
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Figure A-3. Comparison of measured vehicle stopping distance * 
with that calculated from friction trailer results—Standard high-
way tread tires made from ASTM E-17 rubber compound. 

were obtained in the NSC programs and when snow or 
studded tires were being tested, all four vehicle tires were 
not the same; the tires differed from front to rear. 

Figure A-4 compares measured vehicle stopping distance 
and stopping distance computed from friction trailer data 
for the E-17 highway tread and commercial highway tread 
tires used during the 1966 test program. There is good 
agreement between vehicle stopping distance and friction 
trailer data for both of these tires, although there is an 
appreciable difference between the two tires. The agree-
ment of the 1966 E-17 tire data at the higher ice tempera-
tures is better than that taken over the four-year period and 
presented in Figure A-3. Figure A-5 is a similar plot for 
ordinary snow tires and studded snow tires. Here there is 
good agreement between data taken with the two experi-
mental techniques for the unstudded snow tires but poor 
agreement between the two methods for the studded snow 
tires with the friction trailer data consistently indicating 
shorter stopping distances or greater friction coefficients. 

The test vehicles used commercial highway tires on the 
front and snow or studded snow tires on the rear only. 
Vehicle deceleraton changes the static load distribution 
between the front and rear wheels. Both of these effects are  

in which p f  and /r  are front and rear friction coefficients; 
a and b are distances from the cg to the front and rear axles; 
It is the vertical distance from the ice to the cg; and 1 is the 
wheel base. it, was then used to calculate stopping distance. 
Values of jkf and P-c  are the faired friction trailer results. 

Because of the poor agreement of friction-trailer and 
stopping-distance data in Figure A-5, any comparisons that 
are made must all be based on the same test technique. 
There is the further implication that actual studded tire per-
formance will not be as good as that which would be calcu-
lated from friction-trailer data—at least in the speed range 
of 0 to 20 mph. 

Aluminum oxide as well as tungsten carbide studs were 
tested during the 1966 program. Comparative performance 
data from unstudded and porcelain studded tires showed the 
same results as with the tungsten carbide studs: that is, 
good agreement between trailer and vehicle for the base 
snow tires but poor agreement for the studded tires. 

(b) Stud effectiveness correlations. Continuing with the 
NSC test results, Figures A-6 and A-7 show faired curves for 
the friction coefficients of highway and snow tires as a func-
tion of ice temperature. From inspection of these curves, it 
is clear that the ice temperature is an important variable 
which must be taken into account in studies of tire charac-
teristics on ice. Both the level of friction coefficient and the 
temperature dependence are different for the several high-
way tread tires. There are also different levels of friction 
coefficient on the snow tires, although the variations with 
temperature are about the same. In either case, however, 
the attainable friction coefficient at any particular tempera-
ture will differ from tire to tire. Any meaningful measure 
of stud effectiveness must then be in terms of the incre-
mental performance over the unstudded tire on which it is 
used. Although this may seem to be so obvious as to be 
trivial, it has been frequently overlooked—particularly in 
discussions on the effect of wear on stud effectiveness. 

Friction trailer data for the new 1966 commercial Brand 
D snow tires with and without studs are shown in Figure 
A-8. The curve faired through the unstudded data is that 
which was used to represent the basic performance of the 
tire. Each studded tire data point then has the friction co-
efficient of the basic tire subtracted from it to give the in-
crement in performance due to the studs. These perfor-
mance increments, which will be referred to as the stud 
resistance coefficients (R8) are plotted at the bottom of 
the figure as a function of ice temperature. The term 
"incremental friction coefficient" is avoided because the 
action of a stud on a locked wheel being dragged through 
ice is certainly not equivalent to the mechanism of sliding 
friction as discussed previously. /R8  is the incremental 
resistance force due to the studs divided by the weight (W) 
on the tire. Although /R8  is dimensionless, there is no 
evidence that it is independent of W. This fact should be 
kept in mind in dealing with all studded tire data. 

The same procedures used in obtaining the stud resistance 
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coefficients on the 1966 standard snow tires were used for 
those tires tested in the 1964, 1965, and 1966 programs 
where the necessary base runs had been made. The result-
ing stud resistance coefficients are plotted together in Fig-
ure A-9. The straight line drawn through the data is the best 
least squares fit. While there is appreciable scatter (the 
standard error of estimate is 0.020), it is clear that stud 
effectiveness varies significantly with ice temperature. The 
correlation coefficient is calculated to be 0.566. 

It will be noted that the data in Figure A-9 include tires 
with numbers of studs yarying between 64 and 108. It was 
suggested previously that in locked wheel braking the 
effectiveness of a stud would be diminished if it were sliding 
in the track of one ahead of it; thus, the stud effectiveness  

would be expected to depend upon both the number of 
studs in the contact patch and their placement. Lacking 
information on the stud pattern (and therefore the number 
of separate lines of studs), a correlating parameter was tried 
which took into account only the total number of studs. 
Each stud resistance coefficient was divided by the number 
of studs in that tire to give a parameter LR8/N which is 
plotted vs ice temperature in Figure A-b. Use of this pa-
rameter gives a correlation coefficient of 0.573, practically 
the same as was obtained for AR.. The standard errors of 
estimate are 36 percent and 38 percent of the mean values 
for /R8  and /R8/N, respectively. This result is discussed 
further in connection with some of the traction data 
presented. 
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One of the objectives of the 1966 NSC program was to 
determine the influence of the number of studs. The basic 
tire contained 72 studs; the same tire was also tested with 
48 and 144 studs. The data points for runs made with 
72 studs are presented in the 1966 report; no data points, 
but only straight lines as shown in Figure A-il were pre-
sented to show the effect of the number of studs for the tests 
with 48 and 144 studs. Tabulated data (16) are shown on 
the figure. It will be noted that there is a considerable 
amount of scatter in the data and that the curves which were 
faired by the NSC extend to temperatures somewhat below 
the lowest temperature actually tested. In view of these 
factors, there appears to be no basis for attaching credibility 
to the differences that are shown in the 1966 report. The 
fact that the data do not show a distinct increase in effective-
ness with more studs is certainly of interest, however, and 
may be associated with the number of separate lines of 
studs. 

The RCAF Central Experimental and Proving Establish-
ment conducted an evaluation of studded tires that is re-
ported (5). Care was taken in the installation of tungsten 
carbide studs in 7.75 X 15 tires. In locked wheel braking 
tests, 216 Seco studs were located in 8 different lines of each 
tire, 4 lines containing 18 studs and 4 others containing 
36 studs. Stud protrusion from the jackets was 0.031 
inch. However, some of the jackets protruded as much 
as ½ in. The unstudded snow tires gave a friction coeffi-
cient on ice at a temperature of 30° of 0.09, about 10 per-
cent higher than the best snow tire tested by the NSC but  

not an unreasonable value. Addition of the 216 studs 
raised the effective coefficient to 0.250, indicating a stud 
resistance coefficient, LR8, of 0.160 as compared with an 
average value of 0.073 from the NSC data. The coefficient 
tR2/N was 7.4 10-  compared with 9.1 X 10 for the 
NSC data. These two comparisons show that the addition 
of studs did continue to increase the effectiveness, but at 
less than a proportional rate. 

The National Swedish Road Research Institute (6) has 
published braking data from friction trailer measurements. 
In the Swedish tests the number of Seco studs was varied 
between 52 and 260 and in the lines from 2 to 8. Runs 
were made at sliding speeds of 12.4 mph and 37.3 mph. 
The results are shown in Figure A- 12 in the form of effec-
tive friction coefficient vs. the number of studs. The number 
of lines of studs is also shown. 

The unstudded tire gave a friction coefficient at 22-23°F 
of 0.12, about 20 percent greater than the best NSC tire. 
The tires used were 5.90 X 15 India rubber tires with 
104 bars which were rather more transverse than the NSC 
tires. Wheel load was 430 pounds and tire pressure was 
20.6 psi. Stud arrangement was as follows: 

Number of Studs 	Number of Studs in Each Line 

	

52 	 26 	 26 

	

104 	 52 	 52 

	

156 	 52 26 	 26 52 

	

260 	 52 26 26 26 26 26 26 52 

2L40 
-I-------- 

---- I--------------------- 48 STUDS: - 
.13 

13 - .20 ----------------------------------- STUDS 

0 	72STUDS 

144 	STUD-- -- ---------- ° 	.080 FAIRINGS ARE THOSE OF THE NSC REPORT (REF. 

Tilil 
.040 -1----------------• -------------------------------------------------------------- - 

0 -. 
-10 -5 	0 	5 	10 	15 	20 25 30 	35 

ICE TEMPERATURE - 
Figure A-Il. Friction coefficient vs ice temperature. 
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Figure A-12. Effect of number of studs and sliding speed on effective friction coeffi-
cient on ice. 

There is some scatter in the data but the following trends 
are clear: 

Stud resistance coefficient is a function of sliding 
speed, being greater at higher speeds. 

Installation of 52 studs gives increments of resistance 
coefficient of about 0.032 and 0.062 at 12.4 mph and 
37.3 mph, respectively. These compare with about 0.060 
for the NSC data at 20 mph. 

Doubling the number of studs in a line does not give 
a commensurate increase in resistance coefficient. 

Increasing stud numbers by adding lines appears to be 
effective in increasing resistance coefficient. 

At a steady sliding speed of 12.4 mph (probably most 
comparable with a locked wheel stop from 20 mph) and a 
temperature of 22°F, an incremental stud resistance co-
efficient of about 0.108 is indicated for 216 studs as com-
pared with 0.160 reported by the RCAF at 30°F. 

(c) Effect of stud protrusion length. Information in 
the 1966 NSC report provides a clue to the high scatter for 
the studded tire data. It would seem reasonable that pro-
trusion length might be an important performance variable. 
It is pointed out (4) that the range of actual stud protrusion 

TABLE A-2 

RANGE OF STUD PROTRUSION 
(AVERAGE PER TIRE) 

STUD PROTRUSION (IN.) 

TIRE TYPE 	 MAX. 	 MIN. 

48 Studs, new 0.049 0.037 
48 Studs, used 0.033 0.019 
72 Studs, new 0.046 0.024 
72 Studs, used 0.041 0.022 

144 Studs, new 0.050 0.024 
144 Studs, used 0.040 0.028 
88 Porcelain studs, new 0.071 0.058 

was rather broad. The following data are taken directly 
from (4). Two series of runs were made with 72-stud tires; 
in one series the average protrusion was 0.029 in. and in the 
other 0.045 in. The results are shown in Figure A-i 3. With 
the dearth of data points, fairing is recognized as being a 
hazardous procedure, but what are believed to be reasonable 
lines have been drawn. The incremental stud resistance 
coefficients have been plotted for two ice temperatures 
(20° and 30°) as a function of average protrusion length 
at the bottom of this figure. The differences between mini-
mum and maximum average protrusions in the table could 
account for significant differences in stud resistance co-
efficient. In addition, the general belief is that a "running-
in" process of perhaps 50 miles is needed to securely seat 
the studs. Participants in the 1966 tests report (17) that, 
in general, the studded tires were not run-in. Hence, there 
are further questions on the stability of the measured pro-
trusions. The suggestion in (4) that much of the scatter in 
the data may be accounted for by uncontrolled stud protru-
sion is certainly plausible on the basis of the previous 
discussion and Figure A-i 3. 

(d) Effect of wear. In considering stud wear, it is im-
portant to take into account the effect of wear of the tires 
themselves. While the 1966 NSC tests included used stud-
ded tires, the report does not include all of the data neces-
sary for a valid analysis of the effects of wear. Friction 
trailer data are presented for the used studded tire, but data 
for a used tire without studs are not. Hence, the only con-
clusion that can be made is that the used combination is not 
as effective as the new combination; tire and stud effects 
cannot be separated. The 1965 program included used tires 
(less studs) from which it is possible to derive quantitative 
information, although the 1965 program suffered from the 
too limited data on too many configurations (brands) of 
tires. Available data are shown in Figure A-14. The data 
have been manipulated to obtain stud increments as de-
scribed before. While it does indeed appear that stud effec-
tiveness is diminished with wear, the assignment of quan-
tified values is difficult. It should be noted that the 
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effectiveness of the snow tires themselves is reduced with 
wear so that all of the losses cannot be charged to the studs. 
The procedure discussed (5) where the same tires are used 
to investigate the effect of the number of studs (as well as 
no studs) by removing studs and retesting the same tires is 
attractive. This procedure would be especially desirable in 
evaluating worn tires (studded and unstudded). 

In addition to the problems of protrusion control pre-
viously discussed, stud wear considerations are obscured by 
the qualitativeness of the term wear. A worn or used tire 
has been described as one which has been 5,000 miles. In 
order to rigorously pin down the effects of wear, either wear 
must be defined in terms of the physical configuration of the  

tire and studs or significant samples of "worn tires" and test 
data must be taken to define wear on a statistical basis. 

While no performance data were taken, data on stud and 
tire wear were taken on the RCAF program. A vehicle 
was equipped with four studded tires and driven almost 
5,300 miles, mainly on dry highways. Studs were removed 
from each stud line of six stud lines around the tire at inter-
vals of 500 to 1,000 miles. Stud lengths and tread depth 
were measured with the results as shown in Figure A-15. It 
will be noted that on the front wheels the tire and stud wear 
were about the same so that there would be little protrusion 
change. On the rear wheels the tire wear was greater so 
that it would be expected that the stud protrusion would 
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actually increase during this period. (5) and further com-
munication with the RCAF indicate that this is not the case, 
as the stud protrusion was observed to remain essentially 
constant. This could only occur if the studs worked them-
selves further into the tire. Clearly additional study of the 
effects of wear are needed, however the RCAF data would 
not suggest a reduction in effectiveness of the studs unless 
there was a significant change in the shape of the tips of 
the studs. 

(e) New York State skid test results. Locked wheel 
skid trailer tests were performed by the New York State 
Department of Public Works (9) at a speed of 30 mph. 
7.75 X 14 snow tires loaded to 1,000 pounds were used 
without studs and with 67 tungsten carbide studs. The 
results obtained were simply tabulated in the reference with 
relatively little information given on such details as data 
repeatability, data reduction procedures, ice condition, etc. 
The following data were presented: 

.200 
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ICE TEMPERATURE - 

Coefficient of Friction 

Ice 	 Snow Tire Studded Snow Tire 

Below 20°F 	0.21 	 0.29 
Above 30°F 	0.10 	 0.14 

The snow tires used were of conventional tread design. 
Examining the friction coefficients of the basic snow tires, 
the coefficient of 0.10 at temperatures above 30°F is more 
than 20 percent greater than the highest of the tires re-
ported by the NSC and shown in Figure A-7. The test de-
scription "below 20°F" is too general to permit a good com-
parison with the NSC data; even at 0°F, however, the value 
of 0.21 is at least 25 percent greater than that of the best 
tire shown in Figure A-7. The increments of resistance 
coefficient due to the studs of 0.08 at below 20° and 0.04 at 
above 30° are a minimum of 35 percent greater and 45 
percent less than the correlated NSC data of Figure A-9. 
For these reasons a low confidence level must be attached 
to the results of the New York State braking performance 
on ice evaluations. 

(f) Braking on packed snow. For purposes of studded 
tire performance studies, it appears that the important 
characteristics of clear smooth glare ice are reasonably well 
defined by these adjectives plus a knowledge of its tempera-
ture (perhaps "unfrosted" should be added). As suggested 
in an earlier section, operation in snow is more analogous 
to off-road locomotion and an adequate definition of packed 
or compacted snow requires consideration of its structural 
and mechanical properties. The possibility does exist of 
using qualitative descriptions of the packed snow and ob-
taining only comparative data between tires (studded and 
unstudded). Since the passage of a wheel over packed 
snow will result in further packing, with a consequent 
change in its properties, such comparative tests must be 
done on different surfaces. This latter requirement implies 
that the different surfaces must be identical; since the tamp-
ing or packing is done by some mechanical means, it would 
be expected that it might be difficult to insure homogeneity 
over the areas needed for this type of study. These con-
siderations would lead one to suspect problems in repeat-
ability in data taken on packed snow. Indeed, this has been 
the case. 

The NSC Winter Program of 1965 (3) included limited 
tests on packed snow. General problems with the con-
sistency of the packed snow led to such nonrepeatabilities 
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that no conclusions could be drawn. Thus, there are no 
useful data from this source. 

The National Swedish Road Research Institute, as a part 
of the program previously discussed, reports measurements 
on compacted snow. The tires and studs as used on a skid 
trailer were as previously discussed. Results are shown in 
Figure A-16 at sliding speeds of 12.4 and 37.3 mph. These 
and other data not shown here tend to show less consistency 
and more scatter than the ice data. At the higher sliding 
speeds, a steady increase of effective friction coefficient up 
to the maximum number of studs (260) is shown. At the 
lower sliding speed, a decrease is indicated above 156 studs. 
It is the present authors' belief that not too much confidence 
should be placed in either the very high values at 37.3 mph 
or the very low value at 12.4 mph in view of the experi-
mental problems this type of investigation presents. 

