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TILTON E. SHELBURNE 
A Tribute 

It is altogether fitting to dedicate this Special Report to Tilton E. 
Shelburne, 65, Director of the Virginia Highway Research Council 
and a member of the Highway Research Board's policy-making Ex
ecutive Committee, who died unexpectedly in August. 

He had served on some 14 committees of five of the Board's De
partments over a 23-year period. He had also received the Board's 
coveted Roy W. Crum Award in 1956 for distinguished service in the 
field of highway research. 

Mr. Shelburne, who was nationally known for his research work, 
joined the Virgima Highway Department in 1944 as head of its re
search program, and in 1948 he became director of the newly-
created Research Council, sponsored by the Department and the 
University of Virginia. 

Mr. Shelburne was born in Zionsville, Indiana, on November 19, 
1902. He graduated from Purdue University in 1927 and later re
ceived his master's degree there. After working for Indiana's De
partment of Conservation and the State Highway Commission, he 
returned to Purdue in 1936 as a research engineer and remained 
there until joining the Virgima Highway Department. 

In addition to his research activities for Virginia, Mr. Shelburne 
was very active m the work of the Highway Research Board. He was 
chairman of the Department of Design from 1954 to 1963 and a mem
ber of the Executive Committee from 1963 until his death. He was 
also chairman of the National Cooperative Highway Research Pro
gram's Design Panel. 

At the time of his death he was also a member of the Department 
of Design, the Department of Economics, Finance and Administra
tion's Committee on Highway Organization and Administration, and 
Special Committee No. 4 on Conduct of Research. 

A Fellow of the American Society of Civil Engineers, Mr. 
Shelburne was past director of ASCE's District 6 and past president 
of the Virginia Section. He was also an active member of the Amer
ican Association of State Highway Officials. 

Mr. Shelburne's contributions to highway research brought him 
many awards. He received the Highway Research Board Award for 
the best paper given at the Annual Meeting in 1944. 

Mr. Shelburne's work in skid prevention also won him wide rec
ognition. He was instrumental in organizing the First International 
Skid Prevention Conference, held at the University of Virginia in 
1958. He was chairman of the executive committee of the American 
Society for Testing and Materials Committee E-17 on Skid Resis
tance and past chairman of ASTM's Subcommittee Ha on Field Tests. 

The author of numerous technical bulletins and papers, Mr. 
Shelburne sti l l found time to be active in community affairs. He 
was a member of the Charlottesville Rotary Club, the Farmington 
Country Club, and the Westminster Presbyterian Church, in which he 
was an elder. 



Preface 
This report contains the technical papers presented at a midyear 
meeting of the Highway Research Board held August 12-13, 1968, 
at the Brown Palace Hotel, Denver, Colorado. The objectives of 
the meeting were to explore specific and timely topics, and to 
provide opportunity for lower and middle level highway and uni
versity personnel from the western and midwestern states to at
tend and participate in Highway Research Board meetings. This 
pilot meeting was devoted to the topics of "Control of Pavement 
Slipperiness" and "Asphalt Pavement Cracking." 

The meeting was sponsored by the Highway Research Board 
and the Colorado Department of Highways. 
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Part I 

Control of Pavement Slipperiness 



A subject of great concern to those responsible for the safety of 
vehicular traffic is that of highway accidents caused by slippery 
pavement. It is generally recognized that the problem mvolves 
not only the design, construction and maintenance of pavements 
but also material properties, traffic density and speed, vehicle 
and tire characteristics, human factors, environmental conditions 
and many other contributing elements. The program of technical 
papers and mformal presentations at the Denver, Colorado, meet
ing was designed to focus attention on those aspects of the prob
lem falling under the purview of highway engineers responsible 
for developing skid resistance requirements and measuring tech
niques, and programs for the selection of materials, design, con
struction and maintenance of skid-resistant surfaces. The eleven 
papers contained in Part I of this report constitute a portion of 
that program. 

The organization of the first part of this report follows gener
ally the organization of the four program sessions. National em
phasis on the initiation of programs m skid resistance prompted 
the inclusion of papers reportmg on results of highway skid-
resistance inventories using presently accepted testing tech
niques. For those embarking on statewide inventory programs 
these papers will provide a working knowledge of sampling tech
niques and interpretation of test results. Several papers of a 
basic nature are mcluded, and these will contribute to the know
ledge in establishing realistic mimmum frictional requirements. 
Following the first two categories are papers devoted to the de
sign and construction of skid-resistant pavements and to explor
ing some techniques for restoring or increasing frictional values 
on existmg surfaces. These last papers are aimed at insuring 
high initial and lasting skid-resistance properties. 

Informal presentations and open floor discussions contributing 
to the general theme of the meeting were not recorded and, there
fore, are not included in this report. 



A Skid Resistance Study in Four Western States 
JOHN A. MILLS, m, Federal Highway Administration, Bureau of Public Roads, 

Richmond, Virginia 

With the increasing emphasis on safety in highway engineering, 
the Bureau of Public Roads, together with the state highway 
departments of Colorado, Wyoming, Utah, and New Mexico, 
conducted a skid resistance study of pavement surfaces in the 
four states 

Al l testing was conducted with the Bureau of Public Roads 
skid trailer following ASTM criteria and procedures. A total 
of 979 tests were conducted on a variety of surface types and 
highway systems. 

Due to its open-textured surface, the bituminous plant-mix 
seal gave the highest skid-resistance coefficients; followed by 
chip seals, asphalt concrete and concrete. With chip seals, as 
with all other surfaces, ADT and age proved to be the most in
fluential factors governing the skid resistance of pavements. 
A big difference in skid resistance between the inside and out
side lanes on four-lane roads was frequently noticed through
out the four states. 

It was concluded that the use of bituminous plant-mix seals 
is the best means now available for insuring a high-quality 
skid-resistant surface, not only as an overlay on existing sur
faces, but also in the construction of new pavements. This 
study proved beneficial to the Bureau of Public Roads and to 
the participating four states. A working knowledge of the skid 
resistance of existing roads is, and wil l continue to be, ex
tremely helpful to highway engineers. 

•THERE has been an increasing awarness of the problem of pavement slipperiness. 
Together with strength and durability, a good skid-resistant pavement surface has be
come an integral part of a safe and effective highway system. With the increase in 
highway traffic speeds and the increase in traffic densities, roads built today must have 
initial and continuous high skid-resistance qualities. 

It is a known fact that skid resistance of pavements is reduced primarily through 
wear and polish by traffic; however, to what extent the friction characteristics are 
lessened and the other causes and effects of this reduction are problems the research 
and highway engineers must face. 

Although the automotive and tire industries have contributed a great deal to the re
search and development of skid-resistant pavements, i t is quite obvious that the bulk 
of improvement wil l fal l upon the highway agencies. 

PURPOSE 
The purpose of this study was to compare the skid-resistance values of plant-mix 

seals with those obtained from other conventional surface types, and to show com
parisons and trends of skid resistance based on such variables as ADT, age, asphalt 
content, and type and grade of aggregate used on roads throughout Colorado, Wyoming, 
Utah and New Mexico. 

This study also presents the results of those roadway sections exposed to research 
construction or maintenance, and of bridge deck testing in the four states. 



DESIGN OF STUDY 
During the four-week period in June and July 1967, the Bureau of Public Roads' skid 

trailer measured the skid resistance of roadways preselected by the state highway de
partments of Colorado, Wyoming, Utah and New Mexico in cooperation with the Bureau 
of Public Roads' Division offices. The test sites were arranged geographically, with 
the exception of Colorado, to cover as many different surface types and highway systems 
as possible. The bulk of testing in Colorado was centered in and around the city of 
Denver. 

The testing equipment consisted of a %-ton pickup tow vehicle and a 2-wheeled 
trailer. The tow vehicle contained a Brush oscillograph for recording the coefficient 
of friction, a water supply tank and pump, and the brake actuation controls. The trailer 
included a brush applicator for applying water in front of the test wheel, and instru
mented braking system with SR-4 strain gages for the skid resistance measurement, 
and a standard pavement test tire, E-17. 

As outlined in ASTM the trailer was brought to a test speed of 40 mph before the 
operator actuated the electrical timing equipment. Operating on a 7-sec automatic 
cycle, a f i lm of water was delivered to the pavement ahead of the test tire and the 
braking wheel was locked for two seconds (sliding distance of 118 ft). The resulting 
coefficient of friction based on wheel torque was recorded on a 2-channel oscillograph. 

RESULTS 
General 

During the four weeks of testing, the skid tow vehicle and trailer traveled approxi
mately 4,800 miles throughout the four-state area. A total of 979 tests were taken, 
but only 800 were used in the correlation of data included in this report. To facilitate 
the correlation of data, certain assumptions were made. 

1. The construction stage of the pavements tested was not considered in the corre
lation of data. 

2. The composition of the previous pavement surface overlaid by a chip seal or 
plant-mix seal was not considered, as the coefficient of friction measured was only on 
the existing surface course. 

3. The primary objective of this study was to compare the skid resistance of vari
ous pavement surfaces and not to study the effect of speed, therefore, all data used in 
the correlation and comparisons were taken from the standard test established by 
ASTM (40-mph speed of trailer). 

4. The tests run on paint stripes, between wheel tracks and on shoulders are not 
included in the correlation of the 800 tests. 

5. Those tests run on slick spots or other sections that are not truly characteristic 
of the entire roadway were not included in the correlation. 

Table 1 gives a summary of coefficients by lanes by states; see also Figures 1 
through 5. 
Wyoming 

Plant-Mix Seals—The Wyoming plant-mix seals gave the highest friction values 
recorded in the four states A close analysis of the materials and quality control used 
on the plant-mix seals indicates that, due to the many variables involved in and on the 
pavement, only the following general trends can be concluded: 

1. Bank gravel gave higher results than limestone, but this was expected as the 
limestones generally tend to polish more readily with age and wear. 

2. The greater the percentage of fractured faces in the material retained on the 
No. 4 screen, the higher the coefficient of friction. (The author feels 100 percent 
fractured faces is most desirable for a high-quality, skid-resistant plant-mix seal). 

3. The percent of asphalt varied from 5. 2 to 7.4 with the majority of test sections 
containing between 6 and 7 percent. The trend in plant-mix seals is that the coefficient 
of friction increases as the percent of asphalt content decreases; however, it should be 



TABLE 1 
SUMMARY OF COEFFICIENTS BY LANES BY STATES 

SUte 2 Lanes—1 Direction^ 
Driving 

2 Lanes—1 Direction^ 
Passing 1 Lane—1 Direction^ 

Colorado"^ 

Plant-mix seals 1^ = 0 41 

Concrete 5# = 037 182 = 0 45 None Tested 

Asphaltic concrete ^ = 032 0 ^ = 0 42 1|2 = 0 42 

Chip seals None Tested None Tested None Tested 

Utah 

Plant-mix seals 1 ^ = 048 1^ = 0 53 ^ = 053 

Concrete ? 5 « = 0 43 l j ? ? = 0 45 None Tested 

Asphaltic concrete ^ = 043 1^ = 0 42 ^-.0 51 

Chip seals ^ = 051 1^ = 057 l j O ! = 0 55 

Road mix None Tested None Tested = 0 28 

Wyoming 

Plant-mix seals 

Concrete 

Asphaltic concrete 

Chip seals 

6 63 
IT 
3 63 

9 78 

7 26 

0 55 

0 40 

0 47 

0 43 

2 97 

1 59 
-s~ 

6 78 

4 27 

0 59 

= 0 53 

= 0 57 

= 0 61 

New Mexico 

16 57 0 53 

None Tested 

4 37 

6 90 

= 0 49 

0 49 

Plant-mix seals ^ - . 0 50 4^ = 055 None Tested 

Concrete 1^3 = 046 i y U 0 4 8 None Tested 

Asphaltic concrete ^ = 047 1 ^ = 055 2 y ! . 0 48 

Chip seals None Tested None Tested i » = 045 

°ln the case of 3 lanes in I direction, the middle and inside lanes ore in the passing lane cotegory for 2 lanes-1 direc
tion, and the right lane is in the driving lone category for 2 lanes-1 direction 

''In the cose of o roadway having 1 lone in 1 direction viith a climbing lone, the test results for eoch lone are shown as 
1 lone- l direction Romps and deceleration lones ore classified with 1 lone-l direction 

•̂ The tests on plont-mix sand seals in Colorodo were included in the category of osphaltic concrete 

noted that all sections tested gave high values. Further, while this trend is noted from 
a skid resistance standpoint, other factors should be considered before attempting to 
significantly reduce the percent of asphalt. 

Portland Cement Concrete—Due to the small number of rigid pavement sections, 
only 12 tests were conducted with an average friction coefficient of 0.44. This value 
is only 0.03 less than the maximum value attained on rigid pavements in the four states, 
and no significant characteristic was outstanding. As in flexible pavements, bank 
gravel aggregates gave higher values than did limestone. One test was taken on the tunnel 
floor paving along 1-80. The Class B concrete surface yielded a value of 0.35, which 
is 0.09 lower than the rigid pavement average for Wyoming and 0.06 lower than the 
average for concrete structures in the four states. 
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Figure 1, A l l surface types. 
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Figures. Bituminous-chip seal. 
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Figure 2. Plant-mix seal. 
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Figure 4. Concrete. 

Asphaltic Concrete—All tests on plant-
mix asphaltic-concrete sections in Wyoming 
were along Interstate routes, and a com
parison of the average values indicates a 
definite trend in the coefficient of friction 
obtained in the outside or traveled lane and 
the inside or passing lane. The outside 
lane constantly indicated a lower coefficient 
than the inside lane. This is not surprising 
as the outside lane is exposed to a much 
higher traffic density than the inside lane. 
This trend points out aneedfor anticipating 
this decrease in skid resistance and com
pensating for it either during initial con
struction or through maintenance operations. 

Chip Seals—To substantiate further the 
above statement regarding lane differences, 
the average values for chip seals by lanes 
show a difference of 0.18. This difference 

between lanes is the largest in comparison with any pavement type in all four states 
The sections tested were composed of limestone, quartzite and granite, and scoria 
(burned shale), with the majority of surfaces having limestone chips. A comparison 



Figure 6. Tow vehicle and skid trailer 

of the native material shows granite and 
quartzite having a skid resistance value of 
0.45, limestone having a value of 0.50 and 
scoria chips having a coefficient of 0.63. 

One section of highway in northwest 
Wyoming was tested where "deslicking 
operations" of an old limestone chip seal 
were in progress. An average of the 15 
tests on the old surface gave a coefficient 
of friction of 0.16. ["The coefficient of 
friction at incipient skid on untreated ice 
varied from 0.08 to 0.20 (1). "] An average 
of the tests run on the deslicked area gave 
a coefficient of 0.60. This increase from 
0.16 to 0.60 is on a section one month old, 
and the answer to how long the deslicked 
surface will maintain this high coefficient 

To accomplish the deslicking a repaver heated the old sur-remains to be determined _ ^ 
face, and sand and gravel were spread and rolled on the roadway 
Colorado 

The majority of tests representing Colorado data were run in or near the city of 
Denver. Table 2 indicates that the values obtained are lower on an average than values 
for similar pavement types tested in the other states. It is possible that the heavy 
ADT in and near Denver could be a factor contributing to the lower values. 

Plant-Mix Seals—All plant-mix seal sections tested were composed of granite; con
sequently, a comparison of aggregate type relative to friction coefficients is impossible. 

The composition of the plant-mix seals tested can be separated into two groups—a 
clear crack granite aggregate with 100 percent fractured faces on the plus 4 material, 
and an asphalt content of 7 percent; and a clear crack granite aggregate 85 percent with 
fractured faces and an asphalt content of 8 percent. A comparison of the average values 
obtained on the two compositions shows a difference of better than 0.10, with the 7 per
cent asphalt and 100 percent fractured faces composition being higher. All sections 
tested were within several months of being the same age, and it is believed that the ADT 
difference on the two compositions is the primary reason for the difference in friction 
coefficient. With only one test run in the inside lane, a valid comparison of lanes for 
this pavement is impossible. 

Figure 7. Skid trailer in braking cycle. 



T A B L E 2 

SUMMARY OF PAVEMENT COEFFICIENTS BY STATE 

Pavement Type Colorado Utah Wyoming New Mexico 4-State Average 

Plant-mix seals 10. 45 „ 43. 68 = 0. 51 = 0. 55 = 0. 52 108. 92 = 0.52 Plant-mix seals - 85 = 0. 51 57 211 
= 0.52 

Concrete 
10.52 „ 8. 34 = 0.44 i ^ . 0 . 4 4 

2 5 J 4 49. 93 = 0. 44 Concrete - j g - - 0. 38 19" 
= 0.44 i ^ . 0 . 4 4 

55 11 
= 0. 44 

Asphaltic concrete 
17.07 

39 = 0.44 20. 93 n -n 147. 76 
iii = 0. 45 

Bit-chip seals None Tested 16. 70 
31 = 0.54 i ^ . 0 . 4 9 8 ^ . 0 . 4 5 43. 26 

~ 5 T " = 0.50 

Road mix 
2. 21 

8 
= 0. 28 None Tested None Tested 

2. 21 
T ~ 

= 0.28 

In the above table the figures in the denominators denote the number of tests on the respective pavements. 

Portland Cement Concrete—The discussion of the rigid pavement results is re
stricted, since only limited information on pavement compositions was available. An 
analysis of the test data does not show any definite trends. In some cases, the values 
obtained on sections 12 and 15 years old were higher than those only 2 or 3 years old. 
As with other pavements, there is an indication that friction values decrease faster on 
those sections exposed to higher ADT. 

A section of longitudinally grooved rigid pavement was tested near Peckham. The 
section was subjected to intermittent grooving to decrease surface roughness, and the 
results show an increase in friction coefficient from 0.35 on the ungrooved section to 
0.40 on the grooved section. These tests were run in the outside lane, with the inside 
lane yielding a value of 0.48. Further tests were run on the same pavement six miles 
from the grooved area, and the results show a coefficient of 0.40 (ungrooved). The 
data, coupled with the information in the discussion of Utah's results on grooved pave
ments, lead to the conclusion that grooving, although highly effective in reducing 
"hydroplaning," does little to increase skid resistance. 

Asphaltic Concrete—Seventy-nine tests were averaged in determining the skid re
sistance value for Colorado. The value of 0.34 is the lowest for any surface type in 
any state, and this low value is believed to be due to the wide use in the Denver area 

Figure 8. A p l an t -m i x seal surface w i t h f lushing in the outside lane, outside lane coef 
f i c i en t = 0.38 and inside lane coe f f i c i en t = 0.58, age = 1V2 y r , ADT = 6590, l imestone, 

75 percent f ractured faces, 6.5 percent asphalt content . 



Figure 9. A c lose-up o f the inside lane in Figure 8, where coe f f i c i en t = 0.58. 

of different asphaltic seals and overlays. Coated aggregate on fog-sealed mat, flushed 
surfaces, fine-grain sealed mats, and dense-graded plant-mix were the three more 
prominent surfaces tested. Since only two tests were run on the inside lane of a 2-lane, 
1-direction highway, a lane comparison for this surface type was not considered. There 

were no chip-sealed surfaces tested in 
Colorado for use in this study. 
New Mexico 

Plant-Mix Seals—Fifty-seven tests were 
conducted on plant-mix sealed projects 
with an average value of 0.52 (the average 
for all the plant-mix seals tested in the 
four states). The testing is more evenly 
divided between the inside and outside lanes 
than in the other States, making the com
parisons between lanes more substantial. 

Of the nine projects with plant-mix seals, 
eight were tested in both the inside and the 
outside lanes with an average difference of 
only 0. 05. This small difference could 
result from the greater percentage of ve
hicles driving in the inside lane than in 
other states, or perhaps the plant-mix 
seals in the outside lane are holding up 
extremely well under traffic. The aggre
gate compositions used in the plant-mix 
seals were sand and gravel, limestone, and 
gravel. A comparison of the friction coef
ficients by aggregate type shows that both 
sand and gravel, and gravel yielded a value 
of 0.56; limestone is 0.09 lower with a 
value of 0.47. This difference is believed 
to be caused by polishing of the limestone. 

Figure 10. 
f i c i en t = 0. 
95 percen 

A p lan t -m ix seal surface w i th coe f -
62, age = 2 yr , ADT = 95, bank g rave l , 
t f ractured faces, 6.5 percent asphalt 

con ten t . 
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Figure 11. A plant-mix seal surface with coefficient = 0.38, age = 2 yr, ADT = 2880, 
limestone, 75 percent fractured faces, 6.5 percent asphalt content. 

Since a l l plant-mix sections tested had 75 percent fractured faces on the plus 4 mate
r i a l , a comparison of this property i s omitted. The percent of asphalt content ranged 
from 6 to 7 percent, with no definite trend as to the asphalt content influencing the 
coefficient of fr ict ion. A r e s e a r c h project consisting of a plant-mix s ea l with a rubber 
additive was tested on a F e d e r a l - a i d pr imary route in Santa F e . The additive, Good
y e a r Plyopave L O - 1 7 0 , was 3 percent by weight of the mix and yielded coefficients of 
approximately 0.02 below the state average for the driving and passing lanes. E v e n 
though the coefficient of fr ict ion was not appreciably affected by this additive, it may 
extend the s e r v i c e l ife of the mix through increased flexibility and decreased hardening 
of the asphalt. 

Portland Cement Concrete—All concrete sections tested were on Interstate routes, 
with an A D T range from 2,000 to 5,000. A graphical study of the data based on age 

with the previously mentioned A D T range 
disc losed a very gradual decrease in the 
fr ict ion coefficient after the second year . 
F o r the f i r s t two y e a r s the pavement s u r 
face seemed to experience fluctuations, 
which could have been caused by different 
types of surface f inishes or the wearing 
down of the mortar . New Mexico had the 
highest average for r ig id pavements in the 
four states (Table 2). The aggregates used 
were gravel , l imestone, basalt, and sand 
and gravel , with limestone being the most 
predominantly used and yielding the highest 
coefficient average. A comparison showed 
the following averages: limestone 0.51, 
basalt 0.47, gravel 0.41 and sand and grave 
0.39. T h e aggregates other than limestone 
rece ived only l imited testing. The l i m e 
stone sections tested ranged in age from 
iy2 to 7 y e a r s and the percent of wear by 
the abrasion tests ranged from 19.6 to 30 
percent. 

Asphaltic Concrete—Due to l imited i n 
formation, a comparison of the percent of 

Figure 12. Good surface drainage from a plant-
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Figure 13. A n aspha l t !c -concre te surface, coe f f i c i en t = 0.53, age = l ',^ yr , ADT = 945, 
l imestone, 60 percent f ractured faces, 6.0 percent asphalt content . 

Figure 14. A n aspha i t i c -concre te surface w i th f lushing in the outside lane, outside lane coe f f i c i en t = 
0.39 and inside lane coe f f i c ien t = 0.55, age = 3 yr, ADT = 6210, basalt , 60 percent f ractured faces, 

5.75 percent asphalt con ten t . 

Figure 15. C lose-up o f Figure 14. 
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Figure 16. A chip seal surface with coefficient = 0.63, age = 3 yr, ADT = 73, quortzite 
and sandstone. 

fractured faces of the plus 4 mater ia l in the asphalt ic-concrete sections was not made. 
Of the 166 test resul ts used in the analys is of asphaltic concrete, there were four dif
ferent aggregate types tested and a comparison of the four showed a difference of only 
0.04 between the lowest, basalt, and the highest, gravel (gravel 0.51, sand and gravel 
0.50, limestone 0.49, and basalt 0.47). E v e n though the majority of tests were run on 
Interstate routes, the one-way A D T ranged from 125 to 5,465 with the average for the 
state approximately 1,500. A r e s e a r c h project was conducted on an asphalt ic-concrete 
surface treated with different types of fog sea ls . The following averages are based on 
three to eight tests on each section: Reclamite 0.49, Gilsonite 0.43, MC70 0.35, SC70 
0.52, S S K H 0.40. These fog sea ls a r e being studied for surface rejuvenation. 

Chip Seals—Only 18 tests were used for an average on chip seals , and due to the 
l imited information available, very little could be gained from the sections tested. The 
only aggregate used was gravel and the test sections, which ranged from one to s ix 
y e a r s , showed no significant trends. 

Figure 17. A chip seal with a coefficient = 0.60, age = 4 yr, ADT = 965, scoria 
(burned shale). 
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Figure 18. A chip sea I surface before "deslicking operations" where coefficient = 0.16, 
ADT = 355 (other information not available). 

Utah 

Plant-Mix Seals—More plant-mix sea ls were tested in Utah than in any of the other 
states with an average value of 0.51. Over half of the tests were conducted on 1-lane, 
1- direction roads, and these tests had the same average as the passing lane of the 
2- lane, 1-direction roads. The only obvious reason for this s imi lar i ty i s that a great 
majority of the testing on 1-lane, 1-direction routes was on F e d e r a l - a i d pr imary 
routes with reduced A D T . 

The aggregate combinations used in the plant-mix seals were limestone, quartzite, 
sandstone, and basalt. One section contained open hearth s lag. Due to the l imited i n 
formation available, a va l id comparison as to percent of fractured faces, aggregate 

Figure 19. The same chip seal surface shown in Figure 18 after "deslicking operations" 
where coefficient = 0.60. 
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used, and percent of asphalt was not made. 
The data available indicated a desirable 
minimum of 74 percent fractured faces 
with an asphalt content range between 6 and 
7 percent. 

One section was tested, which had been 
exposed to deslicking operations. The 
operation consisted of heating the pavement 
surface without applying any cover mate
rial. Six tests were run on this section, 
and no conclusions were made. Two tests 
on sections adjacent to the deslicked area -
gave an average of 0 . 5 6 . Two tests on 
bleeding sections adjacent to the deslicked 
area gave an average of 0 . 4 2 , and the two 
tests on deslicked sections gave values of 
0 . 3 3 and 0 . 5 9 . 

Portland Cement Concrete—All testing 
of concrete was on Interstate routes with 
only 19 tests used for averaging. A com
parison of values obtained on the driving 
and passing lanes showed a difference of 
only 0 . 0 2 . This small difference between 
lanes is believed to be due to uniform wear 
of the concrete surface. There is a defi
nite trend for the friction coefficient to de
crease with age, which has been the case 
for most of the other surface types. Ag
gregate type was not available on concrete 
so a discussion of this property will be 
omitted. The test results of a concrete 
bridge deck exposed to grooving will be 
discussed in the section on bridges. 

Asphaltic Concrete—The most widely 
used aggregates in asphaltic concrete were 

limestone, sandstone and quartzite, and limestone and quartzite. A comparison of the 
aggregate types showed quartzite and limestone having the highest value, 0 . 4 6 , with 
sandstone and quartzite having 0 . 4 4 , and limestone having the lowest, 0 . 3 5 . 

An irregularity was noticed in the lane comparison of asphaltic concrete between 
the driving and the passing lanes. It is believed that this decrease in the passing lane 
value is due to unbalanced field testing. 

Chip Seals—The chip seals in Utah yielded the highest friction coefficient of all the 
states. The aggregate chips tested were combinations of limestone, sandstone, and 
quartzite. One section of Interstate tested had a blended aggregate composition of 60 
percent mineral aggregate and 40 percent slag. In comparing the results of the dif
ferent aggregate compositions, the reader should bear in mind that in several cases 
the averages are based on results obtained on only one project. Combinations of both 
sandstone and quartzite, and blended mineral aggregate and slag gave the highest coef
ficient of 0 . 6 2 ; quartzite and limestone had 0 . 5 7 ; quartzite, 0 . 5 1 ; and limestone, sand
stone, and quartzite had the lowest, 0 . 4 7 . Correlation of the chip seals data indicated 
more of a coefficient decrease with ADT than with age. 

Road Mix—The only road mix section tested was in Utah. Several tests were con
ducted on the shoulder, between the wheelpaths, and on the centerline of the roadway, 
and those tests averaged together were only 0 . 0 3 higher than the average of tests con
ducted in the wheelpath. This is an indication of the small effect the ADT of 330 ve
hicles over a 2-year period had on this road-mix surface. The road mix was composed 
of a limestone aggregate with 9 0 percent fractured faces and a ± 4 . 3 percent asphalt 
content. 

Figure 20 . A concrete surface w i th long i tud ina l 
grooving on the lef t and the o r ig ina l surface on 
the r igh t ; coe f f i c i en t on grooved sect ion ( le f t ) = 
0.40 and coe f f i c i en t on ungrooved sect ion (r ight) 
= 0.35, age = 15 yr , ADT = 2850 (other in fo rma

t ion not a v a i l a b l e ) . 
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TABLE 3 

SUMMARY OF BRIDGE DECK COEFFICIENTS OF THE FOUR-STATE AREA 

'^^^^^^^^^^^ ' ' ' ^ " % - ' v ° ' ; " ' " ' " '" '̂"^"ssmr""" ^-State Average 
Concrete 10 45 

25 - 0 42 = 0 40 13 24 _ 0 41 

Plant-mix seals 1 03 
4 ' 0 52 None Tested 1̂ 03 _ 0 52 

Bituminous 4 55 38 None Tested 4 55 
Miscellaneous seals^ 12 " 0 38 None Tested 4 55 

0 38 

"Includes 10 tests on • sond seal overlay, 1 plant-mix overlay, and I Jennite sealer 

Bridges 

F o r t y - s i x tests were run on bridge decks in the four state a r e a and, with only one 
exception, the testing was done at random. That one exception was a concrete s t r u c 
ture in Salt L a k e City , where the state highway department and an equipment manufac
turer were engaged in a r e s e a r c h project (Table 3). 

Most of the testing was conducted in Colorado, since structures comprised much of 
the Interstate routes tested. The concrete and bituminous miscellaneous seals in 
Colorado yielded slightly higher values on bridge decks than they did in the driving 
lane. It i s believed that the differences of 0.05 and 0.06 are pr imar i ly due to the work
manship of the surfaces during construction. In Wyoming, two plant-mix sea l decks 
were tested, and the resul ts differed by only 0.03. 

A comparison between the driving and passing lanes for concrete shows the passing 
lane value 0.02 lower than the driving lane. T h i s irregularity i s due to the test results 
on the previously mentioned r e s e a r c h project in Utah, where three low values were 
taken on grooved sections. Reducing the possibility of hydroplaning and reducing the 
roughness were the pr imary reasons for the grooving. At the present time equipment 
manufacturers are preparing equipment which wi l l increase the fr ict ion coefficient as 
wel l as reduce hydroplaning and roughness. The testing of the different surface types 
was not balanced for a conclusive comparison. 

C O N C L U S I O N S 

T h i s study indicates the increased attention to the subject of skid res is tance and 
the concern of the Bureau of Public Roads in (a) development and use of equipment for 
measuring skid-res is tant qualities of pavement surfaces , (b) development of materials 
and construction techniques for providing high skid-res is tant qualities on new pave
ments and maintaining them after the pavement i s exposed to traff ic , and (c) establ ish
ment of programs for measuring and analyzing the skid-res is tant qualities obtained on 
conventional types of surfaces now being constructed. 

The rugged trip covering approximately 5,000 mi les demonstrated the mobility, 
dependability, and expeditious manner of testing with the locked-wheel skid t ra i l er . 

With the many variables present for each pavement, it was extremely difficult to 
pinpoint an exact cause or reason for a pavement's behavior. Only through comparison 
of pavements exposed to s i m i l a r conditions over a period of t ime can any trends or r e 
sults be obtained. It was for this reason that A D T , age, aggregate type, percent of 
fractured faces, and asphalt content were the main properties selected for consideration 
and comparison. 

Table 2 shows the frict ion coefficients by state and the four state average. A com
parison shows plant-mix sea ls have a coefficient of friction higher than the other con
ventional surface types. The main reason for this i s i ts open-textured surface , which 
provides for better drainage of water. A trend observed on plant-mix seals during the 
skid study was an increase in skid res is tance with aging of the pavement. T h i s i n 
crease i s due to traff ic "wearing off" the asphalt coating of the aggregates. However, 
the oldest plant-mix sea l tested was five y e a r s old, and further study i s needed on this 
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pavement type. E a g e r (2) states that typical specifications for plant-mix seals in
clude the following requirements: 

Gradation of aggregate: 

Pass V 3 -
Pass %-I 
Pass No 

in sieve 
in sieve 
. 4 sieve 

Pass No. 8 sieve 
Pass No. 40 sieve 
Pass No. 200 sieve 

100% 
95-100 
30-50 
15-30 
0-10 
0-5 

Los Angeles abrasion 
Fractured faces 
Soundness 
Retained coating 

Mixing temperature 
Placing temperature 
Grade of asphalt 
Percentage of asphalt 
Rate of placing 
Tack coat 

40 max. 
75% plus on +No. 4 size 
12% max. 
75%+ (by AASHO T182 or other 

suitable stripping resistance test. 
May be necessary to use an additive to 
obtain adequate stripping resistance. 
H/drated lime or chemical additives 
are frequently used) 

275 F max (less if possible) 
225 F min 
60-70 or 85-100 
6-8 (use as high as possible) 

/̂̂  in - /̂̂  in compacted 
Not always used but if so at 0.05-0.10 

gal per sq yd using a light RC or 
emulsion. 

The percentages of fractured faces on the No. 4 material were investigated quite 
extensively in the preparation of this paper, and it i s recommended that 100 percent 
fractured faces be included in design c r i t e r i a . 

The cost of plant-mix sea ls was not discussed; however, based on f igures from the 
Bureau of Public Roads, "the cost of a chip sea l would probably be l e s s than one-half 
the cost of a plant mix sea l on a square y a r d bas is . However, the thickness would only 
be about one-third so that the cost per inch of depth i s actually l e s s for the plant mix 
sea l (2)." 

The frict ion coefficients for concrete and asphaltic concrete are practical ly the same 
for the four state averages and are closely related within each state. A great deal of 
aggregate polishing was experienced in both pavement surface types; however, it i s be
l ieved that aggregate polishing was much more prevalent in the asphaltic concrete than 
in the concrete. An overa l l comparison of the aggregate types used showed limestone 
polishing more readily and giving lower values. G r a v e l and granite, and quartzite gave 
consistently higher resul ts than did other aggregates. 

Concerning concrete surfaces , even though they rank next to last in average friction 
coefficient, the decrease rate of skid res istance with age i s l e s s for this type of pave
ment than any other type tested. 

The use of sand sea l overlays indicated a decrease in the skid res istance in cases 
where high A D T was experienced. Those asphaltic surfaces where chips and other 
fine aggregates were removed due to wear and age retained the surface water and gave 
low skid values. Other fog and f lush sea ls used for map protection and rejuvenation 
gave both high and low values. 

The chip sea l surfaces gave the second highest average skid value; however, the 
reader should keep the following in mind when analyzing this study: (a) there were 
fewer tests run on this surface type than on plant-mix seals , asphaltic concrete, or 
concrete; (b) the test sections consisted pr imar i ly of pr imary and secondary projects; 
and (c) the A D T in most cases was relatively low. 
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Chip sealed surfaces showed the effects of traff ic more than the other surfaces as 
there was a more pronounced decrease in skid res is tance with the increases in A D T . 
T h e r e were no definite conclusions as to aggregate preference for chip seals , as a l l 
types gave favorable results . Open hearth s lag and s c o r i a chips yielded extremely 
high skid values. 

With chip seals , as with a l l other surfaces , A D T and age proved to be the most i n 
fluential factors governing the skid res istance of pavements. Good workmanship and 
other construction procedures are most important in the preparation of a good sk id -
resistant surface. 

The big difference in frict ion coefficients between the driving and passing lanes 
could be a serious problem. A need for further stucty and r e s e a r c h into this problem 
i s definitely needed. 

Concrete bridge decks proved to have a lower skid res is tance than the decks which 
had been overlaid with bituminous mixes. More testing of other deck surfaces should 
be performed before definite conclusions are drawn, as only 42 tests were included in 
this study. 

The histograms show the frequency of occurence of the frict ion coefficients for the 
different surface types. 

R E C O M M E N D A T I O N S 

T h i s study proved beneficial not only to the Bureau of Public Roads, but also to the 
four participating states. A working knowledge of the skid res is tance of existing roads 
is , and w i l l continue to be, extremely helpful to highway engineers. It i s recommended 
that a l l states incorporate into their systems a surface condition study of sk id r e s i s 
tance to be conducted periodically. F r o m the standpoint of safety, skid res is tance i s 
becoming a more important factor in developing safer highways, and a good skid r e s i s 
tance program i s a giant step towards achieving this goal-

B a s e d on the resul ts and analysis of this study the author recommends the use of 
plant-mix seals as the best means now available for insuring a high quality sk id -
resistance surface not only as an overlay on existing surfaces but also in the construc
tion of new pavements. 
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Development and Results of a Skid Research 
And Road Inventory Program in Pennsylvania 
L E O D. SANDVIG, L O U I S M. M A C G R E G O R , and R I C H A R D K. S H A F F E R , 

Pennsylvania Department of Highways 

The Pennsylvania Department of Highways initiated a statewide 
annual skid survey in 1963 using the single-wheel skid t r a i l e r 
developed at Pennsylvania State University. F i v e of these s u r 
veys have served to guide the maintenance bureau in providing 
safer highways, and have contributed to the overa l l direction of 
the r e s e a r c h program. Data collection methods and testing 
techniques were perfected during this time and c a r r i e d over 
to a more strenuous r e s e a r c h program currently in progress . 
The scope of past and current research , both in-house and 
department-sponsored, i s described briefly. 

Results of the five completed surveys have been analyzed. 
Despite the geographical, hence the aggregate, diversity of 
statewide data, some relationships formerly only suspected 
are now apparently established. These resul ts are presented 
in this paper. 

Expansion of Pennsylvania's road inventory and r e s e a r c h 
programs i s imminent. New, fully automated skid testers are 
being acquired; one or two may be assigned to cr i t i ca l ly located 
regional offices to maintain c loser data control and provide 
better serv ice . A l l data w i l l be routed through the central 
computer for analysis providing the combined s e r v i c e - r e s e a r c h 
benefits originally intended. The Department w i l l implement 
the r e s e a r c h by issuing specifications providing for sk id -
resistant surfaces . 

• A L T H O U G H the skidding problem, in one form or another, has prevai led for many 
years , i ts threat to human l ives was not seriously considered until the advent of the 
automobile. Concurrent with its development, miles of hard-surfaced, high-speed 
highways were presented to the motorist for his pleasure and convenience. Although 
most of these roads have been improved or replaced to provide safer, faster highways 
in the form of divided and l imited-access roads, many of the old roads s t i l l remain. 
Despite a l l the safety features built into present highways, more people are being 
ki l led annually than ever before. In Pennsylvania alone, 2131 traff ic fatalities were 
recorded in 1967 while on the national scene, over 53,000 deaths were reported. The 
reasons are c l ear : more people are driving more c a r s more mi les faster. The part 
that skidding plays in the latter observation i s wel l documented in the l i terature (1., 2). 
The seriousness of the problem i s emphasized, however, by the activit ies of private 
and public institutions in their efforts to resolve it. 