New York State made measurements of the braking  

performance of tires on packed snow using the tires and 
procedures previously discussed. Little information is given 
on the packed snow—how it was packed, its physical prop-
erties, etc., except to state that it was packed. It was further 
noted that the 1,000-pound wheel load on the skid trailer 
was sufficient to cause the rubber blocks of the snow tire 
treads to dig in. Notwithstanding the uncertainties as to the 
conditions of the tests and the questionable results of the 
ice tests previously discussed, there is such a dearth of data 
on stud performance on packed snow that the New York 
State results are of interest. The "average coefficients of 
friction" on packed snow for the snow tires and the studded 
snow tires were reported as 0.35 and 0.38, respectively, or 
an increase of 9 percent with the studded tires. 

The only other performance data taken on packed snow 
were presented by the RCAF. As these are traction data, 
they will be discussed in connection with the other traction 
results. 
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(g) Braking on bare pavement. In most parts of even 
the northern part of the United States, studded tires will be 
operating on bare pavement a large part of the time. Thus, 
an evaluation of tire studs as enhancements to safe vehicle 
operation must take into account their performance on bare 
roads. 

Studded tire braking tests on bare roads were conducted 
by the Tennessee Highway Research Group with the results 
presented in (4). Snow tires without studs and with 72 or 
144 tungsten carbide studs were mounted in turn on the 
rear wheels of a stationwagon for stopping distance tests 
and on the test wheel of the Group's skid trailer, described 
in (15), for measurement of locked wheel friction co-
efficients. 

Both stopping distance and skid trailer tests were per-
formed on two bituminous pavements, the first of which 
had relatively high skid resistance and the other somewhat 
less. Skid trailer tests were performed at 20, 30, 40 and  

50 mph in most cases. The results in (4) have been sum-
marized and are given in Table A-3. As no consistency with 
speed was indicated, the values given are averages over 
the speed range. 

These results generally indicate that on dry pavement the 
presence of studs does increase stopping distance slightly. 
Since only the rear tires are studded and since more braking 
is accomplished by the front wheels, it would be expected 
that with studs the friction coefficients would show a greater 
difference than the stopping distances; the actual results are 
inconsistent in this respect but the numbers are quite small 
in all cases (less than 5 percent). On wet pavements, the 
vehicle and skid trailer results are in disagreement; that is, 
greater vehicle stopping distances were measured while the 
measured friction coefficients were greater. Once again the 
effects are quite small with actual changes indicated to be 
no more than 3.5 percent. 

While details of the test procedures employed are not 

TABLE A-3 

INCREASE IN STOPPING DISTANCE OR DECREASE IN FRICTION 
COEFFICIENT OVER UNSTUDDED TIRE VALUES 

STOPPING DISTANCE 	 FRICTION COEFFICIENT 

PAVEMENT 
72 STUDS 

(%) 
144 STUDS 

(%) 
72 STUDS 

(%) 
144 STUDS 

(%) 
Bituminous #1, Dry +0.5 +5.1 +2.5 +0.9 
Bituminous #1, Wet +1.0 +1.2 +1.6 -2.8 
Bituminous #2, Dry -0.4 +3.3  +2.4 +4.0 
Bituminous #2, Wet +0.3 +1.5 +0.1 -5.8 
Portland Cement, Wet - - -2.6 -1.8 
Average, Dry +0.1 +4.2 +2.4 +2.4 
Average, Wet +0.6 +2.4 -1.7 -3.5 
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included in (4), the Tennessee highway research group has 
previously reported braking test procedures in (15). It is 
clear from this report that the group is highly competent 
and employs excellent research procedures. For this rea-
son, a high degree of confidence must be placed in these 
data. 

The New York State program previously discussed in-
cluded locked wheel braking tests on new and old bitumi-
nous and concrete pavements in both wet and dry condi-
tions. The results are summarized in Table A-4. 

Noting that an increase in friction coefficient implies a 
shorter stopping distance, in no case did the studs reduce 
stopping distance; indeed, on wet surfaces a consistent 
improvement of friction coefficient or a reduction of stop-
ping distance of 3 to 4 percent was found. 

The RCAF studies included stopping distance measure-
ments on bare pavement. Instrumentation, tires and tech-
niques employed were as described previously. Locked-
wheel stopping distances from 20 mph with all four wheels 
studded were as given in Table A-S. 

Burke and McKenzie (10) of the Illinois Highway group 
have made vehicle stopping distance measurements with 
vehicles equipped with studded tires. While data were taken 
with studded tires on the rear only and with studded tires on 
both the front and rear, runs were not made (or reported) 
with the comparable unstudded tires. Hence, the Illinois 
data are not useful for the present purposes. 

Considering all of the useful bare pavement data, brak-
ing performance will be affected by the kind of pavement 
(whether it is wet or dry) and the number of studs. The 
results are summarized in Table A-6. 

2. TRACTIvE PERFORMANCE 

The RCAF studded tire evaluation discussed under braking 
performance included traction investigations. An instru-
mented drawbar was used to measure the tractive force of a 
rear wheel drive vehicle equipped with studded and un-
studded tires. At the outset of the tests the tires were fitted 

TABLE A-4 

STUDDED SNOW TIRE INCREASE IN FRICTION 
COEFFICIENTS OVER UNSTUDDED SNOW TIRES 

AvERAGE FRICTION COEFFICIENT 

INCREASE IN 

STUDDED COEFFICIENT 

SNOW 	SNOW 	DUE To 
TYPE 	 TIRE 	TIRE 'k 	STUDS (%) 

Old Concrete, Dry .70 .71 1.4 
Old Concrete, Wet .29 .30 3.3 
New Concrete, Dry .71 .71 0 
New Concrete, Wet .52 .54 3.8 
Old Bituminous, Dry .67 .68 1.5 
Old Bituminous, Wet .29 .30 3.3 
New Bituminous, Dry .69 .70 1.4 
New Bituminous, Wet .56 .58 3.6 

with 366 studs. Forty runs were made with each stud 
configuration. Power was slowly applied to the vehicle and 
readings were taken the instant the tires started spinning. 
Following completion of each block of runs, studs were 
systematically removed and another set of runs made. The 
results (5) are given in Table A-7. 

The number of studs in the various lines are as indicated 
below for one-half of the tire, line 1 being farthest from the 
centerline. Studs were located symmetrically on the other 
half of the tire. 

Line 
Test 

1 2 3 4 5 	6 

1 36 36 36 36 18 	18 
2 36 36 18 36 18 	18 
3 36 36 18 36 18 	- 
4 36 36 18 18 18 
5 36 36 18 18 - 	- 
6 36 18 18 18 - 	- 
7 18 18 18 18 - 	- 
8 18 18 18 - - 	- 
9 18 18 - - - 	- 

10 - - - - - 	- 

The rear axle weight for these tests was 2,165 pounds. 
This weight was used to calculate incremental effective re-
sistance coefficients, AR8. In going from one test to the 
next, 36 studs (18 per side) were removed. In some in-
stances, the number of studs in a row is reduced from 36 to 
18 and in others from 18 to 0. The decrements of tsR3  
were calculated for each reduction and separate average 

TABLE A-S 

EFFECTIVE FRICTION COEFFICIENT IN BRAKING 
ON DRY PAVEMENT-RCAF TESTS 

UNSTUDDED 	STUDDED * 
PAVEMENT SNOW TIRES 	SNOW TIRES 	% DECREASE 

Dry Asphalt 0.69 	0.63 	8.7 
Dry Concrete 0.68 	0.64 	5.9 

* 216 studs per tire. 

TABLE A-6 

SUMMARY OF BARE PAVEMENT BRAKING DATA 

MINIMUM AND MAXIMUM INCREASES 
NUMBER OF STUDS IN STOPPED DISTANCE (%) 

67 -3.8toO 
72 -0.4to+1.0 
144 +1.2to+5.l 
216 +5.9 to +8.7 

* 67 Tungsten carbide studs. 



26 

values obtained in going from 36 to 18, and from 18 to 0 
studs per line. These averages were used to determine the 
curve at the top of Figure A-17 which is a plot of AR8  
against the number of studs in a single line. From this 
variation, the separate effects of the number of studs and 
the number of lines can be determined with the results 
plotted at the bottom of Figure A-17. It was assumed that 
a minimum of 12 studs would be used in each line to ensure 
that at least one stud was in the contact patch at all times; 
additional studs were then added in such a way as to main-
tain equal numbers of studs in each line. It may be seen 
that best effectiveness is obtained by maximizing the num-
ber of lines within the constraint that some minimum 
number, believed to be about 12, should be maintained in 
each line. 

Another form of traction test made by the RCAF in-
volved accelerations from rolling starts (10 mph). Tests 
were made with the same tires previously discussed (216 
studs) at a temperature of 30°F. The vehicle speed was 
stabilized at 10 mph and then the throttle opened wide with 
the acceleration measured. The vehicle had an automatic 
transmission and was in the "drive" range. Dry pavement 
tests showed that the vehicle was capable of accelerating at 
6.0 ft/sec2  or about 0.19 g. 

Tests on ice gave accelerations of 0.056 g with the snow 
tires and 0.118 g with the studded tires. The vehicle was 
ballasted to give an equal weight distribution on all four 
wheels. Since the vehicle was a rear wheel drive but was 
required to accelerate the entire vehicle mass, these values 
must be doubled to obtain the effective friction coefficients. 
The coefficients are, therefore, 0.112 and 0.236. 

It is of interest to compare the effective friction co-
efficients of these tires in the three different operating 
modes, all with 216 studs. 

Effective 
Friction Coeff. 	Stud 

Resistance 
Studded 	Coefficients 

Operating 	Snow Snow 
Mode 	 Tires Tires zR8  R8/N 

Locked Wheel 
Braking 	0.090 	0.250 .160 	7.4 X  10- 

Accel. 
for 10 mph 	0.112 	0.236 .124 	5.7 X 10 

Traction at Rest 	0.123 	0.208 .085 	3.9 X  10 

The locked wheel braking and the acceleration data were 
taken at 30°F while the traction data were taken at 0°F 
with the snow tires and at 8°F with the studded snow tires. 

Only qualitative comparisons of these data are possible 
because of the differences in temperature and slip ratios. 
The differences between the braking and traction values for 
the snow tires are about what would be expected from con-
sideration of the temperature differences. The values of 
AR8  are greater than the NSC data plotted in Figure A-9. 
However, the values of AR8/N compare quite favorably 
with the NSC values of 9.1 X 10-4 at 30°F and 4.6 X 10-4  
at 4°F. 

3. CORNERING PERFORMANCE 

The only data that have been reported as this report is 
published are those from an exploratory program conducted 
concurrently with the 1966 Winter Driving Hazards pro-
gram by Cornell Aeronautical Laboratory (7). Tests were 
made on ice by driving a vehicle around a 200-foot radius 
circle gradually increasing the speed. On-board lateral 
accelerometers were used to measure lateral acceleration. 
Skid breakaway was determined from the acceleration 
traces and breakaway speed used as a performance mea-
sure. Unfortunately, the CAL test data were few in num-
ber, temperature varied widely, and the results did not 
appear to be consistent. Consequently, the data were not 
considered useful for the present purposes. 

Because cornering performance is a very important as-
pect of studded tire effectiveness, and in lieu of reliable test 
data, a simple analysis was made to estimate the possible 
cornering effectiveness from braking performance data. The 
important assumptions in this analysis were as follows: 

The friction circle concept (18) is applicable; that is, 
it is assumed that the maximum force that the tire will 
develop by virtue of its friction coefficient or stud effective-
ness coefficient is independent of the direction in which the 
tire is moving. 

The car is moving at constant speed on a constant 
radius circle. 

There is no traction on the rear wheels—they are 
freely rolling. 

The friction and stud resistance coefficients obtained 
from the NSC friction trailer braking data will be applica-
ble to cornering characteristics and are in keeping with 
assumption No. 1. 

As a result of assumption No. 1, it follows that steer and 
slip angles, cornering stiffness, alignment torques, etc., of 
the tires do not enter the calculations and breakaway speeds 
can be calculated directly from the effective coefficient of 
the front or rear tires, whichever is lower. 

The key assumption is No. 4. The braking effectiveness 
data were obtained with locked wheels or at 100 percent 
slip. In the cornering case, the wheels are not locked al-
though there will be slip within the contact patch. The 
evidence is that the adhesion losses of unstudded tires will 
not be significantly affected by the sliding speed; hence, use 
of the braking data for the unstudded tires is believed to be 
justified. For the studded tires, however, the applicability 
of braking data is on considerably less secure ground. There 
is evidence that there are momentum exchange phenomena 
present which would be quite different between locked 
wheel braking and cornering (and presumably less favor-
able in the cornering case). On the other hand, in corner-
ing, and particularly with the start of a skid, the direction 
of motion is not in the plane of a tire but the tire will be at 
a slip angle. Thus, studs which follow in the tracks of one 
ahead in the braking case may not do so in cornering, which 
should enhance the cornering properties. 

Recognizing that the assumptions are on tenuous 
grounds, calculations were made, first for a car with high-
way tread tires on the front and snow tread tires on the rear, 
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TABLE A-7 

RCAF STUDDED TIRE TRACTION RESULTS 

TEST NO. NO. OF STUDS NO. OF LINES ICE TEMP. °F 

DRAWBAR 
PULL-LBS. 

1 366 12 22 725 
2 324 12 23 685 
3 288 10 24 590 
4 252 10 1 525 
5 216 8 3 452 
6 180 8 6 422 
7 144 8 6 400. 
8 108 6 7 397 
9 72 4 7 325 

10 0 0 0 268 
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Figure A-17. RCAF traction on ice results. 
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and then for a car with both the front and rear tires equip-
ped with studs. For the reference (unstudded) case, since 
the 1966 standard highway tread tires of Figure 6 have a 
lower friction coefficient on ice than the 1966 standard 
snow tires of Figure 7, breakaway will first occur at the 
front wheels. Addition of studs to all four tires * increases 

* Addition of studs to only the rear tires will not affect the breakaway 
speeds, since breakaway occurs at the front. On cars that breakaway at 
the rear end first, addition of studs to rear tires will increase cornering 
performance only until the critical friction is reached on the front end. 

the breakaway speed as shown in Figure A-18, although 
breakaway will still take place first at the front end. This 
figure indicates that a significant performance gain is possi-
ble on glare ice with front and rear studded tires. For 
example, at an ice temperature of 30°, a car with un-
studded tires in rounding a corner at 30 mph might nego-
tiate that same corner at 40 mph without skidding. Clearly, 
additional experiments are needed to place cornering 
performance on a firm basis. 

0!' 
0 	 10 	20 	30 	40 	60 	60 

BREAK-AWAY SPEED WITH HIGHWAY TREAD TIRES-MPH 

Figure A-18. Cornering effectiveness of studded tires on ice calculated from friction trailer 
braking data. 
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The objective of this part of the project was to recommend 
methods of quantitative assessment of the difference in 
pavement wear of studded tires versus unstudded tires. This 
objective has been accomplished; findings are presented in 
the following sections and in Appendices C, D, E, and F. 

TEST VARIABLES 

A primary task was the identification of the elements of the 
damage process. These are listed in Table B-i. A discussion 
of their estimated importance, their interrelation, and the 
tests recommended for their investigation, is presented in 
Chapter Four. 

LITERATURE REVIEW 

Pilot Studies 

Table B-2 lists the results of eight studies of pavement dam-
age due to studded tires. All eight studies were preliminary 
and incomplete—most of them were made under pressure 
of time, so that some information on damage would be 
available on which to base recommendations to legislatures 
or plans for future comprehensive test programs. As a con-
sequence, none of the individual reports could draw defini-
tive conclusions as to the amount of pavement damage to be 
expected on the roads of their states. A further conse-
quence of the preliminary nature of these studies is that the 
methods of damage observation and the type of test data 
recorded vary widely. In general, not enough potentially 
important test parameters were measured or recorded—
hence, comparison of test results is difficult. 

The major benefit to the current study of these pilot 
investigations is their indication of important test parame-
ters and of certain difficulties in obtaining wear data. There-
fore, we find it useful to discuss the tabulated data in terms 
of test parameters, rather than in terms of reported road 
wear as follows: 

i. Test sites. The sites selected varied from straight high-
way sections that were open to general traffic during the 
tests, to proving grounds and parking lots. A drawback 
common to all eight investigations is that they provided 
information on damage to very few pavements. Variations 
of wear with pavement composition, its surface preparation 
and age were not obtained. 