I N I T I A L R E S E A R C H 

The Pennsylvania Department of Highways was among the f i r s t to dedicate extensive 
funds to skid res is tance research . In 1960, Pennsylvania State University was engaged 
to conduct a pilot program in one of the state's engineering distr icts that historical ly 
has had skidding problems (3). 

The objectives of the testing program were to determine the degree of s l ipperiness 
as a guide for assigning priorit ies for resurfacing, and to gain insight into the causes 
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of s l ipperiness . These objectives were met by utilizing the prototype single-wheel 
skid t r a i l e r designed and built by Penn State and the assistance of personnel from the 
Highway Department's Bureau of Materials , Testing and Research . Nineteen sites in 
Dis tr ic t 10 were selected for testing. E leven of these areas exhibited Skid Numbers 
wel l below 35 and were c lass i f i ed as sl ippery. Close analysis of these sites revealed 
the absence of sand-size part ic les in the polished pavement surface. Chemica l analysis 
of the limestone from one of the slippery surfaces yielded l e s s than an acceptable 
minimum fraction of s i l i c a sand required for adequate skid res istance. Surfaces ex
hibiting the greatest skid res istance showed sand-s ized part ic les in the aggregate and 
a sandpaper-like appearance of the surface. The polishing effect of traff ic was estab
l ished by comparing the skid numbers in the wheel t racks with those in the center str ips . 
F r o m the resul ts of these tests, recommendations were formulated for long- and short-
range programs to improve the skid res istance of Commonwealth roads. 

So encouraging was this experiment that a second one was plaimed for 1962. T h i s 
time, the entire state was included for the purpose of establishing the suitability of the 
Penn State tester design for routine surveys and of initiating a continuing program of 
annual surveys of the highway system (4). The test schedule, prepared by the Depart
ment and covering a s ix-week period, included a l l 11 dis tr icts and the Pennsylvania 
Turnpike. The survey sites, selected by district personnel for known and suspected 
sl ipperiness , averaged about 23 projects per district . The skid res is tance data showed 
that each distr ict had its share of slippery pavements. The mean for a l l projects, 
excluding the Turnpike, was 34. 4 at 35 mph while the equivalent f igures for the T u r n 
pike were 44.1 at 35 mph and 30.2 at 65 mph. The main surface types appeared not to 
affect the skid res is tance significantly, whereas the aggregate had a pronounced effect 
on the readings obtained. G r a v e l surfaces exhibited the highest skid res istance whereas 
limestone pavements produced the lowest readings. Skid resistance, in general, was 
shown to decay with pavement age, rapidly at f i r s t and more gradually later on. The 
number of passes on the pavement surface, as computed from the average daily traff ic 
(ADT), was actually found to be a more sensitive indicator of the decay of skid r e s i s 
tance than age alone. 

T H E J O I N T R O A D F R I C T I O N P R O G R A M 

In 1961, the Department initiated a cooperative r e s e a r c h study known as the Joint 
Road Fr i c t ion P r o g r a m with Pennsylvania State University. The objectives of this 
ongoing study are to provide the Department with skid res istance measuring equipment 
and to conduct r e s e a r c h into the fundamentals of skid res istance with the development 
of a scientif ic bas is for controlling it. Since 1963, the Bureau of Public Roads has 
been a participating sponsor in this re search . 

An early report (5) deals with the development, selection, and performance of the 
single-wheel skid t r a i l e r . Whether for r e s e a r c h purposes or for routine skid surveys, 
the following ten requirements are fundamental to the design of a skid t r a i l e r : 

1. Meaningful measurements, 
2. Prec i s i on of test data, 
3. Minimum data processing, 
4. Balanced coverage and test cycle frequency, 
5. Adequate range of operation, 
6. High degree of mobility and maneuverability, 
7. Minimum traf f ic interference, 
8. Ruggedness, 
9. Economy of operation, and 

10. Comfort and safety of crew. 

The ability of a two-wheel t r a i l e r to measure skid res is tance in either the left or 
right wheel t rack i s of advantage in special ized experiments, taut it i s of little value for 
highway surveys or most re search . T e s t s have shown that the Skid Number i s the 
same in both wheel t racks of no-passing lanes, whereas the left wheel track exhibits 
lower readings where passing i s permitted. Since highway engineers are generally 
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interested in the lowest skid res is tance of a section of pavement, a single-wheel t ra i l e r , 
so mounted that it normally runs in the left wheel track, i s perfectly adequate. The 
pneumatic loading system of the single-wheel design permits changing the wheel load 
during operation and more importantly, it permits automatic and close control of the 
wheel load to a predetermined value. The pneumatic loading system also allows for 
ra is ing the t r a i l e r wheel off the road for transportation between test s i tes . T h i s i s a 
definite advantage in some of the moimtainous t erra in in Pennsylvania. 

In the course of r e s e a r c h into the causes of s l ipperiness , various laboratory and 
field test equipment has been developed and constructed to measure specif ic factors 
which have a bearing on skid res istance. While some of this equipment has been 
described in various technical and r e s e a r c h publications, the information i s too scatters 
and incomplete to serve as a useful reference for workers in this field. One phase of 
this r e s e a r c h program i s embodied in a report which defines the test function, operating 
principle, specifications, and test procedure for laboratory and field skid test equipment 
(6). 

R e s e a r c h was undertaken to evaluate the problem of wear and polish of highway 
pavements and their effect on the pavements' sk id-res i s tance character i s t i c s . A wear 
machine was developed which applied a controlled load against a pavement sample 
through a reciprocating rubber pad. The pavement samples consisted of aggregates 
glued to a metal holder by an epoxy cement. A mixture of water and abrasive was 
injected periodically between the surfaces in contact. Wear as such was not measured) 
but the polish produced by the wear was determined with the B r i t i s h pendulum tester. 
The general conclusion derived from the study was that the bas ic wear mechanism mus< 
be better understood and wear produced under conditions more closely resembling 
those on the highway must be studied before rel iable resul ts can be expected from the 
greatly accelerated wear which the reciprocating wear machine produced (7). 

Other bas ic skid r e s e a r c h conducted imder this program which may be of interest, 
although not directly applicable to the scope of this paper, includes studies on the con
cept and use of the B r i t i s h portable tester (8), pavement wetting and skid res istance (9)| 
pavement surface character i s t i c s (10), and minera l wear in relation to pavement 
s l ipperiness (11). 

T H E S K I D S U R V E Y S 

Through an early phase of the Joint Road Fr i c t ion Program, the Department was 
able to obtain its own single-wheel skid t r a i l e r in time to conduct a statewide aimual 
skid survey in the fa l l of 1963. T h i s , and a l l subsequent annual surveys through 1967 
were conducted solely by the Department. 

Responsibility for the selection of test s i tes i s given to each of the 11 engineering 
d is tr ic t s in Pennsylvania. In the spring of each y e a r the Department sol ic i ts from 
each distr ict headquarters a l i s t of 15 to 20 bituminous surface pavements where v e r i - | 
fication of slippery conditions i s required. Most of the pavements thus l isted are 
wel l -worn but many have only been in serv ice a few y e a r s and some are new, so that 
the data are nearly representative of a l l type and ages of surfaces . It should be e m 
phasized, however, that these pavements were l isted because of a suspected slippery 
condition, so that, overal l , the results may not truly ref lect a cross - sec t ion of Pennsyl] 
vania's highways with respect to skid resistance. 

The skid test crew begins testing as soon as the l i s t s of pavements are received 
from the distr icts , which i s usually in June or July . T h i s i s a departure from the 
original plan to confine testing to the fa l l season. Originally it was recommended by 
Penn State that the late fa l l was the best time to determine accurately the skid r e s i s 
tance of pavement, the reason being that this was the driest season and skid readings 
would be expected to be at their lowest. It was not expedient, however, for the Depart
ment to res tr i c t thousands of miles of testing to a short, one- or two-month period in 
most areas of Pennsylvania. It was decided, therefore, to conduct year-round testing 
as weather permitted. The reasons were conscientiously considered: (a) other skid 
r e s e a r c h programs were being given least priority and relegated to the "worst" testing 
season; (b) rea l i s t i c skid readings for the high-volume summer traff ic season could 
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be recorded and compared from district to district as more years of data were gathered; 
and (c) seasonal effects on a pavement's skid resistance could be studied. 

Survey data are returned to the individual district offices as each district's testing is com
pleted, with recommendations for remedial action in specific cases. Some months later, 
a complete statewide survey report is prepared for the central office engineering staff. 
This report contains a compilation of data by district and an analysis and cumulative 
totals of all data to date. These annual reports have not been released, but some of 
the results are presented in this paper. 
, In completing the five annual surveys, the test crew logged nearly 25, 000 miles, 
exclusive of other research, and averaged about 150 test projects per year. To ac
complish this the test wheel has been dragged over the surface in a locked position 
for an estimated 500 miles. Considering all expenditures such as salaries, subsis
tence, and vehicle costs (including depreciation), it has been calculated that the average 
project costs $30.00 to test (based on 15 test cycles per project). 

1 EQUIPMENT AND TEST PROCEDURE 
The PDH Road Friction Trailer (Fig. 1) is an improved model of the original Penn 

State Road Friction Tester and was constructed imder contract by the Mechanical 
[Engineering Department of the University (5). The major change from the prototype, 
and now incorporated in it also, is the wheel force conversion system from a totally 
electrical system to a nearly totally hydraulic system whose response time is adequate 
(12). 

During testing, the truck is operated at 40 mph for a distance adequate to appraise 
the whole pavement. The tester is designed to sample automatically, and at regular 
Intervals, about 10 cycles per mile at 40 mph. The randomness of the locked-wheel 
intervals provides fair and adequate representation over the project. The skid number 
(defined as the friction coefficient of a tire skidding on a wet pavement times 100), as 
ibtained from the left wheel path of the traffic lane, is recorded on a strip chart in the 
;ruck cab (Fig. 2). 

A secondary field tool, known as the Penn State "drag tester" (1 )̂ (Fig. 3), accom-
)anies the skid truck and is used in areas where the truck cannot operate safely. The 
)perator merely samples the wetted pavement by pushing the tester at a normal walk-
ng speed of about two to three mph. The good to excellent correlation with a locked-
vheel tester indicates the ability of the drag tester to serve as a substitute for a skid 
railer whenever the latter cannot be used. The excellent correlation between the 
irag tester and the British pendulum tester indicates that the two devices are equiva-
ent as far as the quality of test data is concerned (14). 
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Figure 1. PDH road f r i c t i on tester. 



Figure 2 . Instrumentat ion. 
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Figure 3. Drag tester. 
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Figure 4. Field data sheet. 
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Pertinent field data are recorded on the skid survey form (Fig. 4). Surface tem
perature of the pavement, though not listed, is measured and recorded under "Remarks.'; 
Qualitative measurements are recorded on the reverse side of the sheet and include 
such parameters as roughness, polishing, openness, grittiness, harshness, fattiness, 
extent of bleeding, degree of patching, and rippling features. A one-through-three i 
designation denotes progressively more of each parameter's presence. No comparative 
analyses of these parameters with the skid number have been made. j 

SURVEY RESULTS ( 
An analysis, however, was made of the more obvious parameters such as aggregate 

type and surface type. The data indicate that aggregate type bears much influence in < 
determining the skid resistance, whereas surface type has very little influence. These ' 
data are presented in the form of bar graphs which compare the aggregate type versus 
skid number (Fig. 5) and the surface type versus skid number (Fig. 6). The data are ' 
based on information gained from the skid surveys during the period from 1962 through 
1967. The mix designations, characteristic to Pennsylvania, are identified as follows: 
ID-2 is a two-aggregate composition wherein the coarse aggregate passes the y2-in. 
sieve and the fine aggregate is a typical bituminous concrete sand passing the 3/8-in. 
sieve; FJ-1 is a sand-asphalt mix using the same bituminous sand gradation; FJ-3 is 
a sand-asphalt mix with synthetic rubber additive; FJ-4 is the same mix as the FJ-1 
with an asbestos additive; S. T. designates a surface treatment, sometimes referred ] 
to as a chip seal. 

Figures 5 and 6 were compiled from data collected on 773 separate roadway projectsj 
The numbers in parentheses reflect the total number of projects tested in each category. 
In Figure 5, despite the variation in the average skid number between aggregate groups, 
the surface types within each group fluctuate but little. There is a pronounced degra
dation in skid resistance in descending order from gravel and sand down to limestone. 
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Effect of surface type on the skid number; values shown for various aggregate types are 
averages for a l l tests recorded 1962-1967; numbers in parentheses represent the number of 

tests. 

Conversely, in Figure 6 the average skid number of each surface type group varies 
little from one to another. However, within each group the variation is extreme, due 
to aggregate influence. The pattern follows the same descending order depicted by 
Figure 5. This information is not startling in terms of present knowledge but i t con
firms on a more substantial basis what has been suspected from previous but limited 
research. Although the data have been obtained from roadway surfaces suspected of 
slipperiness, and the results verify this, i t is sincerely felt that these data could be 
projected validly to reflect a similar pattern if a random selection of pavements 
throughout the state were tested. 

CURRENT PROGRAM 
In-House Research—The Department is satisfied with the accomplishments of the 

surveys in that they have provided valid information regarding the skid resistance of 
various types of aggregates and surfaces and have served to establish and improve 
testing methods and techniques for research purposes. They have also made the 
districts aware of the importance and necessity of locating slippery pavements and 
taking the necessary corrective measures. These decisions have been based generally 
upon recommendations from the Bureau of Materials, Testing and Research and the 
acceptance of a minimum Skid Number of 40. 

The next phase, pending delivery of another skid trailer, is to expand the skid sur
vey program and inaugurate a full-scale, statewide roadway inventory. To expedite 
this, a third skid trailer wi l l be acquired during fiscal 1968-69. The task wil l be tre
mendous, even i f sampling techniques are employed, considering the more than 43,500 
miles of highways on the state system. With three separate crews functioning, one 
truck wil l be assigned to purely research work while the others wi l l perform service 
testing and road inventories. 

The capability of the present road trailer wi l l be increased considerably after in
stallation of paper punch tape for data acquisition. A magnetic instrument tape re-
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corder was not suitable for this vehicle, due to space and shock mounting requirements. 
Future vehicles wi l l be equipped for total automatic data acquisition, however, including 
7-channel magnetic instrument tape recorders. Automatic data processing equipment 
wi l l be utilized to expedite data analysis. Provisions for data storage and recall have 
been initiated and should be functional in the near future. The use of portable skid ' 
measuring equipment in each district wil l be considered and the skid trailers may be 
assigned on a regional basis. The surveys wil l continue to provide the service function] 
to the engineering districts as in the past; but because of more local assignment, the 
crews wil l be able to provide closer control of the data acquisition. At the same time,, 
recording of all data on magnetic tape wil l permit the central research unit to process 
the input easily and promptly. , 

Experience gained while conducting the annual surveys has enabled the Department ' 
to imdertake better-controlled research projects. An example of this is an aggregate 
blend study designed to show the influence of various amounts of skid-resistant aggre- | 
gate in limestone mixes and evaluate the durability of bituminous mixes having various 
proportions of gravel. Recognizing that the supply of skid-resistant aggregates is 
critical in many areas of Pennsylvania, the Department initiated a field research pro
ject inan attempt to upgrade the skid resistance of local, polish-susceptible aggregates 
(jl5). The project was a surface-treatment-type application which included limestone, 
slag, and crushed and uncrushed gravel of several gradations. The slag and gravel 
sections produced skid numbers almost twice as large as the crushed limestone sec
tions. An admixture of 25 percent by volume of slag and gravel to limestone surface 
increased the skid resistance slightly, but not enough to offset the inherent slipperi-
ness of the principal aggregate component. Additional studies are being planned to 
evaluate further the effectiveness of blended aggregates. 

Another research project is being conducted by the Department in one of the local 
engineering districts. The skid resistance histories of 45 new pavements are being 
kept to note their rate and pattern of deterioration. The program is designed to relate 
the effects of external variables such as temperature, season, and traffic to the numer
ous parameters of the road surface such as texture, aggregate and surface type, and 
asphalt content. Data are being collected on approximately 57 pavement sections. Of 
this total, 45 are tested on a monthly schedule while the remainder are tested annually 
or semiannually. Several of the special study groups such as the fine aggregate blend 
study are tested on a monthly schedule. The observations to date parallel the con
clusions formulated previously from the skid surveys. Of particular interest are the 
specific decline curves for the particular aggregate combinations showing skid resis
tance degeneration over a period of time with traffic. 

The need to record parameters other than those shown on the field survey data 
sheet has resulted from the annual survey. Accurately determined pavement charac
teristics (aggregate size distribution, aggregate mineralogy, cement concrete petro
graphy, asphalt content, and others) are requisite to skid research, and a sampling 
program in conjunction with the testing has been initiated by the Department. The 
purpose of the program is twofold: first, to provide precise parameter determinations 
which relate to skid numbers; and second, to provide a means of perfecting a laboratory] 
method for determining accurate skid-resistance levels of actual pavement surfaces. 
To accomplish this, the Department has assigned a core dr i l l to the skid research unit 
and when expedient, all tested surfaces are cored, oriented, and carefully returned to 
the laboratory for skid testing with the British portable tester. A core holder (Fig. 7) 
has been devised to hold 4- and 6-in. cores in a level and properly oriented position 
and to provide an elevated stand for the British portable tester. A useful correlation 
between the British portable tester and the skid truck data, based on thousands of 
samples, should determine the feasibility of developing a British portable skid-resistan^ 
scale as a means of determining acceptability or rejection of a pavement. 

Certainly, additional studies are urgently needed to determine the influence on skid 
resistance of such things as the chemicals placed onto a surface in the winter season, 
the effect of season and surface temperature, and the mineralogy and petrology of the 
aggregates themselves. The Department's petrographic laboratory is conducting a 
program to determine the relationship of skid resistance to the petrography of the 
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Figure 7. Core holder for RPT. 

aggregates. For each general type of 
aggregate there is a wide range of skid 
resistance and the controlling aggregate 
parameters have not been clearly identi
fied except in certain specific cases. At the 
present time there is no satisfactory con
struction or material specification to in
sure that a pavement surface wi l l have 
adequate skid resistance after exposure to 
a considerable volume of traffic. The ob
jective of this research program is to 
correlate the petrographic properties of 
aggregates used in roadway surfaces with 
the road friction tester skid measurements 
for those same sections of roadway. Further, 
it is hoped that a relationship can be estab
lished between the skid-resistant parameters 
of the aggregates and the identifiable strati-
graphic units of both present and potential 
aggregate sources. 

Continuing Sponsored Research—The 
Department wi l l continue its sponsorship 
of the Joint Road Friction Program at 
Pennsylvania State University. The re
search is being directed under two phases: 
pavement slipperiness and pavement polish
ing. The objective of the former is to 
deepen the knowledge of the mechanism of 
friction between tire and pavement, and to 
employ this knowledge to develop guides 
for the construction and maintenance of pave
ment surfaces with improved frictional 
characteristics. Continued tests with the 
road friction tester wi l l be concerned 
basically with a comparison of the ASTM 
The research on the relation between pave-ft i re with representative commercial tires, 

ment characteristics and tire-pavement friction wil l be continued, the most important 
phase of this effort being the investigation of aggregate shape effects. The measure
ment of pavement texture from a moving vehicle wi l l be pursued further as wi l l modi
fications of the road friction tester permitting it to operate in the slip mode. 

The research on pavement polishing wil l investigate the polishing characteristics 
of selected aggregates and the effectiveness of roughening techniques. An attempt wi l l 
be made to devise better methods of relating laboratory and field polishing data. A 
rotary wear machine has been constructed and work wil l continue on the study of 
aggregate polish with the use of roughening agents. A study wil l be undertaken to de
termine the best design for a polishing apparatus equally suitable for use in the labora
tory and on the highway. The nature of the debris on the highway as it relates to polish 
ing wi l l receive further attention. 

Implementation of Research—The research brought about by this program, together 
with the implications of the Federal Highway Safety Act, have created an immediate 
sense of awareness of the skid problem by the Department's top-level engineering staff. 
A directive from the Secretary of Highways to all engineering districts has advised 
them of the Department's intent to issue supplements to the Specifications providing 
for highly skid-resistant surfaces for both concrete and bituminous pavements. The 
program wi l l be implemented in 1968 for projects under contract and wil l be extended 
in 1969 to cover surface treatments and wearing surfaces placed by the Department's 
maintenance forces. 
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The Bureau feels that the selection of an initial skid number and the enforcement of 
such specifications would be difficult. Current data on skid resistance are largely re
lated to pavements which have been in service for some time. The histories compiled 
on road surfaces prior to traffic exposure are scarce. Limited data indicate that 
initial skid values are often high. The skid number can decrease by 40 percent in a 
few months when the aggregate is a polish-susceptible type. 

Records have shown a wearing surface to read as high as 60 initially and later drop 
below the 40 Skid Number level. If a Skid Number specification were in effect, the De
partment could unintentionally accept a pavement that might later prove hazardous. If 
a high initial Skid Number is arbitrarily selected, certain wearing surfaces which may 
maintain a value of 40 or more for their service life, might not be able to qualify 
initially. Data indicate that these possibilities exist. Sufficient information to estab
lish an initial Skid Number specification in Pennsylvania is not available at this time. 

The Department is considering adoption of a supplement to the specification that 
would provide a^regate qualifications and the texturing of concrete rather than a Skid 
Number. The following recommendations are being considered: 

1. Bituminous concrete: 
Fine Aggregate: Fine aggregate produced by the crushing of carbonate rocks 

shall not be used in bituminous wearing surfaces, but may be used in the base 
and binder courses. 

Coarse Aggregate: Aggregate prepared from carbonate rocks containing less 
than 25 percent siliceous particles shall not be used in bituminous pavement 
wearing surfaces but may be used in the base or binder courses and in the 
shoulder wearing surface. The siliceous particle content shall be determined | 
by the Pennsylvania Department of Highways Test Procedure No. 203-68, 
Solubility Test for Aggregates. 

2. Portland cement concrete: 
Fine Aggregate: Sand produced by crushing carbonate rocks shall not be used in 

concrete wearing surfaces. 
Final Finish Requirements: After the straightedge testing and surface correc

tions have been completed and just before the concrete becomes nonplastlc, 
the surface shall be given a drag finish by dragging a seamless strip of damp 
burlap, cotton fabric or a wire brush longitudinally along the fu l l width of 
pavement which shall produce a uniform surface of gritty texture. The textur^ 
produced shall have a minimum surface relief of 0.025 in. The texture of the j 
surface shall be of uniform appearance and reasonably free from grooves 
over Vis-in. depth. 

SUMMARY 
The statewide annual survey was a wise choice in initiating a skid resistance re

search program in Pennsylvania. The Department has gained invaluable experience 
in technological know-how, as well as much knowledge with respect to the factors in
fluencing skid resistance and pavement performance. 

Aggregate type appears to be quite influential in contributing to skid resistance but 
the surface type into which the aggregate is mixed has little or no significance. Gravelj 
and natural sand (quartziferous) aggregates produce pavements with more skid resis
tance than do limestone (calcareous) a^regates. Bituminous mixes made with some 
of the quartziferous aggregates, especially some of the gravels in Pennsylvania, create] 
problems in other respects, however. Many of the flexible, gravel-aggregate pave
ments tend to ravel or lose aggregate. 

The initial skid readings may be misleading if taken too soon. Asphalt coating of 
the aggregate definitely can influence its performance under the test wheel. Conse
quently, the Department is pursuing means to age samples of new pavement surfaces 
artificially in order to predict, by testing methods, the approximate level of skid resis
tance after a given number of passes, not yet determined. 

The Department's pursuits in skid resistance research include many areas, but all 
contribute to the primary purpose, which is to provide a safer roadway on which to travel.] 
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Discussion 
J. PAUL MARTIN and L. JOHN MINNICK, Technical Committee of the Pennsyl

vania Stone Producers Association—This discussion is presented because we believe, 
as members of a very important industry, that our thoughts and opinions should also 
be heard in this very vital matter. First of all, stone producers want to acknowledge 
that a problem does exist in many areas and we realize that ^gregates are a part of 
this problem. As producers of aggregate we are also businessmen who wish to pro
tect our industry from invalid or improper restrictions in use, especially since this 
industry is a vital segment of the economy of the country. We are interested in the 
development of realistic and meaningful aggregate specifications, but it is contended 
that the data presented by the authors do not warrant the extremely restrictive 
specification which they have suggested. 

Pennsylvania is the leading producer of stone in the nation and has at the present 
time approximately 223 operating stone quarries and 115 sand and gravel pits. Most 
of this stone is supplied to the construction industry. Of all of the aggregate used in 
construction, approximately 75 percent represents stone. The type of stone varies 
from carbonate rocks, including calcitic limestone, magnesian limestone, and dolomite 
to siliceous materials such as diabase, sandstones, and gneiss. These aggregates 
have been used for many years in the construction of wearing courses on roads and 
considerable experience is available as to their performance in a variety of asphaltic 
and Portland cement concrete mixtures. 

The paper discusses the performance of some of these wearing courses m terms of 
the effect of both aggregate type and mix composition on the skid resistance properties 
of the pavement. 

The data are based mainly on a series of statewide surveys which has been made on 
pavements that were "selected because of a suspected slippery condition." Each of 
these surveys has noted that this method of selection wil l give unrealistic or biased 
answers. Quoting from the 1965 Survey, "In most cases, only potentially slippery 
pavements were tested; therefore the average does not necessarily reflect a cross-
section of the Commonwealth's highways" (1^). From the 1966 Survey, "Since the 
Bureau specifically requested that the Districts submit a list of potentially slippery 
pavements..., the low, statewide skid average of 37 does not reflect an accurate 
cross-section of the Commonwealth's highways" (17). The 1967 Survey recognizes 
this problem and states further: "District and statewide averages would be vuifair 
and in some cases meaningless, since the test projects submitted were, for the most 
part, subjectively selected" (18). 

In spite of these observations the authors have, based on the self-same data, made 
numerous general conclusions pertaining to the effect of aggregate type and mix de
sign on the skid resistance of bituminous pavements. They have stated: "Although 
the data have been obtained from roadway surfaces suspected of slipperiness, and the 
results verify this, i t is sincerely felt that these data could be projected validly to 
reflect a similar pattern if a random selection of pavements throughout the state were 
tested" (19). 

Thus, in spite of the fact that the individual surveys have each indicated that state
wide averages are biased and in some cases meaningless, the authors have persisted 
in projecting general conclusions based on their feelings about these averages. The 
conclusions have been extended into a projection of overall performance of pavements 
that have not even been included in the survey at all. It is obvious that this type of 
extrapolation is totally unscientific and any accuracy of the conclusions obtained would 
be merely fortuitous, regardless of the number of tests involved in the study. 

To illustrate the uncertainty of such an approach as utilized by the authors, the 
data available in the surveys have been statistically evaluated by computer and some 
of the results of this evaluation are presented. 
Frequency of Testing 

Based on the sampling plan which was used in the Pennsylvania Survey, the frequen
cy of sampling with respect to mix or aggregate type serves as an indicator of the i 



31 

TABLE 1 
RATE OF TESTING 

Mixture ID-2 JA-1 FJ-1 FJ-2, 
3.4 

FB-1, 
2,3 

(a) Mixtures Placed 

Mixtures used in 1957-1966 
(as percent of total bitumi
nous concrete tonnage) 84.4 2.9 8.2 0.3 3.1 

(b) Mixtures Tested 

Mixtures tested in 1962-1967 
surveys (as percent of tests 
in Figure 6) 50.2 22.0 7.9 

Mixtures tested in 1966 (as 
percent of tests in 1966 
survey) 42.4 4.2 27.3 10.9 4.8 

Blixtures tested in 1967 (as 
percent of tests in 1967 
survey) 45.8 0.0 31.9 4.9 0.7 

performance of a particular mix or aggregate. Any mix that performs well will be 
sampled infrequently, and conversely, any mix that does not perform well will be 
sampled more frequently than would be indicated by the amount of this material that 
was placed in service. 

A review of the paper as well as the 1966 and 1967 Surveys shows that certain mixes 
are tested at a rate which is less than proportional to the amount of these mixes in 
service, indicating that these mixes are producing a disproportionately low number of 
slippery pavements (Table 1). ID-2 mixes are tested at a rate equal to about one-half 
of the rate at which they are placed, whereas FJ-2, 3, and 4 mixes are tested at 26 
times the rate at which they are placed. This clearly indicates that, contrary to the 
authors' conclusions, mix design is extremely important as a factor in controlling 
skid res stance in Pennsylvania. 
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Figure 8. Pavements containing sand. 
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Figure 9. Pavements containing gravel. 

Similar reasonii^ based on the amount of stone and limestone used and tested in 
Pennsylvania indicates that limestone may actually be performing better than sand and { 
gravel. For example, in particular districts in the state where the majority of the 
pavements are made unth dolomitic limestone, very little testing has been required; 
this indicates that these pavements are performing quite well. These results compare 
well with the report by Shape and Lounsbury, which showed that dolomites exhibited iq> 
to 75 percent greater skid resistance than high calcium limestone (20). No attempt was 
made in the Pennsylvania surveys to differentiate between these two types of stone. 

Rate of Polishing 
Figures 8 through 11 present traffic profiles for the four types of aggregate refer re 

to in the Pennsylvania Survey. The plots have been made by computer and regression { 
lines (also calculated by computer) are added to the plots. 
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These graphs indicate that stone and limestone are polishing only to a negligible 
degree, and that these materials wi l l produce in service regardless of initial skid 
values pavements which are superior to those obtained with sand and gravel. Work 
in Michigan also observed that degradation in skid resistance occurred at a faster 
rate with gravel than it did with limestone (21). 
Traffic Conditions 

It should be noted that the stone and limestone were tested under traffic conditions 
which were three to four times as severe as those of sand and gravel in the 1967 Sur
vey (Table 2). Also, in the 1966 Survey, similar differences occurred. The oldest 
gravel pavement tested was placed in 1954; the oldest limestone pavement was placed 
in 1932, and 6 limestone pavements were placed in the 1940's. It is significant that 
the limestone surfaces have remained in service for this length of time, whereas the 
gravel surfaces have presumably required resurfacing. 

When the skid values which were obtained for each aggregate in the 1967 Survey are 
adjusted to the average traffic factor of the limestone pavements (Table 3), or to a 
traffic factor of 100, the skid values which are established for each aggretate show that 
limestone wi l l perform as well as or better than sand and gravel in mature pavements. 

These statistical evaluations of the Pennsylvania Surveys obviously present con
clusions which are different than those submitted by the authors and thus clearly in
dicate the lack of validity of the conclusions. 

As a further point of concern to the Pennsylvania stone producers, it is noted in the 
authors' presentation that the selection of test sites was developed each year in each 

of the engineering districts of Pennsyl
vania and that a list of 15 to 20 pave
ments were involved in each district. 
It is to be noted that there were excep -
tions to this plan and a number of the 
districts were not properly represented 
because there were not sufficient ex
amples of slippery pavements to warrant 
an investigation. For example, the 1967 
Survey includes only 4 sites in District 6. 

The Pennsylvania stone producers 
have conducted tests using the Penn 

TABLE 2 
TRAFFIC CONDITIONS 

Aggregate 
Type 

Traffic Factor Aggregate 
Type Min. Max. Avg. 

Sand 0 03 94 91 11 30 
Gravel 1.16 45.57 14 75 
Stone 0.68 113.40 33 01 
Limestone 1 43 495.00 46 71 



Sand 38.6 25.9 

Gravel 27.5 12.1 

Stone 27.4 27.1 

Limestone 27.4 27.1 
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TABLE 3 State drag tester in this same 
ADJUSTED SHD VALUES District on over 70 pavements; 

r~7r ' 71 ; these are recognized as being 
Skid Resistance of Pavements j . 1.1. j . ^ . 

Aggregate Tested m 1967 Survey pavements that are performing 
Type normally. They range from 1 

At Traffic Factor = 46.7 At Traffic Factor = 100 . , „ f „ »n.^ « . . ^ 5 « „ 
to 10 years in age. The finding; 
show many examples of pave- ^ 
ments that are performing un
usually well imder high traffic 
conditions that utilize types of 
aggregate that are given poor 
ratings in the paper. For ex

ample, the skid values for ID-2 mixtures containing dolomite as the aggregate were 
among the highest for pavements that have been in service for more than 5 years. 

These findings serve to emphasize again the invalidity that results from projecting 
the data of the Pennsylvania State Surveys into a prediction of the anti-skid performance 
of bituminous wearing surfaces in general. In view of this, it is unfortunate that the 
authors attempt to develop a blanket specification at this time, particularly since the 
Pennsylvania Highway Department has established a good research and field program 
that should give more realistic information in the near future. As an example, in the 
Department's current investigation, several interesting posibilities are being explored 
in connection with the use of aggregate blends and other changes in mix design which 
have indicated improved skid resistance characteristics. 

Again, we wish to emphasize that we as a very vital industry do not want to find an 
unjustified all exclusive specification eliminating many quarries which are producing 
completely satisfactory pavements. It is our belief that blending operations are pos
sible and have been used satisfactorily m other states. A joint task force of industry 
and Department of Highways' representatives is evaluating this and other avenues of 
approach at the present time. 
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Recommendations for an International Minimum 
Skid-Resistance Standard for Pavements 
DESMOND F. MOORE, Visiting Associate Professor, West Virginia University 

The need for minimum international skid-resistance require
ments on roads and highways is apparent from accident sta-
tictics in several countries. The interpretation and imple
mentation of any such standards, however, are made difficult 
by the many variables present with existing test procedures. 
These include test tire parameters, environmental factors, 
and particularly the mode of testing (locked-wheel, stopping-
distance, deceleration-sensing, brake and side-slip). 

It is recommended that a meaningful international minimum 
standard should specify minimum coefficients of friction i r 
respective of test method and at two distinct speeds, perhaps 
50 and 90 km/hr. Previous work has suggested that the co
efficient be specified at two distinct speeds, since pavements 
which perform similarly at one test speed may have totally 
divergent coefficients at other speeds. Specifying that these 
minima are irrespective of test method is an essential c r i 
terion for eliminating variations, and is of course a more 
practical approach since a skid may occur under any condition 
of braking or cornering. It is believed that this objective can 
be met with the use of correlation plots between different test 
modes, such as those already established in Sweden and the 
Netherlands. Future test programs can serve to establish a 
comprehensive listing of correlation factors for the successful 
implementation of any international standard. 

•AN inverse relationship between skid resistance on wet roads and accident rates 
from British statistics {}) illustrates the importance and need for the maintenance 
of high skid-resistance values. Dutch figures (2) suggest that about 1 percent of all 
road accidents involve death and 14 percent serious injury, while again British re
sults (3) indicate that the number of accidents involving skidding on wet roads is about 
30 percent of all accidents occurring in wet weather. There is therefore both a need 
to improve the friction potential of highways in general and to establish minimum ac
ceptable skid-resistance values. 

The mechanics of the onset of skidding on wet surfaces is now broadly understood 
(4, 5, 6) and i t is possible to select the features of surface texture so that skid hazards 
are minimized or even eliminated on certain pavement sections (7). The measure
ment of effective traction, however, presents many problems which have been hitherto 
unresolved. These problems arise from differences in the mode of testing (whether 
locked-wheel. stopping distance method, brake or side-slip), the test tire used (size, 
type, pattern), the design of tester selected, test speed and other environmental fac
tors. Indeed, while there may be a consensus that a certain pavement section is ex
cessively slippy, the exact value of its "slipperiness" as suggested by its measured 
coefficient of friction is unknown. The high accident rates on wet road surfaces re
corded in the above statistical data point to the need for establishing universal mini
mum standards of acceptable slipperiness, but the anticipation of what these standards 
might mean and their subsequent interpretation presents difficulties because of the 
variability in measurement techniques. It has already been established (7) that either 

35 



36 

two sufficiently different test speeds must be selected for road surfaces, or alterna
tively one test together with a measurement of skid-resistance/speed gradient. 

EXISTING INTERNATIONAL MINIMUM STANDARDS 
Figure 1 shows existing international minimum coefficients of friction plotted against 

test speeds (8, 9, 10). The locked-wheel, stopping-distance and brake slip modes of 
testing are included for patterned test tires and the side-slip mode for smooth tires. 
The most significant standards are those suggested by the Permanent International 
Association of Road Congresses, who recommended a coefficient of friction of 0.45 at 
45 km/hr (later 0.40 at 50 km/hr) measured using any test mode. 

For historical and other reasons, different countries have been prone to select one 
basic method of measurement in preference to others. Thus, the British (8) insist on 
measuring sideforce using a smooth tire with slip angle, and the Swedes (87 measure 
almost exclusively with a braked wheel and 15 to 17 percent brake slip using a pat
terned tire. Perhaps the method of locked-wheel braking is the most popular overall 
method, but in the United States (8) stopping-distance and deceleration-sensing tech
niques are widely used although almost unknown in Europe. Despite these differences, 
the minimum coefficients as plotted versus test speed indicate broadly what is and 
what is not acceptable. 

In attempting to reduce the obvious discrepancies which must arise from using dif
ferent methods of measurement, the Swedes give the following relationships between 
locked-wheel and brake slip coefficients (8): 

Concrete Roads: f j ^ f f f = 0.7 fgg^ - 0.048 (1) 

Asphalt Roads: f^,^ = 0.686 f^g^ + 0.016 (2) 

while the Netherlands State Road Laboratory (8) reports that using patterned tires: 

1.35 f L w at 20 km/hr (3) "BS 
and 

fgg = 1.15 fLw at 50 km/hr (4) 
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Figure 1. Existing international minimum coeffi
cients of friction. 

These attempted correlations are most 
useful in establishing minimum interna
tional skid-resistance standards. 

RECOMMENDATIONS FOR 
INTERNATIONAL MINIMUM SKID-

RESISTANCE STANDARD 
It is a well-known fact that the coeffi

cient of sliding friction on a wet road sur
face decreases with increase of speed in 
a manner which depends almost exclu
sively on the size of surface texture. Thus, 
two pavements (one fine and one coarse) 
may have the same coefficient of sliding 
friction at 50 km/hr under wet conditions— 
but the values at 80 km/hr wil l be en
tirely different. The measurement of 
friction at one speed value is therefore 
inadequate to characterize pavement per
formance. I t is therefore recommended 
that a meaningful international minimum 
standard should specify the minimum 
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coefficient irrespective of test method at two distinct speeds (perhaps 50 and 90 km/ 
hr). 

Specifying that these minima are irrespective of the method of measurement is an 
essential condition for eliminating variations, and of course is a more practical ap
proach since a skid may occur under any condition of braking or cornering. Before 
this can be accomplished, i t wil l be necessary to specify equations of the type of Eqs. 
1 through 4 showing relationships between frictional coefficients obtained for a variety 
of speeds, road surfaces, and including all modes of testing. Of course, much work 
remains to be done to propose a universal set of correlation plots, but once completed 
the establishment of an international standard is a relatively easy matter. 