2. Contact mode. The pavement sections observed were 
contacted either in straight rolling, in cornering (that is, 
involving side slip), and in various degrees of acceleration 
or deceleration. Important differences were noted for 
complete skid (that is, locked wheels), spinning wheels, or 
various slip conditions. The contact modes were called 
"panic" stop, "abrupt" stop, "normal" start, etc. These 
descriptors are not entirely subjective, in that the speed at 
the beginning or end of the maneuver was specified. Sig- 

nificant differences in wear depth as a function of slip were 
indicated in those studies in which, say, panic stop and 
abrupt stop results could be compared. Therefore, it is 
concluded that specification and measurement of accelera-
tion (deceleration) and slip are desirable in such tests. 

Speed. Test speeds in rolling contact at the beginning 
or end of acceleration and deceleration varied from 10 to 
55 mph. The indications from these preliminary tests are 
that speed in itself is not as important a variable in scratch 
depth as one might expect. Speed is, of course, an im-
portant factor in determining the length of skid marks. 
Nearly all studies recorded some test speed; in more com-
prehensive tests, one would want to know the speed over 
the test section in which scratch depth is measured. 

Number of passes. The number of passes over the 
observed section is, of course, an important variable and 
was recorded in every one of the studies. They varied from 
25 to 21,320. The former value is definitely too low. The 
important result is wear depth as a function of the number 
of passes, and it was in the measurement of wear depth at 
frequent intervals that the tests were deficient. 

Mileage. If the track length and the number of 
passes are known, this may no longer be an independent 
test variable. However, in many cases, the test cars were 
also used on other occasions, so that total mileage of stud 

TABLE B-I 

ELEMENTS IN PAVEMENT WEAR BY 
STUDDED TIRES 

Pavement 
Composition 
Age 
Coatings 
Finish 

Load 
Axle Load 
Speed 
Acceleration 
Deceleration 

Tires 
Inflation Pressure 
Type (Snow or Regular) 
Age 

Studs 
Material 
Protrusion 
Shape and Orientation 
Number/Tire 

Environment 
Temperature 
Water 
Salt 



TABLE B-2 

SUMMARY OF PILOT TESTS ON PAVEMENT WEAR 

TEST SITE TIRE WET (w) METHOD OF 
AND CONTACT SPEED NUMBER OF HUM8ER OF STUD PROTRUSION PRESSURE TEMP. OR WEAR WEAR DEPTH REF. 

PAVE)NT MODE MI/HR PASSES MILEAGE VEHICLE TIRES STUDS IN. LBS/IN 2  "F DRY (0) OBSERVATION IN. NO. REMARKS 

CLOSED NORMAL STOP FROM 30 310 

NEW ROAD NORMAL START TO 30 310 5000 SEDAN STUDDED REG. 	F. 70 REDUCED BY .03 32 *60 TO o VISUAL WITH x 25 
STRAIGHT, PANIC STOP FROM 30 310 DURING TESTS STRAIGHT EDGE 

LOSS OF FINISH AND FINE AGGREGATE 

MI.LONG PANIC START 310 
STUDDED SNOW P. 

TO 30 

SANE NORMAL STOP 30 REFERENCE PORTLAND FRONT TIRES REPLACED AFTER 2600 
NORMAL START 30 5387 0 SEDAN STUDDED HEll. 	F. 80 U 32 140 TO S MARKER • 21' CONCRETE .O0'I PASSES; REAR TIRES AFTER 4700 PASSES. 
CONSTART SPEED 50 STUDDED SNOW H. 103 _ STRAIGHT EDGE .013 AVERAGE 26 ROAD OBSERVATIONS INDICATE LESS 

+ DEPTH GAGE BIT. 	CONCRETE DAMAGE THAN PREDICTED BY THESE TESTS. 
I" 	INTERVAL .025-.06I 	AVG. 

VARIOUS STATIC SPIN 20 27 flON TRUCI .I-.2 	(rvp) 27 SPIN TEST BY LOWERING SPINNING RMEEL 
PAVENERTS INTO CONTACT: COMPARISON SETWEER 

CNAIR AND STUDDED TIRE. 
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PC AND BC 55 10.000 15,000 SEDAN STUDDED SNOW (14) 110 18-67 14 	RAIN " 	INTERVAL 

4' SNOW 

300 FT PANIC STOP 20 MAX 1,4400 U SEDAN, 2 STUDDED SNOW Il 50-132 0-.12 NEW 30 A 0 REFERENCE .05 B.C. 29 WEAR OF LARGE AGGREGATE AND 
NEW NIGH- 2B00 LBS 2 STUDDED PEG. 	F (.0I4-.06 MARKER DEPTH .016 	P.C. DECREASE IN SKID RESISTANCE NOTED 
WAY ABRUPT STOP 4990 1.990 14 STUDDED SNOW MANDATORY) GAGE .012 	AVG. 	P.C. COUNT OF PANIC STOPS AT AN 
(CLOSED) INTERVAL .026 AVG. 	R.C. INTERSECTION, 	1% OF VEHICLES 

PC AND UNIFORM 25 0 CARGO 0 215 3/32 OUTER ROW 30 A D 1/614 	- 	I/B 5 
BC SKID -- -- U TRUCK 196 1 /32 	INNER ROW 1/614 	- 	I/Il 

TON AND (INITIAL) 
TRACTOR 

SC AND PC SKID 30 100 U SKID STUDDED SNOW 70 U x 0 H & 0 VISUAL 1 /1 6 	ON 	B.C. 9 
OLD TRAILER SHALLOW' ON 

PC 

NOTES: ASTERISKS DENOTE INFORMATION 

NOT AVAILABLE 

BC * BITUMINOUS CONCRETE 

PC * PORTLAND CEMENT CONCRETE 
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and tire wear may be an independent variable. The extent 
to which the mileage on the tire influences wear as a func-
tion of number of passes did not become clear, although 
there were indications that this is an important test variable. 

Vehicle. The make of the vehicle was specified in 
each case and vehicle nominal weights were also stated or 
could be readily ascertained. However, actual vehicle 
weight and axle load (or load per wheel) should be known 
if the relation between stud pressure and pavement damage 
is to be derived. An increase in wear with vehicle weight 
was found in German studies (31), which are discussed in 
detail in the second part of this section, and which indicated 
that scratch depth is directly proportional to stud pressure. 

Tires. In most tests, the make and type of tire 
(whether conventional or snow, etc.) was described. On 
the basis of the test results, it is believed that for pavement 
damage assessment, this is a secondary variable, less im-
portant than contact pressure, stud protrusion, or details of 
stud insertion. 

Stud material. In all the tests, tungsten carbide was 
the stud material, presumably carbide grade No. II though 
not stated implicitly. Since there are other carbide grades 
and other stud materials, investigation of this variable 
should be included in any future comprehensive tests. 

Number of studs. The number of studs per tire is 
probably important in pavement damage, when considered 
along with other variables such as protrusion and contact 
pressure that determine the penetrating force per stud. In 
the tests reviewed, the number varied from 52 to 216 (the 
latter for truck tires), and no meaningful deductions can be 
made as to the importance of the number of studs in 
pavement damage. 

Stud protrusion. This has been recognized as an 
important studded-tire-performance variable because pro-
trusion length affects the energy absorbed by pavement or 
ice. The same reasoning would seem to hold for pavement, 
although here the cutting depth is less and, to the extent 
that the studs skid over coarse aggregate, as has been shown 
to occur in some of the reported tests and in the CAL single 
stud tests, protrusion length becomes irrelevant. (The CAL 
single stud tests discussed below and in Appendix C also 
provided information on the importance of stud shape and 
orientation relative to the pavement surface.) Table B-2 
indicates that protrusion varied initially from 0.00 to 
0.12 in. and remained constant or was reduced by sub-
stantial amounts (0.03 in.) during some of the tests. But 
not all reports contained information on stud protrusion. 
In view of the probable importance of protrusion to wear 
depth, it would be important to monitor protrusion as the 
tests progress, so that variation of wear rate with protrusion 
can be taken into account. 

It should be noted here that at least one state (29) man-
dates protrusion length within limits of 0.04 and 0.06 in. 
On the other hand, according to tire stud industry standards 
to be adopted for 1967/68, protrusion lengths vary from 
0.062 to 0.095 in. for passenger tires and from 0.116 to 
0.150 in. for truck tires, if nominally specified tire core 
depths and over-all stud lengths are assumed. 

Tire pressure. This variable was not recorded in all 
tests. It is, again, not an important independent variable  

as such. As stated earlier, the pressure exerted by the stud 
is the important variable, and that is a function of tire 
pressure, axle load, contact area, and the dynamics of the 
contact. However, since determination of contact area and 
contact dynamics would constitute a sizable separate pro-
gram recording of tire pressure, size and axle load would 
contribute toward analysis and prediction of pavement 
damage. 

Environment. Pavement temperature and its cover 
(water, snow, ice, oil, or dirt) can be pooled as environ-
mental conditions. As indicated in Table B-2, these condi-
tions were not recorded in most instances. Their control, 
such as that of snow, ice, and dirt, would be easily accom-
plished. Knowledge of pavement temperature and water, 
snow or ice cover would be of great help in extrapolation 
and comparison of results. 

Method of damage observation. Methods of ob-
servation varied widely from visual only to depth gage 
traverses over a specified track width with specified mea- 
surement interval. In the latter case, the more elaborate 
studies employed reference markers embedded in the pave- 
ment which served as supports for the straightedge. In 
some cases, the reference markers were elevated above the 
pavement and their shifting led to loss of confidence in 
(or discard of) some of the wear measurements. None of 
the measurements was performed in such a manner that its 
probable error could be estimated. 

Wear depth. In view of the stated uncertainties 
about test variables, the wear depths as measured in the 
listed studies should not be pooled, averaged, or otherwise 
compared. Two of the studies contain plots of wear depth 
vs number of passes, which are not in agreement. One 
finds a linear relation, whereas the other finds a saturation 
effect, (wear depth diminishes and eventually ceases with 
increasing number of passes). Though not questioning the 
specific findings, generality cannot be assumed for either. 
These results are influenced by variables discussed earlier, 
such as stud protrusion and pavement condition (the hard- 
ness and composition gradients of the pavements for which 
the data were obtained); what is required is more informa-
tion on these variables. Certainly, such wear curves, with 
full knowledge of the significant variables contributing to 
their shape, will be of great help in predicting cumulative 
pavement damage. 

A Comprehensive Study 

Following a pilot study in 1963 in which the possibility 
of significant pavement damage was indicated (30), in 
1965 the German Federal Government sponsored a com-
prehensive investigation which was conducted by the 
Technical University of Berlin under the supervision of 
Professor B. Wehner (31). 

The earlier work (30) was conducted on an especially 
constructed dished test ramp over which the vehicles rolled 
back and forth in pendulum fashion. This method was 
abandoned in the comprehensive tests (31) because vehicle 
velocity was low and could be varied only within narrow 
limits, and the vehicles tracked so well that the studs tended 
to follow previously cut grooves. The later tests were there- 
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fore conducted on a road test loop which was closed to 
other traffic. 

A particularly interesting feature of Wehner's tests (both 
series) is the use of pavement core specimens from actual 
roads. In the second series, a total of 178 pavement cores 
representing 30 pavements of various composition were 
tested. The cores had a diameter of 9 in. and their smooth 
and secure embedment in the test course was an essential 
part of the test preparations. 

In two test series, a total of 39,000 round trips were made 
by two passenger cars equipped with four studded snow 
tires each. In the first series, the cars were unloaded: in 
the second series, they were alternately loaded and un-
loaded. The following variables were controlled: Axle 
loads were measured for front and rear axles of both cars; 
the loads varied only over 22 percent range, however. Tires 
were switched and stud protrusion was measured every 
600 miles, since stud protrusion tended to increase during 
the pavement wear tests. A protrusion of .06 to .08 in. was 
maintained by driving each car daily for 80 miles at con-
stant speed on a race course. Tire pressures were main-
tained within close limits and stud pressure was estimated. 
The pavement cores were distributed over the four test 
locations of the loop (straight, curve, acceleration and de-
celeration) according to random number tables. By this 
method, some test conditions were replicated and systematic 
test errors were eliminated. The width of the tire tracks was 
carefully monitored, so that extrapolation of wear results to 
actual road traffic would be more meaningful. Wear was 
observed visually by means of stereoscopic photography. In  

addition, wear was measured at 418 points of each core 
specimen by means of a stylus gage which sat on three 
reference markers which, in turn, were embedded in rec-
tangular concrete plates holding the specimens as seen in 
Figure B-I. The stylus consisted of a .6-inch-diameter 
wheel which traversed the core in two lateral directions. 
The stylus was spring loaded in the vertical direction and its 
final position was registered by relay on one of 50 counters. 
The depth interval of these relays was .008 in. 

The stylus position of the instrument itself was repeatable 
to .002 in. within 95 percent confidence limits. The smallest 
wear depth interval that could be measured within 95 per-
cent confidence limits was .010 in. 

Typical results are shown in Figure B-2. Wear was in-
creasingly severe from straight driving (at 37 mph) to 
cornering (300 ft radius at 25 mph), acceleration (from 
5 to 10 ft/see2) and deceleration (from —10 to —15 
ft/seC2 ). 

Lateral acceleration in the curve was estimated at 3.6 ft/ 
sec2  and, based on the ordering of wear depth with accelera-
tion, the (31) estimated expected wear at curves of other 
radii and at inclines. 

On the basis of the test loop results, the report also pro-
vides an order-of-magnitude estimate of pavement wear 
under traffic conditions. The estimate is made for a two-
lane road of 25-ft width. The wheel track width on the 
test loop was 1.3 ft and typical observed wheel track width 
on a two-lane road was 2.0 ft. A Gaussian distribution of 
the passes over both widths is assumed (Fig. B-3) and, tak-
ing into consideration that the measured width of the core 
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Figure B-i. Wear and roughness meter (Wehner). 
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Figure B-2. Mean wear depth of all pavements after 27,000 passes with un-
loaded vehicles. 

specimens is 0.6 ft, the proportion of the passes which will 
go over the 0.6-ft central part of the 1.3-ft track width is 
computed as 45 percent. Since, as shown in Figure B-3, on 
the test loop a 0.6-ft wide strip was touched by 63.2 percent 
of all passes, 70 passes on the test loop will cause the same 
wear as 63/45 (70) 	100 passes on the two-lane road. 

Wehner's estimates of wear depth are simplified by the 
assumption that trucks are not equipped with studded tires. 
On the basis of the proportionality between wear depth and 
number of passes, he provides a nomograph on which wear 
depth can be read for total traffic count and proportion of 
stud-equipped vehicles in the count for four use conditions. 
The use of such a nomograph is illustrated by the dotted 
line in Figure B-4; one enters with the known traffic count 
on the upper left, goes horizontally to the percentage of 
studded vehicles and then down to the several wear graphs. 

We should note here that this estimate of road wear does 
not take into account vehicle weight, wet or dry conditions, 
panic stops, variation in stud and materials or protrusion. 
Nevertheless, the graph illustrates the application of test 
loop data that are more comprehensive than the pilot 
studies cited earlier. 

THE CUTTING ACTION OF SINGLE STUDS 

The review of the literature on pavement wear by stud-
ded tires illustrates that the amount of wear is determined 
by the interaction of many variables. In order to gain an 
understanding of the nature of this wear, it was considered 
instructive to study the cutting action of single studs. The 
main objective of this study was to determine how material 
is actually cut from pavement by a stud and whether there 
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Figure B-3. Gaussian distribution of contacts. 
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Figure B-4. Wear nomograph. 

is any indication of damage beyond the immediate removal 
of some material. 

The tests were conducted in a milling machine on which 
single studs were mounted in fly-cutter fashion. The setup 
simulated skidding of a stud on pavement at speeds of 4 and 
24 mph. The studs were springloaded with forces similar 
to the force required to push a stud back into the tire. The 
pavement specimens used, the test configuration and the test 
variables are described in Appendix C. A photograph of 
five pavement cores is shown in Figure B-5; wear treads 
from single studs are clearly visible on the surface of four 
of the cores. 

The most important results of the more than 50 test runs 
were as follows: 

Under all conditions tried, the studs cut grooves of 
rectangular cross section, reproducing their projected cylin-
drical area; in other words, under our test conditions, there 
was no significant breakage of material on the sides of the 
groove. Close-ups of wear tracks cut in the top surfaces of 
3 cores are shown in Figures B-6, B-7, and B-8. 

The strength of the core material was high enough so 
that, in all cases, the studs were deflected up by a sig-
nificant amount; this upward deflection took place through 
compression of the spring in the stud housing and through 
deflection of the disk and of the milling machine spindle. 
Typically, the studs cut the groove three times at the low 
speed, and 20 times at the high speed setting; even when 
many more contacts were made, the studs were still riding 
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!'igure B-5. Pavement cores. 

the grooves when the machine was shut off—there was no 
indication of the spark-out that occurs in grinding. 