Given an absolute minimum coefficient as criterion at a particular speed, informa
tion obtained from these correlation plots will tell which method of testing should yield 
the minimum coefficient for any type of surface at a particular speed. Assuming that 
another mode of measurement is used for routine testing, an increment can then be 
added to the absolute minimum coefficient acceptable at the particular test speed to 
establish the minimum corresponding to the mode of measurement used. For example, 
if i t is known that locked-wheel testing is the mode of measurement which gives the 
lowest coefficient on a particular type of surface at 50 km/hr, and if the minimum 
value prescribed by international standards is 0.4 at this speed, then a highway de
partment which uses 17 percent brake slip should add an increment (perhaps 0.05, 
this being known from the correlation plots suggested above) to this minimum value. 
The minimum value which the highway department would recognize when measured 
with their 17 percent brake slip tester, would then be 0.45. 

DISCUSSION AND CONCLUSIONS 
The reduction of all existing international standards to one mode of testing based 

on correlation equations as described above would provide a much more precise set 
of data than that presented in the Figure 1, and it is certain that the agreement in 
minimum values for skid resistance would be closer. The reduction procedure would 
ultimately apply to the nature of road surfaces (asphaltic or concrete) and type of test 
tire, but in terms of speed dependence at least two distinct test speeds should be pre
served. An alternative to this procedure is to specify one speed of testing combined 
with a prediction of skid-resistance gradient from pavement geometry (11). 

The Permanent International Association of Road Congresses has already specified 
the value of 0.4 at 50 km/hr as the absolute minimum acceptable coefficient of friction 
obtained with any test mode. The specification of another minimum value at a higher 
test speed (perhaps 80 or 90 km/hr) would provide an acceptable international stan
dard, and it is hoped that this wil l be accomplished in the near future. A recent sur
vey of skid-resistance requirements for main rural highways in the United States (12) 
has suggested somewhat different minimum values of skid-resistance than those pro
posed by the Permanent International Association of Road Congresses, and the authors 
have attempted to reduce their recommended values to one speed of testing. While 
this contribution is worthwhile, i t is suggested that the existing international standard 
of 0.4 at 50 km/hr be adhered to until further refinements are introduced, and in the 
meantime it can, of course, be extended to include a higher test speed. Further work 
should therefore concentrate on the development of correlation equations of the type 
of Eqs. 1 through 4 in this paper, so that the new international skid-resistance stan
dard can be interpreted in terms of local testing modes. 
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The Logical Design of 
Optimum Skid-Resistant Surfaces 
DESMOND F. MOORE, Visiting Associate Professor, West Virginia University 

A logical sequence is suggested for the design of optimum 
skid-resistant pavements. The mean wavelength and slope of 
the texture may be determined from drainage requirements at 
the average maximum speed for the section of pavement under 
consideration, and the values may be checked by the demands 
of the hysteresis contribution to friction in the skidding mode. 
For surfaces where the asperities are rounded by wear and 
the demands of traffic, i t is necessary to provide a micro-
roughness at asperity peaks to establish adhesion between tire 
and road in wet rolling. The amplitude of the micro-roughness 
must be greater than the elastohydrodynamic water-film 
thickness which would otherwise exist at asperity tips due to 
relative slip between tread and road in driving or braked ro l l 
ing, whereas the adequacy of its sharpness is indicated quali
tatively by "feel." It is estimated that for practical road sur
faces the wavelength lies in the range 3 to 20 mm, and the 
micro-roughness has an order to magnitude of at least 10 to 
100 microns. 

•IT IS a well-known fact that the coefficient of sliding friction on a wet road surface 
decreases with increase of speed (1.), and that the rate of decay is a function primarily 
of drainage ability. Thus, coarser surfaces having inherently greater void volume 
between individual asperities (and hence greater drainage capacity) exhibit a lesser 
rate of decay than finer surfaces. The fallacy of attempting to characterize the skid 
resistance of a particular pavement by establishing one friction value at the speed of 
testing is at once obvious. Two pavements (one fine and one coarse) may have the 
same coefficient of sliding friction at a particular sliding speed, but since the slopes 
of the coefficient of friction vs velocity curves are entirely different, the finer texture 
is superior at speeds below the test speed and the coarser texture is superior at speeds 
exceeding the latter. 

The situation is not serious if the test speed corresponds either to the speed l imit 
of the particular pavement section, or to the average maximum speed (in cases where 
no speed limits are posted), since the pavement is then rated at its worst friction 
value. However, if the test speed is considerably less than the speed limit (or aver
age maximum speed) as shown in Figure 1, it is clear that the measurement of friction 
values at one speed is not sufficient. Either one or more additional speeds (clearly 
different from the original test speed) must be selected at which to measure skid re
sistance, or otherwise the gradient of the friction vs velocity curve for that pavement 
must be established from drainage considerations. The latter information combined 
with the measurement of skid resistance at one sliding speed is sufficient to deter
mine frictional performance over a range of speeds. 

OPTIMUM SURFACE TEXTURE 
The mean wavelength and slope of the individual asperities of the road profile can 

be shown to give a maximum hysteresis contribution to friction at a particular sliding 
speed (2). For typical road surfaces and rubber materials, this speed normally ex-
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ceeds the average m a x i m u m speed (even | 
i n Eu rope ) . I t i s also necessary that the | 
mean wavelength p rov ides a spe r i t i e s | 
w h i c h a re s u f f i c i e n t l y l a r g e to insure 
adequate drainage of wa te r in to the n e i g h 
b o r i n g voids (3) a t some t y p i c a l m a x i 
m u m speed. I n p r a c t i c e , the mean w a v e 
length selected m a y be a c o m p r o m i s e 
between dra inage cons idera t ions (wh ich 
suggest a l o w e r size l i m i t ) and hys te res i s 
r equ i r emen t s (which indicate an upper 
l i m i t ) a t the speed l i m i t o r average m a x i - ! 
m u m speed f o r the pavement under c o n 
s ide r a t i on . However , s ince the h y s t e r 
es i s r e q u i r e m e n t p e r t a i n s to the s l i d i n g 
mode alone and drainage cons idera t ions 
apply to both r o l l i n g and s l i d i n g , i t i s 

c e r t a i n tha t the drainage c r i t e r i o n p redomina tes i n the f i n a l se lec t ion of wavelength . 

The adhesion c o n t r i b u t i o n to f r i c t i o n can be m a x i m i z e d by p r o v i d i n g i n addi t ion a 
s u f f i c i e n t l y sharp t ex tu re . F i g u r e 2a shows one f o r m of an idea l i zed random road su r 
f ace , where the i n d i v i d u a l a spe r i t i e s a re poin ted to p rov ide s u f f i c i e n t l y h igh l o ca l i z ed 
p res su res between t r ead and su r face , w h i c h w i l l b r eak th rough w a t e r f i l m s en t ra ined 
by elastohydrodsmamic ac t ion (4) as the wet ted rubbe r s l i p s over the road a spe r i t i e s . 
Sandpaper sur faces l a r g e l y exh ib i t th i s p r o f i l e , al though the scale of the wavelength 
i s much too s m a l l to ma tch the hys t e r e s i s /d r a inage r equ i r emen t s o f road su r faces . 

Ac tua l r o a d sur faces have p r o f i l e s m o r e i n accordance w i t h that shown i n F i g u r e 2b. 
Here again, the hys te res i s and drainage condi t ions m a y be s a t i s f i e d by choosing the 
wavelength i n accordance w i t h a m a x i m u m des ign sk id-speed, bu t i t i s c l e a r that s ince 
the a spe r i t y t i p s a re p redominan t ly rounded r a the r than pointed, i t w i l l be necessary 
to c a r e f u l l y select an adequate m i c r o - r o u g h n e s s at a spe r i t y peaks to e l imina te sk idd ing l 
a cco rd ing to a method p r e v i o u s l y ou t l ined (5) . 

The se lec t ion of o p t i m u m su r face tex ture f o l l o w s a r a t i o n a l p rocedure w h i c h i s de 
p ic t ed i n F i g u r e 3. The mean wavelength and slope a re d ic ta ted by hys t e re s i s /d ra inage 
f a c t o r s , whereas the m i c r o - r o u g h n e s s i s selected to insure the existence of an a d -
hesional mechan i sm at a spe r i ty peaks i n def iance of w a t e r - f i l m en t ra inment . The 
va r ious f a c t o r s invo lved a re grouped f o r convenience i n the f o l l o w i n g categor ies : 

1 . D r i v i n g condi t ions ( f o r w a r d speed, r o l l i n g / s l i d i n g , nomina l s l i p and w e ^ d r y ) ; 
2. T i r e p r o p e r t i e s (v i s coe l a s t i c i t y , t r ead design); 
3. I n t e r a c t i o n events (hys te res i s , drainage, e las tohydrodynamic f a c t o r s , h y d r o 

planing) ; and 
4. Pavement geomet ry (wavelength/mean slope, m i c r o - r o u g h n e s s ) . 

E L A S T O H Y D R O D Y N A M I C CONSIDERATIONS 

Perhaps the mos t s i g n i f i c a n t i n t e r a c t i o n event o c c u r r i n g when a pneumat ic t i r e r o l l s 
w i t h b rake o r d r i v e s l i p on a we t road sur face , i s the genera t ion of hydrodynamic 

la ) ONE FORM OF IDEALIZED RANDOM ROAD SURFACE (SANDPAPER) 

(b) TYPICAL ROAD SURFACE PROFILE 
WITH MICRO-ROUGHNESS 

e m r - j ^ MICRO-ROUGHNESS 

Figure 2. Idealized and typical road surfaces 
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Figure 3. Sequence of events in selecting optimum surface geometry. 

pre s su re wedges on the leading edges of road a s p e r i t i e s , as a r e s u l t of r e l a t i v e s l i p 
between t i r e and road i n the contact pa tch . The degree to w h i c h the rubbe r i s d e f o r m e d 
ou tward f r o m the road p r o f i l e by such p re s su re genera t ion i s de t e rmined by t r e a d v i s -
coe l a s t i c i t y and i n f l a t i o n p r e s s u r e (4 , 5) , and t he re m u s t be a c o m p a t i b i l i t y between 
the hydrodynamic and v i scoe las t l c p r e s su re d i s t r i bu t i ons ( F i g . 4 ) . The r e s u l t i n g 
e las tohydrodynamic o r v i scoe las tohydrodynamic p r e s su re ac t ing at a spe r i t y t i p s i n the 
r o a d p r o f i l e can then be used to de t e rmine the m i n i m u m f i l m th ickness f r o m l u b r i c a 
t i o n theory , and the ampl i tude of the m i n i m u m m i c r o - r o u g h n e s s e^jjji r e q u i r e d at a s 
p e r i t y t ips to e l im ina t e o r counterac t th i s e f f e c t i s thereby p r e s c r i b e d . F i g u r e 5 shows 
p a r t o f the r e a r o f the contact a r ea i n w e t r o l l i n g a t any ins tant , w h e r e the genera t ion 
of hydrodynamic p re s su re s on i n d i v i d u a l a spe r i t i e s of the road su r face a t tempts to e n 
t r a i n w a t e r ove r the t ips of the l a t t e r and thereby to separate t r e a d and road l o c a l l y . 

I n theory , however , not a l l r o a d su r faces r e q u i r e the exis tence of a m i c r o - r o u g h n e s s 
( F i g . 6 ) . L e t i t be assumed that the wavelength X has been se lected p r e v i o u s l y by h y s 
t e r e s i s / d r a inage r equ i r emen t s , but that the mean slope i s v a r i a b l e w i t h i n p r e s c r i b e d 
l i m i t s . I t i s a lso s t ipu la ted that i nc r ea s ing slope and sharpness a re r e l a t ed i n some 
manner . The peak p r e s su re on any a spe r i t y increases r a p i d l y and n o n l i n e a r l y w i t h 
mean slope to a c r i t i c a l value at the po in t C, bu t the e las tohydrodynamic p r e s su re d i s 
t r i b u t i o n can be sustained on ly i n the r eg ion A to C. A s the sharpness increases b e -
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Figure 4 . Selection of an optimum micro-roughness for a given pavement. 
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Figure 5. Generation of h/drod/namic pressures on individual asperities of wet road. 

yond the value at C, the co r respond ing e las t ic p re s su re i s too grea t to p e r m i t the 
exis tence o f a w a t e r f i l m a t a s p e r i t y t i p s , and thus the hydrodynamic p r e s su re c o m 
ponent has ze ro value a long D E . The e las t ic o r v i scoe la s t i c p r e s su re d i s t r i b u t i o n 
continues to increase i n d e f i n i t e l y a long C B . 

I t i s apparent that i n the r e g i o n C to B no m i c r o - r o u g h n e s s i s r e q u i r e d to c o u n t e r 
act w a t e r - f i l m en t ra lnment , s ince none ex is t s i n t h i s range. T h i s type of su r face i s 
s i m i l a r to the sandpaper p r o f i l e depic ted i n F i g u r e 2a, a l though the wavelength w o u l d , 
o f course , be g r ea t e r . F o r v e r y s m a l l s lopes, there w i l l be inadequate dra inage i n 
the range A to F . The design l i m i t s f o r the se lec t ion of m i c r o - r o u g h n e s s a re t h e r e 
f o r e c l e a r l y spec i f i ed by C and F ( F ^ ) as ind ica ted i n F ^ r e 6. The extent of the range j 
CF^ r e m a i n s to be de t e rmined f r o m f u r t h e r r e s e a r c h , bu t i t i s c e r t a i n (4 , 5) tha t X has 
an o r d e r of magnitude of 3 to 10 m m and c j ^ j ^ ranges f r o m 10 to 100 fj,, 

F L O O D E D A N D D A M P CONDITIONS 

I n f l ooded condi t ions , the t r e a d g roov ing of the t i r e and the mean v o i d w i d t h of the 
pavement m u s t be capable of d i s cha rg ing an adequate amount of w a t e r f r o m the c o n 
tac t pa tch a t the average m a x i m u m speed f o r that p a r t i c u l a r r o a d sec t ion . Other i n 
ves t iga to rs (2) have shown that when a r o l l i n g t i r e i s b r a k e d on a f looded road su r face , 
the avai lable c o e f f i c i e n t of f r i c t i o n f a l l s o f f m u c h m o r e r a p i d l y w i t h increase of speed 
beyond the des ign l i m i t f o r that pavement ( F i g . 6 ) . F u r t h e r m o r e , as the des ign l i m i t 
i s inc reased (by app rop r i a t e ly i nc reas ing the wavelength and dra inage capaci ty of 
pavements) , there i s a loss of b r a k i n g capaci ty at speeds be low the average m a x i m u m 
speed o r des ign l i m i t . Thus , i t i s c l e a r ( F i g . 6) that pavement B i s designed f o r a 
h igher speed range than A , but the p e r f o r m a n c e of B i s i n f e r i o r to that of A below the 
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Figure 6. Micro-roughness requirements for different asperity shapes. 
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design speed l i m i t of the f o r m e r . 
A s i m i l a r a rgument appl ies to 
su r face C, when compared w i t h 
e i the r A o r B . I n p r a c t i c e , i t i s 
des i rab le to have as constant a 
f r i c t i o n c o e f f i c i e n t as poss ib le 
ove r the des ign range of speeds 
f o r any pavement . Thus , the s ize 
of wavelength w h i c h has a l ready 
been t en ta t ive ly selected as a com -
p r o m i s e between hys t e r e s i s and 
drainage cons idera t ions m u s t l i e 
between a m i n i m u m value (de
t e r m i n e d f r o m the r e q u i r e m e n t 
that the t r a n s i t i o n poin t , w h i c h i s 
apparent i n F i g u r e 7. l i e s o u t 
side the speed range) and a m a x i 
m u m suggested by the s a c r i f i c e 
i n b r a k i n g a b i l i t y a t l o w e r speeds 
w i t h i n that range. 

A n i n t e r e s t i n g app l i ca t ion of 
these p r i n c i p l e s i s the o p t i m u m 
design of runway sur face t ex tu r e . 
I f i t be assumed that a i r c r a f t may 
land i n e i t he r d i r e c t i o n on a p a r 
t i c u l a r runway, then i t i s c l e a r 
that m a x i m u m r o l l i n g ve loc i t i e s 
(equivalent to touchdown speed) 
occur at e i t he r end of the landing 
s t r i p . Now the d e f o r m a t i o n f r e 
quency upon w h i c h the hys t e r e s i s 
con t r i bu t i on to f r i c t i o n depends 

i s g iven b y the r a t i o of f o r w a r d speed to pavement wavelength . I t i s t h e r e f o r e appar 
ent that the wavelength se lected to m a x i m i z e sk idd ing f r i c t i o n i s grea tes t a t touchdown 
(o r t a k e - o f f ) speeds, w h i c h cor responds to the ends o f the runway . T h i s c r i t e r i o n 
also s a t i s f i e s drainage r e q u i r e m e n t s . A s the a i r c r a f t speed i s reduced a f t e r i n i t i a l 
touchdown, the wavelength of the t ex tu re w i l l decrease g radua l ly towards the center 
of the runway leng th . The o p t i m u m su r face t ex tu re w i l l t h e r e f o r e exh ib i t a decreas ing 
wavelength as the center of the runway i s approached f r o m e i t he r end. The ques t ion 
a r i s e s : Why not p r e s e r v e the same tex tu re w h i c h i s p r e sumed adequate f o r touchdown 
speeds, s ince dra inage r equ i r emen t s a re m o r e than s a t i s f i e d at a l l l e s se r speeds? 
However , F i g u r e 7 shows that unless the wavelength matches speeds at a l l sect ions , 
there may be a los s i n b r a k i n g e f fec t iveness on f looded landing s t r i p s . T h i s , of course , 
wou ld increase the l eng th of runway r e q u i r e d f o r safe b r a k i n g under wet condi t ions . 

W i t h damp pavements , the phenomenon of v iscous hydrop lan ing (4) may o c c u r . T h i s 
i s due to the en t ra inment of a v e r y t h i n wa te r f i l m ove r a spe r i t y t i p s i n the road t e x 
t u r e , as a r e s u l t of l oca l i z e d s l i p between t r ead rubbe r and road su r face i n r o l l i n g . 
Whereas the mean wavelength and slope of t ex tu re i s designed f o r the f looded condi t ion 
f r o m hys t e re s i s /d ra inage r e q u i r e m e n t s , the c r i t e r i o n "for the se lec t ion of. an adequate 
m i c r o - r o u g h n e s s at a spe r i t y peaks i s the e f f ec t i ve counte rac t ion of e las tohydrodynamic 
f i l m en t ra inment under damp o r t h i n f i l m condi t ions . The m i c r o - r o u g h n e s s p e r m i t s 
e f f ec t i ve adhesion to take place between rubbe r and sur face even i n the presence of 
t h i n f i l m s . 

Al though the f looded condi t ion i s r e l a t i v e l y r a r e on roads and runways , the damp o r 
t h i n - f i l m s i tua t ion occu r s whenever there i s any p r e c i p i t a t i o n whatsoever o r even a 
h igh h u m i d i t y . F u r t h e r m o r e , the v i scous hydrop lan ing phenomenon occu r s at the r e a r 
of the contact pa tch i n we t r o l l i n g , when the f r o n t p a r t exper iences dynamic h y d r o p l a n 
i n g under f looded condi t ions . The adhesion-genera t ing mechan i sm i s t h e r e f o r e the 

V E H I C L E S P E E D , k m / h r 

Figure 7. Optimum surface roughness for flooded 
pavements (2). 
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p r i n c i p a l c o n t r i b u t o r (4) to b r a k i n g e f fec t iveness i n we t r o l l i n g , i r r e s p e c t i v e o f the d e 
gree of p r e c i p i t a t i o n o r f i l m - t h i c k n e s s . 

The g ross r e l a t i v e s l i pp ing v e l o c i t y between t i r e and sur face i n the r e a r of the c o n 
tac t pa tch f o r wet r o l l i n g necessi tates the existence of m i c r o - r o u g h n e s s at a spe r i ty 
peaks to m a i n t a i n e f f ec t i ve adhesion and oppose the l u b r i c a t i n g e f f ec t . A t the same 
t i m e , the r u b b e r e lements i n the f r o n t o f the contact pa tch ( f o r t h i n - f i l m condi t ions) 
have v i r t u a l l y no long i tud ina l m o t i o n r e l a t i v e to the road s u r f a c e . He re , the sha rp 
ness of the m i c r o - r o u g h n e s s i t s e l f m u s t be capable of d i s cha rg ing minute d rop le t s of 
the f i l m in to ne ighbor ing vo ids . I t should be noted that the distance moved by these 
d rop le t s i s i n f i n i t e s i m a l , s ince t h i s i s consis tent w i t h the obse rva t ion that v e r y t h i n 
f i l m s when impac ted by t r ead r u b b e r i n h igh-speed r o l l i n g m u s t behave l i k e so l ids 
(6, 7) i n t r a n s m i t t i n g h igh shear f o r c e s w i t h no f i n i t e d i sp lacement . The e f fec t iveness 
of the m i c r o - r o u g h n e s s i n p e r m i t t i n g t h i s phenomenon to take place i s s t i l l best de 
s c r i b e d by Gi les qua l i t a t ive tes t (8)—the " f e e l " of the su r face t ex tu r e . Surfaces w h i c h 
a re s u f f i c i e n t l y ha r sh to the touch m a y t h e r e f o r e be deemed to have an adequate s h a r p 
ness o f m i c r o - r o u g h n e s s ; a t the same t i m e , the m i n i m u m p e r m i s s i b l e ampl i tude o f 
m i c r o - r o u g h n e s s i s de t e rmined by e las tohydrodynamic cons idera t ions i n the r e a r of | 
the contact pa tch as desc r ibed e a r l i e r . 

CONCLUSIONS 

A l o g i c a l des ign sequence f o r the se lec t ion of an o p t i m u m sur face t ex tu re i n roads 
and runways has been proposed on the bas i s of r e s e a r c h p e r f o r m e d by the author and 
o ther Inves t iga to r s . I t i s concluded that the mean wavelength and slope of t ex tu re i s 
chosen f r o m dra inage r equ i r emen t s ( w i t h cons idera t ion of the c o n t r i b u t i o n of h y s t e r 
es is to sk idd ing f r i c t i o n ) at the average m a x i m u m speed o r des ign speed l i m i t f o r the 
p a r t i c u l a r pavement under cons ide ra t ion . F o r sur faces w h i c h a re s u f f i c i e n t l y pointed | 
and sharp ( F i g s . 2a and 6) , the re i s no need f o r a m i c r o - r o u g h n e s s at a s p e r i t y t i p s , 
s ince the e las t ic p r e s s u r e peak i s s u f f i c i e n t l y g rea t to p rec lude the exis tence of a c o n - ' 
t inuous w a t e r f i l m . M o s t road su r faces have rounded a spe r i t i e s , however , and i t i s | 
necessary to design a m i c r o - r o u g h n e s s to oppose the l u b r i c a n t e f f e c t a t a spe r i ty peaks 
due to f l u i d en t r a lnmen t . The ampl i tude of the m i c r o - r o u g h n e s s should exceed the i 
e las tohydrodynamic f i l m th ickness w h i c h wou ld o the rwise e x i s t a t a spe r i t y peaks, and 
i t s sharpness should p e r m i t the d isp lacement of f l u i d d rop le t s th rough an i n f i n i t e s i m a l ' 
dis tance to es tab l i sh adhesion between t i r e and su r f ace . I t has been shown (4) that a d 
hesion cont r ibutes subs tan t ia l ly to the c o e f f i c i e n t of f r i c t i o n i n wet r o l l i n g . 

I t i s c e r t a i n that the wavelength f o r road su r faces l i e s i n the range 3 to 30 m m (de
pending on average m a x i m u m speed), whereas the m i c r o - r o u g h n e s s may be of the , 
o r d e r 10 to 100 /x. The sharpness of m i c r o - r o u g h n e s s i s q u a l i t a t i v e l y measured by 
i t s f e e l , but no mechanica l measure of th i s pa r ame te r has y e t been proposed . C o n 
s iderab le w o r k has been done on the drainage of road su r faces and i n the p r e d i c t i o n of 
sk id - re s i s t ance g rad ien t (3 , 8, 9) and i n the genera l evaluat ion of su r face t ex tu re as 
r e l a t ed to i t s f r i c t i o n - g e n e r a t i n g po ten t ia l (10, 11). Y e t there i s need f o r f u r t h e r r e 
f inemen t s i n es tab l i sh ing the exact geomet ry of the o p t i m u m su r face t ex tu re f o r a g iven 
set of env i ronmen ta l condi t ions . 

REFERENCES ^ 

1 . Schulze, K . M . , and Beckmann, L . F r i c t i o n P r o p e r t i e s of Pavements at D i f f e r e n t 
Speeds. A S T M Special T e c h . Pub l i ca t ion No. 326, p . 44, June 1962. 

2. K u m m e r , H , W . , and M e y e r , W . E . New T h e o r y P e r m i t s B e t t e r F r i c t i o n a l 
Coup l ing Between T i r e and Road. Paper B l l , 11th In t e rna t i ona l F I S I T A C o n 
gress , M u n i c h , Jtme 1966. 

3. M o o r e , D . F . Dra inage C r i t e r i a f o r Runway Surface' Roughness. J o u r . Royal 
A e r o n a u t i c a l Society, V o l . 69, p . 337-342, M a y 1965. 

4 . M o o r e , D . F . A T h e o r y of Viscous Hydrop lan ing . In t e rna t i ona l Jou r , of M e 
chan ica l Sciences, V o l . 9, p . 797-810, 1967. 

5. M o o r e , D . F . A n E las tohydrodynamic T h e o r y of T i r e Skidding. 12th In t e rna t iona l 
F I S I T A Congress , Barce lona , Spain, M a y 1968. 



45 

6. Tabo r , D . C o l l i s i o n T h r o u g h L i q u i d L a y e r s . Eng ineer ing , p . 145-147, Feb. 
1949. 

7. M o o r e , D . F . The Measurement of Surface T e x t u r e and Dra inage Capaci ty of 
Pavements . In t e rna t iona l Skidding C o l l o q u i u m , Technische U n i v e r s i t a t B e r l i n , 
June 1968. 

8. M o o r e , D . F . P r e d i c t i o n of Skid-Resis tance Gradient and Dra inage C h a r a c t e r 
i s t i c s f o r Pavements . Highway Research Record 131, p . 181-203, 1966. 

9. M o o r e , D . F . The Sinkage of F l a t Pla tes on Smooth and Rough Surfaces . P h . D . 
D i s s e r t a t i o n , Pennsylvania State U n i v . , Dec. 1963. 

10. M e y e r , W . E . Some Resul ts of Research on Skid C o n t r o l . Paper B5 , 10th I n 
t e rna t iona l F I S I T A Congress , Tokyo , 1964. 

1 1 . Sabey, B . E . , and Lup ton , G. N . Measurement of Road Surface T e x t u r e Us ing 
P h o t o g r a m m e t r y . Repor t No. L R 57, Road Research L a b o r a t o r y , C r o w -
thorne , England, 1967. 



H A R T W I G W . K U M M E R 

Hartwig W. Kummer died on August 8, 1968, at the Sloan-Kettering Memo
rial Hospital in New York. "Pete" was born in Adenou, Germany, on Jan
uary, 6, 1929. He received his Dipl-Ing, from the Technical University 
Hannover (Germany) in 1957, and came to the United States in the same 
year. This was just around the time when the Automotive Safety Research 
Program got under way and he became its first full-time research assistant. 
His first task was the design of the skid-trailer, from which eventually the 
Penn State Rood Friction Tester evolved. He supervised the first skid resis
tance survey of the Pennsylvania Highway system in 1961. 

He wrote and published numerous papers in a variety of publications, 
from the Highway Research Records to the Transactions of the Rubber Di
vision of the American Chemical Society. In the process, he also obtained 
a Ph.D. degree in Mechanical Engineering at the Pennsylvania State Uni
versity in 1965and became a licensed Professional Engineer in Pennsylvania 
in 1966. 

Five days after his death, he was scheduled to deliver two papers at the 
Highway Research Board Summer Meeting in Denver. 

At the time of his death, he was a member of ASTM Committee E17 on 
Skid Resistance and chairman of its subcommittee on fundamentals. He 
was also active on Highway Research Board Committee D-B4 on Pavement-
Vehicle Interaction. 

46 



Pavement Friction and Temperature Effects 
W. E . M E Y E R , and H . W. K U M M E R * Au tomot ive Safety Research P r o g r a m , The 

Pennsylvania State U n i v e r s i t y 

The m a ^ i t u d e o f f r i c t i o n produced by two bodies i n rubb ing 
contact i s , among other f a c t o r s , de t e rmined by t h e i r m a t e r i a l 
p r o p e r t i e s . Whenever these p r o p e r t i e s change, f r i c t i o n w i l l 
change a lso . Since rubbe r i s a v i scoe la s t i c m a t e r i a l , whose 
e las t i c and damping p r o p e r t i e s a re s t rong ly a f f e c t e d by t e m 
pe ra tu re , the f r i c t i o n o f rubbe r s l i d e r s o r sk idd ing t i r e s i s 
l i k e w i s e a f f e c t e d by t e m p e r a t u r e . 

T o be t te r imders tand the e f f ec t that t empe ra tu r e has on 
pavement f r i c t i o n , the adhesion and Iqrsteresis components a re 
separated and t h e i r t empera tu re dependence i s s tudied i n d e 
pendently. Whereas the adhesion component may increase o r 
decrease w i t h t e m p e r a t u r e , depending upon s l i d i n g speed, the 
hys te res i s component i s usua l ly reduced by t empe ra tu r e . B y 
supe rpos i t ion o f the adhesion and hys te res i s curves , the t e m 
p e r a t u r e dependence o f f r i c t i o n can be qua l i t a t i ve ly p r ed i c t ed . 

F i e l d and l a b o r a t o r y tes ts made w i t h s k i d t r a i l e r s and p o r 
t ab le t e s t e r s c o n f i r m t h i s t e m p e r a t u r e dependence. The e x 
p e r i m e n t a l r e su l t s a re o f t e n d i f f i c u l t to i n t e r p r e t o r somet imes 
ambiguous, however, because the data a r e in f luenced by f a c t o r s 
o the r than t empera tu re and r e f l e c t the sum of adhesion and 
hys te res i s , bo th o f w h i c h a re t e m p e r a t u r e dependent i n a d i f 
f e r e n t way. 

F o r these reasons c o r r e c t i o n f a c t o r s a re d i f f i c u l t to ob ta in 
ant at present none a re ava i lab le w h i c h w o u l d p e r m i t n o r m a l i -
za t ion of f r i c t i o n measurements to a spec i f i ed t empe ra tu r e 
w i t h i n known confidence l i m i t s . 

• T H A T the re i s some r e l a t i o n between t empe ra tu r e and pavement f r i c t i o n has been 
known f o r some t i m e . When Gi l e s and Sabey (1.) r e l a t e d the mean monthly a i r t e m 
pe ra tu re s to the percentage o f the t o t a l accidents i n w h i c h sk idd ing on wet pavements 
o c c u r r e d , they found that t h i s percentage was changing seasonally and c lose ly p a r a l 
l e l i n g the mean monthly t empe ra tu r e s ( F i g . 1). One cannot deduce f r o m these data, 
however, that t empe ra tu r e i s the only f a c t o r caus ing the change i n the incidence of 
sk idd ing accidents . Indeed o ther data ( F i g . 2) show that the f requency of sk idd ing ac
cidents i s g r ea t e r i n f a l l than i n s p r i i ^ even though, i n f i r s t app rox ima t ion , the mean 
t empe ra tu r e s i n s p r i n g and f a l l should be a l i ke (2, p . 38). 

The seasons not only d i f f e r i n t empera tu re , bu t there may be o ther seasonally i n 
duced e f f ec t s w h i c h in f luence accident f requency . Pavement su r faces may change, 
average t i r e condi t ions may d i f f e r , d r i v e r response to pavement s l ippe r iness may be 
condi t ioned by r o a d and weather condi t ions , etc. To l e a r n whether t empe ra tu r e a f f ec t s 
accident f requency v i a changes i n s k i d res i s tance a look at how the l a t t e r changes 
d u r i n g a s ingle day should be i n f o r m a t i v e . 

F igu re 3 g ives the data f o r a s ingle 24 -h r p e r i o d (3). The s k i d res i s tance i s h igher 
when the t empe ra tu r e i s l ower , and v i c e ve r sa . Al though i n t h i s case the m a x i m a and 

•Deceased. 
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Figure 1. Seasonal variations of the percentage 
of skidding accidents and of the mean monthly air 

temperatures in Great Britain i^. 
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Figure 2. Seasonal variations of the 
percentage of wet skidding accidents 

in five states (2). 

m i n i m a do not exac t ly coincide the re i s no doubt that some r e l a t i o n ex i s t s between 
t empera tu re and s k i d res i s tance . T h i s i s even be t te r i l l u s t r a t e d by F i g u r e 4 (4). 

Obvious ly then, i n d e s c r i b i n g the f r i c t i o n a l c h a r a c t e r i s t i c s o f pavements , t e m p e r a 
t u r e must be taken in to account. Since i t i s not p r a c t i c a l to postulate that f i e l d tes ts 
a re to be made at a s ingle t empera tu re , a method f o r c o r r e c t i n g the obtained data to a 
s tandard t empera tu re w o u l d be e x t r e m e l y h e l p f u l i f p rec i se compar i sons between 
pavements a re to be made. On the o ther hand, one should also be able to assess the 
e f f ec t o f t empe ra tu r e on the f r i c t i o n a l p e r f o r m a n c e o f c o m m e r c i a l t i r e s i f reasonable 
t r a f f i c ru l e s and p r ac t i c e s a re to be postula ted o r i f the accident po ten t i a l o f pavements 
i s to be p red ic t ed . 

R U B B E R F R I C T I O N AS F U N C T I O N O F T E M P E R A T U R E 

I n the f r i c t i o n a l i n t e rp l ay between wet pavement su r face and t i r e i t i s p r i m a r i l y the 
t i r e w h i c h changes c h a r a c t e r i s t i c s w i t h t empera tu re . I n t h i s paper we address o u r 
selves to the p r o b l e m of how changing t i r e o r rubbe r t empera tu re a f f ec t f r i c t i o n . T h i s 
i s not to say that pavement and w a t e r t empera tu re s may be ignored , but they a re mos t ly 
e f f e c t i v e t h rough the manner i n w h i c h they in f luence the rubbe r t empe ra tu r e at the 
i n t e r f a c e . 

Wet r ubbe r f r i c t i o n has two p r i n c i p a l components: that caused by adhesion (sur face 
f r i c t i o n ) and tha t caused by hys te res i s ( i n t e r n a l f r i c t i o n ) , see F i g u r e 5. On any r o a d 
su r face bo th components a re generated, though t h e i r r e l a t i v e magnitudes change w i t h 
the charac te r o f the su r face . Unless bo th components respond i n the same manner to 

t empe ra tu r e changes, the f r i c t i o n - t e m p e r a 
t u r e r e l a t ionsh ip w i l l not be the same on 
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Figure 3. Daily variation of skid resistance and 
temperature P): locked-wheel testsv/ith road fric

tion tester. 
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Figure 6. Separation of the friction components 
by lubricated foil technique (5). 

Figure 5. Friction has two principal compo
nents: adhesion and hysteresis. a l l pavements even though t i r e o r rubbe r 

a re the same. T h i s mechan i sm expla ins 
at leas t p a r t i a l l y why c o n f l i c t i n g data on the 
e f f e c t of t e m p e r a t u r e a re b e i n g obtained. 

I n the l a b o r a t o r y i t i s poss ible to separate the two f r i c t i o n components (5). The 
upper curve of F i g u r e 6 was obtained by s l i d i n g a po l i shed s tee l b a l l over a d r y rubbe r 
spec imen (the B r i t i s h pendulum tes t e r was m o d i f i e d f o r t h i s expe r imen t ) . The l o w e r 
cu rve was obtained by p l ac ing a t h i n p l a s t i c f o i l on the rubbe r and l u b r i c a t i n g the f o i l 
w i t h a l i g h t l u b r i c a n t . T h i s e f f e c t i v e l y suppressed mos t o f the adhesion. The d i f 
f e rence between the f r i c t i o n values f o r the two expe r imen t s then represen ts the ad
hesion component. On wet pavements the adhesion component i s of course p r o p o r t i o n 
a l l y much s m a l l e r than shown here . 

Of i n t e r e s t here i s the f ac t that the adhesion and hys te res i s components have d i f 
f e r e n t t empera tu re responses, both i n s ign and i n magnitude. The net e f f ec t i n the 
present case i s a pos i t ive t e m p e r a t u r e - f r i c t i o n gradient . T h i s i s i n d i r e c t oppos i t ion 
to what F igu re s 3 and 4 show. I t must be borne i n mind , however, that F i g u r e 6 appl ies 
to (a) a p a r t i c u l a r rubbe r compound, (b) a p a r t i c u l a r s l i d i n g speed (which i s much l o w 
e r i n the case of F i g . 6 than f o r F igs . 3 and 4), and (c) a p a r t i c u l a r type of contact (a 
s ingle s tee l b a l l at some a r b i t r a r y load vs . the contact pa tch of a s l i d i n g t i r e on a 
pavement) . 

I n F igu re 7, s e v e r a l rubbe r compounds were used i n the same type o f exper iment , 
the p lo t t ed r e s u l t s r ep re sen t ing t o t a l f r i c t i o n i n the absence of l u b r i c a t i o n . The curves 
i l l u s t r a t e that not only peak f r i c t i o n values v a r y , but a lso that the peak values occur at 
d i f f e r e n t t empera tu re s . A t a g iven t empe ra tu r e the f r i c t i o n - t e m p e r a t u r e gradient f o r 
one rubbe r compound can be pos i t ive , w h i l e f o r another i t i s negat ive o r ze ro . T h i s 
means that the r e l a t i v e r a n k i n g o f the compounds at one t empe ra tu r e i s not necessa r i ly 
the same as at another. 

F i g u r e 7 also shows that i f one i s f r e e to choose th6 compound and the t empera tu re 
one can, f o r a g iven exper iment , achieve i n s e n s i t i v i t y to s m a l l t empera tu re v a r i a t i o n s . 
T h i s can be used to I m p r o v e the p r e c i s i o n o f rou t ine data a c q u i s i t i o n p r o g r a m s when 
p rec i se t empe ra tu r e c o n t r o l o r measurement i s i m p r a c t i c a l . I t i s , however, necessary 
to v e r i f y the i n s e n s i t i v i t y to t empera tu re v a r i a t i o n s ove r the e n t i r e an t ic ipa ted ope ra t ing 
spec t rum. 
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Figure 8. Coefficient of friction as function of 
low sliding speed at three different temperatures. 
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Figure 9. Coefficient of friction at high sliding 
speed and tŵ o temperatures. 