The material removed from the pavement by the studs 
was clearly observable as a fine dust, indicating brittle 
failure. 

For a 0.030-in, machine setting, the maximuni depth 
of the grooves varied from 0.010 to 0.025 in. The ranking 
of the cores according to depth of cut is: 

Soft concrete—top surface 	Greatest depth 
Bituminous concrete 
Hard concrete—top surface 
Soft concrete—bottom 
Hard concrete—bottom Least depth 

This ranking is based on pooling and averaging of measure-
ments for several cuts and on measurements at several lines 
across a groove. 

The grooves in the top surfaces were deeper than 
those in the bottom surfaces of the same cores, as shown in 
the ranking of groove depths above. This variation is be-
lieved to be due to a combination of two causes: (a) the 
top surfaces contain finer and softer aggregate that is more 
readily cut, and (h) the top surfaces were rougher than the 
bottom surfaces (which were saw cut); the surface rough-
ness would contribute toward generating impact failure of 
individual particles, rather than failure under steady-state 
load. 

The grooves, particularly of bottom surfaces, indicate 
that the studs tend to skid over hard aggregate. 

No significant difference in groove depth cut by the 
three stud materials was found for the test conditions. (It 
must be emphasized here that this finding is limited to 
experiments and cannot be generalized to the cutting action 
of any tire studs on any pavement under any condition of 
acceleration, slip, or velocity.) 

No significant change in groove shape or depth was 
observed when two cores (one hard, one soft portland 
cement) were immersed in salt water for 24 hours, frozen 
at 0°F for 12 hours, and then cut after drying and attaining 
room temperature. Again, this was only a rather brief and 
simple experiment aimed at detecting gross differences in 
pavement failure due to secondary damage. 

The magnitude of the spring force did not make a 
significant difference in groove depth, within the test range. 
In evaluating this finding, it must be remembered that there 
was also elastic deformation in the rotating disk and in the 
spindle bearing; the magnitude of this "residual spring 
force" was not measured. 

A dark discoloration was noted, in varying intensity 
and uniformity, on stud surfaces and in the grooves. The 
discoloration, which looks like a smeared deposit, is notice-
able on the studs as soon as the zinc or cadmium coating 
is removed by diamond dressing, grinding or road wear. 
The discoloration was noticed much less when a stud was 
ground and positioned so as to have a 15° clearance angle 
on its bottom surface; the discoloration was pronounced 
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when the stud was reversed, so as to drag on the groove 	for instance, whether a chemical reaction product forms 
bottom with a clearance angle of 	15 as shown in Figure 	that would give a clue as to the leniperature on the sliding 
13-9. 	 interface. However, further investigation of this problem 

	

BecaLise of hmitations of project funds and since this 	may he of interest to the stud nianufactuiers because it 
phe n onie non was m t cleat lv tel a ted to the magnitude of 	could guide op tim i 7a ton of stud materials. 
pavement daniae, it was not investigated further to see, 	Another finding noted on examination of Figure 13-9 is 
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Figure B-7. Wear tracks in soft P. C. concrete. 

the appearance of many transverse lines across the grooves 	were found to be most numerous in the grooves cut with 
cut with the high drag force (negative clearance angle). It 	the highest drag force. Project time and funds did not 
is not possible to distinguish clearly between voids in the 	permit further exploration of this phenomenon, but we 
concrete opened by the cut and the opening of hairline 	recommend its separate investigation under the general 
tensile cracks. It is noteworthy, however, that these lines 	heading of secondary damage. 
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Figure B-8. Wear tracks in hard P. C. concrete. 

WEAR AND ROUGHNESS DETERMINATION 

The development of appropriate methods for measuring 
wear and roughness of pavement was the primary task of 
the project. Determination of wear expressed as the thick-
ness of material removed from a given pavement measured 
in a traffic area during a winter season is, of course, infor- 

mation required by the highway official to determine the 
need for repair and it is essential in cost effectiveness studies 
on the use of studded tires. Since it was a foregone conclu-
sion that gross observation of suspected wear areas over 
long time periods is not the best way to assess road damage, 
it was also recognized that very accurate wear measure-
ments were required which permit measuring small wear in 
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brief tests, the results of which can be extrapolated to 
prolonged exposure conditions. Roughness measurements 
are important also, because in the early stages of wear, the 

difference between initial and worn pavement roughness is 
the only indication of the total wear to be expected over 
long time periods. Further, roughness measurement may be 

Figure B-9. Wear tracks by studs wit/i various clearance angles. 



40 

an important input to determine skid resistance changes due 
to studded tire action. 

The literature survey indicated that very few applicable 
methods of wear measurement were available; most of the 
methods found were for roughness determination only. On 
the basis of the survey, it was concluded that a special 
instrument was needed capable of accurately measuring 
wear and roughness of pavement. Therefore, such an in-
strument was designed and a breadboard model was con-
structed. Roughness and wear measurements demonstrated 
the appropriateness of the design. Also, for gross monitor-
ing of suspected wear areas, simpler methods for determin-
ing wear only were conceived. 

The following discussion presents the results of a litera-
ture survey on wear and roughness, and describes a wear 
and roughness meter designed by CAL as well as outlining 
ideas for monitoring gross wear. Appendix D introduces 
wear and roughness terminology, describes a breadboard 
model of the wear and roughness meter, gives tests per-
formed to demonstrate its capabilities, and presents conclu-
sions as to the specification for a final model of the instru-
ment. 

Literature Survey 

The methods of wear and roughness measurement are 
divided into four categories: depth gauges, instruments 
based on depth gauges, the outflow meter, and photo-
grammetry. 

I. Depth gauges. Several of the pilot studies previously 
discussed measured wear by depth gauges, dial indicators, 
scales, or feeler gauges applied from a straightedge resting 
on reference markers in the pavement (10, 26, 28, 29). 
In others of these pilot studies, the straightedge was applied 
directly to the pavement, so that only roughness was 
measured. 

The terms "mean wear depth" and "roughness mean 
height" are defined in Appendix D. In principle, one can 
obtain a surface profile record and, therefrom, the mean 
wear depth d  and the roughness mean height Ra  by such 
methods. They all involve making depth measurements at 
regular intervals across the pavement, and then drawing 
the profile and finding 4 and Ra. It is even possible to 
arrive at Ra  and 4 analytically from a tabulation of the 
depth measurement (without drawing the profile). How-
ever, this analytical method provides no information on the 
distribution of the roughness peaks or the worn pavement 
portions. 

The equipment cost of this method is the lowest of all 
those discussed. The main cost item is common to all 
methods that include wear measurement—properly installed 
reference markers, as discussed earlier. Once these refer-
ence markers are installed, the expense for depth gauges 
and straightedges or a suitable reference frame is low. 
However, the operating cost is high, because this method 
is laborious. Also, when lengthy measurements have to be 
taken under adverse weather conditions, the required pre-
cision of measurement will be hard to maintain. Therefore, 
any of the wear and roughness determinations that are  

based on manual depth measurement at many stations are 
not recommended. 

An interesting instrument developed by the Texas Trans-
portation Institute and called "Texturemeter" can give a 
measure of gross surface roughness (32). The device senses 
relative variation of surface height at fifteen equally spaced 
points along the datum. Fifteen identical, spring-loaded, 
pointed plungers acquire the same height variation as the 
road at these fifteen points. A sliding string threaded 
through identically placed eye holes in each plunger takes 
a shape which roughly approximates the shape of the 
surface. The string length will increase as the relative 
height variation between all of the plungers becomes 
greater. A dial gauge measures the total increase in string 
length taken up by the plunger array; this reading can be 
correlated to slope variance along the datum. The device, 
in its present form, was designed to measure surface vari-
ance or texture on a comparative basis. It does not produce 
the mean line, or measure the mean wear depth. 

Several more or less refined instruments for pavement 
roughness evaluation have been developed in conjunction 
with research on skid resistance. One of the more recent of 
these is the pavement profile tracer developed at Pennsyl-
vania State University (33). However, none of these 
instruments provides a measure of wear depth. 

The stylus instrument developed by Wehner (31), which 
was discussed earlier, does store data from which the 
required roughness and wear data, as well as a profile curve, 
could be extracted. The method has the advantage of 
having been tried successfully in a pavement wear study. 
The principal drawback, compared to the instrument de-
signed by CAL, appears to be its lack of a direct profile 
visualization. 

Replication methods. By these methods, the profile is 
merely transferred to an instrument or to the laboratory 
for processing. Plaster casts and film replication belong in 
this category. One of the pilot studies (10) used the former 
and achieved good profile rendition. Such methods are no 
better than the measurement method that follows. If a 
height gauge is used, then the method only offers conve-
nience, because a height gauge could also be used on site. 
If a film replica is used, then optical roughness instruments 
become applicable and a gain in accuracy can be achieved. 
Film replicas are, of course, flexible and do not lend them-
selves at all to wear measurement. Plaster casts could be so 
used if the reference markers, or unworn pavement, are 
part of the cast; however, it would seem that such casts 
would have to be rather large. Moreover, the objection of 
high operating cost that was made for depth gauges still 
holds. 

The outflow meter. This instrument was developed 
for the study of hydroplaning on wet surfaces (34). Its 
principal element is a transparent plastic, cylindrical tube, 
to one end of which a thin neoprene ring of square cross 
section is cemented. This device measures the drainage 
ability of the road surface under a rolling tire at the 
squeeze-film zone of the contact area. The measurement is 
made by placing the gasket end of the cylinder in contact 
with the road surface and filling the cylinder with water. 
Various weights can be attached to the cylinder to allow 
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measurements under different contact pressure loads. Water 
will drain out at a rate depending on the size of the 
channels and voids between the rubber and the road surface 
asperities. Measuring the flow rate and knowing the areal 
density of surface asperities and water temperature, a mean 
hydraulic radius (MHR), can be computed. MHR is a 
valid measure of the drainage ability of surfaces (35) and 
is approximately proportional to the maximum asperity 
height. Since the drainage rate depends on the product of 
the number of asperities or channels under the rubber ring 
and the fourth power of the total cross-sectional channel 
area, such drainage measurement will not determine either 
parameter uniquely, nor can the spacing factor or plateau 
area be determined from a drainage measurement. 

Thus, roughness parameters depending on asperity height, 
asperity density, and plateau area cannot be uniquely deter-
mined by the outflow meter. To determine asperity height 
and plateau area, some kind of profile study must be made 
beforehand by means of photography or stylus measure-
ment. The instrument is apparently well suited for surface 
drainage studies, but not for wear or roughness measure-
ments. Another difficulty involves the requirement that the 
pavement surface be of uniform flatness and roughness; 
scratches and deep grooves, as may be expected for stud 
damage, would give inconsistent values. However, since 
the drainage ability of the road has a critical effect on the 
behavior of vehicle tires on wet roads, the outflow meter 
should be of value for determining the skid resistance of 
pavements that are worn by studded tires. 

4. Photogrammetry. Photographs have been made of 
road sections as a means of assessing damage by the change 
in surface appearance. Such photography is a useful tool 
since it can show wear artifacts such as stud grooves and 
fracture pits as well as changes in road texture. Precision 
stereoscopic photography could, in principle, provide all of 
the quantitative information one would require, if accurate 
reference level points are clearly present in all pictures. 
However, a rather elaborate precision stereo-reader or 
plotter system would be needed to obtain depth and surface 
profile from a pair of stereo photographs. A precision 
stereo photography system capable of doing such close up 
work is not commercially available at this time. Commer-
cial systems—the Zeiss SMK Stereometric Camera, fo 
example—would require expensive modification in order to 
meet our requirements. As currently designed and mar-
keted, that camera has a minimum working distance of 6 
ft and, at this distance, one can resolve only 0.08 in. in 
depth. For our purposes, the depth resolution would have 
to be improved by an order of magnitude. Moreover, the 
plotting of surface profiles from a stereophotographic pair 
is tedious and requires further special equipment and opera-
tor skill and judgment. 

In conjunction with skid resistance research, Sabey (36) 
refers to a photogrammetric technique that apparently 
would provide the necessary precision and detail; however, 
all the reservations stated above as to the need for wear 
reference marks and the laboriousness of the method would 
still seem to apply. 

In view of these inherent characteristics of photogram- 

metric methods, it is concluded that it is not advisable to 
develop a photogrammetric instrument for road wear 
measurement. 

Wear and Roughness Meter 

The instrument designed under the current contract meets 
the requirements for wear and roughness determination by 
measuring mean wear height and mean roughness, and by 
providing visually a plot of the surface profile from which 
maximum scratch depth and distribution of peaks can be 
observed. 

The instrument is contained in a light-tight case with an 
internal tripod support frame. Two of the legs are placed 
on recessed reference pins that straddle the wear track; one 
of these legs has a conical cavity, the other a V-slot, so as 
to accommodate expansion or contraction of the pavement 
reference base; the third leg rests on the pavement. Within 
the case, a horizontal array of identical sensing plungers is 
mounted with freedom to slide in the vertical plane 
only (Figure B-b). The plungers are pointed at the 
bottom; their top surfaces have a mirror finish and are 
inclined at 45° to the vertical axis. Light from a tubular 
lamp, whose housing can be moved vertically by a gradu-
ated screw, is collimated by a parabolic mirror and deflected 
by a small 45° mirror through a horizontal slit of width w; 
the light beam is then reflected by the top surfaces of the 
plungers toward the photo cell, which is as long as the 
stack of plungers, has a width lOw and is inclined at a 5.7° 
angle to the vertical. This inclination serves to magnify the 
width of the collimated beam from the plunger by a factor 
of ten. 

When the plunger bottoms contact a flat plate with a 
smooth surface, the light from the illuminator is projected 
by the plunger tops as a parallel band with smooth edges on 
the photocell. When the plungers contact a rough surface, 
the light pattern at the photocell reproduces the surface 
profile with a vertical magnification of ten. A 45° mirror 
projects the light scattered horizontally by a translucent 
screen which is coated onto the photocell so that the profile 
can be viewed directly from the top by an observer. 

The photocell is attached to the lamp housing, so that 
when the collimated light source (lamp, parabolic mirror, 
small deflecting mirror, and slit) is moved vertically, the 
optical path remains constant. When the plungers contact 
a flat plate that is in contact with the legs of the instrument 
the collimator can be moved vertically until the light beam 
just covers the width of the photocell. A maximum meter 
reading is obtained when the contacting plate is smooth. 
When the contacting plate is rough, the maximum meter 
reading is less and the difference between the two maxima 
is the roughness mean height of the second plate. The 
meter dial can be ruled so as to read roughness Ra  directly 
to the nearest 0.001 inch. 

Wear height d is read on the counter actuated by the 
micrometer screw that is moving the collimator housing. 
The instrument is first rested with its legs on the reference 
markers of an unworn pavement; its spring-loaded plungers 
will contact the pavement; next, the collimator is adjusted 
in height until the roughness meter indicates a maximum. 
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Figure B-JO. Wear and roughness meter schematic. 
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Now the counter is set to zero (or its reading noted). When 
the same pavement is worn, a maximum roughness meter 
reading can again be obtained. The difference in counter 
settings is an indication of wear height; the counter can 
also be made so as to read directly to the nearest 0.001 inch. 

Method of Total Wear Measurement 

Consideration has been given to two relatively simple 
schemes whereby total road wear, from any selected time 
onward, may be measured. The merit of these schemes 
would reside in their simplicity of installation and operation. 
They are not recommended as substitutes for the meter 
previously described, which provides more information. 
However, they may complement the meter in monitoring 
road wear. 

Figure B-il shows a method requiring a prepositioned 
reference index set similar to that required for the road 
wear and roughness meter. It can be seen that this tech-
nique converts a volume measure to an area by the expedi-
ent of squeezing a predetermined volume of soft material 
between the roadway and a reference plate. It can be seen 
that, as the roadway wears, the geometry is such as to cause 
a lesser squeezing of the fixed volume of measurement 
material when pressed by the reference plate. Shown in 
the drawing are two postulated imprints taken before and 
after wear. The difference in areas should correlate with 
total wear which has occurred between these two readings. 

The second method lends itself to interpretation of total 
wear in the field without the need for instruments. Figure 
B-i 2 shows one such method of a family of many. Depicted 
is a pattern of variable depth holes drilled in a section of 
pavement upon which it is desired to determine future total 
wear. Hole depths are staggered with a depth difference 
depending upon resolution desired in wear determination. 
Holes are flat bottomed and filled with different colored 
road material to prevent edge collapse and to facilitate 
reading. Once such a pattern is placed, a reading involves 
a simple count to determine the number of remaining holes. 

The implacement of the hole pattern will require precise, 
but simple, equipment and its advantage resides in the ease 
of readout. 