F o r the tes t s of F igu re s 6 and 7, the 
s l i d i n g speed was constant. I f i t i s v a r i e d , 
the f r i c t i o n peak w i l l occu r at a d i f f e r e n t 
t e m p e r a t u r e . Converse ly , i f t e m p e r a t u r e i s v a r i e d , the f r i c t i o n peak o c c u r s at a d i f 
f e r e n t s l i d i n g speed ( F i g . 8) . The data again represen t the r e s u l t s obtained w i t h a 
s l i d i n g po l i shed s tee l b a l l , but t h i s t i m e i n the presence of a l u b r i c a n t (6, p . 23-25). 
I t should be noted that the s l i d i n g speeds f o r F i g u r e 8 a re qui te l o w - e v e n the 160 F 
peak occu r s at only 0.3 f p s o r 0.2 mph. 

A s s l i d i n g speed i s inc reased f r i c t i o n decreases, but eventual ly inc reases again 
( F i g . 9 ) . The exper imen t s f r o m w h i c h the data a re taken (7) cou ld not be c a r r i e d to 
h i g h enough speeds to r e a c h the second peak. C o v e r i n g the e n t i r e speed range i n one 
continuous exper imen t r e s u l t s i n a cu rve o f the type shown i n the upper g raph of F i g u r e 
10. The s o l i d cu rve represen ts the t o t a l observed f r i c t i o n , whereas the b r o k e n l ine i s 
that due to hys te res i s only , as de t e rmined by means o f a r e f i n e d v e r s i o n (6, p . 63-69) 
of the f o i l method. The peak at the l ow s l i d i n g speed i s a lmos t e n t i r e l y the r e s u l t o f 
a m a x i m u m of the adhesion component. The h igh speed peak i s caused by the peaking 
of the hys te res i s component since, at least i n t h i s case, the adhesion component has 
comple te ly d isappeared (the smooth sphere hydroplanes) . I t i s t h e r e f o r e app rop r i a t e 
to speak of an adhesion and a hys te res i s peak, r e spec t ive ly . 

As a l ready poin ted out, the adhesion peak occu r s at v e r y low speeds. A s l i d i n g t i r e 
a lways operates to the r i g h t o f i t , but the f ac t that the peak moves w i t h t empera tu re 
does concern us here . T h i s i s brought out by the l o w e r g raph o f F i g u r e 10; the n o r m a l 
o p e r a t i i ^ speeds f o r t h r ee types o f sk id - re s i s t ance measu r ing i n s t r u m e n t s a re shown 
i n r e l a t i o n to f r i c t i o n cu rves f o r f o u r d i f f e r e n t t empera tu re s . F r o m F i g u r e 8 we know 
that the adhesion peak moves to the r i g h t w i t h i n c r e a s i n g t e m p e r a t u r e ; consequently 
T i , T 2 . . . , designate curves f o r p r o g r e s s i v e l y h igher t empe ra tu r e s . I t can be seen 
that at ST, the s tandard speed f o r s k i d tes ts w i t h a r o a d f r i c t i o n t e s t e r o f the l o c k i n g 
whee l type, inc reased t empe ra tu r e w i l l cause a decreased c o e f f i c i e n t of f r i c t i o n to be 



0 6 

OA 

0 2 

-
i S B R R U B B E R / i + f d y L U B R I C A T E D 

S P H E R E V | 6 in 
— ^ L * 6 I D 

T - 8 0 F 

01 1 0 10 
S L I D I N G S P E E D , V , mph 

100 1 0 0 0 

51 

Figure 10. Coefficient of friction over a wide range of sliding speeds—(top) constant temperature, fj, 
= adhesion coefficient, f j = deformation (hysteresis) coefficient; (bottom) four temperatures, T ] , T2, . . . . 

DT = Penn State drag tester, BPT = British pendulum tester, ST = skid trailer. 

measured . The same i s not t r u e , however , i f the B r i t i s h pendulum tes t e r ( B P T ) w e r e 
used. Here the c o e f f i c i e n t w o u l d be at a m i n i m u m at T 2 . Us ing the Penn State d r a g 
t e s t e r at v e r y low speed (DT) w o u l d place the m i n i m u m at T 4 , the highest t e m p e r a 
t u r e shown. 

T h i s example shows why no genera l ized statement about the t e m p e r a t u r e - f r i c t i o n 
r e l a t ionsh ip can be made even i f a l l v a r i a b l e s , except t e m p e r a t u r e and s l i d i n g speed, 
r e m a i n constant. The h o r i z o n t a l s h i f t o f the f r i c t i o n v s . speed cu rves shown i n F igu res 

8 and 10 have been used by G r o s c h to show 
that by app l ica t ion o f a sui table t r a n s f o r m 
they can be combined i n t o a s ing le mas t e r 
cu rve . The concept p e r m i t s subs t i tu t ing a 
s l i d i n g speed change f o r a t empe ra tu r e change 
and v i c e ve r sa . Thus , w i t h the genera l ized 
shape of the f r i c t i o n v s . speed cu rve i n m i n d 
(top o f F i g . 10), i t i s not d i f f i c u l t t o analyze, 
at least qua l i t a t i ve ly , the causes o f obsexved 
changes o f f r i c t i o n w i t h t empe ra tu r e . I n 
p r ac t i ce , ob ta in ing o r us ing such a mas te r 
cu rve may encounter c e r t a i n d i f f i c u l t i e s be
cause o f the s u p e r i m p o s l t i o n o f hydrodynamic 
e f fec t s , p r o b l e m s of measu r ing o r c o n t r o l l i n g 
t empera tu re s , s e l f -hea t i ng of the rubbe r at 
h igh s l i d i n g speeds, etc. 
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Figure 11. The temperature sensitivity of drag 
tester sliders: averages of results on several 
different surfaces—D/H = damping/hardness 
ratio (Damping determined by rebound method 
ASTM D1054, Hardness acc.to ASTM D2240). 

E X P E R I M E N T A L E V I D E N C E A N D ITS 
I N T E R P R E T A T I O N 

I n F i g u r e 11 , the r e s u l t s o f tes ts p e r f o r m e d 
w i t h the Peni j State d r a g t e s t e r a re shown. The 
expe r imen t s w e r e c a r r i e d out to de t e rmine the 
e f f e c t o f changing the r u b b e r compounds o f the 
s l i d e r . The s l i d i n g speed (2.35 ips o r 0.13 
mph) had been se lected to obta in m i n i m u m 
s e n s i t i v i t y w i t h SBR rubbe r ove r the t e m p e r a 
t u r e range n o r m a l l y encoimtered i n the l a b o r a 
t o r y . I t can be seen tha t the D T N (d rag teste,r 
number ) i s v i r t u a l l y constant between 60 and 
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Figure 12. The combined effect of tempera
ture and surface characteristics on friction 
measured with the British pendulum tester. 
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Figure 13. Corrections derived from several sources 
to normalize British pendulum numbers to 70 F. 

80 F . W i t h d i f f e r e n t compounds the m i n i m a ( s o l i d dots i n F i g . 11), and thus the f l a t 
po r t i ons o f the curves , occu r at o ther t empera tu re s . I f the exper imen t s w e r e to have 
been designed a r o i m d the use of a compound o ther than SBR the s l i d i n g speed w o u l d 
have had to be l o w e r e d i n o r d e r to move the m i n i m u m to 70 F . 

T h i s i s a p r a c t i c a l app l ica t ion o f the concepts d iscussed e a r l i e r , but i t may be c o n 
f u s i n g that i n the case o f F igu re 11 m i n i m a should occur when e a r l i e r only m a x i m a 
w e r e cons idered . The occur rence o f m i n i m a can, however, be expla ined by r e fe rence I 
to F i g u r e 10. A s a r e s u l t of h igher t empera tu re , the adhesion component o f the f r i c t i o i 
increases i n the r e g i o n o f i n t e r e s t and the hys te res i s component decreases. A t f i r s t 
the decrease exceeds the increase , so that the re i s a net decrease i n observed f r i c t i o n . 
W i t h a f u r t h e r t empe ra tu r e increase a point w i l l be reached at w h i c h bo th changes can
c e l each o the r : the m i n i m u m point o f the t o t a l f r i c t i o n cu rve i s reached. F u r t h e r 
heat ing w i l l again r e s u l t i n a net r i s e . (The B P T l ine i n F i g . 10 i l l u s t r a t e s such a s i t 
ua t ion : the c o e f f i c i e n t i s h igher than at T g whenever the t empera tu re i s e i the r h igher 
o r l o w e r than T g . ) 

F o r the cu rves o f F i g u r e 11 , the r e s u l t s f r o m s i x d i f f e r e n t su r faces have been 
averaged. F i g u r e 12 shows how d i f f e r e n t su r f aces in f luence the t empe ra tu r e sens i 
t i v i t y . No m i n i m a w e r e reached i n t h i s case because the s l i d i n g speed was h igher 
than f o r F i g u r e 11 . The shape and the number o f a spe r i t i e s pe r un i t a r ea in f luence 
not only the genera l f r i c t i o n l e v e l , but a lso the t empera tu re s e n s i t i v i t y . Whether the i 
l a t t e r e f f ec t i s s i g n i f i c a n t o r not cannot be s ta ted genera l ly , i f only because not enough 
data a r e ava i lab le and because d i f f e r e n t appl ica t ions invo lve the rubbe r d i f f e r e n t l y and 
the range of su r f ace c h a r a c t e r i s t i c s v a r i e s f r o m app l ica t ion to appl ica t ion . 

T E M P E R A T U R E CORRECTIONS 

I f one w o u l d a t tempt to p rov ide a t empe ra tu r e c o r r e c t i o n to data obtained w i t h the 
B r i t i s h pendulum t e s t e r t h i s does not seem too d i f f i c u l t a t a sk at f i r s t . Tha t i t i s not a { 
s i m p l e p r o b l e m i s i l l u s t r a t e d by F i g u r e 13. Data r e p o r t e d by s e v e r a l authors have 
been p lo t t ed i n t e r m s o f the B P N ( B r i t i s h pendulum number ) w h i c h mus t be added o r 
sub t rac ted to c o r r e c t the observed B P N to 70 F . A t t empera tu re s be low 70 F the d i f -
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f e r e n t sources agree reasonably w e l l , but above 70 F the re i s cons iderable spread. 
Not enough i n f o r m a t i o n i s avai lable to r u l e out the p o s s i b i l i t y that a good p a r t of the 
spread comes f r o m d i f f e r ences i n e x p e r i m e n t a l technique. Another f a c t o r i s undoubted
l y that d i f f e r e n t su r faces w e r e used f o r each set of data. 

B u r t h (8) used cement concrete , K u m m e r and Moore (9) abras ive paper (the r a w 
data a re those shown i n F i g . 12), B a l m e r (10) machined epoxy (see also F i g . 12), and 
Gi les et a l (11) eight d i f f e r e n t road su r faces . P r e c i s e l y what c h a r a c t e r i s t i c s of the 
su r f ace must be cons idered i n a c o r r e c t i o n f o r m u l a cannot be deduced f r o m the i n f o r 
ma t ion g iven i n these sources . One migh t f a v o r the c o r r e c t i o n suggested by the Gi les 
et a l data because they come f r o m ac tua l r o a d sur faces , but be fo re m a k i n g a choice 
one wou ld have to know why B u r t h ' s data f r o m cement concrete sur faces f a l l on the 
opposite side o f the range shown i n F i g u r e 13. 

These c o m p l e x i t i e s a re i l l u m i n a t e d , though not reso lved , i f the f r i c t i o n p rocess 
t h rough w h i c h the s l i d e r of the B r i t i s h pendulum t e s t e r goes i s inves t iga ted i n m o r e 
de t a i l . I n F i g u r e 14, the f r i c t i o n h i s t o r y of t h r ee d i f f e r e n t passes i s shown. They 
d i f f e r f r o m the s tandard pass i n tha t the s l i d i n g l eng th i s somewhat g r ea t e r than n o r m a l 
and that the s l i d e r was f o r c e d to move at constant speed. The dependent v a r i a b l e i s 
t h e r e f o r e not the t o t a l energy loss , but the instantaneous coe f f i c i en t o f f r i c t i o n . (I t was 
measured by suppor t ing the tes t spec imen on an a i r bea r i ng and b i a s ing the spec imen 
against a p r e s su re t r ansducer w i t h a v e r y h igh s p r i n g r a t e . ) The c o e f f i c i e n t r i s e s 
r a p i d l y to a m a x i m u m , w h i c h cor responds to the adhesion peak o f the f r i c t i o n speed 
curve , and then drops o f f g radua l ly as the s l i d e r edge heats up. Since the tes t su r face 
was e x t r e m e l y smooth s ta in less s teel , t he re i s l i t t l e d i f f e r e n c e between the d r y and 
wet condi t ion . The s l i d e r wipes away the wa te r a lmos t comple te ly . T h e r e f o r e , the 
f r i c t i o n i n t h i s case i s a lmos t e n t i r e l y due to adhesion. When a w e t t i n g agent i s added 
to the w a t e r the adhesion component i s suppressed and only hydrodynamic , v i scous 
and i n t e r f a c i a l t ens ion f o r c e s r e m a i n ; even t h e i r sum i s a lmos t neg l ig ib le under the 
condi t ions o f the expe r imen t . 

I f a less smooth sur face had been used the process wou ld have become s t i l l m o r e 
complex . I t i s t h e r e f o r e not d i f f i c u l t to apprecia te that su r face c h a r a c t e r i s t i c s can 
s i g n i f i c a n t l y a f f ec t the manner i n w h i c h t empera tu re in f luences f r i c t i o n as measured 
w i t h a pendulum device . A c c o r d i n g to F igu re 14, the i n i t i a l t empera tu re o f the rubbe r 
s l i d e r should have l i t t l e in f luence on the in t eg ra ted coe f f i c i en t o f f r i c t i o n , but t h i s can 
be sa id w i t h ce r t a in ty only about nea r ly p e r f e c t l y smooth sur faces . 

I t i s not s u r p r i s i n g that locked-whee l tes ts w i t h f u l l - s c a l e t i r e s give even less 
agreement on how to c o r r e c t f o r t empera tu re ( F i g . 15). Only the K u m m e r and Whi te 
data w e r e obtained w i t h the A S T M s tandard tes t t i r e . The r e s t o f the tes ts employed 
d i f f e r i n g t i r e s and tes t speeds. 

1 6 

1 4 

• 
"I 2 

5 - 0 

| a 

8 6 

/ - D R Y 

' ^ W A T E R ^ 

NA 
S S 

T U R A L R 
S U R F A C E 

J B B E R > 

)OTH — 

WATER <- W E T T I N S A G E N T 5 0 0 1 

MIRROR SMC 
L - 5 2 5 lb 
V ' 0 2 9 ips 

J B B E R > 

)OTH — 

1 1 1 > 
2 3 4 

S L I D I N G D I S T A N C E 

Figure 14. Instantaneous coefficients of friction when the slider from a British pendulum tester passes 
across a very smooth surface at constant speed. 
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CONCLUSIONS 

1. The f r i c t i o n - t e m p e r a t u r e gradients a re i n 
p rac t i ce a lways negative f o r the c u r r e n t l y used 
s M d t e s t e r s . The magnitude o f the gradients i s , 
however, s t i l l quite i m c e r t a i n even f o r the A S T M 
s tandard t i r e and the pendulum tes t e r s l i d e r made 
of e i the r A S T M rubbe r o r B r i t i s h n a t u r a l rubber . 

2. Since d i f f e r e n t su r faces cause d i f f e r ences 
i n the t empera tu re gradients , compounds which , 
i n the opera t ing range, a re least t empera tu re 
sens i t ive have advantages. S m a l l gradients r e s i l l t 
i n s m a l l e r e r r o r s i f the su r face c h a r a c t e r i s t i c s 
a re not o r cannot be taken in to accoxmt o r i f the 
t e m p e r a t u r e measurements a re not p rec i se . 

3. F r i c t i o n - t e m p e r a t u r e grad ien ts are a 
func t i on of sur face c h a r a c t e r i s t i c s because the 
v a r y i n g con t r ibu t ions of the adhesion and h y s t e r e s i 
components to the t o t a l f r i c t i o n d i f f e r . Because 
the two components have d i f f e r e n t t empe ra tu r e 
c h a r a c t e r i s t i c s the e f fec t of t empera tu re changes 
i s so complex that the e f fec t probably can never 
be def ined quan t i t a t ive ly i n a r i g o r o u s way except 
s t a t i s t i c a l l y on the bas i s o f a l a rge number of 
c a r e f u l l y c o n t r o l l e d expe r imen t s . 

4. Al though the t empe ra tu r e o f the rubbe r i s 
responsib le f o r the observed t empera tu re de- I 
pendence of t i r e o r s l i de r -pavemen t f r i c t i o n 
the t empera tu re of the pavement and of the 
w a t e r used f o r w e t t i n g i t do p lay a p a r t because | 
o f heat t r a n s f e r ac ross the contact area. I n 
rou t ine tes ts i t i s , however, i m p r a c t i c a l to mea
sure m o r e than one t empera tu re . Wi thout ex - ' 

tensive expe r imen ta t ion i t cannot be stated how and where t h i s t empera tu re should be 
measured . Any c o r r e c t i o n us ing i t w o u l d conta in a degree o f uncer t a in ty . E x p e r i 
ments w o u l d have to define the l i m i t s of the possible e r r o r . The e r r o r migh t be r e 
duced by m o r e r i g i d tes t p rocedures than a re now being used. 

5. When compl iance w i t h a s tandard must be shown and the observed values a re 
close to the cu to f f value i t may be necessary to make the compl iance tes ts w h i l e the 
ambient t empera tu re i s w i t h i n s p e c i f i e d l i m i t s . I n con junc t ion w i t h a t i g h t l y con
t r o l l e d tes t p rocedure t h i s wou ld e l imina te the uncer ta in t i e s w h i c h a r i s e f r o m the 
complex e f fec t s caused by t empera tu re changes. 

- 2 0 

Figure 15. Corrections derived from sev
eral sources to normalize skid numbers 
to 70 F: locked-w/heel tests of different 
tire types at different speeds on un

identified surfaces. 

A C K N O W L E D G M E N T S 

Some of the o r i g i n a l w o r k r e p o r t e d i n t h i s paper was c a r r i e d out i n connect ion w i t h 
v a r i o u s p r o j e c t s sponsored by the Pennsylvania Depar tment of Highways and the U . S. 
Bureau o f Pub l ic Roads. Other r e s e a r c h was suppor ted by the Pennsylvania State 
U n i v e r s i t y t h rough i t s Au tomot ive Safety P r o g r a m . The opinions, f i nd ings and c o n 
clus ions a re those of the authors and not necessa r i ly those of the sponsors . 

T h i s paper was to have been w r i t t e n by H . W. K u m m e r . He had p repa red notes 
f o r i t , be fo re death put a too e a r l y end to h i s ca ree r . The tex t be fo re the r eader was 
w r i t t e n by W. E . Meyer , w i t h assistance f r o m M . O. Schrock i n the i n t e r p r e t a t i o n o f 
the K u m m e r notes. 
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Relation Between Wear and Physical 
Properties of Roadstones 
A . K E N T S T I F F L E R , The Pennsylvania State U n i v e r s i t y 

One aspect i n the s k i d - r e s i s t a n t l i f e of a pavement i s the po l i sh ing of 
i n d i v i d u a l roadstones by abras ives on the road . The r e l a t e d p r o b l e m 
s tudied here i s the g radua l wear ( m i c r o s c o p i c scale) of homogeneous 
roadstones to de te rmine the pe r t inen t phys ica l p r o p e r t i e s of these 
m i n e r a l s i n the wear p rocess . Wear i s measu red as a weight l o s s 
of m a t e r i a l . A b r i e f r e v i e w of wear i s g iven . A wide range of con
cepts exis t s , mos t studies p e r t a i n i n g to me ta l s . Some of the i m p o r t a n t 
pa r ame te r s a re m e l t i n g t empera tu re , hardness, e l a s t i c modulus , and 
energy. 

T e n m i n e r a l samples , p redomina te ly oxides, w e r e he ld against the 
rubbe r t r a c k s of a r o t a t i i ^ d r u m i n the presence of d r y f i n e abras ives . 
Th ree loads and speeds were t e s t ed f o r each of t h r ee d i f f e r e n t abras ives . 
These tes t condi t ions s i m u l a t e d ac tua l pavement exper ience . M i c r o 
scopic photographs of w o r n sur faces r evea led two phenomena: s c r a t c h 
i n g and p i t t i n g . Rap id ly w e a r i n g m i n e r a l s s u f f e r e d both types of d a m 
age w h i l e s low w e a r i n g m i n e r a l s d i sp layed no sc ra tch ing , on ly a s m a l l 
amount of p i t t i n g . Rap id wear o c c u r r e d when the abras ive was ha rde r 
than the m i n e r a l . Wear was p r o p o r t i o n a l to l o a d and i n v e r s e l y p r o 
p o r t i o n a l to hardness. The s low wear of m i n e r a l s s o f t e r than the 
ab ras ive was independent of load . L i m i t e d evidence suggested that 
t h i s wear depended on the r a t i o of su r face to s t r a i n energy i n a g iven 
m i n e r a l . P i t t i n g was r e l a t e d to energy concepts w h i l e s c r a t c h i i ^ was 
r e l a t e d to hardness . No c o r r e l a t i o n could be achieved between wear 
and m e l t i n g t empe ra tu r e o r modulus . Hardness was found to be the 
mos t i m p o r t a n t pa ramete r i n the r a p i d wear of homogeneous m i n e r a l s . 

• T H E predominan t v a r i a b l e i n t i r e - p a v e m e n t f r i c t i o n d u r i n g wet condi t ions i s the 
su r face t ex tu re of the pavement i t s e l f . Skid res i s tance depends on a su r face w h i c h 
p rov ides f i l m pene t ra t ion and drainage channels. One of the f a c t o r s w h i c h can a l t e r 
these c h a r a c t e r i s t i c s i s the smooth ing and round ing of exposed roadstones by a b r a 
s ives found on the road . T h i s process i s caused by p a r t i c l e r e m o v a l , o r wear , on a 
m i c r o s c o p i c scale, and i t i s c o m m o n l y r e f e r r e d to as po l i sh ing . The amount of t h i s 
wear over a p e r i o d of t i m e can have a d i r e c t e f f e c t on the s k i d - r e s i s t a n t l i t e of a 
pavement. 

The p r o b l e m of concern here i s the g radua l wear (on a m i c r o s c o p i c scale) of h o m o 
geneous roadstones wh ich occur as const i tuents i n the heterogeneous aggregate. Spe
c i f i c a l l y , i t i s the na ture of the p a r t i c l e r e m o v a l f r o m the stone su r face . A weight or 
vo lume l o s s o f m a t e r i a l w i l l be used t o de f ine the r a t e of wear . A t t e m p t s w i l l be made 
to (a) r e l a t e the wear to phys ica l p rope r t i e s of m a t e r i a l and (b) def ine the probable 
wear mechan i sm. T o th i s extent i t wou ld be des i rab le to dupl icate as c lose ly as pos 
s ib le the condi t ions found on the road . 

N O M E N C L A T U R E 

^ a ~ s-PPS-rent contact area; 
A Q = equivalent a rea of p i l e d - u p m a t e r i a l on a groove; 
Aj, = r e a l contact area; 
A „ = a rea of the v e r t i c a l f ace of a groove; 
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Cn = any constant; 
d = d i ame te r of h e m i s p h e r i c a l wear p a r t i c l e ; 
E = e las t ic modulus; 
F = f r i c t i o n f o r c e ; 
f = c o e f f i c i e n t of f r i c t i o n ; 

= V i c k e r ' s hardness; 
P m = m a t e r i a l f l o w p re s su re ; 

S = su r face energe of f o r m e d wear p a r t i c l e ; 
CTyp = m a t e r i a l y i e l d s t ress ; 

V = s l i d i n g ve loc i ty ; 
V = vo lume of wear r e m o v a l f o r a g iven distance of t r a v e l ; 

W = load; and 
W Q = component of wear r e m o v a l independent of load . 

W E A R CONCEPTS 

The c o m p l e x i t y of wear processes has l e d to a l a r g e d i v e r s i t y i n both t heo ry and 
approach to i t s p rob l ems . T h i s state ex is t s even though mos t r e sea r che r s have l i m i t e d 
themselves to s tudying m e t a l wear , and i t i s understandable that highway engineers 
have neglected ana ly t i ca l aspects of wear since pavement m a t e r i a l s a r e much m o r e 
complex than meta l s . 

Since wear i s concerned w i t h the su r face of a m a t e r i a l , the contact a rea between 
two bodies i s i m p o r t a n t . En la rgement of even the mos t c a r e f u l l y po l i shed sur faces 
shows h i l l s ( r e f e r r e d to as a spe r i t i e s ) and va l l ey s w h i c h a re l a r g e compared to m o l e c u 
l a r d imens ions . Smal l p a r t i c l e s , such as abras ives , d i spe r sed between bodies a lso 
a re ca l l ed a spe r i t i e s i n t h i s paper. A second s o l i d i n contact w i t h the f i r s t i s suppor ted 
on the s u m m i t s of the highest of these a spe r i t i e s so that the a rea of actual contact i s 
v e r y s m a l l . T h i s actual o r r e a l a rea of contact, A r , i s a lmos t independent of the s ize 
of the su r faces and i s de t e rmined by the load, W. 

F o r loads wh ich exceed the y i e l d point , the d e f o r m a t i o n i s p las t i c and 

A r = ^ ( 1 ) 
*^m 

where Pp j i s the m a t e r i a l f l o w p res su re . Measurements (J.) of A r show that even the 
l i gh t e s t loads a re s u f f i c i e n t to produce p las t i c f l o w . 

The energy expended i n o v e r c o m i n g f r i c t i o n between rubb ing sur faces i s d i ss ipa ted 
i n the f o r m of heat. Since two sur faces touch on ly w i t h s m a l l contact areas , e x t r e m e l y 
h igh t empera tu re s may be reached at the contact ing t i p s (2). Of ten the t empera tu re s 
a re on ly l i m i t e d by the m e l t i n g poin t of one of the sur faces . 

A b r a s i v e wear occurs when a rough h a r d su r face o r a s o f t su r face , conta in ing h a r d 
p a r t i c l e s , s l ides on a s o f t e r su r face and plows a s e r i e s of grooves i n i t . The m a t e r i a l 
i s thought to be gouged out of the grooves to f o r m loose wear p a r t i c l e s . Such gouging 
involves l o c a l d e f o r m a t i o n . The res i s tance to d e f o r m a t i o n i s common ly c a l l e d h a r d 
ness. To measure i t a h a r d indenter m a y be p ressed in to the su r face w i t h a known 
load, and the s ize of the indenta t ion i s measured . The V i c k e r ' s indenter , a square 
p y r a m i d of diamond, i s f r e q u e n t l y employed i n m e t a l hardness de te rmina t ions . The 
i m p r e s s i o n i s permanent s ince the o v e r r i d i n g e f f e c t i s the p las t i c f l o w of the m e t a l 
a round the indenter . The V i c k e r ' s hardness number , the mean p re s su re over the a rea 
of the indentat ion, i s expressed as 

„ = 
^ p r o j e c t e d a rea of indentat ion 

I t can be shown (3) that 

Hv ~ P m (2) 
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a des i rab le r e l a t i onsh ip . Other t e s t e r s or methods to measure hardness, such as 
those bea r ing the names of B r l n e l l , R o c k w e l l , o r Mohs , employ scales wh ich v a r y as 
some power of the f l o w p ressu re . 

Av ien t , Goddard, and W i l m a n ( 4 ) abraded a number of meta l s us ing a wide s ize 
range ( 5 to 1 5 0 n) of e m e r y abras ive . I f v i s the vo lume loss f o r one p a r t i c l e per un i t 
distance of t r a v e l , v = (Ay - A Q ) , where A y = f ( A y ) i s the a rea of the v e r t i c l e f ace 
of the wear t r a c k and A Q i s the equivalent a rea of the p i l ed -up r i dge along the groove . 
Since the f r i c t i o n a l f o r c e F = Pm^v> 

(3) 

A s s u m i n g tha t A g / A y i s constant f o r mos t meta l s , and us ing the f a c t that F = f W, 

( 4 ) 
' ^m 

where the c o e f f i c i e n t of f r i c t i o n f depends on the shape of the abras ive p a r t i c l e , but 
i s independent of i t s s ize . M u l h e a r n and Samuels ( 5 ) tes ted s i l i c o n carb ide abras ive 
on meta l s , and t h e i r r e s u l t s agreed w i t h Eq . 4 . 

The abras ive wear i n these tes ts was of the two-body type (abras ive f i x e d to an 
adhesive backing) , but Rabinowicz et a l ( 6 ) exper imen ted us ing a th ree -body geomet ry , 
i . e . , the abras ive i s loose . The wear was an o r d e r of magnitude l o w e r than w i t h t w o -
body abras ion since the g r a in s were r o l l i n g about 9 0 percent of the t i m e . However , 
the r e s u l t s agreed a lso w i t h Eq . 4 . 

Spurr and Newcomb ( 7 ) s l i d v a r i o u s meta l s against e m e r y paper. The wear of 
these meta l s was i n v e r s e l y p r o p o r t i o n a l to the e las t ic modulus and d i d not c o r r e l a t e 
as w e l l w i t h hardness . M i c r o s c o p i c examina t ion r evea led that , when a su r face i s 
p ressed against e m e r y paper and moved a s m a l l distance, the abras ive p lows t h r o i ^ h 
the sur face , but no wear p a r t i c l e s a re f o r m e d u n t i l s u f f i c i e n t s l i d i n g has o c c u r r e d f o r 
a new groove to r i m in to an e a r l i e r produced one. When the f i r s t abras ive g r a i n s l ides 
along the sur face , i t d isplaces m e t a l ahead of i t , but the m e t a l behind i t r e c o v e r s 
e l a s t i c a l l y . The second g r a i n r e m o v e s the r e c o v e r e d m a t e r i a l and the vo lume r e m o v e d 
was r e l a t e d to e l a s t i c i t y : 

V ~ g ( 5 ) 

Selwood ( 8 ) abraded meta l s as w e l l as nonmetals against ca rbo rundum paper ( 6 0 n). 
He found that extensible o r e las t ic so l ids were ab ras ion r e s i s t an t and that hardness 
was a m i n o r f a c t o r . F o r instance, an t imony i s t h r ee t i m e s ha rde r than c a d m i u m yet 
i t was abraded m o r e r a p i d l y . 

Rabinowicz ( 9 ) proposed an i n t e r e s t i n g t heo ry f o r p a r t i c l e s ize f o r m a t i o n based upon 
energy concepts. K a p a r t i c l e b reaks loose beneath an a s p e r i t y the e las t i c energy 
s to red i n the p a r t i c l e wh i l e i t was being f o r m e d m u s t equal o r exceed the energy of 
adhesion w h i c h binds i t t o i t s subs t ra te . L e t T = e las t ic energy and Y = energy r e 
q u i r e d to crea te a new sur face , then f o r a h e m i s p h e r i c a l f r a g m e n t of d i ame te r d, 

T ~ 4 P ^ ( 6 ) 

Y ~ Sd^ ( 7 ) 

where i s the y i e l d s t r e s s and S i s the su r f ace energy per un i t a rea . Thus, 

T 2 Y o r d 2 ( 8 ) 
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T h i s pa ramete r may p rov ide a measure of wear res i s tance al though there i s no i n d i 
ca t ion of average s ize o r f r e q u e n c y of wear p a r t i c l e detachment. F o r instance, one 
of the f i r s t u s e f u l e m p i r i c a l r a t i n g of wear res i s tance , l / v , (1^) was the p r o p e r t y 
ffyp/E. T h i s p r o p e r t y does g ive some measure of a m a t e r i a l ' s a b i l i t y to s to re s t r a i n 

energy upon d e f o r m a t i o n . 
M o s t of the above studies were concerned p r i m a r i l y w i t h the wear of me ta l s . Some 

nonmeta l l i c m a t e r i a l s , i n p a r t i c u l a r m i n e r a l s , a r e known to possess bu lk p r o p e r t i e s 
wh ich make t h e m much m o r e b r i t t l e than me ta l s . K i n g and Tabor (11) i n v e s t ^ a t e d the 
s l i d i n g contact reg ions of b r i t t l e so l ids and found that the h igh p re s su re developed 
a round the d e f o r m e d r e g i o n w e r e o f t en s u f f i c i e n t to i n h i b i t b r i t t l e f r a c t u r e . Under 
these condi t ions the d e f o r m a t i o n i s p r i m a r i l y p las t i c , al though some c r a c k i n g and 
su r face f r a g m e n t a t i o n o c c u r r e d . 

The abras ion of graphi te w i t h e m e r y paper (5 to 150 fi) by Porgess and WUman (12) 
was s i m i l a r to that of £ q . 4; however , wear d i d not v a r y l i n e a r l y w i t h the f r i c t i o n 
c o e f f i c i e n t f , o r abras ive s ize . M i c r o s c o p i c inspec t ion r evea led c r a c k i n g and f r a g 
menta t ion a long the wear grooves . F o r e m e r y p a r t i c l e s l a r g e r than 50 ft the wear was 
about f o u r t i m e s as much as p r e d i c t e d f r o m m e t a l wear theo ry . Dobson and W i l m a n 
(13) cont inued the abras ion tes ts of nonmetals w e a r i n g sod ium ch lo r ide against e m e r y 
abras ive (0. 5 to 150 M ) . The r e s u l t s agreed w i t h those obtained w i t h g raphi te i n that 
the p r o p o r t i o n of the groove vo lume r e m o v e d as wear due t o b r i t t l e f r a c t u r e inc reased 
w i t h abras ive s ize . One i m p o r t a n t new f e a t u r e was r e p o r t e d though. I n the lowes t 
r e g i o n of ab ras ive p a r t i c l e s ize , where a l a r g e number of p a r t i c l e s share the l oad and 
indentat ions a r e sha l low i n the specimen, wear c h a r a c t e r i s t i c s agree w i t h the studies 
done on me ta l s . T w o types of wear then a r e d i s t inguished and a re thought to be ope ra 
t i v e i n d i f f e r e n t ranges of the depth of indenta t ion. A t depths l e ss than 0.5 (i, f r a c t u r e s 
and c r a c k i n g a r e neg l ig ib le , and wear i s i den t i ca l i n magnitude to that of me ta l s of the 
same hardness . I n t h i s instance the d e f o r m a t i o n i s e n t i r e l y p l a s t i c . F o r depths beyond 
5u, the wear increases s t r ong ly w i t h i n c r e a s i n g sp read of f r a c t u r e s a round the indent 
i n g abras ive p a r t i c l e . No a t tempts were made to r e l a t e f r a c t u r e wear to s t r a i n energy 
p r o p e r t i e s . 

P r e v i o u s l y i t was noted that f r i c t i o n a l heat ing i s o f t en l i m i t e d on ly by the m e l t i n g 
poin t of the rubbed sur face , p a r t i c u l a r l y f o r m a t e r i a l s w i t h l o w t h e r m a l conduc t iv i ty . 
I n add i t ion the mechanica l s t rength of mos t m a t e r i a l s at h igh t empe ra tu r e decl ines 
r a p i d l y near the m e l t i n g po in t . . Can m e l t i n g t empe ra tu r e than be expected to g ive a 
measure of wear between m a t e r i a l p a i r s ? 

The in f luence of m e l t i n g point i s v e r y pronounced i n w o r k by Bowden (14) where 
meta l s were w o r n w i t h a b l o c k of pure camphor ( m e l t i n g poin t 178 C). The observed 
wear i s g iven i n Tab le 1. The loss of weight p r i m a r i l y depended on m e l t i n g point , 
not hardness. I f the m e l t i n g point of the rubb ing m a t e r i a l i s l o w e r than the rubbed 
m a t e r i a l , the rubb ing m a t e r i a l w i l l be r e l a t i v e l y i n e f f e c t i v e . F o r example ca lc i t e 
( m e l t i n g poin t 1330 C) w h i c h showed l i t t l e wear when rubbed w i t h cuprous oxide ( m e l t 
i n g point 1230 C) was r e a d i l y w o r n by z inc oxide ( m e l t i n g poin t 1800 C). Quar tz ( m e l t 
i n g point 1700 C), wh ich i s cons iderab ly ha rde r than z inc oxide, was w o r n b y i t . 

Bowden and Scott (15) s tudied the wear of glass due t o a d iamond s l i d e r . Wear was 
neg l ig ib le be low a c r i t i c a l value of VWV2 where V i s the v e l o c i t y . Surface examina 
t i o n r evea led m e l t i n g , and VWV^ was r e l a t e d to the m e l t i n g t empera tu re of the p a r t i c u 
l a r g lass . The po l i sh ing of glass w i t h d iamond dust gave the same type of su r face 
d e f o r m a t i o n as the d iamond s l i d e r . 

T A B L E 1 

CAMPHOR B L O C K SLIDING ON M E T A L S 

Metal Melting Point 
(°c) 

Vicker's Hardness 
(kg/mm') 

Loss of Weight 
(gr/cm) 

Lead 327 5 <0.1 X 10-' 

Wood's alloy 69 25 3.2 « 10-' 

Gallium 30 6.6 165 « 10-' 
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T h i s ab r idged r e v i e w of wear t h e o r y h igh l igh t s the c o m p l e x i t y of wear processes 
th rough s i m p l i f i e d models and t h e i r e m p i r i c a l d isagreement . One reason f o r these 
d i sc repanc ies i s the degree of c o r r e l a t i o n tha t o f t e n ex i s t s between the macroscop ic 
p rope r t i e s of hardness, m e l t i n g t empe ra tu r e and modulus , wh ich u l t i m a t e l y depend 
upon the a tomic s t r u c t u r e of the m a t e r i a l . Thus , s t rong a tomic bonding p romotes 
h igh values f o r these va r i ab l e s . However , r e l a t i o n s between wear and m o r e funda 
menta l p rope r t i e s have not evolved. 

PROCEDURE OF T H E I N V E S T I G A T I O N 

E x p e r i m e n t a l V a r i a b l e s 

I t i s common ly accepted that the t i r e - p a v e m e n t wear process i s e ssen t i a l ly of the 
th ree -body abras ion type . Abras ives , present on the road , a r e p robably d e r i v e d p r i 
m a r i l y f r o m the pavement i t s e l f . R o l l i n g t i r e s p rov ide enough r e l a t i v e m o t i o n to abrade 
the exposed aggregate. T o l e a r n m o r e about t h i s process a l i m i t e d m i c r o s c o p i c s tudy 
was made of the abras ives found on the r o a d and t i r e s of veh ic le s . The co l l ec t ion was 
done w i t h adhesive tape. At t en t ion was g iven to s ize r a t h e r than type . The debr i s 
co l l ec ted f r o m the r o a d sur face was dominated by p a r t i c l e s i n the 5- to 4 0 - ^ range. 
T i r e s were found t o be coated w i t h an e x t r e m e l y f i n e powder, dominated by 1 - to 10-u 
p a r t i c l e s . Roadstones, that had been exposed to t r a f f i c , a r e qui tes smooth i n appear
ance. A number were col lec ted , and the exposed sur faces were examined f u r t h e r . The 
observed s c r a t c h l i n e s could be produced on ly by abras ives l ess than 1 0 - M d iamete r , 
p r e sumab ly the debr i s c l i n g i n g to the t i r e s . 

T h e r e a r e numerous phys i ca l p r o p e r t i e s and t e s t v a r i a b l e s tha t cou ld p lay a p a r t i n 
the wear process . One wou ld l i k e to invest igate as many of these p r o p e r t i e s as possible 

and yet keep the scope of the ex 
pe r imen t s i n boimds. The f o l l o w i n g 
select ions were made: 

1. T e n m i n e r a l s ; 
2. T h r e e abras ives ; 
3. Th ree loads; and 
4. Th ree speeds. 

The m i n e r a l s were se lected f o r 
consis tent and known phys ica l p r o p 
e r t i e s . M i n e r a l oxides were the 
p r i m a r y choice. I n t h i s respect , 
the se lec t ion d i f f e r e d somewhat f r o m 
actual paving p rac t i ce , al though 
quar tz , s lag, and l imes tone were 
inc luded. The f i n a l choice was a 
c o m p r o m i s e between v a r i a b i l i t y of 
p r o p e r t i e s and avaUabUity of m a t e 
r i a l . The abras ive se lec t ion was 
a s i m i l a r compromise : oxides of 
a l u m i n u m , s i l i c o n , and magnes ium. 
Size was s p e c i f i e d as less than 10)li. 
A complete l i s t and source of the 
m i n e r a l s i s g iven i n Table 2. 

A r o l l i n g t i r e can produce l a t e r a l 
movements of the o r d e r of ' A i n . m 
the contact zone (16). U s m g a value 
of 8 i n . f o r the t i r e contact length 
and a veh ic le speed of 60 f t / s e c , one 
a r r i v e s at 3 f t / s e c f o r these contact 
v e l o c i t i e s . A se lec ted speed range 
(1 to 6 f t / s e c ) t h e r e f o r e i s cons idered 
r e a l i s t i c . Loads were chosen to g ive 

T A B L E 2 

MINERAL AND ABRASIVE SOURCE 

Substance Name and Source 

(a) Mineral 

MgO Magnorite crude, 
Norton C o . , Cippawa, Ontario 

ZrOz Zirconia H {'/t in. and finer), 
Norton Co , Cippawa, Ontario 

AlsOi Alundum (No. 4 mesh). 
Norton C o . , Cippawa, Ontario 

SiC Crystolon in lump). 
Norton C o . , Cippawa, Ontario 

Slag Assorted chips for pavement. 
U. S Steel Corporation, Pittsburgh, Pa. 

SiOzCf) Clear fused quartz rod (6-mm dia ), 
Engelhard Industries, Inc . , Newark, N. J . 

CaCO](i) Limestone chips (No. 4B), 
Metal Finish, Inc . , Newark, N J . 

AlgSlsOii Shamva mullite chips (% to % in.). 
H. K . Porter, C o . , Shelton, Conn. 

SiOAc) (Sass-like lump. 
Earth and Mineral Sciences Dept. 

CaCO](c) Crystal- l ike with cleavage planes. 
Earth and Mineral Sciences Dept. 

(b) Abrasive 

MgO Magnorite Type n, 
Norton Co , Cippawa, Ontario 

S1O2 Microsil s i l ica sand (35 percent smaller than 7 )i). 
Standard Silica C o . , Ottawa, m. 

AI2O1 Alundum No. 38 (900 mesh). 
Norton C o , , Cippawa, Ontario 
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Figure 1. Test drum and assembly. 

contact pressures above and below normal 
t ire inflation pressure (10 to 50 psi) . 
Higher pressures were avoided since 
they caused tearing and wear of the rubber 
c a r r i e r . 

Apparatus 

P R E S S U R E 

R O L L I N S 
DIAPHRAM 

S E A L I N G 
MEMBRANE 

MINERAL SPECIMEN 

Figure 2. Loading plunger with specimen holder. 

The apparatus is shown in Figure 1. A channel iron frame supported a 14-in. d i 
ameter steel drum to whose outside s tr ips of rubber tape were applied. The drum 
could be rotated at any desired speed. Ten y 4 - i n . s tr ips of rubber tape were applied 
to the drum to rub against the ten mineral specimens. A V-shaped bin for holding 
abrasive was placed around the lower half of the drum. Two springs urged the bin 
against the rubber str ips so that the rotation of the drum produced a steady abrasive 
coating. 

A block above the drum held ten radial ly movable plungers to which the specimens 
were fastened. The plungers were urged by a ir pressure toward the drum. A roll ing 
diaphragm served as seals (Fig . 2). Mineral specimens consisting of cubes of about 
y 4 - i n . side length were bonded to the end of steel plugs. The plugs were held in the 
plungers by se t - screws (Fig . 2). The moving parts were protected from the fine abra 
sive by a thin plastic membrane. 

Wear was determined as weight loss; to this end the complete specimen-plug a s 
sembly was weighed repeatedly on an analytical basis . Weight loss was converted to 
volume loss using material density. 

An exploratory program was c a r r i e d out 
with Si02 abrasive to study the wear effects 
of changes in the apparent contact area . 
F r o m frict ion and wear theory dependency 
is not expected. Minerals of CaCOa, MgO, 
and AI2O3 were included. A typical ex
ample of the results i s shown in Figure 3. 
Wear was independent of apparent contact 
area for a given load. S imi lar behavior was 
assumed to hold for al l the remaining 
mineral -abras ive combinations. 

The majority of abrasion tests reported 
by others showed wear to be proportional to 
distance of travel . T h i s fact was also 
verif ied in the pre l iminary tests. Thus, 
the distance of travel (16, 200 drum revolu
tions) was the same for al l tests, and an 
adjustment of running time was made at 
each speed. 

AE 
M 

iRASIVE 
NERAL 

5 , 0 , 

0 13 lb. 
LOAD 

0 
0 ° 

• < • 
• * • 0.8 lb 

LOAD 

AREA, A„, mm' 

Figure 3. Wear of MgO as a function of 
apparent contact area. 
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(a) CaCOs (c) by MgO Abrasive 

(c) Si02 (f) by MgO Abrasive 

(b) Slag by MgO Abrasive 

i 
• ! 

(d) Si02 (c) by MgO Abrasive 

(e) SiC by MgO Abrasive (f) CoCOs (c) by Si02 Abrasive 

Figure 4. Microphotographs of several worn minerals (magnification 50x). 
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(a) Mullite by Si02 Abrasive (h) Slag by SiOj Abrasive 

(i) CaCOj (c) by AI2O3 Abrosive (j) CaCOa (i) by AI2O3 Abrasive 

•I 

(k) Mullite by AI2O3 Abrasive (1) Zr02 by AI2O3 Abrasive 

Figure 4. Continued. 
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T A B L E 3 

L I S T O F MINERAL P R O P E R T I E S WITH A V E R A G E WEAR 

Mineral Melt Temp. 
C O 

Modulus 
(psi » 10*) 

Yield Stress 
(psi X 10*) 

Specific 
Gravity 

Vicker's Hardness 
(kg/mm") 

Abrasive Wear 
(mm' X 10"") 

AliOs S1O2 MgO 

CaC03(c) 825 - - 2.70 460 42.2 30.7 13 5 

CaCOsd) 825 - - 2.70 400 38 0 40.9 12.5 

Slag 1400 - - 2.70 620 24.0 16.3 9.4 

Sl02(f) 1700 6 - 2.10 1100 11.0 11.0 2.6 

Mullite 1810 21 0.9 2.95 1720 11.0 6.5 3.1 

Si02(c) 1700 7 0.7 2.65 2000 7.7 6 5 1.7 

MgO 2620 42 1 5 3.60 1240 3 4 1.3 0.2 

Z r O : 2650 21 2 0 5.70 1700 2.4 0.6 0 2 

SiC 2200 50 5.0 3.00 4500+ 0.7 0.4 0.07 

AI2O3 2000 45 4.0 4.00 3300 0.3 0.7 0.03 

RESULTS 

I t was seen tha t numerous m a t e r i a l p rope r t i e s , notably m e l t i n g t empera tu re , h a r d 
ness, modulus and s t r a i n energy, could p rov ide a means to p r e d i c t the degree of wear 
between m i n e r a l p a i r s . I n p a r t i c u l a r the wear concepts t h r o w doubt on the usua l ly ac
cepted pa ramete r , s c r a t c h hardness . Table 3 l i s t s these p rope r t i e s and gives the weai 
(average of a l l loads and speeds) f o r each ab ras ive . Hardness was measured d i r e c t l y 
by the author . The r e m a i n i n g values were found f r o m an assor tment of publ ica t ions 
on m a t e r i a l constants. 

A c o r r e l a t i o n of wear and m e l t i n g poin t was a t tempted i m t i a l l y . A t f i r s t glance the 
postulated c o r r e l a t i o n seems to hold : l o w m e l t i n g point m a t e r i a l s tend t o have h igh wear . 
The highest m e l t i n g poin t m a t e r i a l s ( i . e, MgO and ZrOg), however , do not exh ib i t the 
best abras ion res i s tance . I n f ac t , c lose r inspec t ion of the table r evea l s numerous e x 
ceptions. AI2O3 (2000 C) abras ive w o r e M g O (2600 C) and ZrOz (2650 C) much f a s t e r 
than i t wore SiC (2200 C) or i t s e l f ; MgO (2600 C) abras ive w o r e ZrOa (2650 C) much 
f a s t e r than i t w o r e S iC (2200 C) o r AI2O3 (2000 C). A l s o the wear r a t e s of f u s e d and 
na tu ra l quar tz d i f f e r by a lmos t 50 percent though both have the same t h e r m a l p r o p 
e r t i e s . Appa ren t l y m e l t i n g po in t does not p rov ide a unique measure of wear . 

A r e l a t i o n between wear and e las t ic modulus does not appear to be s a t i s f ac to ry . 
M u l l i t e i s much m o r e b r i t t l e than SiOs(c) but the amount of wear i s s i m i l a r . The same 
i s t r u e f o r M g O and Z r O z . 

Compar ing wear w i t h hardness i n Table 3, the f o l l o w i n g gene ra l i za t ion can be made: 
f o r those m i n e r a l s s o f t e r than the abras ive , the amount of wear i s l a r g e ; i f the m i n e r a l 
a re ha rde r than the abras ive , the wear i s an o rde r of magnitude l o w e r than the s o f t e r 
m a t e r i a l s . Severa l w o r n samples were p r e s e r v e d a f t e r the exper imen t s and m i c r o -
photographs w e r e taken of t h e i r su r faces . The sur faces a re shown i n F i g u r e 4. T w o 
phenomena can be seen: (a) s c r a t c h i i ^ o r g roov ing , and (b) p i t t i n g o r scabbing. The 
scratches appear to be w e l l f o r m e d ; l i t t l e , i f any, f r a g m e n t a t i o n occur s at t h e i r edges. 
Scratches on m i n e r a l s ha rde r than the abras ive a re cons iderab ly reduced f r o m those 
scra tches on the s o f t e r m i n e r a l s , see F i g u r e 4 c, d, e. P i t t i n g i s found on a l l m i n e r a l 
r ega rd le s s of t h e i r hardness r e l a t i v e to that of the abras ive . The number and s ize of 
the p i t s d i f f e r f r o m m i n e r a l to m i n e r a l and the p i t s seem l i t t l e a f f ec t ed by the type of 
abras ive used. 

L o w Hardness M i n e r a l s 

A b r a s i v e wear theor ies f o r me ta l s suggest that wear can be caused by p las t i c de fo r 
ma t ion of the contact and subsequent p lowing-ou t of wear debr i s when movement c o m 
mences. Wear was f o u n d t o be d i r e c t l y p r o p o r t i o n a l t o l o a d and i n v e r s e l y p r o p o r t i o n a l 
to f l o w p re s su re . Porgess and WUman showed that t h i s r e l a t i o n holds f o r r o c k sal t . 
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Figure 6, Wear inversely proportional tohardness 
for SiOa abrasive. 

T h i s agreement w i t h me ta l s may be expected s ince sa l t i s an e x t r e m e l y s o f t m i n e r a l . 
No other exper imen t s were found wh ich d i r e c t l y v e r i f y these p r o p o r t i o n a l i t y r e l a t i o n 
ships f o r nonmetals . 

The m i n e r a l s used i n t h i s r e s e a r c h a r e m u c h ha rde r than sa l t , s t i l l no f r a g m e n t a 
t i o n of the grooves i s evident f r o m the photographs. Thus one m i g h t expect the wear 
to be i n v e r s e l y p r o p o r t i o n a l to the f l o w p re s su re or V i c k e r ' s hardness. A l o g - l o g p lo t 
of wear against hardness was made f o r each abras ive . F i g u r e s 5 th rough 7. I n each 
case the wear was gene ra l l y found to be i n v e r s e l y p r o p o r t i o n a l to the f i r s t power of 
hardness ( in F i g . 7 S i 0 2 ( f ) i s n e a r l y as h a r d as the abras ive) . But exceptions o c c u r r e d 
f o r the SiOz and AlgOs abras ives . B o t h M g O and Z r O z gave l e s s wear than the hardness -
wear r e l a t i o n s h i p f o r the other m a t e r i a l s wou ld p r e d i c t . 

F i g u r e 8 shows the e f f e c t of load on wear . Wear increases w i t h the load , p r o v i d e d 
the m i n e r a l i s s o f t e r than the abras ive . F r o m abras ive wear theory , wear should be 
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p r o p o r t i o n a l to load . The g raph indicates a 
l oad independent i n t e rcep t W Q that i s not ac - i lo,coj.x\ 
counted f o r i n the theo ry . I t s value increases so] j ^ ^ ^ : : ^ c I c o j ( c ) 
as the m i n e r a l hardness decreases. The c o n 
stant t e r m W Q apparent ly i s r e l a t e d to the 
p i t t i n g . T h i s ma t t e r , as w e l l as the behavior 
of MgO and Z r O z , i s d iscussed f u r t h e r i n the 
f o l l o w i n g sec t ion . 

M e l t i n g poin t does g ive an i nd i ca t ion of a 
m a t e r i a l ' s h igh t empera tu re s t reng th . The 
r o o m t empera tu re hardness m i g h t be l o w e r e d 
to some degree by the heat generated at the 
r u b b i n g contacts . Heat genera t ion depends on 
the r e l a t i v e speed of the rubb ing sur faces . 
Higher speeds should, t h e r e f o r e , l o w e r the 
instantaneous hardness and increase wear . 
F i g u r e 9 i s an example of the wear f o r each 
abras ive as f u n c t i o n of speed. The r e s u l t s show 
a de f in i t e increase i n wear as the s l i d i n g speed increases . The slope f o r AlsOs ab ra 
s ive increases i n p r o p o r t i o n to the decrease i n m i n e r a l m e l t i n g poin t (Table 3). 
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Figure 9. Wear as a function of speed for 
AI2O3 abrasive. 

High Hardness M i n e r a l s 

The wear of the m i n e r a l s ha rde r than the abras ive was r e l a t i v e l y l o w . I t was a lso 
independent of load . Mic ropho tographs r evea led that g roov ing was m i n i m a l al though 
some p i t t i n g r ema ined . The appearance of the sur faces suggested a p p l i c a b i l i t y of 
Rab inowicz ' s t h e o r y of a balance between s t r a i n energy and sur face energy. The 
d iamete r of a detached p a r t i c l e i s g iven by 

d a 
EH^ '^ 

yp 

(9) 

05. 

where the su r face energy S i s app rox ima ted by the % power of the hardness, v a l i d 
f o r many m a t e r i a l s accord ing to Rabinowicz . The t h e o r y does not g ive the average 

s ize of the p a r t i c l e s nor does i t indicate 
the f r e q u e n c y of detachment. Values of 
the r a t i o i n Eq . 9 computed f o r seve ra l 
m a t e r i a l s a re m u l l i t e , 3; MgO, 2; SiOz, 
1. 8; and A 1 ^ 3 , Z rOa , and SiC, 0. 5. 
V i s u a l inspec t ion of seve ra l m i c r o p h o t o 
graphs, F i g . 4 g, k, d, (1), shows tha t 
the average s ize and f r e q u e n c y of de tach
ment a re i n the same o r d e r as these r a t i o s . 
Thus i t may be possible to r e l a t e wear to 
the same r a t i o s . 

Wear f o r m i n e r a l s ha rde r than the a b r a 
s ive i s p lo t ted g a i n s t E H V V o | p ( F i g . 10). 

The p lo t t ed points were obtained w i t h the 
th ree d i f f e r e n t abras ives . The evidence 
i s that the wear may be d i r e c t l y p r o p o r 
t i ona l to t h i s r a t i o al though m o r e data a re 
des i rab le . I f the m i n e r a l i s cons iderab ly 
ha rde r "than the abras ive , e. g . , MgO, the 
wear i s l e s s than the va lue t h i s r e l a t i o n 
w o u l d be expected to p rov ide . R e f e r r i n g 
to F i g u r e 4 e l i t t l e p i t t i n g occurs w i t h the 
M g O abras ive . Perhaps r e l a t i v e hardness 
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has some in f luence on the f r e q u e n c y of detachment. Rabinowicz has v e r i f i e d that 
m i n i m u m p a r t i c l e s ize does obey Eq . 8 but no a t tempts have been made by anyone to 
evaluate v o l u m e of p a r t i c l e r e m o v a l i n t e r m s of the pa ramete r . 

The mic rophotographs show substant ia l p i t t i n g f o r the m i n e r a l s so f t e r than the a b r a 
s ive . Since the p i t t i n g type of wear appears independent of load, i t seems p laus ib le to 
r e l a t e i t to the constant W Q found f o r these m i n e r a l s . A c c o r d i n g to Rabinowicz , the 
subst i tu t ions E ~ l / H y , S ~ Hy ^, and Oyp ~ Hy a r e v a l i d f o r many m a t e r i a l s . Thus, 

the s ize of the detached p a r t i c l e can be desc r ibed by 

ES „ - 3 / 4 
^ ~ H y (10) 

yp 

Hardness can t h e r e f o r e be taken as a measure of the p a r t i c l e detachment s ize when 
the t e r m s on the l e f t of Eq. 10 a re not known. Indeed, the microphotographs f o r the 
sof tes t m i n e r a l s , CaCOs and slag, show a h igher number of detachments and a l a r g e r 
increase i n t h e i r s ize compared to ha rder m i n e r a l s . I n F i g u r e 9, W Q does increase 
i n p r o p o r t i o n to the sof tness of the m i n e r a l s . 

Eq . 10 was g iven because the p r o p e r t i e s on the l e f t s ide a re not a lways known. That 
the p i t t i n g phenomenon should be r e l a t e d to hardness i s not s u r p r i s i n g s ince good c o r 
r e l a t i o n of hardness w i t h wear was achieved f o r the s o f t e r m i n e r a l s . Eq . 9 was used 
f o r the studies of m i n e r a l s ha rde r than the abras ive because hardness was not a good 
ind i ca t i on of the p a r t i c l e detachment d iamete r as seen f r o m the r a t i o s above. Values 
f o r ZrOa and MgO were comparable to SiC and S i02 (c ) , even though the l a t t e r a r e much 
ha rde r . I f the re i s l e ss p i t t i n g f o r ZrOz and MgO than t h e i r hardness indica tes , i t 
w o u l d expla in why the wear of these m i n e r a l s d i d not co r r e l a t e bet ter w i t h hardness 
when w o r n by a ha rder abras ive . The avai lable mic ropho tograph f o r Z r 0 2 does show 
much less p i t t i n g than m a t e r i a l s of comparable hardness. F i g u r e 9 a l so shows that 
the t e r m Wo f o r Z r 0 2 and MgO i s s m a l l i s v i e w of t h e i r hardness. 

CONCLUSIONS 

Wear concepts p rov ided seve ra l pa rame te r s that cou ld be used to p r ed i c t the wear 
of homogeneous m i n e r a l s o r roadstones under s i m u l a t e d r o a d condi t ions . The r e su l t s 
of r e l a t i n g wear to m i n e r a l m e l t i n g t empera tu re o r modulus were negative. 

M i c r o s c o p i c photographs of w o r n sur faces r evea led two phenomena: s c ra t ch ing and 
p i t t i n g . No c r a c k i n g f r o m b r i t t l e f r a c t u r e was evident along the scra tches . Rap id ly 
wea r ing m i n e r a l s s u f f e r e d both types of damage w h i l e s low wea r ing m i n e r a l s d isp layed 
no sc ra tch ing , only a s m a l l amount of p i t t i n g . The c r i t e r i o n wh ich es tabl ished whether 
o r not a m i n e r a l wou ld wear r a p i d l y was i t s hardness r e l a t i v e to that of the abras ive . 
Rap id wear o c c u r r e d when the abras ive was ha rde r than the m i n e r a l . F o r each of the 
th ree f i n e abras ives the r a p i d type of wear c o r r e l a t e d w e l l w i t h m i n e r a l hardness w i t h 
the exception of two m i n e r a l s which appeared to have l i t t l e p i t t i n g . 

The p i t t i n g that i s evident i n the microphotographs s t r ong ly suggests some energy 
mechanism invo lved w i t h the m a t e r i a l r e m o v a l . However , no adequate mode l i s knoivn 
wh ich w i l l r e l a t e , quant i ta t ive ly , the vo lume of wear to the energy p rope r t i e s of m i n 
e r a l s . Qua l i t a t i ve r e l a t i ons were developed to expla in the behavior of the above two 
m i n e r a l s and the s low wear of m i n e r a l s ha rde r than the abras ive . 

The s i g n i f i c a n t aspect of t h i s wear s tudy i s that h a r d m i n e r a l s were w o r n w i t h a b r a 
s ives of compara t ive hardness; t h i s combina t ion has been neglected i n wear l i t e r a t u r e . 
The evidence of sc ra t ch ing by the abras ive and the r e l a t i o n of r a p i d wear to m i n e r a l 
hardness i s a lso a c h a r a c t e r i s t i c of the w o r k r e p o r t e d f o r meta l s , but the phenomenon 
of p i t t i n g of the m i n e r a l s which accompanies the sc ra t ch ing represen ts a new observa t ion . 

A C K N O W L E D G M E N T S 

T h i s r e s e a r c h was c a r r i e d out as an i n t e g r a l p a r t of the Jo in t Road F r i c t i o n P r o 
g r a m between The Pennsyl ran ia State U n i v e r s i t y , the Pennsylvania Depar tmen t of 
Highways and the U . S. Bureau of Publ ic Roads. I t s e rved the author as h i s Mas te r of 
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Science thesis w i t h P r o f e s s o r W. E . M e y e r as h i s adv i so r . He g r a t e f u l l y acknowledges 
technica l advice r e c e i v e d f r o m other m e m b e r s of the U n i v e r s i t y f a c u l t y , p a r t i c u l a r l y 
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Pre-Evaluation of Pavement Materials for 
Skid Resistance—A Review of U. S. Techniques 
W. A. GOODWIN, U n i v e r s i t y of Tennessee, K n o x v i l l e 

T h i s paper i s essent ia l ly a r e v i e w of e x i s t i i ^ methods , used i n 
the l a b o r a t o r y , f o r s tudying pavement m a t e r i a l s as r e l a t ed to 
t h e i r s k i d - r e s i s t a n t qua l i t i e s . I t consis ts of desc r ip t ions of 
t e s t equipment and t e s t i n g techniques along w i t h examples of 
data. 

I t r e p o r t s tha t the l a b o r a t o r y tes ts have genera l ly developed 
around t w o evaluat ion methods. One i s to study compacted 
pavement m i x t u r e s ; the other i s to tes t aggregate p a r t i c l e s o r 
stone chunks. Bo th types of methods seem to be u s e f u l i n e v a l 
uat ing pavement m a t e r i a l s p r i o r to t h e i r use. 

None of the methods r e p o r t e d , however , have widespread 
use, nor a re they e n t i r e l y a l i ke . P robab ly the P o r t l a n d Cement 
A s s o c i a t i o n and the Tennessee Highway Research P r o g r a m 
equipment have the grea tes t s i m i l a r i t y , but tes t p rocedures 
a re d i f f e r e n t . 

There a re s eve ra l new methods that a r e being cons t ruc ted 
that inc lude des ign ideas f r o m o lder methods. A l o n g w i t h the 
mechanized l a b o r a t o r y tes t methods , i n f o r m a t i o n on supple
men ta l p r e - e v a l u a t i o n too l s i s r e p o r t e d , i nc lud ing p rocedures 
f o r s tudying the in f luence on s k i d res i s t ance of sand-size s i l i 
ceous p a r t i c l e s , m i n e r a l content o f aggregates, and pavement 
p e r m e a b i l i t y . 

I t i s concluded that the p r e - e v a l u a t i o n of m a t e r i a l s i s a 
p r a c t i c a l approach to o b t a i n i i ^ be t t e r s k i d - r e s i s t a n t pave
ments , bu t add i t iona l w o r k i s needed to r e l a t e l a b o r a t o r y r e 
su l t s t o f i e l d p e r f o r m a n c e . 

• T H E a b i l i t y to p re -eva lua te s k i d res i s t ance of aggregates and t h e i r combinat ions p r i o r 
t o i n c l u s i o n i n a roadway s u r f a c e i s des i rab le . Pavement su r f ace m a t e r i a l s should be 
p re -eva lua ted f o r the safety of the d r i v i n g pub l i c , as w e l l as f o r economic reasons. I f 
unsa t i s f ac to ry m a t e r i a l s can be e l i m i n a t e d , savings i n accident cos ts , maintenance and 
r e c o n s t r u c t i o n w i l l r e s u l t 

P re sen t ly ava i lab le l a b o r a t o r y methods of p r e t e s t i n g pavement m a t e r i a l s have gen
e r a l l y developed around two techniques. One cons iders the complete m i x t u r e ; the other 
cons iders m i x t u r e components. I n add i t ion t o the l a b o r a t o r y measurement of p r e t e s t 
i n g pavement m i x t u r e s , other supplementary techniques have been used to p rov ide a 
be t t e r unders tanding of the inf luence of aggregate p a r t i c l e s and m i x t u r e s on s l i p p e r i -
ness. These techniques include the d e t e r m i n a t i o n of insoluable res idue of aggregate 
p a r t i c l e s , in f luence of su r f ace wea ther ing , and a i r and wa te r p e r m e a b i l i t y of pavement 
m i x t u r e s . 

A r ev i ew of the l i t e r a t u r e i n t h i s coun t ry r evea l s that there a re s eve ra l agencies 
that have made s i g n i f i c a n t con t r ibu t ions t o l a b o r a t o r y ^va lua t ion of pavement m a t e r i a l s . 
They include Purdue U n i v e r s i t y , Kentucky Depar tmen t of Highways , the Na t iona l Crushed 
Stone Assoc ia t ion (NCSA), the P o r t l a n d Cement Assoc i a t i on ( P C A ) , Pennsylvania State 
U n i v e r s i t y and the Tennessee Highway Research P r o g r a m , Several agencies inc lud ing 
the states of C a l i f o r n i a , Georgia , M a r y l a n d , Pennsylvania , and V i r g i n i a a re extending 
o r beginning p r e l i m i n a r y w o r k i n es tab l i sh ing l a b o r a t o r y p r o g r a m s . 

6 9 
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The p re sen t l y known methods may be grouped on the bas i s of r e l a t i v e sample s ize. 
F o r ex imip le , the Georgia , Purdue and Kentucky apparatus use samples between 4 -
and 6 - in . d i a m e t e r , whereas the P C A and Tennessee apparatus use samples of su f 
f i c i e n t s ize f o r t e s t i ng w i t h a s tandard s ize au tomobi le t i r e . The NCSA, M a r y l a n d 
and Peiin State methods u t i l i z e a c i r c u l a r t r a c k . I n genera l , however , a l l methods 
r equ i re a condi t ion ing of the su r f ace , e i the r be fo re o r d u r i n g tes t ing . T h i s cond i t i on 
i n g , somet imes r e f e r r e d to as p o l i s h i n g wea r , i s b rought about by a n i b b e r annulus i n 
the case of Georg ia , Purdue and Kentucky equipment and au tomobi le t i r e s i n the case 
of the PCA, M a r y l a n d , Penn State and Tennessee equipment; a somewhat s m a l l e r t i r e 
i s used by the NCSA. These l a b o r a t o r y techniques a re somet imes r e f e r r e d to as "wear 
mach ines . " 

The f o l l o w i n g f a c t o r s a r e r e p o r t e d by these agencies as r e l a t i n g t o the m a t e r i a l s 
p r o b l e r i : 

For Aggregates 

Angularity 
Gradation (size) 
Texture (micro and macro) 
Mineral content 
Porosity 
Susceptibility to polishing 

For Mixtures 

Surface texture 
Horizontal drainage 
Vertical permeability 

PURDUE U N I V E R S I T Y M E T H O D 

The Purdue U n i v e r s i t y method as desc r ibed by Shupe and Goetz (1) and Stephens and 
Goetz (2) i s adaptable to specimens molded i n the l a b o r a t o r y o r t o ones r emoved f r o m 
the highway surface . Specimen s ize i s about 6 - i n . d i amete r . 

The apparatus consis ts of a v e r t i c a l l y mounted m a n d r e l w i t h a head s u f f i c i e n t l y 
l a r g e to ho ld a 6 - i n . spec imen (F ig . 1). A rubber tes t shoe i s mounted on a b a l l - b e a r 

ing shaf t that i s i n l i n e w i t h the m a n d r e l 
conta in ing the specimen. T h i s sha f t i s 
r e s t r a i n e d f r o m t u r n i n g by a can t i l eve r 
ba r on which a r e located SR-4 s t r a i n gages. 
The r e s t r a i n t t o r o t a t i o n i s r e c o r d e d as 
the f r i c t i o n a l res i s tance . I n the tes t , the 
spec imen i s r o t a t ed at app rox ima te ly 30 
m p h by an e l e c t r i c a l m o t o r and the rubbe r 
t e s t shoe i s f o r c e d against the spec imen 
sur face th rough a mechanica l a r r a n g e 
ment f o r apply ing a constant n o r m a l f o r c e 
of 28 p s i . The app l i ed f o r c e cor responds 
to the n o r m a l p r e s s u r e one wou ld expect 
to ex i s t between passenger car t i r e s and 
the highway pavement. The tes t shoe i s 
he ld against the spinning spec imen f o r 2 
sec and then r emoved . A f t e r a pause of 
app rox ima te ly 2 sec the tes t i s repeated 
and the res i s tance i s r e p o r t e d as a r e l a 
t i v e value. Wa te r i s suppl ied to the spec i 
m e n sur face d u r i n g test . 

A n a t t empt was made t o c o r r e l a t e the 
l a b o r a t o r y r e s u l t s w i t h f i e l d tes ts by us ing 
the s topping-dis tance automobi le . I n t h i s 
c o r r e l a t i o n e f f o r t , the au thors concluded 
tha t su r faces of m e d i u m t ex tu re had good 

i 

Figure 1. Purdue laboratory machine. 
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Figure 2. Kentucky friction measuring machine. 

agreement between laboratory and f ield tests. I n the open surfaces , the laboratory 
method indicated poorer ant i -skid character i s t i c s than did the stopping-distance method. 
F o r an extremely dense surface , the laboratory method showed higher values than ob
tained by the field measurements. 

Typ ica l resul ts with this equipment demonstrate the capability of the method to d i s 
cern the effect of replacing the fine aggregate fraction with the coarse mater ia l in a s 
phalt or concrete mixtures. Results reported by Stephens and Goetz (2) also show the 
utility of the equipment for studying the relative res is tance value of rock cores , aggre
gate blending, and the effect of aggregate texture. Supplementary r e s e a r c h reported 
by Shupe and Lounsbury (3) relates to the use of the equipment for evaluating polishing 
character i s t i c s of mineral aggregates. The aggregates were ranked relative to their 
skidding res is tance by the test method. 

K E N T U C K Y D E P A R T M E N T O F HIGHWAYS 

The laboratory r e s e a r c h reported by Stutzenberger and Havens (4) considered the 
testing of stone specimens that were controlled polished. It consists of measuring the 
res is tance to turning of a rubber annulus when placed in contact with a polished stone 
surface. The device i s shown in Figure 2. In operation, an e lec tr ic motor furnishes 
the driving power, through a hydraulic torque converter, such that the rubber annulus 
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Figure 3. NCSA circular track. 

may be ro ta ted at speeds up to 300 r p m when i n contact w i t h the stone su r face . The 
spec imen suppor t ing device i s designed f o r use w i t h specimens v a r y i n g i n length f r o m 
1 to 5 i n . and a d i ame te r of approx ima te ly 4 i n . The load ing mechan i sm consis ts of a 
pneumat ic cy l i nde r that can p rov ide a n o r m a l load on the spec imen f r o m 0 to 32 p s i . 
A s t r a i n gage b a r i s attached t o the un i t tha t holds the spec imen so tha t when the shaf t 
ro ta tes , the res i s tance t o r o t a t i o n i s t r a n s f e r r e d to the s t r a i n gage b a r and i s au tomat 
i c a l l y r ecorded . 

The o r i g i n a l w o r k us ing t h i s equipment invo lved the t e s t i n g of specimens co red f r o m 
l a r g e chunks of stone obtained f r o m d i f f e r e n t q u a r r i e s . These cored specimens were 
po l i shed b y g r i n d i n g t h e i r sawed faces on a whee l that had been faced w i t h an a l u m i n u m 
oxide paper . A f t e r i n i t i a l g r i n d i n g , the specimens w e r e then ground on a glass p la te 
m a s l u r r y of coarse ca rborundum and then w i t h the f i n e g r i t ca rborund iun . The p o l 
i s h i n g was continued u n t i l the su r f ace was u n i f o r m and smooth , a f t e r w h i c h f u r t h e r 
g r i n d i i ^ was done on another glass p la te w i t h a d i f f e r e n t s l u r r y . The f i n a l p o l i s h i n g 
was accompl ished by a b u f f i n g wheel . T h i s f i n a l stage p o l i s h i n g was continued i m t i l 
t h r ee consecut ive readings on a r e f l e c t o m e t e r r ema ined unchanged. A f t e r p o l i s h i n g , 
the stone specimens a re tes ted i n e i ther the wet o r d r y condi t ion . The authors r e p o r t 
a method f o r ca l cu la t ing the coe f f i c i en t of f r i c t i o n f r o m the tes t p rocedure . 

GEORGIA H I G H W A Y D E P A R T M E N T 

The apparatus be ing used b y Georg ia (5) i s s i m i l a r t o the Purdue machine , but uses 
a 10 - in . d i ame te r specimen. The purpose f o r the l a r g e r spec imen i s t o p e r m i t the use 
of a B r i t i s h por tab le t e s t e r f o r the measurement of wear . A l s o , the Georgia method 
u t i l i z e s a w a t e r - a b r a s i v e m i x t u r e t o acce le ra te the wea r p rocess . The apparatus has 
been i n expe r imen ta l use since 1967. 
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Figure 4. Maryland circular track. 

NATIONAL CRUSHED 
STONE ASSOCIATION 

Gray and Goldbeck reported (6) on the 
NCSA method of pre-evaluation of pave
ment mixtures. This method also involves 
polishing the specimen before testing for 

- I i m ^ B frictional resistance. A circular track is 
^ flK*" iH^^ISF^BtJK^^^B used for containing the pavement surfaces 

* while they are being polished. The sur
faces may be fabricated in the laboratory 
or obtained directly from the field. 

The track is 14 feet in diameter and 
will accommodate up to 20 different test 
sections (Fig. 3). The surface prepara
tion consists of rotating a pneumatic-tired 
wheel many times around the tract, first 
with water and fine sand on the surface 
and finally with the surface clean and dry 

so that only the rubber tire exerts the polishing action. It is believed by the researchers 
that the circular track technique produces surfaces that closely resemble those formed 
by normal vehicular traffic. 

After the specimens have been polished, measurements of slipperiness are made 
with the NCSA bicycle wheel. This wheel is supported in a frame and is placed directly 
on the pavement section to be tested. The tire is ground off exposing the tire fabric 
over half of its circumference; the other half of the tire retains its full thickness of 
tread. Slipperiness is measured by rotating the tire to bring counterbalance weights 
attached to the rim to the uppermost position and the height of the wheel is adjusted so 
that the wheel turns freely except when the thickportionofthetire is down on the surface. 

The wheel is released allowing the weights to rotate it so that the thick portion of 
the tire strikes the pavement surface, thereby raising the wheel slightly in the slotted 
supports which hold the axle. The wheel is then supported only by the surface, and it 
continues to turn imtil brought to rest by the friction between the tire and the road. The 
more slippery the pavement the greater is the angle of turn required to bring the wheel 
to rest. An average of eight readings is taken in order to indicate the pavement slipperiness. 

Figure 5. Penn State rotary wear machine. 
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M A R Y L A N D S T A T E ROADS COMMISSION 

The M a r y l a n d State Roads C o m m i s s i o n (7) i s m o v i n g in to the l a b o r a t o r y f o r p r e -
evalua t ing pavement m i x t u r e s , and has developed an aggregate p o l i s h i n g device tha t 
has the f ea tu res of a c i r c u l a r t r a c k (F ig . 4). Concrete as w e l l as b i t iun inous mixes 
may be tested. Tes t specimens a re t r apezo ida l w i t h approximate ins ide d imens ions 
of 8 i n . b y 14 i n . and 11 i n . long. A f t e r the spec imen sur faces have been po l i shed , a 
B r i t i s h po r t ab l e t e s t e r i s used to evaluate t h e i r s k i d res i s tance . The c i r c u l a r t r a c k 
p o l i s h i i ^ device cons is t s essen t ia l ly of two wheels mounted 6 f t apar t on a c o m m o n . 
axle . The wheels a re ro ta ted by a 3-hp gearhead m o t o r at app rox ima te ly 2272 r p m . 
The wheels can be adjus ted to toe i n , toe out , o r ro ta te i n a plane pe rpend icu la r to 
axle as w e l l as t r a c k each other o r r u n at s l i g h t l y d i f f e r e n t r a d i i . P r o v i s i o n s have 
been made to add surcharge weights to the wheels to a t t a in a range of d e s i r e d loads. 
The t es t t i r e s a re automobi le s ize and have a s l i c k t r ead . 