RECOMMENDED TESTS 

The objective was to determine the test methods most 
suitable for measuring the extent of pavement wear attribu-
table to studded tires and for comparing it with damage 
due to other causes such as vehicles with tire chains. The 
fact alone that wear due to studded tires must be isolated 
and compared with wear from other causes rules out an 
open-road section as the test location. A further disadvan-
tage of open-road tests would be that the variables listed 
in Table B-i could not be controlled; in particular, such 
tests would have to be restricted to very few variations of 
pavement composition and age. Once the effect of the 
various variables on pavement wear is known, it is possible 
to predict cumulative damage to actual roads based on 
estimates of the magnitude and frequency of occurrence of 
the test variables (see Appendix E). Then, open-road tests 
or measurement of wear after a specified number of general 
traffic passes can be used to test the applicability of the field 
test results to local traffic conditions. 

The argument that many road materials should be tested 
also applies to a closed test loop. We recommend the 
method employed by Wehner (30, 31); that is, to bring 
the road to the test course, in the form of pavement core 
specimens. 

While it is beyond the scope of the present program to 
consider test techniques in detail, consideration should be 
given to using skid trailers either in place of, or in conjunc-
tion with, cars. The possible advantages of using a properly 
designed skid trailer center around both the convenience 
and the excellent parameter control and measurement 
prospects. For example, it seems likely that the tire slip 
ratio (and/or angle) are fundamental highway wear pa-
rameters. Whereas the slip is difficult to control with a 
vehicle, it could readily be measured and controlled with 
a skid trailer. 
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Figure B-Il. Total wear measurement. 
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Field tests might also be conducted with special rigs such 
as a wheel mounted on a radial arm riding over a circular 
track. But this technique is not recommended because it 
would make extrapolation of results to open-road situations 
more difficult. It is, however, recommended that acceler-
ated wear tests run on a special test rig precede closed loop 
tests. 

Accelerated Test Rig 

The accelerated test rig recommended is attractive for a 
number of reasons: (1) convenience (located indoors); 
(2) ability to control and measure test variables; (3) econ-
omy, and (4) reference or control pavement compositions 
can be developed which will permit rapid evaluation of 
future changes in variables such as new stud materials. 

In the recommended tire test rig, the steel rim of the  

conventional drum is replaced by concrete segments, as 
shown in Figure B-13. A hydraulic actuator brings the tire 
in contact with the drive wheel after the desired test speed 
has been attained and then controls the contact pressure. A 
brake can lock the driven wheel or produce any desired 
amount of slip. Both wheel spindles are equipped with 
tachometers (not shown). The drum is wider than the 
tire and lateral movement is provided for the latter, so that 
wear grooves can be distributed across the pavement, and 
starting and running conditions can be identified for mea-
surement. The CAL wear and roughness meter can be 
adapted for use on the rig by extending two radial arms 
from the wheel which serve as reference pins. 

Since test rig masses and loads will be different from 
those encountered in vehicles, care must be exercised in 
simulating deceleration. The following relations can be 
used to scale results: 
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Figure B-13. Accelerated test rig. 
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deceleration for vehicle: 

a=g 	 (B-i) 

deceleration for test rig: 

R2N 
a=,L—,--- 	 (B-2) 

in which 

500 FT (MIN) 	 IN 

A 
60 FT (MIN) 

B 	 C 
IL = Coefficient of friction (kinetic) 
g = Acceleration of gravity 	 Figure B-14. 
R = Radius of the drum 
N = Normal force (force between tire and test wheel 

perpendicular to the interaction surfaces) 
I = Moment of inertia of the drum 

In addition to its capabilities for the accelerated tests to 
be described, the rig will also provide a valuable reference 
basis. The portland cement and the bituminous concrete 
mix used for the rig should be specified as a fine mix that 
can readily be reproduced (or better yet, a large number 
of test segments are produced initially). The fine aggregate 
has the advantage of producing a uniform wear pattern that 
can easily be measured. After field tests are completed and 
standards are set, newly marketed stud materials, new tire 
designs and other variables such as stud shape or protrusion 
can easily be tested and classified by comparison with wear 
measured with standard studs and tires in previous tests. 

Field - Test Loop 

A level test loop with minimum dimensions such as those 
shown in Figure B-14 is recommended. This test course 
should be in a region with winter climate. The design is 
based on the loop used by Wehner, but omits his mildly 
curved section (300-ft radius). The curved section pro-
duced wear that was intermediate between that in the 
straight-away and the acceleration section. Such wear in-
formation is also obtainable by knowing relative slip, as 
discussed earlier. 

Three test stations are recommended: A for constant 
speed, B for acceleration, C for deceleration. At each 
section, there are a minimum of 10 test cores per wheel 
track mounted as shown in Figure B-iS. Each 10-in, diam-
eter pavement core is cemented with its top flush in a 
30 X 18-in, concrete plate. The plates are aligned in the 
wheel tracks of the test loop and are cemented in carefully 
prepared road beds. They are aligned in two rows that 
are separated by the track width of a passenger car. 

The number of offset parallel tracks is not prescribed 
here because it depends on the over-all size of the planned 
experiment, which in turn depends on the number of pave-
ment materials to be tested and other factors beyond the 
scope of this report. However, it is recommended that an 
early determination be made of the maximum number of 
cores to be used in a test series and then install them all 
in place, in two or more parallel tracks for reasons of 
economy. 

All three test sections should be covered by a roof in 
order to control environmental factors. Station A should, 
in addition, be provided with infrared radiation heaters, so 
that the pavement temperature can be raised to 140°F. This  

station should also be used for observing the effect of 
repeated freezing and salting on wear. 

It should be noted that the field tests are, in a sense, also 
accelerated because wear will take place faster than on 
normal roads. Moreover, information on wear can be 
obtained more rapidly than on roads, due to the accuracy 
of the wear measurement made possible by the meter and 
the reference markers—which will permit meaningful wear 
measurements after comparatively few vehicle passes. 

Test Variables 

It is instructive now to discuss what is currently known 
about the variability and range of the test variables, and 
what must be determined by test. Further, we are now in a 
position to recommend the test method; that is whether 
"accelerated" (in the wheel test rig) or "field test" over 
the test loop. In Table B-3, the variables from Table B-i are 
re-listed with the recommended test method and then each 
variable is discussed. Note that the list has been expanded 
to include traction aids, because the wear tests must provide 
a basis for comparisons between wear due to studded tires 
and other causes. 

1. Pavement. Pavement composition is an important 
variable. Most of the pilot studies used two pavements; one 
portland cement concrete, the other bituminous concrete. 
Wehner (31) used a total of 30 different varieties of port-
land cement concrete, bituminous concrete and asphalt. He 
obtained a relative ranking of the 30 varieties in which 
average wear varied from 0.5 to about 1.7 of the average 
of the wear in all pavements. His data did not reveal any 
characteristic differences in wear behavior according to 
composition. 

Our recommended approach is to use fewer than 30 
pavement varieties in the field tests and to put emphasis on 
determining how sensitive pavement composition is to varia-
tion in the other test parameters. The two control pavement 
compositions used in the accelerated test rig should also be 
represented in the pavement cores, so that accelerated test 
results can be extrapolated. 

Pavement age should be combined with composition as a 
field test variable. It will be important to know how the 
wear behavior of, say, a 5-year-old portland cement con-
crete differs from that of a new and a year-old pavement 
of the same composition. 

Only one of the pilot studies (26) included sealer coats 
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TABLE B-3 

TEST VARIABLES AND RECOMMENDED TEST 
METHOD 

TEST VARIABLE 

RECOMMENDED TEST 

ACCELERATED 	FIELD TEST 

Pavement 
Composition x 
Age x 
Coatings x 
Finish - - 

Load 
Axle Load x x 
Speed x 
Acceleration x 
Deceleration x x 

Tires 
Inflation Pressure x 
Type (Snow or Regular) x 
Age x 

Studs 
Material x 
Protrusion x x 
Shape and Orientation x 
Number/Tire x 

Other Traction Aids 
Tire Chains x 

Environment 
Temperature x 
Water x 
Salt x 

as a test variable and little effect due to rapid wear of the 
coating was found. It is recommended that such protective 
coats be subjected to accelerated screening tests in the 
indoor test rig, where their sensitivity to load and other 
variables could be determined inexpensively. 

The original finish of the pavement has an effect on wear 
rate until the finish marks are removed. This effect is not 
significant if pavement repair is expected to be necessary 
only when pavement has to be replaced in some depth. If 
the loss of finish is of interest from the point of view of 
skid resistance, then frequent measurements of the mean 
roughness value and observation of the roughness profile in 
field tests of such coatings are recommended. 

2. Load. Most of the pilot tests were run with passenger 
cars and axle loading was not recorded. The Canadian tests 
(5) included a truck and found deeper pavement scratches 
in their cursory tests. As was discussed in the literature 
review, in more comprehensive tests, Wehner (31) found a 
proportionality between axle load and wear depth. How-
ever, his range of axle load was only 22 percent and, 
between measuring periods, one-half of the tests were run 
with increased load and one-half without, for an average 
load increase of only 11 percent. 

The actual range of axle loadings varies by an order of 
magnitude and it is recommended that there be accelerated 
tests of wear rates over that range. If, for a given material, 
such as the fine-grained control material recommended, 
wear rate can be established as a function of axle load, then 



47 

field tests can be run at only, say, two axle loads which do 
not have to be extremely far apart. Prediction of traffic 
wear can then be made on the basis of number of passes 
and vehicle weight. 

It is further recommended that, in the tests, the inter-
dependence of axle load, tire pressure, contact area, num-
ber of studs per tire, stud protrusion and shape be recog-
nized and its magnitude be determined. It is concluded from 
examination of reports and from our own tests that, as in 
a cutting process, the pressure of the stud on the pavement 
and the shape of the stud have a strong influence on the 
volume of pavement removed per pass (see Appendix F). 
Tire pressure has an influence on the magnitude of the 
contact pressure and its variation as a given stud touches 
the pavement, deflects, and becomes more or less pushed 
back into the tire. The importance of stud protrusion is 
most readily visualized for material that is much softer than 
the studs, say, soft ice; the more the stud protrudes, the 
more it will penetrate and the more ice it will remove on 
skidding or rolling. 

The importance of stud shape can be appreciated by 
comparison with the importance of tool shape in cutting 
processes. The single stud tests indicated that cutting action 
differed significantly when studs had relief angles of + 15 
and - 15 degrees. Further, from observation of worn 
studded tires, we know that the protruding ends of studs 
sometimes are near hemispherical. This shape apparently 
comes about by softening due to high contact temperature— 
hence, such studs may also have somewhat different strength 
or ability to penetrate hard pavement. For a given length 
of skidding on the pavement, rounded studs do less work 
than cylindrical studs with square ends. More detailed 
analysis of the exact influence of contact geometry on pave-
ment volume removed would be possible if preground and 
carefully oriented studs are used; however, in view of the 
lack of control of shape in actual use, and the likelihood 
that a given piece of pavement is passed over by studs in a 
random variety of shape and orientation, we recommend 
investigation only of studs with flat ends and studs with 
hemispherical ends in these tests. 

3. Speed. There is no indication in the available test 
reports, and none was obtained in our single stud tests, that 
speed is an important variable in depth of pavement wear 
by studded tires. (The length of a skid wear track in a 
panic stop is, of course, proportional to the square of the 
velocity; however, we are concerned here with the depth 
of stud penetration.) The CAL single-stud skid tests were 
made at speeds of 5 and 25 mph. Wehner (31) used 25 
mph and 37 mph in cornering and straight driving tests, 
and in the various pilot studies speeds (straight driving, 
start of braking or terminal speed for acceleration from 
standstill) ranged from 20 mph to 50 mph. Our assertion 
that speed is not a strong variable is also based on metal 
cutting experience, where it is found that cutting forces 
are but little affected by cutting velocity. 

It is recommended that accelerated speed tests be per-
formed; for instance, axle load should be tested in conjunc-
tion with speed to obtain a series of curves as shown in 
Figure B-16. 

If the expected small speed effect is realized, then con- 

siderations of safety, convenience and reproducibility will 
determine the speeds selected for field tests. If the effect is 
large for the selected slip condition, then the interrelation 
of speed with the other test variables must be investigated 
in more detail in field tests. 

4. Deceleration and acceleration. Typical wear marks on 
pavement for straight driving (rolling), decelerating (slip-
ping), and sliding vary as shown from left to right: 

000 	-' -, 

The marks left by rolling are about the diameter of the 
studs; the slip marks are curved, their length depending on 
the magnitude of relative slip,*  and their separation depend-
ing on the arrangements of the studs in the tire; skid marks 
are continuous and are straight, unless the vehicle corners 
or veers. 

It is reasonable to expect that the depth of the marks 
depends on instantaneous stud pressure and their length on 
relative slip, and on the variation of the coefficient of 
friction between stud and pavement. Tire friction is known, 
qualitatively, to have the trend shown in Figure B-17. 

On the basis of the foregoing reasoning, and in the 
conformance with the results of Wehner (Fig. B-2), we 
expect the trend depicted in Figure B-18. 

If the shape of these curves, including the speed depen-
dence, can be established in accelerated tests, then the field 
test task is vastly simplified. Measurements can then be 
made at rolling speed and one reproducible condition, 
deceleration, will suffice to determine the wear rate for the 
gamut of deceleration conditions. Locked wheel stops, 
which are hard on vehicles and tires—in addition to the 
pavement—need then not be employed. 

In Wehner's tests (31) wear at the acceleration test site 
was not as severe as that at the deceleration site. In in-
terpreting his results, it is noted that acceleration magni-
tudes ranged from 5 to 10 ft/sec2, whereas deceleration 
ranged from - 10 to - 15 ft/sec2. Here again, the estab-
lishment of the trend in accelerated tests would reduce the 
number of different acceleration tests in the field, while 
the ability to predict wear for the traffic accelerations 
would be greatly enhanced. 

* Slip ratio is defined as I ---- f -, where sm is the angular velocity of 
fr 

the wheel in the braked condition and wr is the free-roll angular velocity. 
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5. Tires. The relation of tire inflation with stud pressure 
and, thereby, with wear has already been discussed. The 
accelerated test rig is recommended as the means to check 
out how strong a variable tire pressure is, and how well it 
must be controlled in the field tests. 

There are many types of regular and snow tires on the 
market; all may conceivably be equipped with studs. These 
tires differ by a multitude of properties such as cord mate-
rial, number and type of plys, tread pattern, tread depth, 
rubber hardness, and others. It is believed that rubber 
hardness and tread depth, as represented in extremes by 
snow and highway tires, are the important tire variables that 
determine road wear by studded tires. (Note that stud 
variables are treated separately below.) Again, the acceler-
ated test rig is the recommended device for determining 
the difference in expected road wear between studded high-
way and studded snow tires, and also for verifying our 
contention as to the relative unimportance to pavement 
wear of the other tire variables. 

As discussed in our survey of the pilot tests, one state 
report (26) found a saturation effect with age as shown in 
Figure B-19. 

In contrast, Wehner reported a linear relation between 
wear rate and number of tire passes. 

We believe that tire age or mileage, as such, is not an 
important variable and that stud protrusion and shape (as 
discussed) has a much stronger effect on pavement damage. 
Stud protrusion varies with age, but is a strong function of 
tire use; treads tend to wear faster than studs in fast 
highway driving and, conversely, studs tend to wear more 
rapidly than treads during deceleration and acceleration. 
As mentioned earlier, Wehner ran his test cars daily over 
a race course, in addition to the field test loop, in order to 
keep stud protrusion constant as the tires aged. However, 
his report contains only qualitative information on this 
aspect of his tests. Moreover, we know that control of 
relative wear rate between tire and studs is a primary 
concern to the tire makers and we can therefore expect 
variations in the relative wear of studs and treads of studded 
tires on the market in the future. Consequently, the estab- 

lishment of a wear-mileage curve as shown in Figure B-20 
is advocated in the accelerated test rig, if the other test vari-
ables, such as stud protrusion and shape, are measured, then 
such a curve may serve three useful purposes: (1) it will 
make possible the rapid screening of new tire products to 
ascertain whether they differ essentially from others; (2) 
it will indicate the number of miles that tires should be 
run in field tests; and (3) it will make possible better esti-
mates of traffic road damage. 

6. Studs. Composition, protrusion, number per tire, 
shape, and orientation are stud variables whose effect on 
pavement wear must be considered. Note that this list does 
not include number of flanges, method of seating, and other 
factors which determine, say, stud loss but are not related 
directly to pavement wear. 

Tungsten carbide, the currently most prevalent stud 
material, is manufactured in thfee grades of wear resistance. 
Grade I is intended for truck tires, Grade II for regular 
snow tires, and Grade III for retreads. The wear resistance 
of these carbides, rather than their indentation hardness, 
determines their effect on the skid resistance of vehicles. 
Wear resistance is measured by a number of industrially 
accepted tests (including ASTM No. P-i 12) in which the 
studs are rubbed against a specified abrasive-charged wheel, 
for a prescribed number of turns of the wheel (or a pre-
scribed total contact length, or length of contact time at 
a given surface velocity), and under maintenance of a 
specified contact pressure. The weight loss of the studs is 
the basis of their grade classification. 