I n n o r m a l opera t ion , f o u r r ep l i ca s o f the same m i x a re tes ted. Two specimens a r e ! 
adjacent t o each other and the other two a r e p laced on the opposite side of the t r a c k . 
Genera l ly the w e a r i n g p rocess i s stopped at selected i n t e r v a l s and each spec imen 
tes ted w i t h the B r i t i s h p o r t a b l e tes te r . Al though only p r e l i m i n a r y w o r k has been done, 
the r e sea r che r s have noted that w i t h a t y p i c a l l y poor a ^ r e g a t e the B P N number i s 58 
a f t e r about 1000 r evo lu t ions and th i s decreases to a B P N of about 49 a f t e r 40,000 
revo lu t ions . 

The r e s e a r c h i s c o n t i n u l i ^ w i t h the i n i t i a l in ten t o f s t andard iz ing the p rocess and 
e s t a b l i s h i i ^ s tandard m i x e s against w h i c h o thers w i l l be judged. 

P E N N S Y L V A N I A S T A T E U N I V E R S I T Y 

The Pennsylvania State U n i v e r s i t y (8) a lso has th ree p o l i s h i n g dev ices , one of w h i c h 
i s a c i r c u l a r t r a c k . One device has been r e f e r r e d to as a " r e c i p r o c a t i n g pavement 
p o l i s h e r " w h i c h i s used t o p o l i s h i n d i v i d u a l aggregate p a r t i c l e s tha t a r e mounted on a 
12- in . square m e t a l p la te . Resul ts w i t h t h i s device l e d the r e sea rche r t o develop 
equipment t o p o l i s h aggregates w i t h a r o t a t i n g t i r e . T h i s device i s r e f e r r e d to as a 
r o t a r y wear machine ( F i g . 5) and i s be l ieved to be m o r e represen ta t ive of the p o l i s h 
i n g p rocess that occurs under t r a f f i c on the roadway. The machine operates by r u n 
n ing an automot ive t i r e against pavement samples that a r e mounted on the outside of 
a r o t a t i n g d r i m i . The tes t t i r e whee l i s r i m against the d r u m at the chosen speed, load , 
and i n f l a t i o n p r e s su re . P o l i s h i n g agents a r e f r e q u e n t l y in t roduced t o acce lera te the 
p o l i s h i n g wear . D u r i n g t es t , the c o e f f i c i e n t of f r i c t i o n i s measured at i n t e r v a l s and | 
i t s decrease i s used as a measure of the p r o g r e s s of test . When the coe f f i c i en t ^ -
proaches a constant va lue , the p o l i s h i i ^ p rocess i s comple te . The "d rag t e s t e r " u t i 
l i z i n g a B P N - t y p e t es t shoe i s mounted i n such a way t o p e r m i t measurement of the , 
c o e f f i c i e n t as the d r u m conta ining the tes t samples ro ta tes . Tes t samples a re 1 by 
14 i n . and consis t of selected aggregates tha t a r e s ized and glued t o a l u m i m m i panels 
f o r a t tachment t o the d r u m . The d r u m speed can be c o n t r o l l e d between 30 and 50 mph. 
The other t e s t p a r a m e t e r s such as t i r e i n f l a t i o n p r e s su re may be v a r i e d to su i t tes t 
condi t ions . I n add i t ion to these two p o l i s h i n g devices , Penn State has a c i r c u l a r t r a c k 
( F i g . 6) w h i c h uses an automobi le wheel . I t can be operated imder load at d i f f e r e n t 
amounts of s l i p o r f r e e r o l l i n g . Speeds a r e c o n t r o l l e d f r o m 5 to 24 mph. The to rque 
on the wheel may be measured to obta in the f r i c t i o n f o r c e t r a n s m i t t e d f r o m t i r e to 
pavement o r the r o l l i n g res i s tance of the whee l . I t . i s designed to r u n cont inuously 
ove r a l o n g p e r i o d o f t i m e wi thou t attendance. The apparatus i s used f o r wea r t e s t on 
t i r e s o r p o l i s h i n g of pavement su r faces and can be operated vinder c o n t r o l l e d e n v i r o n 
menta l condi t ions . Specimens of pavements may be made d i r e c t l y i n the machine o r 
cut f r o m the roadway and f i t t e d i n the machine. 

C A U F O R N I A DIVISION O F IHGHWAYS 

C a l i f o r n i a ' s apparatus (9) may be used i n the l a b o r a t o r y o r f i e l d . I t i s p re sen t ly used 
a lmos t e n t i r e l y i n the f i e l d ? The device ( F i g . 7) consis ts of a s m a l l t r a i l e r - t y p e t i r e 
that i s mounted on two p a r a l l e l guides that move on a ca r r i age . The guides a re r i g i d l y 
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Figure 6. Penn State circular track. 

connected into the frame of the assembly and are firmly fastened to a restraining 
anchor. In conducting the test the tire is brought to the desired test speed and is then 
dropped instantaneously to the test surface. Usually the test speed is 50 mph. In the 
pretest condition the tire is raised and adjusted to about in. above the test surface. 
The coefficient of friction is determined by reading the calibrated gage attached to the 
guide rods. 

Although this method has been used to rate pavement surfaces in the laboratory, it 
is now almost entirely used in the field for locating and monitoring potential slick areas. 
In field operation it is attached to a bumper hitch of an automobile for proper position
ing on the pavement. 

TENNESSEE HIGHWAY RESEARCH PROGRAM 
Whitehurst and Goodwin (1 )̂ reported on a device for determining the relative poten

tial slipperiness of pavement mixtures prior to their use. It consists of an automobile 
wheel driven by an electric motor at a desired constant speed. With the test wheel 
spinning against a specimen surface, the power required to drive the wheel is con
sidered to be a measure of the specimen surface resistance. As the surface becomes 
more slippery, less power is needed. Figure 8 is a general view of the test apparatus. 
It is used for testing specimens 6 by 8 in. up to 36 by 36 ia and 6 in. thick. Usually 
the specimens are about 24 by 24 in. and six tests are conducted on each specimen sur
face. Specimens may be fabricated in the laboratory or acquired directly from cut 
sections of the roadway. In addition to bituminous concrete, portland cement concrete, 
blocks of stone, and thin surface treatments may also be evaluated. 

When in operation, the drive motor maintains a constant wheel speed of 10 mph 
under a normal pressure of 270 lb. The equipment is designed to operate unattended 
for conducting tests continuously for a long period. As a rule, however, four 1-hr 
tests constitute a "run" on each specimen surface. Generally speaking, no effort is 
made to provide accelerated wear of the pavement surface, although this can be done 
if so desired. 

Test results are graphically presented with the ordinate of the graph representing 
power consumption of the motor with the wheel spinning gainst the specimen surface; 
the abscissa for the data graph is as test time. The chart paper of the recording 
wattmeter can serve directly as the graphical display. 
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Figure 7. California slipperiness measuring device. 

PORTLAND CEMENT ASSOCIATION 
The laboratory studies of the Portland Cement Association are reported by Balmer 

and Colley (IJ.). Their initial work was directed to the objective of determining the 
influence of aggregate properties on the skid resistance of concrete pavements. The 
test machine, patterned after the Tennessee machine, is shown in Figure 9. Essen
tially, it consists of a 25-hp electric motor movinted above an automobile differential 
assembly. The differential has been modified to provide a direct drive with the motor 
connected to the drive shaft through a series of belts and pxilleys. The motor provides 
the power to rotate the wheel and tire against the test specimens. The tire is rotated 
at a constant speed of 20 mph and loaded with a normal force of 600 lb. The normal 
force is produced by deadweights mounted on a lever that acts against the supports for 
the test specimens. Water is conducted to the top of the test tire to aid cooling when 
the test is run continously. The ASTM Standard Tire for Pavement Tests (E249-64T) 
is usually used. During tests, an electric vibrator stimulates the flow of fine sand that 

• 

Figure 8. Tennessee slipperiness measuring machine. 
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Figure 9 . PCA slipperiness measuring machine. 

is blown into the water stream to accelerate specimen wear. Test specimens in the 
order of 24 by 24 by 6 in. may be accommodated in the machine. They may be tested 
imder either wet or dry conditions, but generally they are tested wet. 

The testing procedure consists of placing the pavement specimen in the machine, 
turning the water on to keep the specimen surface continously wet, and energizing the 
electric drive motor to bring the test wheel to a speed of approximately 20 mph. After 
the machine is operated without load and the recording wattmeter is adjusted to zero, 
the specimen is lifted against the rotating tire and the normal test load of 600 lb is 
applied. During the first phase of the test, the tire rotates continously on the speci
men for 75 min. In the second phase, a fine Ottawa sand is fed from the vibrator and 
blown onto the specimen so that it passes under the rotating tire that is in contact with 
the specimen. After two hours of sand abrasion, the third phase of the test is con
tinued without sand for an additional 75 min. It is during this phase that the frictional 
resistance of the worn pavement is assessed. 

Data from the test are in the form of a graph that relates a "wear index" with the 
time period of test. The wear index is considered to be a comparative measure of the 
skid resistance of the material, and is taken as the electrical power, in kilowatts, that 
is required to rotate the tire against the pavement specimen. Results are reported at 
the end of 270 min of testing. Such factors as concrete finish, exposed coarse aggre
gate, aggregate size, use of abrasives on concrete to develop frictional resistance, and 
the effect of different surface treatments in the restoration of skid resistance may be 
studied with this equipment. 

Data developed in laboratory have been compared with field data and the authors 
observed that the wear index increased as field performance improved. They con
cluded "that the laboratory tests can be used to prejudge performance prior to using 
an aggregate in the field." 

SUPPLEMENTAL PRE-EVALUATION TOOLS 
In addition to the mechanized laboratory test methods, there are at least three other 

laboratory techniques that have the reported potential for providing supplemental in-
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Figure 10. Tennessee water permeabi lity device. 

formation; these include the influence of sand-size siliceous particles based on the in- | 
soluble residue test, the influence of mineral content and nature of the total aggregate, 
and the influence of pavement permeability. '• 

The work by Shupe and Lounsbury (3) along with that of Stutzenberger and Havens j 
(4) related to studying the relationship between aggregate mineral content and sus- ^ 
ceptibility to polishing. Shupe and Lounsbury revealed that grain size and percent of 
calcium carbonate are useful factors in assessing the susceptibility of an aggregate to ' 
polishing under traffic wear. The research by Stutzenberger and Havens on specimens , 
cut from blocks of sandstone and limestone points to the differences in coefficient of j 
friction among these materials as influenced by coarse wear, differential hardness, 
cementitious material, and grain size. For example, the fine-grain dense stone polished 
more readily than the coarse-grain stone when subjected to Kentucky's testing techniques, i 

Gray (12), and later Gray and Renninger (13), reported that sand-size siliceous 
particles in an aggregate have an effect on skid resistance. The work reported by Balmer 
and CoUey (IJ.) and Goodwin (14) also supports this thesis. The procedures for deter
mining the sand-size siliceous particles consist essentially of obtaining approximately 
10,000 gm of the aggregate and soaking it in a dilute solution of hydrochloric acid until 
the acid has dissolved the carbonate minerals and there remains only a residue, which 
is filtered, washed, dried, and weighed. The residue is usually silt, clay, and siliceous 
material. The silt and clay, determined by washing the filtered solution over a 200-
mesh sieve, are considered detrimental to skid resistance and are subtracted from the 
total residue to obtain the siliceous particle content. Balmer and CoUey concluded 
that "the general trend of the data shows an increase in the wear index as the siliceous 
particle content increases." 

The influence of pavement permeability, as affected by permeation of the water into 
the roadway surface and channelization over the roadway surface, is reported by Good
win (1 )̂ as another measurable factor that can be used to aid in the pre-evaluation of 
pavement mixtures. The water permeability apparatus is shown in Figure 10. Typical 
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data r e p o r t e d show that as the pavement wa te r p e r m e a b i l i t y increases so does the r e 
s is tance t o the t u r n i n g of the l a b o r a t o r y t e s t t i r e . 

Other r e s e a r c h e r s , f o r example , Hutchison at the U n i v e r s i t y of Kentucky and the 
la te Pete K u m m e r at Pennsylvania State U n i v e r s i t y have s tudied p e r m e a b i l i t y as w e l l 
as su r face t ex tu r e . The r e s e a r c h at the U n i v e r s i t y of Kentucky (15) i s b e i i ^ used to 
de t e rmine the dynamic p e r m e a b i l i t y of pavement m i x t u r e s . The r e s e a r c h i s i n the 
deve lopmenta l stage bu t i n i t i a l w o r k has i nvo lved l a b o r a t o r y s tudies f o r d e t e r m i n i n g 
the amount of wa te r that can be d ra ined v e r t i c a l l y in to a g iven pavement beneath a 
vehic le t i r e at va r i ous speeds of t r a v e l . The device essen t ia l ly consis ts of f o r c i n g the 
wate r in to the pavement by a shotgun b las t and m e a s u r i n g the w a t e r f l o w by v o l u m e t r i c 
means. Fu tu re plans a r e t o develop a device essen t i a l ly f o r l a b o r a t o r y use that w i l l 
d i s c r i m i n a t e be tween the e f f e c t o f t i r e i n f l a t i o n p r e s s u r e and t i r e speed as they r e l a t e 
to the hydrodynamic p r e s s u r e that f o r c e s the w a t e r in to the pavement. 

S U M M A R Y 

The l a b o r a t o r y methods discussed a re only those that a r e t r u l y f o r l a b o r a t o r y t e s t 
i n g , except the machine used by C a l i f o r n i a w h i c h may be used i n both the f i e l d and 
l abora to ry . Other dua l -purpose machines such as the B r i t i s h po r t ab le t e s t e r a re not 
r ev i ewed . T h e r e a r e a l so l a b o r a t o r y machines be ing used f o r t e s t i n g o f f l o o r c o v e r 
ings that may have usefulness to the t e s t i n g of pavement su r faces but such usefulness 
has not as ye t been demonst ra ted . Undoubtedly other machines ex i s t ( f o r example , the 
one used by J imenez of the U n i v e r s i t y of A r i z o n a , tha t i s s i m i l a r to P u r d u e ' s ) w h i c h 
have not been developed s u f f i c i e n t l y f o r r e p o r t i n g and a re consequently unknown to the 
author . 

P robab ly the greates t need i n p r e - eva lua t i on of pavement m i x t u r e s i s the c o r r e l a 
t i o n of l a b o r a t o r y r e s u l t s w i t h f i e l d p e r f o r m a n c e over a p e r i o d of t i m e . 

REFERENCES 

1. Shupe, J . W. , and Goetz, W . H . A L a b o r a t o r y Method f o r D e t e r m i n i n g the Skidding 
Resistance of B i t u m i n o u s Pav ing M i x t u r e s . P roc . A S T M , V o l . 58, 1958. 

2. Stephens, J . E., and Goetz, W. H . Des igning Fine B i t u m i n o u s M i x t u r e s f o r H i g h 
Skid Resistance. HRB Proc . V o l . 39, 1960. 

3. Shupe, J . W., and L o i m s b u r y , R W. P o l i s h i n g C h a r a c t e r i s t i c s of M i n e r a l A g g r e 
gates. P r o c , F i r s t I n t e r n a t i o n a l Skid P reven t ion Conference , U n i v e r s i t y of 
V i r g i n i a , C h a r l o t t e s v i l l e , 1958. 

4. Stutzenberger , W. J., and Havens, J . H . A Study of the P o l i s h i n g Cha rac t e r i s t i c s 
of L imes tone and Sandstone Aggregates i n Regard to Pavement Sl ipper iness . 
HRB B u l L 139, 1958. 

5. M o r e l a n d , Thomas D . Pe r sona l Communica t ion , Oct . 1968. 
6. Gray , J . W., and Goldbeck, A . T . Skid P r o o f i n g of Aspha l t i c Concrete Pavement 

Surfaces. Crushed Stone Jour. , M a r c h 1959. 
7. Smi th , Nathan L . , J r . Pe rsona l Communica t ion , Ju ly 1968. 
8. Hegmon, R R , and M e y e r , W. E . Pe r sona l Commimica t i on , J u l y 1968. 
9. Beaton, John L . Pe r sona l Communica t ion , M a r c h 1968. 

10. W h i t e h u r s t , E . A. , and Goodwin, W. A . A Device f o r D e t e r m i n i n g Rela t ive Poten
t i a l S l ipper iness of Pavement M i x t u r e s . H R B B u l l . 139, 1958. 

11 . B a l m e r , G. G., and CoUey, B . E . L a b o r a t o r y Studies of the Skid Resistance of 
Concrete . Jour , of M a t e r i a l s , A S T M , V o l . 1, No. 3, 1966. 

12. Gray , J . E., and Renninger , F . A . L imes tone w i t h Exce l l en t Non-Sk id P r o p e r t i e s . 
Crushed Stone Jour. , V o l . X X V , No. 4 , D e c , 1960, 

13. Gray , J . E., and Renninger , F. A . L imes tone and D o l o m i t e Sands i n Skid Resis tant 
P o r t l a n d Cement M o r t a r Surfaces . Research Repor t , Na t iona l Crushed Stone 
A s s o c , Sept., 1963. 

14. Goodwin, W . A , P r e - E v a l u a t i o n of B i t u m i n o u s M i x e s f o r Skid Resistance. P r o c , 
SASHO, 1962. 

15. Hutchinson, Kao , and Pendley. Porous Pavement Tes t ing . Sympos ium on Skid 
Resis tance, A S T M , Oct. , 1968. 



Factors Affecting Skid Resistance and 
Safety of Concrete Pavements 
B . E . C O L L E Y , A . P. CHRISTENSEN, and W. J . N O W L E N , P o r t l a n d Cement 

Assoc i a t i on 

The paper discusses the ro l e o f the t i r e and the pavement i n 
r educ ing m o t o r veh ic le accidents r e s u l t i n g f r o m sk idding . 
Cons ide ra t ion i s g iven to the i n t e r a c t i o n between the t i r e r u b 
b e r c h a r a c t e r i s t i c s of adhesion and hys te res i s and the pave
ment su r face c h a r a c t e r i s t i c s o f f i ne and coarse t ex tu re . Data 
a r e presen ted to show the impor t ance o f se l ec t ing w e a r - r e s i s t a n t 
f i n e aggregate, obta in ing a p r o p e r m i x design, and choosing a 
f i n i s h i n g method that w i l l produce the de s i r ed t ex tu re depth. 
I n add i t ion p rocedures a r e desc r ibed f o r r e s t o r i n g s k i d r e s i s 
tance to pavements that have become s l i p p e r y . 

• E A C H y e a r the highways a r e be ing used by m o r e veh ic l e s t r a v e l i n g at i n c r e a s i n g 
speeds. The inc reased t r a f f i c has reduced the average distance between vehic les 
and t h i s combined w i t h inc reased speed has reduced a l e r t i n g t i m e to avo id o b s t r u c 
t ions . T h e r e f o r e , every e f f o r t mus t be made to cons t ruc t veh ic l e s and highways to 
achieve o p t i m u m response to d r i v e r s ' reac t ions i n o r d e r to p revent accidents . 

Skidding occur s i n many accidents . However , i t i s somet imes d i f f i c u l t to de te rmine 
whether the s k i d was the cause o r the e f f e c t (1., 2) . A r e p o r t on accidents i n w h i c h 
sk idd ing was cons idered the p r i m a r y cause was presen ted by M i l l s and Shelton (3). A 
study of these data shows that about 50 percent of the accidents on snowy o r d i r t y 
pavements , 15 pe rcen t o f those on c lean we t su r faces , and l ess than 1 pe rcen t of those 
on d r y su r faces w e r e caused by sk ids . M o r e recent data on na t ion-wide t r a f f i c a c c i 
dents f o r 1966 (4) show approx ima te ly these same percentage groupings f o r accidents 
on d r y , wet, and s n o w y - i c y condi t ions . A survey o f f i v e states i n 1964 showed that 
the percentage of wet pavement accidents r e s u l t i n g f r o m sk idd ing v a r i e d f r o m ze ro to 
23.4 percen t w i t h an average value o f about 12 percent . T h e r e f o r e , i t i s reasonable to 
assume, on a conserva t ive bas is , that about 15 percen t of a l l accidents can be a t t r i bu t ed 
to r educ t ion of t i r e - p a v e m e n t f r i c t i o n , and e f f o r t s must be made to overcome th i s f au l t . 

T h i s r e p o r t i s concerned w i t h the r o l e o f highway design i n the safety p r o g r a m and, 
i n p a r t i c u l a r , the development of s k i d - r e s i s t a n t su r faces on concrete pavements to 
obta in des i rab le t i r e - p a v e m e n t f r i c t i o n f o r c e s a s su r ing m a x i m u m v e h i c u l a r c o n t r o l . 

New f i e l d and l a b o r a t o r y tes t data a re r e p o r t e d together w i t h pe r t i nen t f ind ings 
avai lable i n the l i t e r a t u r e . Some f a c t o r s a f f e c t i n g the s k i d res is tance and safety of 
concrete pavements a re examined as a p a r t of the o v e r a l l r e l a t ionsh ips between v e 
h ic les , t r a f f i c , and pavement. 

SCOPE A N D DEFINITIONS 

T h i s inves t iga t ion i s d i r e c t e d t o w a r d a study of the s k i d res is tance of pavements 
as an a i d to r e d u c i n g accident f r equency and s e v e r i t y . Of p a r t i c u l a r conce rn a re 
methods o f obta in ing and p r e s e r v i n g good s k i d res is tance on concrete pavements . 

T e r m s associated w i t h sk idd ing a re s l i d ing , s l ipp ing , and c o r n e r i n g . K u m m e r and 
M e y e r (5) suggested subcategor ies f o r sk idd ing to indica te the mode. Spec i f i c a l l y , 
sk idd ing means a s l i d i n g mot ion w i t h locked wheels , and when evaluated w i t h a s k i d 
t r a i l e r produces a s k i d number , o f t e n loosely ca l l ed c o e f f i c i e n t of f r i c t i o n . I f the 
wheels a r e not comple te ly locked , but continue to ro ta te w h i l e s l i d i n g , the mode i s 
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c a l l e d s l i p p i n g and the measure o f s l i p res is tance i s a s l i p number . F i n a l l y , r e s i s 
tance to a c o r n e r i n g s k i d i s c o r n e r i n g res is tance , also ca l l ed c o r n e r i n g f o r c e . 

Of recent concern i s the phenomenon of hydroplan ing . When a m o t o r veh ic le moves 
out of c o n t r o l because the t i r e - s u r f a c e f r i c t i o n f o r c e s p r o v i d e i n s u f f i c i e n t r e s t r a i n t , 
the veh ic le i s e i t he r sk idd ing o r hydroplaning . I f the t i r e main ta ins contact w i t h a 
f i r m sur face , the movement i s genera l ly def ined as sk idding . I f wa te r f l o a t s the t i r e 
at the p r e v a i l i n g speeds, the movement i s c a l l ed hydroplaning, o r i n some a r t i c l e s , 
aquaplaning. H y d r o p l a n i i ^ may occur w i t h o r wi thout locked wheels . 

M o o r e (6) discussed two condi t ions o f hydroplaning . The v e l o c i t y that causes h y 
drop lan ing w i t h locked wheels i s less than that f o r r o t a t i n g wheels , and i s c a l l ed the 
l o w e r l i m i t o r s l i d i n g l i m i t . The v e l o c i t y at w h i c h an acce le ra t ing veh ic le w i l l d r i f t 
out of c o n t r o l on a wa te r f i l m i s the upper l ^ d r o p l a n i n g l i m i t . I f b rakes a re appl ied 
d u r i n g upper l i m i t hydroplaning, no c o n t r o l w i l l be es tabl ished vui t i l the speed has 
f a l l e n t h rough the l o w e r l i m i t . 

M E A S U R E M E N T O F T I R E - P A V E M E N T F R I C T I O N 

Many methods and devices have been used t o measure s k i d res i s t ance o r pavement 
wear . These may be grouped in to (a) veh ic le s topping distance tes ts , (b) d r a g of a 
l o c k e d whee l t r a i l e r , (c) energy l o s s o f a pendulum, and (d) dece l e ra t i on o f a r o t a t i n g 
wheel—and also v a r i a t i o n s o f these p r i n c i p l e s . 

Stopping dis tance i s a measure o f the dis tance r e q u i r e d t o b r i n g a veh ic l e to a stop 
f r o m a spec i f i ed speed. I n the test , a d r i v e r a t ta ins the de s i r ed speed, locks the 
b rakes , and s l i des to a stop. T h e f r i c t i o n c o e f f i c i e n t o r s k i d number ( s k i d number i s 
the f r i c t i o n c o e f f i c i e n t t i m e s 100; t h i s t e r m i s used i n the paper in terchangeably w i t h 
f r i c t i o n c o e f f i c i e n t ) can be computed f r o m the f a m i l i a r equation, 

V ' 
30 d (1) 

w h e r e V i s v e h i c l e speed i n m i l e s p e r hour at i n i t i a t i o n o f the sk id , and d i s the s top
p i n g distance i n feet . 

Devices 

The re a re a number o f locked wheel t r a i l e r designs. I n a l l cases, a t o w i n g veh ic le 
i s d r i v e n at the d e s i r e d speed and wa te r i s pumped onto the pavement ahead of the 
t r a i l e r t i r e s when one o r both of the t r a i l e r wheels a re locked. The output o f e i the r 
a to rque o r a l oad measu r ing device i s usua l ly t r a c e d o n an e l e c t r o n i c r e c o r d e r d u r i n g 
t e s t ing . The s ty lus displacement i s i n t e r p r e t e d i n t e r m s of the c o e f f i c i e n t of f r i c t i o n 
by r e fe rence to a c a l i b r a t i o n curve . 

The B r i t i s h Por t ab le T e s t e r (7, 8, 9) consis ts o f a pendulum w i t h a 1 - by 3 - i n . 
rubbe r i n s e r t at the end that i s set to s l ide f o r a distance o f 5 i n . ove r the spec imen 
su r f ace . T h e n f o r p r e d e t e r m i n e d machine constants , the f r i c t i o n c o e f f i c i e n t , f , i s 
approx ima te ly 

f = 0.178 h 

where h i s the v e r t i c a l dis tance o f the scale read ing below the ze ro , measured i n 
inches . 

A device used to evaluate pavement wea r consis ts o f a sp inning automot ive t i r e and 
a means o f measu r ing power r equ i r emen t s to d r i v e the t i r e against the t es t su r face . 
Whi t ehu r s t and Goodwin (10) have desc r ibed such a device, and a m o d i f i e d machine 
us ing th i s method was desc r ibed by B a l m e r (11). 

The P C A s k i d t r a i l e r , B r i t i s h pendulum tes ter , and a P C A device f o r eva lua t ing 
pavement wear a re shown i n F igu re 1. 

C o r r e l a t i o n 

C o r r e l a t i o n s tudies have been made so that values of s k i d res is tance r e p o r t e d by 
v a r i o u s agencies w o u l d be mean ingfu l . A c o r r e l a t i o n study (12) o f a number o f s k i d 
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< P C A 
Skid Trailer 

British ^ 
Portable Tester 

< P C A Laboratory 
Test Equipment 

/SI 

Figure 1. Typical devices for measurement of skid resistance {U), 

res i s tance m e a s u r i n g machines was made at Tappahannock, V a . , i n 1962. F r i c t i o n 
c o e f f i c i e n t s as d e t e r m i n e d by eight s k i d t r a i l e r s at 50 m p h on f i v e su r faces a re c o m 
p a r e d i n F i g u r e 2. These w e r e c o r r e l a t e d w i t h s topping distances, the B r i t i s h p o r t a b l e 
tes te r , the Na t iona l Crushed Stone Assoc i a t i on b i c y c l e whee l and the P D H drag tes te r . 
Considerable v a r i a t i o n i n r e s u l t s i s evident among the t r a i l e r s and s i m i l a r d i s c r e p 
ancies ex i s t among the o ther devices . F r i c t i o n c o e f f i c i e n t s o r sk id - r e s i s t ance values 
mus t be q u a l i f i e d at p re sen t by i n d i c a t i n g the tes t device and method. , 

FACTORS A F F E C T I N G T I R E - P A V E M E N T F R I C T I O N 

A m o t o r i s t ope ra t ing h is veh ic le can speed up, t u r n , o r s low down. The f o r c e s at 
h i s d i sposa l f o r i m p l e m e n t i n g these changes a re appl ied p a r a l l e l to the pavement by 
means of a f r i c t i o n contact a rea between the t i r e and the road . Su f f i c i en t f r i c t i o n mus t 
develop to p e r m i t comple te c o n t r o l w h i l e a cce l e r a t i ng and c o r n e r i n g . The t i r e a lso 
p r o v i d e s a t r eaded su r face w h i c h helps m i n i m i z e the p r o b a b i l i t y of hydrop lan ing . The 
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S I T E S 

Figure 2. Comparison of trailer test results (j2). 

r o l e o f the pavement su r f ace i n s k i d 
res i s tance i s to t r a n s f e r necessary 
f r i c t i o n a l c h a r a c t e r i s t i c s to the t i r e 
and to p r o v i d e a t ex tu re that a ids 
drainage. Thus , f r i c t i o n a l f o r c e s 
a re func t ions o f both the t i r e and the 
pavement sur face , and each des ign 
should complement the o ther . 

T IRES 

Skid res i s tance as i n f luenced by 
the t i r e i s d iscussed i n t e r m s of 
r u b b e r c h a r a c t e r i s t i c s and e f f ec t s 
of t r e a d compos i t i on and design. 

Rubber C h a r a c t e r i s t i c s 

Adhesion and hys te res i s , the two 
p r i n c i p a l components o f r u b b e r f r i c 
t i o n , a r e ind ica ted i n F i g u r e 3, w h i c h 
shows a p o r t i o n o f a t i r e t r e a d s l i d 
i n g o v e r a r o u g h - t e x t u r e d pavement 
su r face . The adhesion component 
i s a f u n c t i o n o f the shear f o r c e s de
ve loped at the t i r e - p a v e m e n t i n t e r 
face , whereas the hys te res i s c o m 
ponent i s a f u n c t i o n of the energy 
losses w i t h i n the r u b b e r as i t i s de 
f o r m e d by the t e x t u r e d pavement 
su r face . The f r i c t i o n c o e f f i c i e n t i s 
the s u m m a t i o n o f the t w o components. 

Adhes ion i s of p r i m a r y impor tance on d r y pavements but assumes a l esse r r o l e on wet 
pavements as hys te res i s becomes dominant . M a x i m u m values of adhesion and the 
c r i t i c a l speeds at w h i c h they occur a r e dependent upon the e l a s t i c and damping p r o p e r 
t i e s of the rubbe r . On wet pavements , the adhesion c o e f f i c i e n t i s l ow and changes only 
s l i g h t l y w i t h inc reased s l i d i n g speed. The hys te res i s c o e f f i c i e n t increases w i t h speed, 
w i t h the i n t e r n a l damping p r o p e r t i e s o f the rubber , and i s p r a c t i c a l l y p r e s s u r e i n d e 
pendent w i t h l i t t l e s ens i t i v i t y to con tamina t ion and l u b r i c a t i o n . 

The e f f ec t o f t empera tu re (13) on the f r i c t i o n components o f adhesion and hys te res i s 
i s i n f l uenced by the type o f rubber , s l i d i n g speed, and c h a r a c t e r i s t i c s o f the su r face . 
I n genera l hys t e res i s w i l l decrease at h igher t empera tu res , whereas adhesion i s more 
sens i t ive to speed changes and may e i t he r increase , decrease, o r r e m a i n unaf fec ted . 

T h e r e su l t an t s u m m a t i o n o f adhesion and hys t e r e s i s c o m p r i s e s the c o e f f i c i e n t o f 
f r i c t i o n , and the e f f ec t o f t h i s summat ion f o r a locked whee l tes t on a wet pavement i s 
shown i n F i g u r e 4 (14). The coe f f i c i en t o f f r i c t i o n decreased f r o m 0.85 to 0.45 as 
s l i d i n g speed i nc rea sed f r o m 10 t o 50 mph. 

T r e a d Compos i t i on and Des ign 

The se lec t ion o f the rubbe r compos i t i on o f t i r e s i s i n f luenced by the t i r e use. A 
s o f t rubbe r w i t h good f r i c t i o n components does not usua l ly have s u f f i c i e n t t r e a d l i f e 
on highways to make th i s compos i t i on economica l ly p r a c t i c a l . T h e r e f o r e , the a b i l i t y 
to develop good f r i c t i o n i n a harder , m o r e durable rubbe r i s obtained by an appropr ia te 
t r e a d pa t t e rn . 

M a r i c k (15) has d iscussed the r o l e o f r i b s , grooves , and s lo t s i n t i r e des ign. He 
showed that the t i r e s k i d number on a smooth pavement was doubled as the number of 
r i b s was inc reased f r o m 0 to 6. Most o f the increase o c c u r r e d w i t h the addi t ion of 
the f i r s t t h r ee r i b s , and i n c r e a s i n g the number f r o m 6 to 12 d i d not r e s u l t i n a f u r t h e r 
s i g n i f i c a n t inc rease . 
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fh = Hysteresis f-=Adhesion 

20 30 
S P E E D , mph 

Figure 4. Effectof speed on skid resistance (14)— 
wet test. 

Figure 3. Friction components (13). 

The cu t t ing of s lo t s produces m o r e 
t r e a d edges and p r o v i d e s a w i p i n g ac t ion 
as w e l l as p e r m i t t i n g ven t ing between the 
r i b s . Depending on t r e a d depth, s l o t t i n g 
increases the s k i d number above that o f a 
p l a i n r i b design. F i g u r e 5 i l l u s t r a t e s how 
a t i r e , as i t loses t r e a d due to wear , ap
proaches the p e r f o r m a n c e o f a p l a i n r i b des ign and eventual ly that o f a smooth 
t i r e . 

T r e a d des ign i s not s i gn i f i c an t on d r y pavement sur faces as smooth t i r e s on such 
su r faces produce good s l i p o r s k i d res i s tance . However , when su r faces a re tes ted 
wet , t i r e t r e a d gains i n impor tance . T h i s i s demons t ra ted by the data of Goodwin and 
Whi t ehu r s t (14) shown i n F i g u r e 6. The f r i c t i o n c o e f f i c i e n t va lues reduced m o r e r a p i d 
l y f o r the smooth t i r e than the t r eaded t i r e as speed increased , and at 40 mph the 
smooth t i r e w o u l d have r e q u i r e d tw ice the s topping distance. Thus i t i s apparent that 
t i r e t r e a d i s s ign i f i can t , and that even on a h ighly s k i d - r e s i s t a n t su r face a d r i v e r w i t h 
smooth t i r e s i s a po ten t i a l hazard . 

The type and depth o f t i r e t r e a d as w e l l as the height o f pavement s u r f a c e a spe r i t i e s 
a re i m p o r t a n t i n reduc ing the dangers of hydroplaning . I t i s genera l ly conceded that i 
hydroplan ing can occur on a f i l m o f wa te r 
i f the pavement su r face i s smooth. F o r 
example , ba ld t i r e s may hydroplane on a 
smooth pavement su r face w i t h a wa te r f i l m 
0 .1 i n . t h i ck , whereas g rea te r w a t e r depths 
a re r e q u i r e d f o r t r eaded t i r e s . H o m e and 
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Figure 5. Skid-resistance reduction due Figure 6. 
to tread wear (15)—wet test. 

Effect of tire wire on skid resistance 
(14)-wet test. 
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D r e h e r (16) showed that f o r smooth o r r i b t r e a d t i r e s , where the f l u i d depth exceeded 
the depth of the t read , hydrop lan ing speed was g iven by the equation: 

Hydrop lan ing speed (mph) = 10.4 V t i r e i n f l a t i o n p r e s s u r e (psi) 

Based on th i s equation, hydroplan ing speed f o r the t j r p i c a l passenger veh ic le cou ld be 
reached at 50 t o 60 mph. 

The e f f ec t o f w a t e r depth on f r i c t i o n coe f f i c i en t s f o r d i f f e r e n t speeds i s shown by 
the data of F i g u r e 7, r e p o r t e d by T r a n t (17). The t i r e s had r i b t r eads and al though 
hydrop lan ing speed was not reached, t he r e was a l a r g e decrease i n the f r i c t i o n c o e f f i 
c ient as w a t e r depth was inc reased f r o m 0.05 to 0.30 i n . 

T H E P A V E M E N T 

T o obta in good t i r e - p a v e m e n t f r i c t i o n values , the pavement su r face must develop 
good hys te res i s and adhesive f o r c e s i n the t i r e rubber . I n addi t ion , permanence of 
the s k i d - r e s i s t a n t p r o p e r t i e s o f a pavement su r face i s s i gn i f i can t . Many su r faces a re 
s k i d r e s i s t an t when f i r s t p laced but lose e f fec t iveness due to wear . The c o n t r i b u t i o n 
of the pavement to s k i d res i s tance i s cons idered by d e f i n i n g : (a) the r o l e and i m 
por tance o f t ex tu re , (b) the va lue o f p r o p e r m i x design, (c) p rocedures f o r se lec t ing 
aggregates to m i n i m i z e wear , and (d) methods o f obta in ing a su i table t ex tu re d u r i n g 
concrete p lacement . 

T e x t u r e 

A s p e r i t i e s d i s t r i b u t e d o v e r a sur face f o r m a t ex tu r e . The nature of the a spe r i t i e s 
de te rmines the t ex tu re c l a s s i f i c a t i o n , 1. e . , i t may be coarse, f ine , sharp , dense, etc. 
I t i s gene ra l ly agreed that a pavement su r face should have a t ex tu re cons i s t i ng o f bo th 
f i n e and coarse a spe r i t i e s . The f i ne a spe r i t i e s i m p a r t the adhesion component i n the 
t i r e - p a v e m e n t i n t e r a c t i o n , whereas the coarse a spe r i t i e s have the dual r o l e o f i m p a r t 
i n g the hys te res i s component and p r o v i d i n g drainage channels f o r wa te r . 

T e x t u r e on a b i t uminous pavement i s c rea ted by d i s t r i b u t i n g aggregate p a r t i c l e s o f 
v a r i o u s s izes i n the m i x and then r o l l i n g the m i x t u r e to f o r m the su r face . Thus , bo th 
coarse and f i n e aggregates a re genera l ly exposed at the su r face . I n a concrete pave
ment, the f i n e t e x t u r e r e s u l t s f r o m the sand-cement m o r t a r l a y e r and the coarse t e x 
t u r e i s f o r m e d by the f i n i s h i n g opera t ions w h i l e the concre te i s s t i l l p l a s t i c . Thus 
f o r concrete , the coarse t ex tu re i s the r idges of s cu lp tu red m o r t a r l e f t by f i n i s h i n g 
m a r k s ; t h e r e f o r e , the coarse aggregate s e ldom func t ions as a p o r t i o n o f the su r f ace . 
T h i s explains why the re appears to be a con t r ad i c t i on when a concre te engineer says 
permanence of s k i d res i s tance i s p r i m a r i l y c o n t r o l l e d by the f ine aggregate and the 
b i tuminous engineer says the coarse aggregate i s the m a j o r f a c t o r . 