Carbide wear resistance, determined as described, is not 
directly related to the pavement wear caused by the studs. 
Single stud tests of Grades II and III indicated no evidence 
of a significant difference between these grades in pavement 
wear. Because, under conditions which more closely re-
semble pavement loading, differences in wear rate may be 
found, including various stud materials in the accelerated 
wear tests is advocated. The reason for the recommenda-
tion is that information on small differences in wear of the 
advocated fine-grain control paving will be a guide in 
evaluating other stud materials that may be commercially 
introduced in the future. 

The importance of stud protrusion has already been 
discussed and its eventual inclusion, along with axle load in 
a stud pressure term, has been advocated. The fact that 
current nominal stud and hole specifications permit wide 
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variation in the protrusion of studs from new tires has 
already been mentioned. Stud protrusion may change 
rapidly during tests; if it is measured frequently during, say, 
locked wheel tests, the effect of two var-iables—protrusion 
and sliding—can be determined simultaneously. 

Stud shape and orientation affect the cutting forces and 
the energy necessary to remove a given amount of pavement 
material. Single stud tests indicated a significant change in 
stud behavior, depending on the inclination of the flat end 
of the stud to the pavement (corresponding to the face 
relief angle of a cutting tool). Moreover, some worn 
studs have assumed a hemispherical surface. The effect on 
pavement wear rate of these variations can readily be 
screened in accelerated wear tests. 

The number of studs and their peripheral and transverse 
arrangement on the tire, together with axle load, inflation 
pressure, and contact area determines stud pressure. Screen-
ing tests of tires with the most radically differing stud 
arrangement can establish the influence of the variable on 
wear. 

Environment. Temperature, water and salt are the 
most important environmental factors that must be taken 
into account in the test program and in making predictions 
on traffic road wear based on test results. Other influences, 
such as dirt and oil, should be carefully eliminated in the 
test program. They will, of course, introduce uncertainty 
into the prediction of expected actual road wear, but their 
quantitative consideration would make the test and predic-
tion process too difficult and costly. 

Tire chains. A proper basis of comparison of road 
wear due to studded tires and other traction aids can only 
be arrived at by test. Tire chains as the traction aid are 
advocated; wear due to tire-chain-equipped tires on dry 
pavement should be determined, as a minimum, with the 
following variables: pavement composition, axle load, and 
deceleration. 

A maintenance cost comparison must, of course, be 
based not only on wear per pass, but also on expected actual 
number of passes, according to the mathematical relations 
outlined in Appendix E. 

Temperature. We must distinguish at least three 
temperature zones: pavement, stud tip, and rubber. 

Pavement temperature is held to be the most important  

of these, especially in the case of bituminous materials. 
Pavement surface temperatures are estimated, conserva-
tively, to vary from - 20°F to + 140°F. (The upper limit 
is based on summer conditions and is considered appro-
priate, since not all users will remove their studded tires 
during summer months.) The strength of bituminous pave-
ments varies widely over this range; in fact, poured asphalt 
becomes viscous at the higher end of this temperature 
range, and while studs will "cut" asphalt at such tempera-
tures, they are not expected to remove material; instead, 
the asphalt will probably flow back into the cut after passage 
of the vehicle. The strength of aged portland cement is not 
so temperature sensitive over the above range. Recom-
mended is establishment of the test loop and the test season 
in part of the country in which low temperatures are 
encountered, with provision for heating at one of the test 
locations, so that the temperature sensitivity of the wear 
rate can be established for each pavement core material. 

The observed hemispherical end of some studs indicates 
that pavement-stud interface temperatures may be very 
high; so high that the stud material softens. The dark 
smudges left in our tests by single studs that were dragging 
over concrete at a negative relief angle indicate the possible 
occurrence of a high-temperature chemical reaction. We 
hold, however, that these interface and stud temperatures 
are only transient, that they do not affect the pavement with 
which they are in brief contact only, and that therefore 
stud temperature need not be monitored in road wear tests. 

The rubber temperature in the vicinity of the stud is 
affected by the stud through conduction, since the heat 
conduction path is continuous, unlike the path to the pave-
ment. The raised rubber temperature may affect tire life 
and the stud holding power of the tire, but not the road 
wear action of the studs; therefore, rubber temperature need 
not be a test variable. 

Water. The pavement may be dry, wet, or ice 
covered. While some of the reported tests did keep track 
of the number of test days during which each of these 
conditions prevailed, no measurements of the accompanying 
wear rate are available. We recommend that, in the field 
tests, wear rate be monitored separately under each of these 
conditions. In the case of ice, temperature must also be 
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recorded; what is of prime interest here is to know the ice 
condition under which some pavement cutting can also 
occur. 

11. Salt. Our single stud tests were inconclusive as to 

the importance of salting and freezing cycles on the stud 
wear resistance of pavement. We recommend a more 
thorough investigation for the field test. Pavement age 
should also be a variable in these tests. 

APPENDIX C 

SINGLE STUD TESTS 

The purpose of the single study tests was to furnish 
information on the nature of pavement damage by stud-
ded tires. The tests have provided inputs to the specification 
of field tests by which the extent of this damage can be 
determined. 

Three types of pavement cores were provided by the 
New York State Department of Public Works. All of the 
cores met NYS DPW materials and construction specifica-
tions. Information on these specimens is given in Table 
C-i. 

Tungsten carbide studs of carbide Grades II and III from 
Kennametal, Inc. and carbide Grade II, from Studebaker 
Corp., were tested. Only one stud length, 0.480 in., was 
tested, since length per se is not a significant factor in 
damage. (Stud length may determine the mobility of the 
stud in the tire which may be quite important, however; 
also, stud protrusion is believed to be important to the 
damage process and has been found important for skid 
resistance on ice.) 

The test configuration was chosen so as to partially simu-
late locked wheel braking at various velocities. The simu-
lation is only partial because the studs generated circular,  

rather than straight, skid marks on the pavement, and 
because they were spring loaded in the axial direction only. 
Figure C-i indicates the test configuration schematically 
and Figure C-2 is a photograph of the setup. The studs are 
held by an adjustable spring, so as to protrude 0.06 in. from 
a housing; the housing is affixed to a disk which is pro-
vided with a balance weight and a central arbor, so that it 
can spin at high speed in a milling machine. The pavement 
core is clamped by a V-block which is fastened to a milling 
machine table. The core is clamped at a slight angle 
(approximately ½ O), so as to provide gradual entry of the 
stud into the core. The table of the (vertical) milling 
machine has lead screws which permit positioning the 
pavement cores within 0.001 in. in three directions and the 
milling head has a fast lead screw which permits rapid 
engagement of the rotating stud to a preset depth. 

After a number of trials, the following procedure was 
adopted: The core was positioned under the path of the 
rotating stud; the milling machine table was raised until an 
impact sound indicated that the study just began to touch 
the high edge of the core; then, the stud was rapidly lowered 
by 0.030 in. and retracted again. 

TABLE C-I 

PAVEMENT CORE SPECIFICATIONS 

NO. OF TRAFFIC 

MATERIAL SPECIMENS AGE (YEARS) EXPOSURE SIZE (IN.) 

Concrete (Soft) 3 1 None 4 Dia. X  3 
Limestone Coarse Aggregate 
(+ ½ Particles) and a Rela- 
tively Soft Fine Aggregate 

Concrete (Hard) 2 I None 4 Dia. X  3 
Traprock Coarse Aggeg. 
and Long Island Silica 
Sand Fine Aggregate 

Bituminous Concrete 3 3 5,000 6 Dia. X  3 
Limestone Coarse Aggregate Vehicles/day 
and Fine Aggregate Contain- 
ing 50% Soft and 50% Hard 
Particles 
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Test conditions and variables were as follows: 

Cutting Velocity: 	24 mph and 4 mph 
Depth of Cut: 0.030 in. max. (nominal) 
Spring Force: 30 lbs., 50 lbs. and infinite (stud 

fixed) 
Stud Configuration: Single flange 

Over-all length 0.480 in. 
Insert Diameter 0.10 in. 

Stud Material: Carbide Grade 11(2 makes) 
Carbide Grade III (1 make) 

Stud Condition: As received 
Diamond dressed 
Used on pavement 
Inclined at ± 15° 

Pavement Material: Soft portland cement (top and 
bottom) 
Hard portland cement (top and 
bottom) 
Bituminous concrete 	(top only) 

Pavement Condition: As received 
After 	exposure 	to 	salt 	water, 
freezing and thawing 

The results of these tests are reported in Appendix B. 
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Fjgzre C-2. Single stud lest set-up. 
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WEAR AND ROUGHNESS MEASUREMENT 

The need for determining wear (how much material has 
been removed from a pavement) and roughness (the de-
scription of the resulting pavement profile) is described in 
Appendix B, as is the recommended method for measur-
ing wear and roughness. In this appendix, we define rough-
ness and wear terms, describe the breadboard model, the 
tests performed to demonstrate its capabilities, and present 
specifications for a prototype instrument based on our test 
experience. 

WEAR AND ROUGHNESS TERMS 

mean line of the worn surface profile. The mean line or 
mean profile line is defined as the straight line drawn 
through the surface profile in such a way that the areas 
encompassed by the surface profile above and below the line 
are equal and minimum (see Fig. D-1) (37). 

Roughness Mean Height, Ra: This is defined and evalu-
ated as the average arithmetical distance of the surface 
profile from the mean line within the base length L (37). 
Ra  equals AA in the American Roughness Standard. 

I 
R. 	

f 	
Ya1Xa 

=L 	- Ya - Y1 + Y2 + . . . 	(D-l) 
=  

	

Mean Wear Depth, d:  This is the vertical distance be- 	This way of evaluating or comparing roughness in a 

	

tween the mean line of the initial surface profile and the 	quantitative way is purely statistical, is reliable and is 

INITIAL SURFACE PROFILE 

aw. 	MEAN LINE OR MEAN PROFILE 

GROOVE WIDTH 	ii.J 

9/10101NOWN)  
Figure D-1. Terminology. 
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virtually an international standard. L, the base length, must 
be large enough to include all irregularities which are fun-
damental to road roughness and wear; that is, L must be 
large enough to include grooves and pits due directly or 
indirectly to studded tires or to other causes. 

Surface Profile Record: Ideally this would be a true pro-
file plot of the surface cross section taken along a basis or 
datum line. Profilograms are usually made by moving 
across the surface with a stylus-displacement sensing sys-
tem. From such a profile record all basis roughness and 
surface characteristics can be obtained. 

We should note here that an important aspect of surface 
roughness measurement is, in current practice, not properly 
recognized; that is the spatial distribution of the roughness 
peaks. Theoretically, the two surfaces sectioned in Figure 
D-2 have the same wear and roughness dimensions 4 and 
Ra, though visual inspection indicates drastic differences. 
Only the maximum peak to peak roughness value will also 
be larger when such profile irregularities occur for equal 
Ra  and 4. In the case illustrated the mean profile line has 
a discontinuity, but less drastic cases in which the mean 
profile line remains continuous can readily be visualized. 

In the absence of quantitative recognition of the importance 
of peak distribution, the complete profile record must serve 
as qualitative indication of the wear and roughness pattern. 
The number of peaks, though not their distribution, is 
included in a roughness measure proposed by D. F. Moore, 
("A Note on the Mathematical Representation of Surface 
Roughness," WEAR, 9, 477, 1966.) 

CONSTRUCTION AND TEST OF A WEAR AND ROUGHNESS 
METER BREADBOARD MODEL 

A simple model of the wear and roughness meter was 
constructed and the feasibility of the design described in 
Appendix B was demonstrated. Figure D-3 shows the 
model which contains 28 plungers, the complete collimator, 
and the photocell, in a workable bench setup; the instru-
ment sits on a V-block to which a pavement core is 
clamped; a flat and smooth calibrating plate can be inter-
posed between pavement core and plungers. 

Because of the severe limitation of funds on this program 
the breadboard model was made with fewer plungers than 
desirable and the plunger lengths and their 45°  mirror 
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Figure D-2. Surfaces of nominally equal mean wear depth and roughness mean height. 
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surfaces were not of high accuracy. in spite of these short-
comings, wear was measurable to 0.002 ± 0.001 in. The 
roughness of a pavement specimen was measured as 0.012 
± 0.0025 in.. which is within the random error to he ex-
pected for 28 data points, about 20 percent in our case. 
Figurc D-4 is the rougluless piufile of Otis pavement core 
photographed as it would be seen by an observer through 
the viewing opening. 

The roughness measurement was conipared to a point by 
point profile measurement of 120 points made with a sharp-
pointed dial indicator and using a milling machine table to 
obtain uniform spacing bctveen measuring points. The 
mean roughness value was calculated as 0.013 ± 0.001. an 
expected random error of less than 10 percent. 

The following describes the method by which the capa- 

bility of the breadboard model for roughness measurement 
was established: the output current of the silicon photo-
voltaic cell is directly proportional to the amount of light 
reaching it from the thin translucent diffusing screen. As 
the collimator—detector configuration is moved in the direc-
tion necessary to obtain a mean profile reading, the cell out-
put will increase linearly as the profile pattern covers 
progressively more of the cell. When the mean pattern 
position with respect to the cell is reached, the signal will 
he a maximum. If the plungers are perfect in construction 
and alignment and rest on a smooth surface, the maximum 
signal will have its greatest possible values as shown in 
Figure D-5. However, due to plunger imperfections our 
breadboard model gave a curve as shown at (1) in Figure 

Figure D -$BrewIIawd ,zacle) of near and r,itdin.ss meter. 
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D-5. The intercept of the peak height with the ideal tn- 	sured. However, since this error is a systematic one (i.e., 
angular plot indicated a systematic error equivalent to a 	it is the same for all measurements) roughness values 
roughness mean height of R0 * = 0.008 in. Therefore, any 	greater than 0.008 in. were measurable. Curve 2 in 
roughness of less than R. = 0.008 in. could not be niea- 	Figure D-5 shows the type of curve obtained with a rough 

I igu (' L)-4. Rou.,,4mes.N pi 0/lie of f'a Cflltl2 I (Vie. 
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PHOTO-CELL 
CURRENT 
OUTPUT 

(MuLl AMP) 

COLLIMATOR TRAVEL (IN.) 

Figure D-5. Calibration of breadboard model. 

concrete core contacting the plungers (e.g., Re  0.012 ± 
0.0025). 

Figure D-6 shows diagramatically how the meter output 
signal as a function of collimator screw travel is interpreted 
to obtain both d  and Ra. Curve (a), Figure D-6 is a 
reference curve that was obtained by placing a smooth 
surface in contact with the underside of the mounting plate. 
This reference curve was found to be well reproducible. 
A road core sample placed with its mean surface profile 
an arbitrary distance d below this plate gave rise to curve 
(b) in Figure D-6. Rab  was determined by taking the maxi-
mum meter reading for curve (b) and locating its horizon-
tal intercept on either side of curve (1), point (3) in 
Figure D-6. The collimator travel distance between point 
(3) and point (1) or the vertical symmetry line of curve 
(a) is the roughness mean height, Rab. If to simulate wear 
a similar but rougher road sample were placed in the proto- 

type with its mean profile at a lower level (d) then speci-
men curve (c) would result. The collimator screw travel 
between the maximum points of curves (b) and (c), i.e., 
(2) and (2') would be indicated by the counter as d. The 
roughness Rae  of the second sample would be determined as 
with the first sample by noting the travel distance corre-
sponding to the horizontal separation of points (3') and 
(1). 

Once an instrument is calibrated, the graphs shown in 
Fig. 4-6 do not have to be determined and the operator only 
has to measure maximum cell output values—points (1), 
(2) and (c). With the roughness values Re  found on curve 
(1), the cell output ammeter can be ruled so as to read 
directly to the nearest 0.001 inch. Any variation in light 
level caused by lamp and battery aging can be corrected 
from time to time by using a roughness standard surface 
and adjusting the lamp current. 

PHOTO-CELL 
CURRENT 
OUTPUT 

(MILLI AMP) 

COLLIMATOR TRAVEL (IN.) 

Figure D-6. Illustration of measurement. 
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THE DUAL-CELL METHOD 

The breadboard model was originally conceived and 
constructed as a null instrument with two matched photo-
cells separated by distance lOw as shown in Figure D-7. 
In this design mode, a null-meter connected in parallel to 
the photocells reads zero when the light beam from a rough 
or smooth surface is exactly centered between the cells; the 

wear height, d2 , is read on the counter at that time. A 
second meter is connected in series with the photocells and 
their combined output, when the first meter reads null, is 
an indication of roughness mean height, Re. 