The amoimt of f r i c t i o n developed 
by a su r face w i t h f i n e a spe r i t i e s has 
been r e l a t ed to the "degree o f t e x t u r e " 
as measured by v a r i o u s t es t p r o 
cedures . Some p rocedures use t e c h 
niques to obta in a cast r e p r o d u c t i o n i n 
a p l a s t e r o r r e s i n , an i n k p r i n t , o r a 
s tereophotographic v i ew of the su r face . 
F o r example, a " f o i l - p i e r c i n g " t e c h 
nique was used by Gi l l e sp i e (18). Data 
a re shown i n F igu re 8. A t t emp t s to 
c o r r o b o r a t e these data made the 
P C A on new concrete su r faces us ing 
a 5 - l b weigh t and 2 - i n . d rop gave i m 
pact punctures r ang ing between 40 to 
200 p e r sq i n . f o r f r i c t i o n coe f f i c i en t s 
v a r y i n g f r o m 0.55 to 0.88. These 
data, al though showing considerable 
scat ter , were i n f a i r agreement w i t h 
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Figure 7. NACA friction-cart trough test (17). 
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Figure 8. Coefficient of friction (35 mph) vs impact punctures. 

the upper p o r t i o n o f the curve ( F i g . 8) . However on o lde r pavements , t h i s c o r r e l a t i o n 
d i d not ex i s t . F o r example , some concrete pavements 12 to 15 yea r s o l d showed no fo i l ] 
punctures , but when tes ted wet at 40 m p h gave f r i c t i o n c o e f f i c i e n t s r ang ing f r o m 0.51 
to 0.62. Gi l l e sp ie a lso r e p o r t e d h igher than an t ic ipa ted s k i d numbers on concrete s u r 
faces w i t h l i m i t e d numbers of f o i l punc tures . Thus i t appears that t h i s tes t p rocedure 
i s not a s u f f i c i e n t c r i t e r i o n f o r p r e d i c t i n g f r i c t i o n c o e f f i c i e n t s on concre te su r faces . 
T h i s i s not s u r p r i s i n g as exper ience gained d u r i n g 10 y e a r s of f i e l d t e s t i ng w i t h a 
s k i d t r a i l e r has shown that v i s u a l examina t ion and sense o f touch a re not subst i tutes 
f o r a s k i d tes t . 

Road contamina t ion r e s u l t i n g f r o m " t r a f f i c f i l m " can, when wet, reduce s i g n i f i c a n t l y 
the s k i d number o f a pavement that has f i ne asper t ies on ly . F o r example, K u m m e r (5) 
r e p o r t s a r i s e i n we t s k i d number f r o m 11 to 20 f o r tes ts made j u s t b e f o r e and a f t e r a 
r a i n preceded by a long d r y p e r i o d . Wet s k i d t r a i l e r tes ts w e r e made on concre te 
pavements by the P C A f o l l o w i n g a 0 . 6 - i n . r a i n that was p receded by 20 days w i t h no 
measurable p r e c i p i t a t i o n . The data showed that 4 0 - m p h s k i d numbers , obtained a f t e r 
the r a i n , had i n c r e a s e d by a g rea t e r percentage on pavements that had the l o w e r values 
p r i o r to the r a i n . I n general , the s k i d numbers obtained a f t e r the r a i n inc reased f r o m | 
6 to 18 percent , w i t h the 18 percent increase o c c u r r i n g on a pavement w i t h a p r i o r to j 
r a i n va lue o f 40, w h i l e on ly a 6 pe rcen t inc rease was observed f o r the pavement w i t h 
an i n i t i a l value o f 60. ' 

Paint i s another type o f con tamina t ion that reduces the s k i d numbers . Tes t s ob 
ta ined by the P C A s k i d t r a i l e r at the A t l a n t a a i r p o r t showed that s k i d numbers i n 
pa in ted areas w e r e reduced f r o m 61 to 29. I t i s suggested that a i r p o r t areas r e q u i r i n g 
pa in ted m a r k i n g s be cons t ruc ted w i t h c o l o r e d concrete o r w i t h c o l o r e d aggregates 
p laced i n the su r face o f the concre te . 

L a r g e a spe r i t i e s somet imes r e f e r r e d to as macroscop ic roughness p r o v i d e d r a i n 
age areas under the t i r e s . Macroscop ic roughness on a concrete pavement i s f o r m e d 
by the m o r t a r and f i n e aggregates as the su r face i s s cu lp tu red by the f i n i s h i n g ope r 
a t ions . M a c r o - r o u g h n e s s a lso in f luences the vo lume of t i r e r u b b e r be ing d e f o r m e d 
(hys te res i s ) and se rves to increase the f r i c t i o n a l c h a r a c t e r i s t i c s of the pavement at 
g rea te r speeds. T h i s ac t ion i s p a r t i c u l a r l y valuable where condi t ions a re conducive 
to t ^ d r o p l a n i n g . Such condi t ions occur more r e a d i l y on a i r p o r t pavements where the 
combina t ion of r e l a t i v e l y slow drainage o f l a rge areas and h igh landing speeds c o n t r i b 
ute to the p r o b l e m . On highways, drainage i s more r e a d i l y c o n t r o l l e d by the slope o f 
the pavement . Slopes p resen t ly used on In te r s ta te highways v a r y f r o m about 2.25 to 
5.75 i n . f o r a 2 4 - f t w i d t h . Because concrete pavements r e t a i n t h e i r shape, these 
magnitudes o f slope genera l ly p r o v i d e adequate drainage. 
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Measurements have been made of l a rge - sca l e a spe r i ty roughness us ing the "sand-
p a t c h " (19), "g rease - smea r" (20), and "drainage m e t e r " (21) methods. Data ( F i g . 9) 
w e r e obtained by Sabey (7) us ing the sand-patch method on concre te pavements . The 
b r a k i n g f o r c e c o e f f i c i e n t decreased about 15 uni t s as t e s t i ng speed was inc reased f r o m 
30 to 80 mph. The percentage decrease v a r i e d w i t h t ex tu re depth and i t was concluded 
that a m i n i m u m depth o f 0.025 i n . was r e q u i r e d I f the decrease was to be he ld to 25 
percent . 

Data ( F i g . 10) r e p o r t e d by Poeb l ikh (22) a re shown as a p lo t of c o e f f i c i e n t o f f r i c 
t i o n ve r sus a spe r i t y height. The f r i c t i o n value o f both the d r y and the wet su r faces 
inc reased as a spe r i ty height increased . F o r the wet sur faces , the c o e f f i c i e n t was 
m o r e than doubled as a spe r i ty height inc reased f r o m 0.05 m m (0.002 i n . ) to 4 m m 
(0.16 i n . ) . However , i t should be noted that about 75 percen t o f the increase was ob
t a ined at an a spe r i ty height of 2 m m (0.078 i n . ) . 

Measurements o f t e x t u r e made by the P C A us ing the sand-patch method showed 
a spe r i t y heights r ang ing f r o m 0.014 to 0.075 i n . as the method of f i n i s h v a r i e d f r o m a 
wood f l o a t to a w i r e b rush . M o r e comple te data w i l l be presen ted l a t e r when f i n i s h i n g 
techniques a re discussed, but i t i s apparent that the t ex tu re that can be obtained by 
f i n i s h i n g w i l l p r o v i d e adequate drainage under the t i r e s . A s p e r i t y depths o f 0.075 i n . , 
a l though adequate, a r e not l i m i t i n g values as even g rea t e r depths have been obtained 
d i s t r i b u t i n g l igh twe igh t aggregates on the su r face o f the p l a s t i c concre te . However i t 
should be recognized that a pavement su r face can become so rough that the s k i d r e s i s 
tance w i l l decrease and ope ra t ing cost f o r t i r e s , gasoline, and veh ic le maintenance 
w i l l increase . I n addi t ion , rough t ex tu res can accumulate rubber deposi ts and cause 
l o w e r s k i d res i s tance . Wet s k i d t r a i l e r tes ts made by the P C A at 40 m p h on the St. 
L o u i s a i r p o r t showed that rubbe r deposits l o w e r e d the s k i d number f r o m 60 to 35. 

Concrete M i x Des ign 

Q u a l i t y concre te i s a p r e r e q u i s i t e to the r e t en t ion o f pavement s k i d res i s tance . A n 
i m p r o p e r m i x des ign o r the addi t ion o f wa te r to the su r face o f the p l a s t i c concre te can 
r e s u l t i n a pavement that has a h igh r a t e o f wear . Under these condi t ions , the benef i t s 
of a good su r face t ex tu re w i l l be of sho r t du ra t ion . 

Data obtained by Sawyer (23) demons t r a t ing the e f fec t of v a r i a t i o n s i n cement con
tent and w a t e r - c e m e n t r a t i o on concrete wear a re shown i n F i g u r e 11 . F o r 2 - i n . 

s lump concrete , a f t e r 14 days o f m o i s t c u r i n g , the 
wea r inc reased as much as 130 percen t as the ce 
ment content was decreased. Increased w a t e r -
cement r a t i o accompanying a change i n s lump r e 
su l ted i n an inc rease of wea r o f 20 percent . 
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Data ( F i g . 12) obtained at the P C A L a b o r a t o r i e s also show the e f fec t on wear o f 
changes i n the w a t e r - c e m e n t r a t i o . These tes ts w e r e made us ing the r o t a t i n g whee l 
equipment desc r ibed p r e v i o u s l y (11.). F o r w a t e r - c e m e n t r a t i o s 0.47 and 0 .51 , wear 
inc reased by about 10 percent . The f i ne aggregate used i n the P C A tes t contained 
about 40 percen t s i l i ceous m a t e r i a l and, and w i l l be shown l a t e r , aggregates of t h i s 
type a re less suscept ible to wear . Tes t s w e r e also made to study the e f f e c t on wear 
of changes i n the cement content. Data f o r cement contents of 376 (4.0 bags) and 517 
l b (5.5 bags) c e m e n t / c u y d were i n good agreement w i t h Sawyer ' s r e s u l t s . 

T o study the e f f ec t on wear of adding wa te r to the concrete sur face d u r i n g f i n i s h i n g 
operat ions , dupl ica te specimens w e r e cast at a wa te r - cemen t r a t i o of 0.47, and 25 cu 
c m of wa te r w e r e s p r i n k l e d on the 4 - sq f t su r face a rea of the p l a s t i c concre te . Wear 
tes ts on these specimens showed that i n i t i a l power r equ i r emen t s needed to d r i v e the 
r o t a t i n g whee l w e r e decreased by about 35 percent f r o m the values on specimens w i t h 
out added wa te r , and the f i n a l wear values averaged 6. 2 ins tead of 6. 7. 

Resul t s of tes ts w i t h v a r i e d sand content showed that the wear res i s tance was i n 
creased as the percen t of sand was inc reased f r o m 34 to 42 percent . T h i s was probably] 
due to a combina t ion o f a l a r g e r su r face a rea of w e a r - r e s i s t a n t f i ne aggregate at the 
t i r e - p a v e m e n t i n t e r f a c e and also an increase i n the cement content to ma in t a in a constai] 
wa te r - cemen t r a t i o and s lump when the percentage of sand was increased . However , 
i t i s suggested that P C A recommended p rocedures (24) be used to de t e rmine m i x p r o 

p o r t i o n s . The amount of sand should be based on 
the most economica l combina t ion of avai lable 
aggregates that w i l l produce the necessary w o r k 
a b i l i t y i n the f r e s h concre te and the r e q u i r e d 
qua l i t i e s i n the hardened concre te . 

Wear Resistance and Fine Aggregates 

Concre te pavements cons t ruc ted w i t h numerous 
aggregate types have r e t a ined good s k i d res i s tance 
f o r many yea r s . The data i n F i g . 13 were obtainec 
f r o m a s k i d t r a i l e r su rvey by Ba rboza (25) that 
inc luded 177 concrete sur faces loca ted a long 
app rox ima te ly 6,500 m i l e s o f m a j o r highway 
routes i n the Uni ted States. Calcula t ions f o r wea r | 
index w e r e based on age o f pavement sur face , 
average t o t a l da i ly t r a f f i c count, and a c o r r e c t i o n 
f a c t o r f o r t r a f f i c d i s t r i b u t i o n w i t h i n the lane. 
T h e r e was a f a i r degree o f c o r r e l a t i o n between 
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wea r index and age; t h e r e f o r e , both 
o f these values a re shown on the 
abscissa. The s t a t i s t i c a l best f i t 
cu rve shows an average i n i t i a l f r i c 
t i o n c o e f f i c i e n t of about 0.5 and i n 
dicates that the m a j o r p o r t i o n of the 
wear occurs i n the f i r s t f o u r o r f i v e 
y e a r s of s e rv i ce , w i t h l i t t l e f u r t h e r 
r educ t ion as t r a f f i c l i f e was extended 
to 35 yea r s . Many other r e f e rences 

To 2 0 30 4 0 can be c i t ed to show s i m i l a r t rends 
PAVEMENT AGE, YEARS o f good p e r f o r m a n c e . However a l l 

Figure 13. Effect of wear on friction coefficient (25). Pavement su r f aces w e a r and some 
— pavements cons t ruc ted w i t h unsa t i s 

f a c t o r y m a t e r i a l s wear so r a p i d l y 
that the sur faces may become s l i ppe ry 

a f t e r only a few y e a r s o f s e rv i ce . Thus , the purpose o f t h i s sec t ion i s to d iscuss m e t h 
ods o f evaluat ing wear and to suggest a test p rocedure f o r se lec t ing aggregates that 
w i l l give good p e r f o r m a n c e . 

Scholer (26), Mac lean (27), Shupe (28) and W h i t e h u r s t (29) have inves t iga ted the 
wear of aggregates and concre te . These studies have shown that the wear and hence 
the s k i d res is tance o f pavements depends p r i n c i p a l l y on the m i n e r a l compos i t ion and 
hardness of the aggregates. 

The equipment ( F i g . 1) used by the P C A f o r eva lua t ing wear of aggregates was de
s c r i b e d b y B a l m e r (11). I n the test , wa te r i s f ed continuously to an A S T M t i r e he ld 
against a concre te spec imen w i t h a n o r m a l f o r c e o f 600 l b w h i l e the t i r e i s r o t a t ed at 
a constant speed o f 250 r p m (20 mph). A f t e r 75 m i n of wear , a second tes t phase 
begins d u r i n g w h i c h a f i ne Ottawa sand i s b lown onto the specimen w i t h the s t r e a m of 
wa te r pass ing between the r o t a t i n g t i r e and the concrete . T h i s abrades the spec imen 
and accelera tes wear . A f t e r two hours o f sand abras ion , the tes t i s cont inued f o r 75 
m i n wi thout the addi t ion o f sand to evaluate the w o r n pavement . The power i n k i l o 
wat ts r e q u i r e d to ro ta te the whee l against the spec imen i s r e f e r r e d to as the "wear 
index" and i s cons idered a compara t ive measure of the s k i d res is tance . 

E a r l y i n the P C A inves t iga t ion , i t was de t e rmined that the compos i t i on o f the f i ne 
aggregate was the m a j o r f a c t o r c o n t r o l l i n g the wear of concre te pavements . Wear 
tests were made w i t h f i ne aggregate samples obtained f r o m 20 d i f f e r e n t sources . As 
these aggregates had been used to cons t ruc t concrete pavements , the wea r index could 
be c o r r e l a t e d w i t h i n - s e r v i c e pavement p e r f o r m a n c e . I n addi t ion , the wear index was 
compared w i t h r e s u l t s f r o m an a c i d inso lub le res idue l a b o r a t o r y t es t p ionee red by 
Gray and Renninger (30). 

I n the a c i d inso luble res idue test , a represen ta t ive sample o f 2 l b of the f i ne aggre 
gate i s t r ea t ed w i t h a 6N so lu t ion o f h y d r o c h l o r i c ac id . The ac id d isso lves the c a r b o 
nates and leaves the s i l t , c lay , and s i l i ceous m a t e r i a l as a res idue . I t i s e s sen t i a l to 
use an adequate amount of ac id to be c e r t a i n that the ac t ion continues u n t i l comple t ion . 
A f t e r the ac t ion i s completed, the so lu t ion i s f i l t e r e d and the res idue i s washed w i t h 
water , screened on the No. 200 mesh sieve, d r i e d , and weighed. The s i l t and clay a re 
cons idered d e t r i m e n t a l to the s k i d res is tance and a re subt rac ted f r o m the res idue . 
Thus the s i l i ceous p a r t i c l e content i s de f ined as the res idue r e t a ined on the 200-mesh 
sieve e ^ r e s s e d as a percentage o f the t o t a l sample . 

The compos i t ion o f each f ine aggregate tes ted i s g iven i n Tab le 1, together w i t h the 
s i l i ceous p a r t i c l e content, the l abo ra to ry wear index, and the f i e l d p e r f o r m a n c e o f the 
pavements cons t ruc ted w i t h each aggregate. T h e inc rease i n w e a r res i s tance w i t h i n 
c reas ing s i l i ceous p a r t i c l e content suggested that bene f i c i a t ion o f poo r aggregates 
cou ld be obtamed by a p a r t i a l replacement o f the f i ne s w i t h a s i l i ceous sand. L a b o r a 
t o r y test r e s u l t s that show p r o g r e s s i v e i m p r o v e m e n t of s e v e r a l aggregates by b e n e f i 
c i a t i o n a re g iven i n Tab le 2. T w e n t y - f i v e percent rep lacement was s a t i s f a c t o r y f o r 
most o f the aggregates; however, the acceptable percentages o f rep lacement depended 
on the s i l i ceous p a r t i c l e content of the b lend. Maclean and She r g o l d (27) have stated 
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T A B L E 1 

EFFECT OF AGGREGATE CONSTITUENTS 

Fine 
Aggregate 

No. 

Pr inc ipa l 
Constituents 

(*) 

Ratmg of 
Field 

Performance 

Wear 
Index 
(kw) 

Siliceous 
Part icle 

Content (i) 

1 90 calcite Poor 3.6 2 

2 70 calci te, 
24 dolomite Poor 4 .4 2 

3 90 calcite Poor 4 .0 3 

4 80 dolomite Poor 5.6 6 

5 75 dolomite Poor 5.8 9 

6 70 dolomite Poor 5.4 13 

7 60 calci te, 
16 s i l t and clay Poor 5.3 17 

8 80 calcite, 
15 quartz Fa i r 6.2 19 

9 65 calci te, 
12 dolomite Poor 5.9 22 

10 50 calci te, 
33 mica and 
quartz Excellent 6.8 33 

11 55 dolomite, 
39 quartz, 
quartzite and 
feldspar Excellent 6.8 39 

12 55 calcite and 
dolomite, 
40 quartz, mica 
and epidote Excellent 6 7 40 

13 45 calci te, 
42 quartz and 
feldspar Excellent 7.3 42 

14 50 dolomite, 
44 quartz Excellent 7 0 44 

15 45 dolomite, 
45 quartz Excellent 6.8 50 

16 45 dolomite, 
45 quartz Excellent 7.2 53 

17 30 graywacke, 
55 quartz Excellent 7.0 96 

18 75 quartz, 
17 feldspar Excellent 7.3 97 

19 72 quartz, 
20 feldspar Excellent 7.2 98 

20 99 quartz Excellent 7.5 99 

tha t " . . . an i m p o r t a n t c h a r a c t e r i s t i c o f r ocks that r e m a i n rough i s the presence of 
two m i n e r a l s that have a cons iderable d i f f e r e n c e i n the res i s tance to w e a r . " The data 
presen ted indica te that t h i s concept can be extended to concrete by the p rocedure of 
b lend ing aggregates. 

A p l o t of wea r index values as a f u n c t i o n of s i l i ceous p a r t i c l e content f o r the basic 
f i e l d aggregates and l a b o r a t o r y combinat ions i s shown i n F i g u r e 14. Al though the re 
was no abrupt change i n the curve to indicate a separa t ion between poor and excel lent 
f i e l d p e r f o r m a n c e , aggregates w i t h a wea r index g rea te r than 6.2 w e r e c l a s s i f i e d 
excel lent . T h i s suggests that a f i ne aggregate w i t h a s i l i ceous p a r t i c l e content of 25 
percent o r g rea te r w i l l p r o v i d e excel lent f i e l d p e r f o r m a n c e . 

Ottawa sand was used to study the inf luence o f p a r t i c l e s ize on the wear o r s k i d 
res is tance o f concre te . T h i s m a t e r i a l was selected because i t had a g rea t e r u n i f o r m i t y | 
of hardness throughout the v a r i o u s p a r t i c l e s izes than cou ld be found i n most n a t u r a l 
sands. M o r t a r m i x t u r e s w i t h v a r i a t i o n s i n the m a x i m u m and m i n i m u m p a r t i c l e s izes 
w e r e used to apply a Vz-in. t h i c k r e s u r f a c e to specimens tes ted p r e v i o u s l y . F i g u r e 15 
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T A B L E 2 

IMPROVEMENT OF SKID RESISTANCE BY BENEFICIATION 

Basic 
Aggregate 

No. 

Replacement 
Aggregate 

No. 

Final Blend (4) 

Basic Replacement 

Siliceous 
Part ic le 

Content (4) 
Wear Index 

(kw) 

1 17 100 0 2 3.6 
75 25 26 5.9 
50 50 49 6.5 
25 75 72 6.8 
0 100 96 7.0 

2 19 100 0 2 4.4 
50 50 50 7.0 
25 75 74 7 1 
0 100 98 7 2 

4 18 100 0 6 5.6 
75 25 29 6.3 
60 40 42 6.6 
50 50 52 7.0 
0 100 97 7 3 

S 11 100 0 9 5.8 
50 50 24 6.3 
0 100 39 6.8 

6 18 100 0 13 5.4 
75 25 34 6.5 
50 50 55 7.2 
25 75 76 7.7 
0 100 97 7.3 

7 11 100 0 17 5.3 
75 25 22 6.4 
50 50 28 6.6 
25 75 34 6.7 

0 100 39 6.8 

10 18 100 0 33 6.8 
75 25 49 7.2 
60 40 59 7.4 
50 50 65 7.6 
0 100 97 7 3 

shows that be t te r wea r values o c c u r r e d w i t h the l a r g e r sand s ize p a r t i c l e s , a l though i t 
i s s ign i f i can t that a spec imen conta in ing Ottawa sand graded to include the t o t a l range 
of p a r t i c l e s izes f r o m the No. 20 to 200 mesh s ieves gave a wea r index o f 7.5, w h i c h 
was near the o p t i m u m value o f 8.2. 

I n compar i son , recent studies by Walz (31) concluded that the m o r t a r su r face should 
be composed of quar tz sand w e l l graded below 3 m m (0.12 i n . ) . He ind ica ted also that 
t ex tu re grooves o f about 2. 5 m m (0.1 i n . ) w i d t h and a l ow w a t e r - c e m e n t r a t i o combined 
to give good s k i d res i s tance f o r long pe r iods of t r a f f i c . 

» 7 

• F i e ld Aggrega tes 

o L a b o r a t o r y Combinations 

0 10 2 0 3 0 4 0 50 6 0 7 0 8 0 9 0 100 

SILICEOUS PARTICLE CONTENT, Percent 

Figure 14. Effect of siliceous particle content on wear index (11 ). 
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Figure 15. Effect of particle size on skid resis
tance (11). 

Figure 16. Evaluation of exposed coarse aggre
gates (11). 

Concrete sur faces w i t h exposed iVz i n . 
m a x i m u m size aggregates w e r e tes ted w i t h 
the P C A equipment to compare wear r e s i s 
tance w i t h that of a convent ional m o r t a r 

su r face . The wea r index ( F i g . 16) f o r the m o r t a r sur face made w i t h f ine aggregate No. 
11 (39 percent s i l i ceous p a r t i c l e content) was 6.8 as compared w i t h values that ranged 
f r o m 5.2 f o r the coarse exposed do lomi te to 6.3 f o r the coarse exposed qua r t z i t e . I t 
i s conceivable that an exposed coarse aggregate w i t h an unusual ly g r i t t y t ex tu re could 
be m o r e s k i d r es i s t an t than a convent ional concrete su r f ace ; however, these tests 
demons t ra ted that a s i l i ceous sand m o r t a r su r face was m o r e s k i d r es i s t an t than many 
of the coarse aggregate sur faces tes ted. 

T o obta in s u p e r i o r f r i c t i o n su r faces , abras ives such as a l u m i n u m oxide and s i l i c o n 
ca rb ide o f 12 g r i t and s m a l l e r we re spread over the su r face of specimens and f loa t ed 
in to the p l a s t i c concre te . The data ( F i g . 17) showed the 1 Ib /sq y d of a l u m i n u m oxide 
inc reased the wear res i s tance o f a concrete w i t h a s i l i ceous p a r t i c l e content o f 39 p e r 
cent f r o m 6.8 to 8.2 and inc reased a concrete w i t h only 9 percent s i l i ceous p a r t i c l e 

content f r o m 5.8 to 7.8. S i l i c o n ca rb ide i n 
the same amount was even m o r e e f fec t ive 
and produced values o f 10.4 and 8.2. Other 
tes ts u s ing % Ib /sq y d o f a l u m i n u m oxide 
y i e l d e d 7.2 and 6.4, r espec t ive ly , and a 
l i k e amount of s i l i c o n ca rb ide produced 
8.4 and 6.4. Abra s ive s i n concrete may 
be advantageous i n c r i t i c a l areas such as 
t o l l p lazas , near busy in te r sec t ions , o r i n 
areas where f requent b reak ing , t r a c t i o n , 
o r c o r n e r i n g occu r s . 

F i n i s h i n g Methods and T e x t u r e 

I n c o r p o r a t i o n o f a p r o p e r l y selected 
f i ne aggregate m a qua l i ty concrete m i x 
w i l l p rov ide a g r i t t y f i n e - t e x t u r e d su r face 
w i t h excel lent f r i c t i o n c h a r a c t e r i s t i c s . 
F i m s h i n g opera t ions add the coarse a s p e r i 
t i e s r e q u i r e d to a i d drainage between the 
t i r e s and the pavement su r face and reduce 
the p o s s i b i l i t y of hydroplaning . 

F i n i s h i n g has genera l ly been a c c o m 
p l i s h e d us ing a bur l ap drag , a b r o o m , o r 
a bel t . I n 1963, approx ima te ly 60 percent 
of the highway depar tments used a bur l ap 

10 

o 

Without abrasives 

I lb /yd ^(0 5 4 K f m ' j A l j O j 

l l b / y d " ( 0 5 4 "fm^jSrC 

5 5 % Dolomite 
3 9 % Quartz, Ouartzite 

and Feldspar 

7 5 % Dolomite 

Figure 17. Use of abrasives to develop superior 
friction surfaces (11). 
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drag , 12 percen t s p e c i f i e d e i the r a bu r l ap d r a g o r a b r o o m , 8 pe rcen t a combina t ion o f 
a b r o o m and a b u r l a p drag , 6 pe rcen t a be l t , 6 pe rcen t a b r o o m , and the r e m a i n d e r 
spec i f i ed that e i t he r a be l t o r a bu r l ap d r a g should be used. 

T o inves t iga te the su r face t ex tu re p roduced by these and other f i n i s h i n g methods, 
specimens w e r e p r e p a r e d and v a r i o u s f i n i s h i n g devices w e r e used to t ex tu re the su r face 

MEDIUM B R O O M HEAVY B R O O M 

U G H T BURLAP D R A G HEAVY BURLAP D R A G 

WIRE D R A G 

r •^^'^T^^^^'K,^'^ -•r*^*^-^-* ^.^p^",^*^ 

FLEXIBLE WIRE BRUSH 

Figure 18. Examples of surface texture. 
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T A B L E 3 

TEXTURE DEPTHS 

Specimens No. Method of Finish Texture Depth ( in ) 

1 Wood f loat 0 014 

2 Light belt 0.015 

3 Light burlap drag 0.017 

4 Heavy belt 0 020 

5 Steel wool 0 022 

6 Heavy burlap drag 0 025 

7 Wallpaper brush 0.026 

8 Medium paving broom 0.029 

9 Door mat (cocoa matting) 0.032 

10 Wire drag 0 036 

11 Heavy paving broom 0.037 

12 Flexible wi re brush 0.051 

13 Stiff w i r e brush 0.075 

30 m i n a f t e r cas t ing . T e x t u r e 
depths measured by the sand-patch 
method a r e l i s t e d i n Tab le 3 and 
photographs of the su r face t ex tu re 
f o r specimens 3, 6, 8, 10, 1 1 , and 
12 a re shown i n F i g u r e 18. The 
l a rges t dev ia t ion i n depth of any 
i n d i v i d u a l spec imen i n a set o f 
f o u r f r o m the average was only 
0.003 i n . T h i s indica tes that the 
t e x t u r e depth f o r each method o f 
f i n i s h was unique f o r the concrete 
m i x and t i m e i n t e r v a l between 
c a s t i n g and f i n i s h i n g . Other data 
w e r e obtained where the t i m e i n 
t e r v a l was a v a r i a b l e . I n general , 
on ly m i n o r d i f f e r e n c e s i n t ex tu re 
depth w e r e obtained w i t h a b r o o m 
f o r t i m e delays between 30 m i n 

and \ % h r o r w i t h a be l t f o r t i m e delays between 30 to 50 m i n . I n cont ras t , t ex tu re 
depths obtained w i t h a bu r l ap d r a g v a r i e d cons iderab ly w i t h the t i m e of f i n i s h i n g . F o r 
example, at 20 m i n a f t e r cas t ing , depths w e r e about 25 pe rcen t l a r g e r than those l i s t e d 
f o r 30 m i n a f t e r cas t ing . The t i m e delays d iscussed f o r the l a b o r a t o r y tes ts w o u l d not 
be v a l i d i n the f i e l d whe re changing t empera tu re , humid i ty , and w i n d v e l o c i t y must be 
considered. However , the t r ends should r e m a i n the same and one way of obta in ing a 
t ex tu re when f i n i s h i n g w i t h a b u r l a p d r a g w o u l d be to make t h r e e passes. T h e f i r s t 
pass should be made w h i l e the re i s s t i l l a s l igh t wa te r sheen on the su r f ace and subse
quent passes should f o l l o w wi thout an appreciable delay between passes. 

The t ex tu re depths (Table 3) obtained i n the l a b o r a t o r y u s ing the be l t f i n i s h are less 
than the 0.025 i n . found necessary by Sabey (7) to ho ld the r educ t ion i n wet s k i d number 
to 25 percen t as speed inc reased f r o m 30 to 80 mph. However , these s m a l l depths 
obtained w i t h a be l t a r e not compat ib le w i t h the 4 0 - m p h wet s k i d t r a i l e r tes t data ob
ta ined by B a r b o z a (25). He showed that e x i s t i n g pavements f i n i s h e d w i t h a be l t had 
g rea t e r i n i t i a l s k i d numbers and r e t a ined s k i d res i s tance longer than those f i n i s h e d 
w i t h e i the r a bu r l ap d r a g o r a b r o o m . Undoubtedly, these data represen t accura te ly 
the pavements tes ted; however, i t i s the op in ion o f the authors that they may not be 
r ep resen ta t ive o f what can be achieved as i t i s be l i eved that only l i m i t e d a t ten t ion was 
g iven i n the past to ob ta in the best poss ib le f i n i s h f o r each p rocedure . F o r example, 
wet s k i d t r a i l e r t es t s w e r e made by the P C A i n 1967 on two sect ions of the same pave
ment, one sec t ion f i n i s h e d by t r a n s v e r s e b r o o m i n g and the o the r w i t h the l ong i t ud ina l 
bu r l ap d rag . On th i s p r o j e c t a t ten t ion was g iven to obta in ing a m e d i u m t ex tu re w i t h 
both f i n i s h i n g p rocedures , and the average 4 0 - m p h wet s k i d number obtained w i t h the 
bu r l ap d r a g was 55 as compared to an average value o f 66 f o r the b r o o m f i n i s h . I t i s 
s i g n i f i c a n t that s k i d numbers obtained on the b r o o m f i n i s h i n a d i r e c t i o n p a r a l l e l to 
the f i n i s h m a r k s w e r e about 9 pe rcen t less than those obtained t r ansve r se to the f i n i s h 
m a r k s . A l though these data a r e cons idered m o r e r ep resen ta t ive o f what can be done, 
they should be r ega rded also as ten ta t ive . E x p e r i m e n t a l sect ions should be b u i l t on 
new cons t ruc t ion by each state i n c o r p o r a t i n g both these and other f i n i s h i n g p rocedures . I 

T h e homemade w i r e d r a g used on spec imen 10 i s shown i n F i g u r e 19. T e x t u r e s 
obtained u s ing t h i s d r a g on specimens 45 m i n . a f t e r cas t ing w e r e s i m i l a r to those ob
ta ined by sawing grooves i n hardened concrete . Thus a device o f t h i s type cou ld be 
used to f i n i s h concrete on p r o j e c t s where dra inage i s a severe p r o b l e m . 

A s a l l pav ing m a t e r i a l s wear o r po l i sh , i t i s obvious that w i t h o ther f a c t o r s be ing 
equal, a pavement w i t h a deep t ex tu re w i l l r e t a i n s k i d res i s tance longer than a pave
ment w i t h a shal low t ex tu re . B u t i t does not f o l l o w that the t ex tu re should be as deep 
as poss ib le . Instead, the f i n i s h i n g method selected should be compat ib le w i t h the 
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Figure 19. Wire drag. 

The choice o f method depends on the econom-

env i ronmen t , speed and densi ty o f t r a f f i c , 
topography and layout o f the pavement , and 
economics o f v e h i c l e opera t ions . 

METHODS FOR R E S T O R A T I O N O F 
SKID RESISTANCE 

Al though t he re appears to be a f r i c t i o n 
c o e f f i c i e n t tha t i s o p t i m u m f o r bo th safe ty 
and c o m f o r t , i t may be necessary to i n 
c rease t h i s va lue i n p a r t i c u l a r l y hazardous 
a reas . A l so , some aggregates p o l i s h w i t h 
w e a r and the f r i c t i o n c o e f f i c i e n t may i n 
t i m e be reduced to an unsafe va lue . M e t h 
ods o f i n c r e a s i n g the s k i d res i s tance o f 
s u r f a c e s inc lude a c i d e tching, m e c h a n i 
c a l l y abrading, sawing, and r e s u r f a c i n g , 
i c s and the end to be accompl i shed . 

A c i d E t c h i n g 

A n I m p r o v e m e n t i n s k i d res i s tance o f a concre te s u r f a c e can be achieved w i t h an 
a c i d etch. T w o ac ids have been used f o r t h i s purpose . When i t i s d e s i r e d to d isso lve 
the l imes tone and expose the s i l i c a t e i n the m o r t a r , a c o m m o n m u r i a t i c a c i d wash i s 
app l ied . I t i s f o l l o w e d by a wa te r f l u s h when c h e m i c a l ac t ion i s no longer evident . I f 
the r eason f o r l ow s k i d res i s tance was a p o o r f i n i s h , t h i s method i s adequate; however, 
i f the fundamen ta l p r o b l e m was so f t aggregate, t h i s t r e a t m e n t mus t be repeated f r e 
quent ly to assure safe s k i d res i s tance . 

When i t i s d e s i r e d to e tch the s i l i c a t e , a h y d r o f l u o r i c a c i d i s used. A p r o p r i e t a r y 
p r e p a r a t i o n o f t h i s m a t e r i a l i s now m a r k e t e d f o r t h i s purpose . 

Mechan ica l A b r a d i n g 

A smoo th concre te su r f ace may be roughened mechan ica l ly w i t h a machine w i t h 
hardened s tee l c u t t e r s r o t a t i n g on a d r u m , such as a Tennant machine o r , as i n England, 
the roughening may be p roduced by a f l a i l i n g ac t ion . Depth of cut and spacing may be 
v a r i e d . A disadvantage o f these opera t ions i s lo s s o f the m o r t a r l a y e r . A l s o , the 
grooves have somewhat rounded edges. I f the l a r g e aggregates a r e nonpol i sh ing , these 
t r ea tmen t s may be success fu l . I n a reas w h e r e hydrop lan ing i s a p r o b l e m , drainage 
channels can be p roduced tha t w i l l reduce the w a t e r f i l m th ickness and a lso p r o v i d e 
escape f o r the w a t e r compressed beneath a t i r e . 

Sawing 

A m o r e recent p r a c t i c e i n mechan ica l b e n e f i c i a t i o n i s the c u t t i n g o f a s e r i e s o f p a r a l 
l e l grooves w i t h a bank o f d iamond o r ab ras ive saw blades. T h i s t r e a tmen t has been 
r ecommended to a i d dra inage and thus reduce the tendency to hydroplane . C o m m o n 
p r a c t i c e i s to groove t r a n s v e r s e l y to reduce s topping distance o r to groove l o n g i t u d i 
n a l l y on c u r v e s ; however , the Road Resea rch L a b o r a t o r y has data to ind ica te that t r a n s 
v e r s e g r o o v i n g i s genera l ly m o r e e f f e c t i v e . 

Sk id number s measu red by the P C A s k i d t r a i l e r b e f o r e and a f t e r sawing a concre te 
pavement a r e g iven i n Tab le 4. T h r e e sect ions w e r e sawed t r a n s v e r s e l y w i t h Va-in. 
w ide by Vs-in. deep cuts on e i t h e r % - , 172-, o r 3 - i n . cen te rs . Ano the r sec t ion had % -
i n . w ide by Va-in. deep cuts sawed long i tud ina l ly on % - i n . cen te r s . The t r a i l e r tes ts 
w e r e made at 40 m p h w i t h w a t e r pumped onto the d r y pavement ahead of the t r a i l e r 
t i r e s when bo th of the t r a i l e r wheels w e r e locked . The pavement s k i d number s w e r e 
not s i g n i f i c a n t l y changed by sawing e i the r t r a n s v e r s e o r l ong i tud ina l grooves . I t should 
be noted that these tes t s w e r e made on a concre te pavement having an average s k i d 
number o f 63. 



T A B L E 4 

SKID NUMBERS BEFORE AND A F T E R SAWING 

Saw 
Cut 

Spacing (in.) 

Skid Number Saw 
Cut 

Spacing (in.) Before Sawing A f t e r Sawuig 

Transverse 

% 63 60 

1'/.. 60 60 

3 66 66 

Longitudinal 

% 63 63 

96 

I n con t ras t to these r e su l t s , tes ts r e p o r t e d 
by H o m e (32) on f looded pavements r e p r e 
sentat ive o f poo r drainage ind ica ted that bo th 
long i tud ina l and t r ansve r se grooves were 
b e n e f i c i a l i n decreas ing s topping distance. I n 
addi t ion , data f r o m the C a l i f o r n i a Highway 
Depar tment (33) ind ica ted that l ong i tud ina l 
g r o o v i n g on h o r i z o n t a l cu rves g rea t ly reduced 
accident ra tes . F o r example, i n the 12 months 
b e f o r e g roov ing 900 f t of the Santa Ana F r e e 
way, 52 accidents o c c u r r e d ; i n the yea r f o l l o w 
ing , t he re were only 8 accidents . 