In spite of the elegance and self-calibrating feature of  

the null method this construction was abandoned when the 
following disadvantages became evident. 

The 450  reflecting surfaces of the plungers of the model 
were not well aligned and were not very good mirrors (they 
were only mechanically buffed aluminum); consequently, 
they scattered some light in random direction. More of this 
light hit the lower photocell, introducing a mean line shift 
when indicating null. Wear height measurement could be 
made within 0.001 in., but good roughness measurement 
was not possible. While it was realized that better plunger 
alignment could be obtained and better mirrors could be 
made by metallurgical or electrical polishing methods, it 
was felt that some residual scattering would always be 
present and would be worse if the mirrors became dirty. 
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Further drawbacks of the null-method are its higher cost 
because two matched cells are required. Therefore, the 
single cell mode of operation was adopted. 

TOLERANCE REQUIREMENTS 

In order to make dependable and consistent road wear 
and roughness measurements the instrument should be 
capable of measuring wear differences of 0.001 in. and 
mean roughness differences of 0.002 in. with a measure-
ment precision of 10 to 20 percent. To achieve this the 
following instrument parameters and tolerances should be 
met: 

The number of plungers should be 200 covering a dis-
tance of about 10 in. This will keep the random sampling 
error below 10 percent. Plunger thickness will then be 
0.050 in. The maximum relative angular error between 
individual plungers and between plungers and the mounting 
slide plate should not exceed 1 minute of arc. Plunger 
length should be uniform to within 0.001 in. 

To obtain 10 to 20 percent precision in R5  readings, the 
spread in the vertical direction of the light beam leaving the 
slit should not exceed 4 minutes of arc. The measurement 
of 4, the mean profile height, is not affected by systematic 
errors in the collimating system. 

APPENDIX E 

MATHEMATICAL RELATIONS BETWEEN WEAR VARIABLES 

The following relation can be defined: 	 c1  Tires 
Inflation Pressure 

Sts = dmat  C 	 (E1) 	 Type (Winter or regular) 

Here 	 Age 

= depth of pock mark or longitudinal groove pro-
duced by one pass of a studded tire 

d,nat  = a groove depth that is characteristic for pave-
ment composition, age, finish and any protective 
coatings 

c = a wear coefficient 

This wear coefficient can be further defined as 

CCL C C8  Ce 	 (E2) 

in which 

CL = wear coefficient of load 
ct  = wear coefficient of tire 
c3  = wear coefficient of studs 

Ce = wear coefficient of environment 

The following variables have been identified as affecting 
the magnitude of dmat  and C. 

dmat  Pavement 
Composition 
Age 
Coatings 
Finish 

CL Load 
Axle Load 
Speed 
Deceleration 
Acceleration 

c8  Studs 
Material 
Protrusion 
Shape 
Number! tire 

Ce Environment 
Temperature 
Water 
Salt 

Since CL, C1, C8, and Ce may have values that vary with 
N8, the number of passes by studded tires, we may write 
first 

N8 =N81 +N82 +N83 + 	N8,  

and for a given pavement material and N. passes the groove 
depth becomes: 

d18 	dmat  [N81 CL1  C11  C81  Ce1  + N82 CL, 

CI1 CS1 Ce1 +NS8 CL2 CI9 CS1 Ce1 + . . . . N8 C 	. . .1* 

(E-3) 

The total wear along a longitudinal line is due to the passage 
of N wheels 

	

N=Ns +Nc Nr 	 (E-4) 

* It must be recognized that Equation (E-3) represents the simplest 
possible predictive model, i.e. one containing only terms for linear con-
siderations of the coefficients. Non-linearities and interdependencies of 
the coefficients that are found in the field test analysis must be taken 
into account by separate linear terms. Alternate models, e.g. c = coe8+bT 
may be more inclusively representative of actual wear. Since, however, at 
this time the magnitude of these coefficients is not known at all, the 
multi-term linear model of Equation (E-3) appears to be best suited for 
the present purpose. 
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in which 

N0  = number of wheels equipped with chains 
Nr  = number of regular, unstudded wheels 

and 

d1  = dmat  (N8c  + N0c0  + N, Cr) 	(E-5) 

in which 

c0 =wear coefficient for chained tires 
Cr Wear coefficient for regular tires 

Finally, d  the depth of wear on a line across the traffic 
direction can be expressed as 

d=d1a 	 (E-6) 

where a is a factor such that 0 < a < 1 which is determined 
from information on the distribution of wheel contacts 
across the pavement, as indicated in Figure B-3. Determina-
tion of the variability and interdependence of d,nat  and the 

coefficients CL, ct, c8, and c0  constitutes the major task of 
the field tests. The magnitude of these coefficients must be 
determined for various values of the listed variables. Once 
the coefficients are known, actual pavement damage can be 
predicted based on estimates of traffic count (N8, N0  and 
Nr ) and on estimates of traffic variables such as types of 
vehicles, loads and environmental conditions which deter-
mine the products of N, CL, Ct, C8  . . . that must be 
summed. 

From the foregoing one might conclude that a vast 
number of tests will be necessary to predict pavement 
damage with some accuracy. Actually, the task can be 
reduced by early recognition of the less sensitive coefficients 
and by establishment of the magnitudes of the coefficients 
as a function of groups variables that can then be graphed. 
Some of these relations can be established by accelerated 
(indoor) tests. Field tests will then only be needed to 
establish numerical values of the variable at a few points. 

APPENDIX F 

THE MECHANICS OF PAVEMENT WEAR BY STUDDED TIRES 

The discussion of the variables in Table B-3 indicated 
that more fundamental parameters than axial load, speed, 
and acceleration control the mechanics of pavement wear 
by studded tires. These fundamental variables cannot 
readily be measured directly. Discussion of a simple, two-
dimensional model of the mechanics of the wear process 
will, however, aid in appreciating the interrelation between 
the measured variables. 

Consider a free-body-diagram of a stud during cutting 
action neglecting couples and assuming equilibrium of 
forces as shown in Figure F-i. 

The stud is held by an axial spring force S1  and circum-
ferentially by springs S2  representing the elastic behavior of 
tire and vehicle. N is the normal component of the force 
between pavement and stud. Normal pressure on the pave-
ment is found by dividing N by the stud contact area 
a1  = 1/4 d27r. 

F, the horizontal component of the force between stud 
and pavement, is shown in two parts. F1  is the force that 
does work in cutting pavement, F2  is a friction force that 
acts on the stud-pavement contact surface. 

When the tire is in near-rolling contact, say, when 
driving on level ground at constant speed, F is small and 
most of the work is done by N and S1. The cylindrical 
depressions that are typical of studded tires at constant 
velocity, result when S1  > N. 

Actually, however, a slip will take place within the 
contact patch of a non-rolling wheel and the amount of  

relative slip increases with acceleration or deceleration of 
the vehicle to a maximum of one for the locked wheel 
case.* Slip affects the horizontal force F: 

F oc Ma s 

* The magnitude of relative slip, s, as indicated earlier, is 1 - . where 

w, is the actual wheel angular velocity and w, the free rolling angular 
velocity. 

S I  

F 1  

Figure F-i. 



in which M = accelerated (decelerated) mass 
a= acceleration (deceleration) 
s=slip parameter 

The resultant force between stud and pavement is the 
vector sum of F1, F, and N. Depth of penetration and 
amount of pavement removed are affected, in the case of 
the slipping wheel, by N, a, F, a2  and I; here a, is the 
horizontal projected area of the penetrating portion of the 
stud and I is a shape and orientation factor. 

The horizontal projected area of the stud exerts pressure 
on the pavement in the direction of stud movement and is 
responsible for compressive and shear stresses in the pave-
ment. The shape of the stud determines the distribution 
of these stresses. In customary approximate punch design 
calculations uniform stresses are assumed and the required 
energy is calculated as the product of contour length of 
punch (stud), material thickness (pavement penetration) 
and shear strength of the material. 

The orientation of the stud with respect to the pavement 
surface is determined by the kinematics of the configuration 
and by the dynamics of the contact event. Kinematic 
parameters are tire diameter, static stud protrusion and 
pavement profile. The dynamics of the contact are more 
complex and involve the size and shape of the tire-pavement 
contact area and the orientation of the stud with respect to 
the tire. The diagram below indicates that the orientation 
of stud to the groove which it is cutting changes as it 
proceeds through the cutting zone. 

I 	 PAVEMENT SURFACE 

dL 

Figure F-2. 

The range of values that this shape factor can take must 
be determined experimentally. In Figure F-2, the angle a 
between the front of the stud and the normal to the pave-
ment surface corresponds to the "rake" angle in cutting 
mechanics; when cutting ductile materials this angle has 
a strong influence on the force required to produce material 
failure. The importance of y, the relief angle, was demon-
strated in our single stud tests. 

Actual stud contact is of course a multiple event, i.e., 
there is usually more than one of the spring mounted studs 
in contact with the pavement. The normal force per stud 
will be governed by axle load, number of studs, tire pres-
sure, tire contact area, stud geometry and orientation and 
the spring force on each stud. Correspondingly, the friction 
and cutting forces developed are a function of the number 
of studs in contact, their total contact area, the total rubber 
contact area and the respective coefficients of friction. 

APPENDIX G 

STUD-ICE MECHANICS 

The authors were unable to find in the literature any 
analysis of stud-ice mechanics. Although it was beyond the 
scope of the present program to conduct theoretical studies 
of the resistance mechanisms of studded tires moving on 
ice or snow covered surfaces, it is apparent that an under-
standing of the physical processes would be extremely 
useful in correlating data, particularly between the various 
modes of operation (i.e., traction, rolling, cornering, and 
braking). In Appendix A a very simple model was used in 
the estimation of cornering effectiveness from correlated 
braking data. 

In this appendix, a preliminary physical model is pro-
posed on the general matter of stud resistance forces. As-
sume that by some mechanism a single stud has penetrated  

a distance, h, into the surface of an ice covered highway 
and that a slip velocity, v1, between the stud and the ice is 
present. Further assume that the gouging action of the 
sliding stud is one of shear failure in which small pieces of 
ice are continuously sheared off in planes intersecting the 

/ICE
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ice surface, leaving a track or groove in the ice of width, d. 

The proposed mechanism thus neglects several effects of 
unknown importance including: plastic flow, stud-tire casing 
interaction, momentum transport, frictional heating-melting 
phenomena, etc. 

The total shear failure area will be equal to the area of 
the inclined shear surface plus the area of the sides of the 
trough: 

A 	d(h csc a) +2(h/2) (h cot a) 
(G-l) 

h(d+ It cos a) csc a 

The total shear force acting parallel to the failure surface 

is then 

Tf A = 7-1  h (d+h cos a) csc a 	 (G-2) 

where 7-1  is the ultimate shear stress of the ice. 

The component of shear force in the direction of mo-

tion is 

Tf A cos a—T1  h (d+h cos a) cot a 	(G-3) 

The total stud force opposing motion is then: 

FS =FN  !28+Tf h (d+h cos a) cot a 	(G-4) 

where FN  is the normal force on the stud and p., is the 
coefficient of friction between the stud (tungsten carbide) 
and the ice. 

Assuming a=45°, 

FS =FN/ S +Tfh (d+V2/2h) 	(G-5) 

It is of interest to examine the magnitude of the terms in 

Eq. (G-5). Assume a stud diameter of 0.10 in. From (38), 

T f  is approximately 105 psi and independent of tempera-

ture; from (11), approximately 35 pounds of axial force is 
typically required to push a stud into the tire so that it is 
flush with the surface. Assuming an initial protrusion of 
0.060 inch and that the tire acts like a linear spring, F N  

and It would be related as follows: 

FN 35—S83h 	 (G-6) 

If a friction coefficient between the stud and ice (ps) of 

0.10 is then assumed, Eq. (G-5) becomes 

F8  = (3.5 - 58.3 h) + 105 h (0.10 + 0.707 h) 
(G-7) 
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The variation of the second term on the RHS, which is the 
shear force, is shown in the accompanying Figure 0-1. It 
may be seen that the first term on the RHS which is the 
stud-ice friction term will vary linearly from 3.5 pounds 

when the stud is fully compressed (h=0) to 0 when the 
stud is fully extended (h 0.060). Thus, the total force 
acting on the stud in the direction of motion will be greater 
when the stud is fully compressed than when it is fully 
extended. Although the total resistive force on the stud 
may be greater for increased compression of the stud, it 
must be realized that the studs will be carrying an increased 
portion of the total wheel load so that the total frictional 
force between the rubber and the ice will be reduced. 
Whether the total friction will be increased or decreased 
will depend upon the relative values of stud/ice and rubber/ 
ice friction coefficients. It should be noted here that accord-
ing to frictional melting theory of sliding on ice (20) the 
thermal conductivity of the slider will affect the friction 
coefficient (in general the greater the conductivity, the 
higher the friction coefficient). In this respect the stud 
material could affect the total stud resistance. 

The foregoing analysis, while recognizing that FN  and h 
are not independent variables, does not give any indication 
as to what the actual groove depth will be. This is likely 
to be a complex problem depending upon the geometry and 
cutting action of the stud, the penetration hardness of the 
ice, frictional and pressure melting, plastic flow phenomena, 
etc. Since ice is a solid which flows plastically under an 
applied stress the "hardness" as measured by any indenta-
tion methods must depend upon the time of loading and its 
physical significance must be interpreted with caution. 
Bowden (21) has presented data on the hardness of ice as 
determined by one of the standard indentation hardness 
testing methods. While the authors do not suggest that 
Bowden's data may be used to estimate the penetration of a 
flat ended stud into ice, the variation found with tempera-
ture on a qualitative basis is probably significant and the 
numbers themselves are of interest. The hardness values 
when plotted against the logarithm of the loading time at 
constant temperature were found to be linear over a range 
of two orders of magnitude. Since the shortest loading time 
was 2 seconds and values of the order of 0.02 seconds will 
be significant in the studded tire case, Bowden's data were 
extrapolated to this value. The results, plotted in psi against 
ice temperature represent to first approximation an indenta-
tion pressure and are shown in Figure G-2. It may be 
seen that ice temperature is an important variable with the 
ice (not unexpectedly) becoming softer as the temperature 
is increased. In contrast to such strength properties as 
ultimate tensile, compressive and shear strengths which do 
not appear to be a function of temperature (38). It is also 
noted that the values are from one to two orders of magni-
tude greater than the shear and compressive strengths of 
the ice—not unlike many other crystalline materials. 

It was noted above that 35 pounds force had been 
reported as necessary to fully compress a stud into a tire. 
With an 0.10 inch diameter stud, this force gives a unit 
pressure of 4,500 psi, which is greater than the hardness 
only at the higher temperatures. Again recognizing that 
caution must be used in applying the penetration hardness 
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data to the stud problem, it does suggest that cutting action 
in addition to static penetration is important in the resist-
ance process. A more refined theoretical approach to the 
stud resistance problem might logically commence with the 
application of metal cutting technology. The analysis of 
forces on a worn cutting tool by McAdams and Rosenthal 
(39) would appear to be directly related to the present 
problem, for example. 

The preceding analysis of a single stud assumed that it 
was operating on smooth ice. Consider next, under high 
slip conditions, that a stud in the contact patch follows in 
the same groove cut by its predecessor. For the second 
stud to add resistance (assuming that any pure friction 
between it and the ice is exactly balanced by friction lost 
between the rubber and the ice), it must increase the depth 
of the groove (do more cutting). Since the second stud 
travelling in a groove will be further extended from the tire 
than the one initially cutting that part of the groove, the 
axial force tending to push it into the ice will be diminished. 
It is shown in (39) that a minimum unit pressure is re-
quired for cutting to occur, and that the cutting rate is 
determined largely by the extent to which the unit pressure 
at that time exceeds this minimum or critical pressure. 
Thus, the contribution of the trailing studs will be reduced 
although not necessarily to zero. This behavior was verified 
by the RCAF and the Swedish data. 

The variation of the friction coefficient with wheel slip 
ratio has been discussed extensively in the literature, (12) 
for example, and elsewhere in this report. It was noted 
that in dry pavement braking the coefficient rises from 0 
at no slip to a maximum value at some relatively low 
value of slip (typically between 8 and 20 percent). It seems 
generally agreed that on the front side of the curve that 
the apparent wheel slip is due to the tire carcass stiffness. 
For a studded tire operating on ice and assuming some 
depth of stud penetration of the rolling wheel, this charac-
teristic will not be altered as brakes are applied. As braking 
is increased and the tire/stud-ice forces increase to the 
point that the ultimate shear strength of the ice is exceeded, 
a net tire-ice slip velocity will be developed and grooving 
will commence. At this point a departure from linearity 
would be expected; however, the effective coefficient should 
increase at least until the slip is great enough that where a 
groove made by one stud sliding in the patch ends (because 
the stud moves out of the patch), it will be continued up by 
another stud in the same line on the tire coming into the 
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patch.* At still higher values of slip, grooves will overlap 
and whether further increases in effective coefficient will be 
realized depends upon the cutting effectiveness of the trail-
ing studs as discussed above. 

The general arguments for braking should also apply to 
traction for low values of slip. The limiting cases of locked 
wheel skidding (in braking) and spinning in place (in 
traction) are quite different, however. In locked wheel 
braking the same part of the tire is doing work on con-
tinuously changing ice. In stationary spinning, a continu-
ously changing part of the tire is doing work on the same 
patch of ice; studs will traverse the same grooves and very 
soon the only cutting will be due to melting of the ice 
surface by the heat generated by the spinning tire. Thus, 
the effective breakaway friction coefficient would be ex-
pected to not be too different, perhaps slightly less, than the 
locked wheel braking coefficient. If the vehicle does not 
move forward exposing new ice, it would be anticipated that 
the effective friction coefficient or drawbar pull would 
diminish once wheels began to spin. 

* Neglecting carcass stiffness effects, the slip ratio at which this con-
dition will be reached can easily be determined. Assuming that the con-
tact patch subtends a 30 segment of the tire, with only 12 studs in single 
lines, continuous grooves will not be cut until 100 percent slip has been 
reached. Increasing the number of studs in single lines to 24, 36 and 48 
studs reduces the slip required to 50, 33 and 25 percent respectively. 
Clearly an "optimum studded tire" would be one in which no more or 
no less than a given number of studs were used in a single line. If a stud 
is fully effective anywhere within the contact patch and the assumption of 
30 is valid, this number would be 12. 
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APPENDIX H 

REFERENCES AND ANNOTATED BIBLIOGRAPHY 

Annotations are included for reports concerned with stud effec-
tiveness, since only that phase of the program called for a criti-
cal review of the literature. 

"Report on 1963 Winter Test Program," COMMITTEE ON 
WINTER DRIVING HAZARDS, NATIONAL SAFETY COUNCIL, 
Gaylord, Mich. 

The primary results of the 1963 program were re-
lated to efforts to obtain data on the effect of weather 
variations on the coefficients of friction between pas-
senger car tires and the ice, and on actual locked 
wheel stopping distances on ice. Data were taken over 
an ice temperature range from —3.5°F to +1&5°F on 
ASTM E-17 rubber highway and snow tread tires. 
This report presents detailed information on the equip-
ment used (friction trailers and vehicles), test proce-
dures, data spread, data reduction procedures and test 
conditions (ice temperature, air temperature, radia-
tion, etc.). This was the first year that systematic data 
were taken on the reference ASTM E-17 rubber tires. 

2. "1964 Passenger Car Tests," COMMITTEE ON WINTER 
DRIVING HAZARDS, NATIONAL SAFETY COUNCIL, Gaylord, 
Mich. 

The 1964 program was primarily an extension of 
that run in 1963, with data obtained at higher tem-
peratures (up to 32°F.) A good description of the 
Tennessee Highway Research Skid Trailer, which had 
not previously been used is included along with infor-
mation on the General Motors and Portland Cement 
trailers. Along with the reference highway and snow 
tires, the first data taken on studded tires by the NSC 
were taken. 
"Passenger Car and Friction-Trailer Tests," COMMITTEE 
ON WINTER DRIVING HAZARDS, NATIONAL SAFETY COUNCIL, 
Stevens Point, Wis., Final Report, 1965. 

A complete report on the 1965 program which had 
objectives of (1) collection of data to evaluate effect 
of environmental variations (ice temperature, air tem-
perature, solar radiation, and winds) on data, and (2) 
evaluation of performance of studded tires. ASTM 
E-17 rubber highway tread and snow tires were tested 
on friction trailers and cars over a range of ice tem-
peratures from —10°F to +32°F. New and used 
highway tires with and without studs and new and 
used snow tires with and without studs were tested, 
again on friction trailers and vehicles. Four different 
manufacturers supplied tires. The number of studs 
varied between 63 and 108. A considerable amount 
of locked wheel braking data were obtained with 
much valuable information. Program suffered to some 
extent in that too few data were taken on too many 
tires. Limited traction and packed snow tests were 
made. The former study was too brief to obtain 
significant results on the latter, the condition of the 
packed snow course led to such nonrepeatabilities 
that no conclusions could be drawn. 

4. "Passenger Car and Friction-Trailer Tests," COMMITTEE 
ON WINTER DRIVING HAZARDS, NATIONAL SAFETY COUNCIL, 
Stevens Point, Wis., Final Report, 1966. 

An extensive series of tests was made on glare ice 
to evaluate effectiveness of studded tires. Friction 
trailers and passenger cars were used to measure 
locked wheel braking characteristics (friction coeffi-
cient and stopping distances) on ice ranging in tem-
perature from 6°F to 32°F of both highway and snow  

tread tires with and without studs. ASTM E-17 rubber 
tires were used to correlate 1966 data with those 
taken in previous years. The number of studs varied 
from 48 to 144. Tires with porcelain studs were also 
tested. New and used tires were tested and a limited 
investigation of protrusion length was made. On 
vehicle tests only the rear tires were studied. This 
report contains some of the most significant data 
available on braking performance of studded tires on 
ice. Data are also included from vehicle and skid 
trailer tests on braking performance of studded tires 
on wet and dry bare pavement. 

4a. WHITEHURST, E. A. and EASTON, E. H., "An Evaluation 
of Studded Tire Performance," Highway Research Rec-
ord, Number 171, 1967, also presented at the 46th Ann. 
Meeting, HRB, (Jan. 1967). 

This report contains a summary of the studded tire 
performance test results obtained in the National 
Safety Council Winter Driving Hazards programs of 
1964, 1965, and 1966, the details of which are re-
ported in (2) and (3). Skid trailer coefficients of 
friction, vehicle stopping distances and limited traction 
test results are presented for various tires (highway, 
snow, studded, unstudded, new, worn, etc.). Most of 
the data presented are for an ice temperature of 25°F. 
This paper was released as this report was being 
published. Although not referred to in the text, it is 
included here for completeness. 
SAL0sIS, J. L. A. and CouSn's, A. R., "Evaluation-Studded 
Tires," RCAF Central Experimental and Proving Establish-
ment Report No. 1782, (June 1965). 

Reports braking, acceleration and drawbar pull in-
vestigations made to evaluate operational character-
istics of studded tires on a cargo truck and an aircraft 
towing tractor. Tests were made on glare ice and dry 
asphalt and concrete pavements. Braking and tractive 
accelerations were measured with an on-board ac-
celerometer and drawbar pull from a dynamometer. 
Braking and traction tests were made with unstudded 
tires and tires (four wheels) containing 216 studs. 
Drawbar pull tests made with unstudded tires and tires 
containing from 72 up to 360 studs in rows varying in 
number from 4 to 12. 

Measurements were made of both tire and stud 
wear over 5000 miles of driving. Considerable in-
formation on installation techniques is included as 
well as observations on the effect of the studs on 
various pavement surfaces. 
"Dubbade Dack-Friktionsmatningar Med Nydubbade 
Vinterdack-Vintern 1962-1963, Forslitningsprov Med 
Dubbade Vinterdack-Sommaren 1963," Statens Vaginstitut, 
Stockholm, Special Rapport 21. 

Reports a research program on studded tires con-
ducted by the National Swedish Road Institute. In the 
winter of 1962-1963, the frictional properties were in-
vestigated on the three most popular studs in use in 
Sweden at that time. Friction trailers were used in 
which the amount of slip could be controlled at vari-
ous values as well as at 100 percent (locked wheel). 
Tests were made on smooth ice and compacted snow. 
The number of studs in a tire was varied between 
0 and 364 spotted in up to eight different lines. Data 
were taken at two speeds-20 and 60 km/hour (12.4 
and 37.3 mph). Stud effectiveness of lines located at 
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different distances from the edge of the tread and at 
different slip ratios were studied. A program was 
run on bare roads to examine stud wear and retention. 
PULLEY, A. L. and DELL'AMICO, F., "Performance of 
Studded Tires on Ice," CAL Report No. VJ-2204-V-1, 
(Mar. 1966). 

Presents results and analysis of vehicle tests con-
ducted by CAL at Stevens Point, Wisconsin, concur-
rent with NSC WDH program in 1966. Vehicle brak-
ing, acceleration and cornering in steady turns were 
studied on clean smooth (glare) ice over a tempera-
ture range of 1°F to 30°F. New and used unstudded 
and studded highway tires on the front wheels and 
snow tires on the rear wheels were used in various 
combinations. Data were measured by on-board in-
strumentation and a fifth wheel to give longitudinal 
and lateral accelerations, vehicle speed and displace-
ment, brake pressure, steering angle and yaw rate. 
Results presented are in the form of stopping distance, 
calculated "effective friction coefficient," forward 
speed and lateral acceleration at breakaway in corner-
ing and time to accelerate. One of only two sources 
of performance data with studs on all four tires. 
W. P. MILLER, II, "The Winter Tire Stud," Highway Re-
search Record No. 136, also presented at the 45th Ann. 
Meeting, HRB, (Jan. 1966). 

This paper included nontechnical descriptions of the 
working principles of the tire studs, installation prac-
tice and historical background on the usage of studs 
in Europe, Canada and the United States. 
BURNETT, W. B. and KEARNEY, E. J., "Studded Tires—
Skid Resistance and Pavement Damage," Highway Re-
search Record No. 136, also presented at the 45th Ann. 
Meeting, HRB, (Jan. 1966). 
"Effect of Studded Tires on Skid Resistance and Pave-
ment Wear," State of N. Y., Depart. of Public Works, 
Physical Research Report RR-65-3, (May 1965). 

These two reports contain the same information 
and are identical except for minor differences. A skid 
trailer was used to obtain "friction coefficients" a 
7.75 x 14 snow tire and a similar tire containing 67 
tungsten carbide studs. Tests were made at 30 mph 
on new and old bituminous and concrete pavements 
both wet and dry, on ice at temperatures above 30° 
and below 20° and on "packed snow." "Average 
friction coefficients" are presented in a table for the 
various conditions tested. 
BURKE, JOHN E. and McKENzIE, L. J., "Some Tests of 
Studded Tires in Illinois," Highway Research Record No. 
136, also presented at the 45th Ann. Meeting, HRB, (Jan. 
1966). 

Locked wheel braking tests were made using a 
stationwagon on a dry portland cement concrete sur-
face. Stops were made for speeds of 10, 20 and 
30 mph. At each speed, five stops were made with 
the following tire combinations: (1) four standard 
passenger car tires (sizes unspecified), (2) two 
studded snow tires (103 to 108 studs) on rear and 
two standard tires on front, and (3) four studded 
snow tires. Five runs were made at each condition 
and average stopping distances are tabulated. No data 
are reported using unstudded snow tires. 
CARLSTEDT, R. L., "Report on Tire Studs for Passenger 
Cars 1964," Kennametal, Inc., Latrobe, Pennsylvania, 
(Oct. 1964). 

This document discusses a number of practical as-
pects of stud usage and particularly stud number, 
protrusion, retention, wear, etc. No test data or 
analysis are included nor are any references to such 
work made. While not strictly a technical report, it 
has been included here because it has been referred 
to in the literature. 

KUMMER, H. W., "Unified Theory of Rubber and Tire 
Friction," Pennsylvania State University, College of Engi-
neering, Engineering Research Bull B-94, (July 1966). 
BEKKER, M. G., "Theory of Land Locomotion," University 
of Michigan Press, 1956 (Sec. Print. 1962). 
KUMMER, H. W. and MEYER, W. E., "Measurement of 
Skid Resistance," Symposium on Skid Resistance (1962), 
65th Ann. Meeting, ASTM, New York, June, 1962, 
ASTM Special Technical Publication No. 326, pp. 3-28. 
GOODMAN, W. A. and WHITEHURST, E. A., "The Minimiza-
tion of Variables in Equipment and Techniques for Per-
forming Skid Trailer Tests," Symposium on Skid Re-
sistance (1962), 65th Ann. Meeting ASTM, New York, 
June, 1962, ASTM Special Technical Publication No. 326, 
pp. 29-41. 
WHITEHURST, E. A., Personal Communication with the 
authors, (3 Apr. 1967). 
PULLEY, A. L., Personal Communication with the authors, 
(Feb. 1967). 
RADT, H. S., JR. and MILLIKEN, W. F. JR., "Motions of 
Skidding Automobiles," SAE Paper 205A, Presented at 
SAE Summer Meeting, Chicago, Illinois, (June 5-10, 
1960). 
"Road Research-1958," The Report of the Road Re-
search Board with the Report of the Director of Road 
Research, Department of Scientific and Industrial Re-
search, Her Majesty's Stationery Office, London, (1959). 
BOWDEN, F. P. and HUGHES, T. P., "The Mechanism of 
Sliding on Ice and Snow," Proc. of Royal Soc. of London, 
Series A, Vol. 172, pp.  280-297, (1939). 
BOWDEN, F. P., "Friction on Snow and Ice," Proc. of 
Royal Soc. of London, Series A, Vol. 217, pp.  462-478, 
(1953). 
CONANT, F. S., DUM, J. L., Cox, C. M., "Frictional Prop-
erties of Tread-Type Compounds on Ice," Industrial and 
Engineering Chemistry, Vol. 41, No. 1, pp.  120-126, 
(1949). 
WILKINSEN, C. S., JR., "Study of the Factors Affecting the 
Friction of Tread Compounds on Ice," India Rubber 
World, Vol. 128, No. 4, pp.  475-481, (1953). 
"Traffic Control and Roadway Elements—Their Relation 
to Highway Safety," Prepared by the Automotive Safety 
Foundation in Cooperation with the U.S. Bureau of Public 
Roads, (1963). 
JENSEN, P. A. and KORFHAGE, "Preliminary Studies of 
Effect of Studded Tires on Highway Pavements," High-
way Research Record No. 136, Highway Research Board, 
(1966). 
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Progress Report, Special Study 290, State of Minnesota, 
(Oct. 1966) (Unpub.). 
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THE NATIONAL ACADEMY OF SCIENCES is a private, honorary organiza-
tion of more than 700 scientists and engineers elected on the basis of outstanding 
contributions to knowledge. Established by a Congressional Act of Incorporation 
signed by President Abraham Lincoln on March 3, 1863, and supported by private 
and public funds, the Academy works to further science and its use for the general 
welfare by bringing together the most qualified individuals to deal with scientific and 
technological problems of broad significance. 

Under the terms of its Congressional charter, the Academy is also called upon 
to act as an official—yet independent—adviser to the Federal Government in any 
matter of science and technology. This provision accounts for the close ties that 
have always existed between the Academy and the Government, although the Academy 
is not a governmental agency and its activities are not limited to those on behalf of 

the Government. 

THE NATIONAL ACADEMY OF ENGINEERING was established on December 

5, 1964. On that date the Council of the National Academy of Sciences, under the 
authority of its Act of Incorporation, adopted Articles of Organization bringing 
the National Academy of Engineering into being, independent and autonomous 
in its organization and the election of its members, and closely coordinated with 
the National Academy of Sciences in its advisory activities. The two Academies 
join in the furtherance of science and engineering and share the responsibility of 
advising the Federal Government, upon request, on any subject of science or 

technology. 

THE NATIONAL RESEARCH COUNCIL was organized as an agency of the 
National Academy of Sciences in 1916, at the request of President Wilson, to 
enable the broad community of U. S. scientists and engineers to associate their 
efforts with the limited membership of the Academy in service to science and the 
nation. Its members, who receive their appointments from the President of the 
National Academy of Sciences, are drawn from academic, industrial and government 
organizations throughout the country. The National Research Council serves both 

Academies in the discharge of their responsibilities. 
Supported by private and public contributions, grants, and contracts, and volun-

tary contributions of time and effort by several thousand of the nation's leading 

scientists and engineers, the Academies and their Research Council thus work to 
serve the national interest, to foster the sound development of science and engineering, 

and to promote their effective application for the benefit of society. 

THE DIVISION OF ENGINEERING is one of the eight major Divisions into 

which the National Research Council is organized for the conduct of its work. 
Its membership includes representatives of the nation's leading technical societies as 
well as a number of members-at-large. Its Chairman is appointed by the Council 
of the Academy of Sciences upon nomination by the Council of the Academy of 

Engineering. 

THE HIGHWAY RESEARCH BOARD, organized November 11, 1920, as an 

agency of the Division of Engineering, is a cooperative organization of the high-
way technologists of America operating under the auspices of the National Research 
Council and with the support of the several highway departments, the Bureau of 
Public Roads, and many other organizations interested in the development of highway 
transportation. The purposes of the Board are to encourage research and to provide 
a national clearinghouse and correlation service for research activities and information 

on highway administration and technology. 
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