F r o m the s tudies descr ibed , i t may be 
concluded that sawing grooves w i l l be o f l i t t l e 
benef i t on w e l l - d r a i n e d pavements where the 
m a x i m u m speed of t r a f f i c i s less than approx

i m a t e l y 40 mph. F o r pavements w i t h g rea te r t r a f f i c speeds and m o r e su r face wa te r than 
that suppl ied by a s k i d t r a i l e r , sawing grooves may increase the c o e f f i c i e n t of f r i c t i o n 
as a r e s u l t o f i m p r o v e d drainage and d e f o r m a t i o n o f the t i r e in to the grooves . 

R e s u r f a c i n g 

Concrete ove r l ays a re w e l l su i ted f o r i m p r o v e m e n t o f s k i d res i s tance . A l o n g -
l a s t i ng su r face t ex tu re meet ing any r equ i r emen t s can be obtained eas i ly by the f i n a l 
f i n i s h i n g opera t ion . A number of a i r f i e l d s have been r e s u r f a c e d w i t h bonded concrete 
and p e r f o r m a n c e was r epo r t ed by G i l l e t t e (34). T h i c k concrete r e s u r f a c i n g wi thout 
bond has been l a i d on both concrete and asphalt . W e s t a l l (35) r e p o r t e d p e r f o r m a n c e 
of t h i s cons t ruc t ion on a i r f i e l d s i n f i v e states. A n A C I Commi t t ee r e p o r t (36) presents 
essent ia ls o f ove r l ay des ign f o r both bonded t h i n and unbonded t h i c k r e s u r f a c i n g s . 

The development of techniques f o r success fu l concrete r e s u r f a c i n g has been aided 
by l a b o r a t o r y s tudies at the P C A (37, 38). These studies ind ica ted that be fo re r e 
su r f ac ing , the o l d pavement should be p r o p e r l y p r e p a r e d to obta in good bond between 
the new and the o l d concre te . Any unsound concrete and f o r e i g n ma t t e r such as o i l , 
asphalt , o r s o i l should be r emoved . The o l d concrete should be ac id etched o r s c a r i 
f i e d and cleaned. A c i d e tching i s a des i rab le , economica l method of su r face p r e p a 
r a t i o n f o r imcontamina ted sound concrete , but i f the concrete i s scaled, s c a r i f i c a t i o n 
i s advisable . Heat ing the coatings of o i l and grease by a h igh - t empera tu re b u r n e r 
i m m e d i a t e l y f o l l o w e d by sc rap ing has been found to be expedient f o r heavy con tamina
t i o n . I n some cases, o i l and grease can be r e m o v e d by washing and v igo rous b r u s h i n g 
w i t h s t r o n g detergents such as a so lu t ion o f sod ium metas i l i ca te w i t h a r e s i n soap o r a 
so lu t ion of t r i s o d i u m phosphate. A f t e r these t rea tments , the concrete should be 
thoroughly f l u shed w i t h wa te r and cleaned. Then a t h i n l a y e r o f m o r t a r o r neat cement 
should be i n t i m a t e l y brushed in to the c lean su r face p r i o r to p lacement of the r e s u r f a c e 
l aye r . 

Another p rocedure that has been used to a l i m i t e d extent i s to r e s u r f a c e the pave
ment w i t h an epoxy r e s i n and abras ives . The su r face p r e p a r a t i o n o f concrete f o r an 
ove r l ay o f a r e s i n i s s i m i l a r to the p r e p a r a t i o n f o r r e s u r f a c i n g w i t h concrete , except 
that no m o r t a r o r neat cement l a y e r i s p laced on the o l d concrete as a bonding m e d i u m . 
O r d i n a r i l y 2.5 to 3 Ib /sq y d of epoxy r e s i n (1.4 to 1.6 kg/m^) i s s u f f i c i e n t f o r s u r f a c i n g . 

I n a P C A study (11.), abras ives such as t r a p r o c k , g ran i te , expanded slag, and ex 
panded shale w e r e appl ied at a r a t e o f 1 Ib /sq y d to the epoxy r e s i n . The s izes o f the 
abras ives w e r e between the No. 8 and 16 mesh (2.38 to 1.19 m m ) s ieves . Tes t r e su l t s 
ind ica ted that a l though i n i t i a l s k i d res i s tance values were excel lent , the epoxy r e s i n 
due to m o i s t u r e m i g r a t i o n i n a s lab on ground d i d not p rov ide a l o n g - w e a r i n g suriface. 

S U M M A R Y 

Skid res is tance i s an i m p o r t a n t cons ide ra t ion i n safe veh ic le opera t ion . F r o m a 
study o f accident r e p o r t s , i t was es t ima ted that about 15 percen t of a l l accidents can 
be a t t r i bu t ed to r educ t ion of t i r e - p a v e m e n t f r i c t i o n . 
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A study of methods o f measur ing t i r e - p a v e m e n t f r i c t i o n ind ica ted that f r i c t i o n coef 
f i c i e n t s o r s k i d res i s tance values v a r y depending on the tes t method, and v a r i a t i o n 
w i t h i n methods makes i t d i f f i c u l t to e s tab l i sh s tandard s k i d numbers . 

Sk id res is tance as in f luenced by the t i r e i s a f u n c t i o n o f i t s r ubbe r c h a r a c t e r i s t i c s 
and t r e a d design. Rubber f r i c t i o n i s composed p r i n c i p a l l y o f adhesion and hys te res i s 
and v a r i e s ma in ly w i t h the condi t ions o f the pavement sur face , s l i d i n g speed, and r u b 
b e r t empe ra tu r e . The type and depth o f t i r e t r e a d a re i m p o r t a n t i n obta in ing good 
s k i d res i s tance on wet pavements and i n reduc ing the dangers of hydroplan ing . 

T o obta in good s k i d res is tance , a concrete pavement sur face should have la t ex tu re 
cons i s t ing o f both f ine and coarse a spe r i t i e s . The f i ne a spe r i t i e s f o r m e d by the pas te-
coated f ine aggregate i n the m i x i m p a r t the adhesion component i n the t i r e -pavemen t 
i n t e r a c t i o n whereas , the coarse a spe r i t i e s f o r m e d by the scu lp tu red sur face o f the 
concrete d u r i n g f i n i s h i n g operat ions have the dual r o l e o f i m p a r t i n g the hys te res i s 
component and p r o v i d i n g drainage channels f o r wa te r . 

F i n i s h i i ^ o f a concrete pavement has genera l ly been accompl i shed us ing a bur l ap 
drag , a b r o o m , o r a be l t . Resul ts of specimens f i n i s h e d i n the l a b o r a t o r y ind ica ted 
that t ex tu re depths obtained w i t h a bu r l ap d r a g v a r i e d cons iderably w i t h the t i m e of 
f i n i s h i n g compared w i t h f i n i shes obtained w i t h a b r o o m . I t i s suggested that one way 
of ob ta in ing a t ex tu re when f i n i s h i n g w i t h a bu r l ap d r a g wou ld be to make t h r ee passes, 
each at a d i f f e r e n t t i m e i n t e r v a l a f t e r cas t ing. I t i s obvious that w i t h o ther f a c t o r s 
being equal a pavement w i t h a deep t ex tu re w i l l r e t a i n s k i d res is tance longer than a 
pavement w i t h a sha l low t ex tu re ; however, the f i n i s h i n g method selected should be c o m 
pa t ib le w i t h the envi ronment , speed and densi ty o f t r a f f i c , topography and layout o f the 
pavement, and economics of veh ic le opera t ions . 

Qua l i t y concre te i s a p r e r e q u i s i t e to the r e t en t ion of pavement s k i d res i s tance . Tes t 
data ind ica ted that an increase i n the wa te r - cemen t r a t i o o r the add i t ion of wa te r to the 
su r face o f p l a s t i c concrete d u r i n g f i n i s h i n g r e s u l t e d i n an increase i n pavement wear 
and caused the benef i t s o f a good sur face t ex tu re to be of shor t du ra t ion . A decrease 
i n cement content also decreased wea r res i s tance . 

The s k i d res i s tance o f a concrete pavement i s c o n t r o l l e d ma in ly by the f i n e aggre 
gate i n the m o r t a r l aye r that i s t e x t u r e d d u r i n g f i n i s h i n g r a t h e r than the coarse aggre 
gate that se ldom func t ions as a p o r t i o n o f the su r face . Tes t data ind ica ted that a f i ne 
aggregate w i t h a s i l i ceous p a r t i c l e content o f 25 percent o r g rea te r w i l l p r o v i d e good 
f i e l d p e r f o r m a n c e . 

To i m p r o v e s k i d res is tance at c r i t i c a l areas such as t o l l p lazas o r near busy i n t e r 
sect ions, abras ives such as a l u m i n u m oxide o r s i l i c o n carb ide can be spread ove r the 
su r face and f l oa t ed in to the p las t i c concre te . 

Methods o f i n c r e a s i n g the s k i d res is tance of o l d o r w o r n su r faces include ac id 
etching, mechanica l abrading, sawing, and r e s u r f a c i n g . The choice of method depends 
on the economics and the end to be accompl ished . 
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Texturing of Concrete Pavement 
D . L . S P E L L M A N , C a l i f o r n i a D i v i s i o n of Highways 

P r e l i m i n a r y w o r k by C a l i f o r n i a on t e x t u r i n g of concre te pavements i s 
desc r ibed . The p r o b l e m has r e so lved i n t o two genera l areas: s ecu r ing 
adequate t ex tu re d u r i n g cons t ruc t ion , and ma in t a in ing t ex tu re , as b u i l t , 
by u s i n g m a t e r i a l s and cons t ruc t ion p rac t i ce s that insure durable s u r 
face m o r t a r . 

V a r i o u s t ex tu re pa t te rns were f o r m e d in to the su r face of l a b o r a t o r y -
cas t slabs us ing a v a r i e t y of pro to type devices . Skid tes ts were p e r 
f o r m e d on these s labs . A p r o m i s i n g pa t t e rn was se lected and used on 
s h o r t sect ions of th ree f r e e w a y s . Some of the r e s u l t s w e r e d i sappoin t 
i n g . A u n i f o r m tex ture over a l a rge a rea could not be achieved because 
of v a r y i n g m o r t a r p r o p e r t i e s . I t was a l so d i scovered that the pa t t e rn 
selected, when f o r m e d too deeply, caused an adverse r eac t i on by some 
v e h i c l e s . A d d i t i o n a l w o r k i s planned us ing other t ex tu re pa t t e rns . 

Other sur face t r ea tments inc luded broadcas t ing of s lag and selected 
coarse sand p a r t i c l e s on the su r face w h i l e d ragging w i t h b u r l a p , and 
b r o o m i n g . Skid tes ts are be ing p e r f o r m e d on a p e r i o d i c bas is , but i t 
i s too soon to d r a w conclusions r e g a r d i n g the l o n g - t e r m s k i d res i s tance 
as a f f ec t ed by t r a f f i c and weather . 

New c u r i n g compounds and so -ca l l ed sur face "hardeners" were ap
p l i e d to sho r t tes t sect ions of f r eeways i n an a t tempt to i m p r o v e m o r t a r 
d u r a b i l i t y . L a b o r a t o r y tes ts p r e v i o u s l y p e r f o r m e d ind ica ted that some 
i m p r o v e m e n t cou ld be expected f r o m the use of be t te r c u r i n g compounds 
and ha rdener s . Aga in , these tes t sect ions have not been i n s e r v i c e 
long enough to f o r m any conclusions r e g a r d i n g t h e i r e f fec t iveness . 

Planned f u t u r e w o r k includes a cont inuat ion of t e x t u r i n g s tudies , a 
s ea rch f o r e f f e c t i v e su r face t r e a tmen t s , a study of f i e l d p r ac t i c e s tha t 
a f f e c t sur face m o r t a r qua l i ty and t ex tu re , and addi t iona l w o r k on 
g roov ing of o lder pavements to obtain or r e s t o r e adequate s k i d r e s i s 
tance . Speci f ica t ions w i l l be developed as w o r k p rogresses to i m p r o v e 
charac te r and d u r a b i l i t y of the su r face t e x t u r e . 

• T H I S paper s p e c i f i c a l l y covers the a c t i v i t i e s of the C a l i f o r n i a M a t e r i a l s and Research 
L a b o r a t o r y on t e x t u r i n g and sur face t r ea tmen t s of concrete pavements , as a p a r t of a 
l a r g e r o v e r a l l p r o j e c t on s k i d r e s i s t ance . 

The p r o b l e m of poor s k i d res i s tance of some of our concrete pavements has na tu 
r a l l y l ed to the examina t ion of su r face t e x t u r e s . The p r o b l e m seems to r e so lve i t s e l f 
i n t o t w o p a r t s : ge t t ing the d e s i r e d t ex tu re and m a i n t a i m n g i t . The t o o l s developed 
and the w o r k done so f a r have not r e s u l t e d i n an a b i l i t y to adequately descr ibe the best 
o v e r a l l t ex tu re needed. To get s t a r t ed , we d i d some p r e l i m i n a r y w o r k on d e t e r m i n a 
t i o n of f a c t o r s that a f f e c t the sur face ab ras ion res i s tance of concre te . 

I n t a c k l i n g the f i r s t p a r t of the p r o b l e m , that of get t ing a d e s i r e d t ex tu re , we asked 
some spec i f i c quest ions . A s s u m i n g you can get any t ex tu re you want , what t ex tu re 
pa t t e rn i s best ? Is there one genera l pa t t e rn that i s s u p e r i o r ? O r , a re there many 
that a r e adequate ? 

Why a re present t e x t u r i n g procedures inadequate? F i r s t of a l l , we th ink today 's 
high vo lume of t r a f f i c tends to wear down t ex tu re at a m o r e r a p i d r a t e . Higher speed 
of the t r a f f i c con t r ibu tes to f a s t e r w e a r . We a l so be l ieve that some t ex tu re i s los t be 
cause we now p e r m i t t r a f f i c on many new pavements v e r y e a r l y as c o m p a r e d t o p r e 
v ious p r a c t i c e . The qua l i ty of the su r face m o r t a r , m some cases, i s apparent ly not 
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good enough to wi ths tand the h igh t r a f f i c densi ty and the e a r l y use, o r whatever else 
con t r ibu tes to i t s disappearance. Increased wear by the use of chains and the use of 
sand and sa l t accounts f o r some of the loss of su r face t e x t u r e . B a r e pavement p o l i c i e s 
i n moimtainous areas r e su l t ed i n the loss of mos t a s - b u i l t t ex tu re w i t h i n a f ew months . 
T h e r e may be no easy so lu t ion to loss of t ex tu re f r o m these causes i n snow areas 
shor t of g roov ing . Tex tu re s obtained were somet imes l i g h t , a condi t ion be l ieved to be 
r e l a t e d t o the method of f o r m i n g the t ex tu r e , w h i c h was not p o s i t i v e . V a r i a b i l i t y of 
t ex tu re may be due to d i f f e r ences of wetness and se t t ing t i m e of the concre te , and 
th ickness of the p l a s t i c m o r t a r l a y e r . 

The geomet r i es of t ex tu re a re be l ieved to have a grea t e f f e c t on d u r a b i l i t y . F o r 
example , s m a l l r i dges that a re f o r m e d above the basic plane of the pavement wou ld 
tend to wear o f f f a s t e r than w i d e r bands, f o r m e d by n a r r o w grooves a g rea te r distance 
apa r t . 

What t ex tu re depth i s necessary f o r long l i f e ? We can obtain a r a the r h igh c o e f f i 
c ien t of f r i c t i o n w i t h a sandpaper f i n i s h , but the c o e f f i c i e n t of f r i c t i o n value i t s e l f i s 
not cons idered adequate to descr ibe what we need. A t least two other measures a re 
needed: p h y s i c a l roughness and toughness o r ab ras ion r e s i s t ance . 

We have taken the b road approach, and have encountered many d i f f e r e n t opinions 
r e g a r d i n g t e x t u r i n g of concrete pavement . F o r example , i s i t poss ible to get a c o n 
s is tent t ex tu re wi thou t f o r m i n g i t p o s i t i v e l y by m o l d i n g ? Can any " f l o a t i n g " device , 
such as a b u r l a p d r a g o r b r o o m , f o r m a consis tent t ex tu re under v a r y i n g cons t ruc t ion 
condi t ions ? How long can we m a i n t a i n any t ex tu re a f t e r we get i t ? I s i t reasonable 
to expect a t ex tu re to l a s t even ha l f as long as the pavement? Or should we p lan to r e -
t ex tu re on a p e r i o d i c bas is as a maintenance func t ion ? I f grooved, how wide should 
grooves be and how f a r apar t should they be so as not to adverse ly a f f e c t veh ic les ? 
Should grooves or r idges be cont inuous? O r , w o u l d they have a hypnotic e f f e c t on the 
d r i v e r ? I f t r ansve r se , they m i g h t cause ob jec t iona l noise; how much noise i s " too 
m u c h ? " How w i l l th i s a f f e c t t i r e w e a r ? Obvious ly , we need to know a l o t m o r e about 
these th ings . Recogniz ing v a r i a b i l i t y i n su r face m o r t a r , how can th i s f a c t o r be c o n 
t r o l l e d d u r i n g cons t ruc t ion to p rov ide a m a t e r i a l that can be u m f o r m l y t e x t u r e d and 
p rov ide the d u r a b i l i t y needed? F o r example , can cement o r a cement-aggregate m i x 
t u r e be s p r i n k l e d on the su r face to i m p r o v e s t reng th and t h e r e f o r e d u r a b i l i t y ? We 
know that h igher cement f a c t o r s i m p r o v e s t reng th and d u r a b i l i t y , why not go even f u r 
the r than l^k sacks pe r cubic y a r d on the su r face m o r t a r ? 

Could a vacuum- type device r emove excess wa te r f r o m the su r face to produce a 
dense, durable m o r t a r by l o w e r i n g w / c ? O r does the so lu t ion l i e i n the use of a d m i x 
tu re s o r hardeners on the su r f ace , o r perhaps other conc re t ing a ids such as m o i s t u r e 
evapora t ion r e t a rdan t s ? Another approach that has been suggested i s that of f o r m i n g 
no t ex tu re d u r i n g i n i t i a l s t r i k e - o f f , but r e t u r n the next day or so and cut a t ex tu re i n 
the green concrete w i t h a machine ye t to be b u i l t . Another suggestion has been the 
use of chips spread on the wet concrete su r face and r o l l e d i n . These chips cou ld be 
precoated w i t h some m a t e r i a l to i m p r o v e bond, but there may be other m a t e r i a l s that 
cou ld be used to f o r m nonskid t ex tu res when r o l l e d i n the f r e s h concre te , even "ex
pendable" m a t e r i a l that wears away under t r a f f i c , thereby l eav ing the de s i r ed t ex tu re 
mo lded i n the s u r f a c e . 

Our approach to f o r m i n g t ex tu res on pavements has been f i r s t t o expe r imen t w i t h 
l a b o r a t o r y - c a s t slabs and t r a n s f e r the mos t p r o m i s i n g methods to the f i e l d f o r t r i a l . 
One such p r o m i s i n g t ex tu re developed has been used i n s h o r t tes t sect ions on th ree 
f r e e w a y s . T h i s w o r k , i n some respects , has been d isappoin t ing . W i t h s m a l l hand-
operated pro to types , t ex tu re obtained has not been u n i f o r m , no r cou ld i t be f o r m e d 
over v e r y l a rge areas i n the f i e l d . I n some areas , the m o r t a r cover over coarse ag 
gregate was v e r y th in -Vis i n . o r l e s s . Mechanica l devices tend to cut th rough th i s 
t h i n l aye r and r i d e upon r o c k s . Other areas of the concrete hardened at v a r y i n g ra tes 
w h i c h a lso caused a n o n u n i f o r m t e x t u r e . Under these condi t ions , r o c k s were dis lodged 
and the su r f ace t o r n . T i m i n g of t e x t u r i n g appears to be c r i t i c a l . D i f f i c u l t y i n ob ta in 
i n g v u i i f o r m i t y appears to be a good argument f o r pos i t ive power f o r m i n g t e x t u r i n g de
v i c e s . I t may be that u l t i m a t e l y we w i l l need a spec ia l t e x t u r i n g machine f o l l o w i n g the 
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s l i p f o r m paver wh ich by mechanica l t amp ing of r o c k s near the su r face and by other 
v i b r a t i o n s and movements , wou ld p rov ide a neat, u n i f o r m l y p las t i c m o r t a r w h i c h can 
be ex t ruded or f o r m e d i n t o any t ex tu re we d e s i r e . Equipment m a n u f a c t u r e r s have been 
coopera t ive , but unders tandably re luc tan t to b u i l d machines u n t i l we can t e l l t h e m p r e 
c i s e l y what we want and can def ine i t . We bel ieve the p rope r machines can be b u i l t 
once we know what we want . 

D u r a b i l i t y of su r f ace m o r t a r i s an i n t e g r a l and perhaps the mos t i m p o r t a n t p a r t of 
the t e x t u r i n g p r o b l e m . Tex tu re i s l o s t by t i r e wear , and by the ac t ion of ab ras ives , 
t i r e chains , t i r e studs, sa l t , and f r e e z i n g and thawing . We have r ecen t ly comple ted 
a s tudy of su r face d u r a b i l i t y of concrete and have found r e s u l t s s i m i l a r to the i n v e s t i 
ga to r s . A b r a s i o n res i s tance i s genera l ly p r o p o r t i o n a l t o s t r eng th . T h e r e f o r e , any 
means of i n c r e a s i n g the s t reng th of the m o r t a r seems w o r t h w h i l e . How can th i s be 
done? T h i s i s where app l ica t ion of es tabl ished concrete technology can be of he lp . 
Strength and abras ion res i s tance of m o r t a r can, among other ways , be i m p r o v e d by 
(a) be ing sure m a t e r i a l s used have the po ten t i a l to produce qua l i ty m o r t a r ; (b) i n c r e a s 
i n g the cement f a c t o r wh ich i s i n e f f e c t l o w e r i n g wa te r - cemen t r a t i o ; (c) avo id ing 
any sur face d r y i n g b e f o r e c u r i n g i s s t a r ted , and m a k i n g sure that c u r i n g i s not ne 
glected ( cu r ing i s be l i eved to be even m o r e i m p o r t a n t than thought i n the past ) ; (d) a l 
l o w i n g s u f f i c i e n t t i m e f o r concrete t o gain s t reng th be fo re sub jec t ing i t to abras ive 
loads; (e) and where aggress ive e lements w i l l be present , l i k e sa l t , u s ing a i r - e n t r a i n e d 
m o r t a r . 

Some sur face t r ea tmen t s have been demons t ra ted to be of some value i n s t rengthen
i n g the m o r t a r , but t h i s i s an a f t e r - t h e - f a c t approach and i t i s be l ieved tha t we should 
f i r s t a t t empt to get good m o r t a r d u r i n g cons t ruc t ion r a t h e r than r e l y on such t r e a t 
men t s . They w o u l d p robab ly be m o r e cos t ly than some steps we m i g h t take d u r i n g 
cons t ruc t ion to produce equal r e s u l t s . I t i s n ice , however , to have a f ew too l s to take 
care of some of these p r o b l e m s should other e f f o r t s f a i l . 

A l l of these f a c t o r s a re goals of spec i f i ca t ions , but they cannot a lways be m e t . F o r 
example , imder v e r y adverse condi t ions i t may be necessary to use some add i t iona l 
water to comple te f i n i s h i n g i n o rde r to "save" i t . However , i t i s recognized tha t o f 
ten , m o r e wate r i s used than i s needed. A l t e r n a t i v e s to not u s ing w a t e r , such as w a i t 
i n g f o r damp weather , o r c o v e r i n g the m o r t a r w i t h p las t i c f i l m to p reven t any d r y i n g 
d u r i n g delay of f i n i s h i n g , may not be p r a c t i c a l . I n genera l , the re a re never i dea l l a b 
o r a t o r y condi t ions i n the f i e l d and some compensat ion m a y have to be p r o v i d e d f o r 
t h e i r absence. Perhaps the e n t i r e f i n i s h i n g operat ions c u r r e n t l y be ing used need to 
be a l t e r e d . Because of d i f f e r e n t b leeding c h a r a c t e r i s t i c s of concre te and v a r i a b l e 
weather condi t ions , f i n i s h i n g and t e x t u r i n g w i l l a lways be a p r o b l e m , one tha t w i l l r e 
q u i r e some s k i l l and judgment i n the f i e l d . One of our goals i s t o p rov ide m a t e r i a l s 
o r p rocedures that a r e less dependent upon these f a c t o r s . Things tha t we be l ieve w o u l d 
help a re m o r e r e a l i s t i c spec i f i ca t ions that recognize p r i n c i p l e s of good p r a c t i c e , good 
enforcement of these spec i f i ca t ions , and add i t iona l r e q u i r e m e n t s , i f necessary, even 
i f they make the w o r k cost m o r e . 

In s u m m a r y , spec i f i c l a b o r a t o r y a c t i v i t i e s imder taken so f a r a r e (a) s tudying f a c t o r s 
a f f e c t i n g abras ion res i s tance ; (b) u s ing technology now ava i l ab le , developing s p e c i f i 
cat ions t o i m p r o v e p e r f o r m a n c e ; (c) developing t e x t u r i n g devices and t r y i n g them i n 
the f i e l d ; (d) i nves t iga t ing the use of a d m i x t u r e s and su r face t r ea tmen t s , such as epoxy 
penetrants , l inseed o i l s , and c u r i n g seals that a re c l a i m e d to harden and toughen the 
su r face ; and (e) u s ing higher grade c u r i n g compounds and d i f f e r e n t types of l i q u i d s ea l 
ants . Discuss ions w i t h vendors concern ing new m a t e r i a l s have a lso been h e l p f u l . We 
have made l a b o r a t o r y ab ras ion and compres s ion tes ts on cores f r o m tes t sec t ions . 

Our p lans a re to extend and continue our a c t i v i t y i n the f i e l d of v a r y i n g f i n i s h i n g 
and c u r i n g p rocedures under f i e l d condi t ions . We w i l l continue to inves t iga te use of 
su r face t r ea tmen t s such as ch ips , hardeners , spec ia l m o r t a r app l ica t ions , and mono-
m o l e c u l a r f i l m s to r e t a r d evapora t ion . We in tend to m o n i t o r wear on es tabl ished tes t 
sect ions by means of s k i d tes ts made p e r i o d i c a l l y w h i l e t ak in g t r a f f i c i n t o account . We 
propose to extend studies of wear res i s tance when our l a b o r a t o r y t i r e ab ras ion device 
i s ava i l ab le . We are a t t empt ing to develop c r i t e r i a f o r adequate i n i t i a l s k i d r e s i s t ance . 



103 

The c o e f f i c i e n t of f r i c t i o n i s not by i t s e l f adequate, and we need some tes t to measure 
t ex tu re p r o p e r t i e s other than " f . " Perhaps a t e s t s i m i l a r to the sand patch tes t used 
i n England w o u l d be su i table , or the use of some other t ex tu re measu r ing dev ice . We 
in tend to exp lo re the f e a s i b i l i t y of u s ing our ab ras ion t es t on cores f r o m f i n i s h e d pave
ments to demonst ra te adequate s t reng th of m o r t a r i n s e r v i c e . We hope to develop i n 
f o r m a t i o n about the e f f ec t of a t i m e delay i n a l l o w i n g t r a f f i c on pavement at v a r i o u s i n 
t e r v a l s a f t e r cons t ruc t i on . We w i l l help o thers develop methods of obta in ing o r r e 
s t o r i n g s k i d res i s t ance of hardened concrete b y g roov ing , e tching, bush h a m m e r i n g , 
f l a i l g roov ing , o r any other method that m i g h t be proposed . 

There i s a l o t of w o r k ye t t o be done and many questions to answer . We hope that 
i n w o r k i n g w i t h c o n t r a c t o r s , m a t e r i a l s supp l i e r s , cons t ruc t ion mach ine ry manufac
t u r e r s , and o thers concerned, we w i l l f i n d the p r o p e r solut ions to t t i i s i m p o r t a n t h i g h 
way p r o b l e m . 



Construction of Nonskid Pavement Surfaces 
LEIGH S. SPICKELMIRE, California Division of Highways 

•IN the broadest sense of the phrase, to a construction engineer, construction of non-
skid pavement surfaces Involves one of just two things—either building pavements in
itially with satisfactory skid-resistant surfaces or applying surface treatments to ex
isting pavements to improve their skid resistance. 

But, building pavements initially with satisfactory skid-resistant surfaces may be 
considered in terms of at least five major classifications of engineering and construc
tion activity. 

1. Application of geometric design criteria that provide for adequate profile grade, 
sight distance, radius of curvature, cross-slope and surface drainage. 

2. Imposition of materials requirements and production controls that assure the 
use of hard durable aggregates with satisfactory qualities of angularity, particle size 
and polishing characteristics in pavement surface courses. 

3. Properly designed and thoroughly blended surface-course paving mixtures that 
wil l permit ful l exploitation of the inherent skid-resistant qualities of individual com
ponents, e.g., asphalt-concrete mixes that wil l not flush and bleed in hot weather under 
traffic, or portland cement concrete that can develop adequate mortar strength to resist 
abrasion imder heavy truck use, etc. 

4. Execution of competent placing and finishing techniques so that the completed 
pavement surface possesses optimum textxire characteristics in addition to proper 
geometric design features. 

5. Timely and sufficient curing or protection of new pavement so as to assure re
tention of initial surface characteristics after the pavement is placed in service. 

And, applying surface treatments to existing pavements to improve their skid resis
tance includes several additional construction activities such as grooving portland 
cement concrete pavement with diamond cutting equipment, applying seal coats, and 
resurfacing. 

However, since the author is primarily concerned here with problems arising out of 
actual field construction practice, this presentation wil l be oriented to that outlook. 
Therefore, the sense in which the phrase "construction of nonskid pavement surfaces" 
is used for this article is somewhat narrower than that just outlineid. This discussion 
wil l deal mainly with construction techniques utilized in placing and finishing new port-
land cement concrete pavement sxirfaces with slight excursions into techniques involved 
in securing nonskid asphalt-concrete pavement surfaces and in grooving existing port-
land cement concrete pavements to improve skid resistance. 

NATURE OF THE PROBLEM 
Everyone knows that a construction engineer must be constantly prepared to decide 

tough questions for which answers are not easy. In this matter of constructing skid-
resistant pavements, though, there are many tough questions which even the most in 
ventive, self-reliant engineer cannot now effectively answer. Perhaps the toughest 
question of all comes from the constructor who says, " I am ready to do anything neces
sary in the way of improving, changing or otherwise modifying my construction tech
niques—just what is i t you want me to do to build a more nonskid pavement?" 

What does the engineer reply to such a question ? Does he specify a burlap finish, 
a broom finish, or some other as yet unknown type of finish? Should texturing be per
formed transversely, longitudinally, diagonally or in a diamond pattern, and how deep 
should the texture be made ? Should portland cement concrete pavement finishing tech
niques be modified to assure a deeper grout layer at the surface, or to add specially 

104 



105 

selected particles of aggregate to the top surface course ? Should the builder be re
quired to meet a coefficient of friction specification for the completed pavement sur
face : a coefficient of friction requirement alone or in conjunction with some depth of 
texture specification? Should he also be required to satisfy some sort of a durability 
specification to help assure that the pavement surface will retain initial skid resistance? 

These are difficult questions to answer and there are many others in a similar vein. 
However, reasonable answers to such questions are essential i f engineers are to de
scribe adequately and in terms of economical construction just what i t Is the builder 
must produce. The need is urgent. 

REVIEW OF CXDNSTRUCTION PROCEDURES 
Perhaps a review of construction procedures employed in California wil l be illus

trative of some of the problems, if not the solutions. California practice has been 
chosen only because of the author's familiarity with i t and not because it is necessarily 
more or less effective than that of other states. 

ASPHALT-CONCRETE PAVING 
Field construction procedures used in spreading and compacting asphalt-concrete 

pavements in California appear to have a very minor effect on the resulting skid resis
tance. Skid-resistance values on these pavements are generally very good but they 
can be either very good or very poor, depending upon whether the pavement bleeds or 
whether there was some other readily identifiable defect in the mix. However, because 
construction procedures in California appear to have such a minor effect on the result
ing skid resistance of asphalt pavements, less attention wil l be given in this discussion 
to bituminous paving practices than to concrete paving practices. 

It does deserve saying, though, that the favorable nonsMd qualities achieved in these 
asphalt-concrete pavements are considered to derive principally from the physical 
characteristics of the aggregates and the method of mix design used. 

Aggregates available m California for asphalt-concrete mixes are relatively polish 
resistant—limestones do not constitute a problem. 

With respect to specification requirements for the aggregates, maximum particle 
size and combined grading is specified together with the permitted loss in the Los 
Angeles rattler test and the minimum percentage of crushed or naturally angular par
ticles. Normally, the maximum particle size required is either Va or V4 in. (Table 1). 
The Hveem method of asphalt-concrete mix design results in mix with a lower asphalt 
content than does, for example, the Marshall method. 

TABLE 1 
AGGREGATE GRADING REQUIREMENTS FOR BASE COURSE AND SURFACE COURSES 

(Percentage Passing) 

Surface Courses 

Sieve Sizes Base 
Course Vi-In Max. '/2-In. Max. y.-in. 

Max. 
No. 4 
Max. 

Sieve Sizes Base 
Course 

Coarse Medium Fine Coarse Medium Fine 
y.-in. 
Max. 

No. 4 
Max. 

1% In. 100 
1 In. 95-100 100 100 100 
%In. 80-95 90-100 95-100 95-100 100 100 100 
Vain. 95-100 95-100 95-100 100 
y.in. 50-65 60-75 65-80 70-85 75-90 80-95 80-95 95-100 100 
No. 4 35-50 40-55 45-60 50-65 50-67 55-72 58-75 65-85 95-100 
No. 8 27-40 30-45 37-52 35-50 38-55 43-60 50-70 70-80 
No. 30 12-25 12-22 15-25 18-30 15-30 18-33 20-35 28-40 35-50 
No. 200 2-7 3-6 3-7 4-10 4-7 4-8 6-12 7-14 7-16 
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One word of caution should be noted before this brief review of asphalt-concrete 
paving practices is concluded. E^qperience indicates that surface treatments some
times lead to loss of skid-resistance value. For example, i t is not uncommon to apply 
what in California is called a fog seal coat, a light (0.05 to 0.10 gal/sq yd) application 
of aephalt emulsion, to new asphalt-concrete pavements under the initial construction 
contract. This practice is quite generally beneficial; however, there are conditions 
which can produce undesirable results. Application of such a seal late in the year, or 
application of an excessive amount of asphalt for the particular pavement can result in 
low skid-resistance values. 

PORTLAND CEMENT CONCRETE PAVING 
Turning to construction practices in paving with portland cement concrete, it is 

apparent that the situation, with respect to the importance of placing procedures on 
skid resistance, is significantly different than for bituminous paving practice. 

For Portland cement concrete, as for asphalt concrete, the aggregates must be hard 
and durable, but for the former they must also be of such character that it wil l be pos
sible to produce workable concrete within reasonable limits of water content. 

In California, a^regate requirements are established with a view primarily of struc
tural considerations, i.e., soundness, hardness, mortar strength and shrinkage. Quali
ties affecting the micro- or macro-texture that can be produced on a pavement surface 
are not considered in establishing such requirements. 

For this article, surface texture means the geometrical form of the road surface, 
that is, the shapes of the surface protrusions (asperities) large and small, that make 
contact with the tire tread, or deform i t , and the channels in between them. Micro-
texture refers to fine-scale asperities; macro-texture refers to the larger-scale as
perities and channels in between. 

With respect to specification requirements for portland cement concrete, maximum 
particle size and grading of the combined aggregate is specified together with cement 
content and limiting values of slump and total water content (Table 2). 

Contractors are given the option of using either iVa of 2y2-in. maximum combined 
aggregate grading and they with very few exceptions choose the iVi - in . maximum option. 

Slump of paving concrete is generally held within a range of 0 to 2 in. and must not 
exceed 3 in. In terms of Kelly ball penetration, this is a range of 0 to 4 in. and a max
imum of 6 in. The free water content is also not allowed to exceed 312 Ib/cu yd. 

Paving concrete is now produced 
almost exclusively in central-
mixing plants moved in and set 
up specifically for the purpose 
on each paving project The mix 
is transported to the paving site 
in ordinary end dump trucks and 
currently is placed through one 
of three makes of slip-form 
pavers: Blaw-Knox, Guntert-
Zimmerman, or Concrete Ma
chinery Incorporated. 

The make of slip-form paver 
used has some influence upon the 
completed pavement surface con
dition. Certain accessory equip
ment items, such as the rotating 
screed, which may be either part 
of the original equipment or con
tractor's additions, also have an 
influence on the condition of the 
finished pavement surface. 

It is reasonable to assume that 
adding additional water during the 

TABLE 2 
GRADING LIMITS OF COMBINED AGGREGATES 

Sieve Sizes 
Percentage Passing 

Sieve Sizes 
2yi-In. Max. I'/rln. Max. 1-In. Max. 

3 In. 100 
2% In. 95-100 
2 In. 80-95 100 
iVi In. 65-87 90-100 100 
1 In. 50-75 50-86 90-100 
%In. 45-66 45-75 55-100 
y.in. 38-55 38-55 45-75 
No. 4 30-45 30-45 35-60 
No. 8 23-35 23-35 27-45 
No. 16 17-27 17-27 20-35 
No. 30 10-17 10-17 12-25 
No. 50 4-9 4-9 5-15 
No. 100 1-3 1-3 1-5 
No. 200 0-2 0-2 0-2 
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finishing operation, or mixing bleed water with the surface mortar, wi l l have significant 
effect on the strength and wear resistance of the surface and thus upon durability of the 
macro-texture. Since rotating screeds are conventionally considered to require the 
addition of water to fimction properly, use of this equipment may result in significant 
loss of wear resistance, assuming of course that an acceptable finish can be obtained 
by other techniques that do not result in equivalent loss. This is a controversial issue 
and slip-form pavers both with and without rotating screeds are used. 

One make of slip-form paver currently used utilizes two heavy oscillating screeds 
as the primary means of shapii^ the pavement surface. Appearance of the completed 
surface confirms the logical conclusion that a deeper layer of grout is produced than 
with pavers utilizing a conforming (extrusion) screed. Any effect this may have upon 
the effectiveness or durability of the completed surface texture is also controversial 
and use of the equipment is not restricted on this basis. 

Following the slip-form paver, hand-finishers repair defects in the surface, such 
as tear marks and edge slump. The entire surface is then screeded with a pipe float 
or a diagonal wood float. Generally, three passes of these devices are sufficient to 
eliminate minor variations in the surface due to differential compaction, tear marks, 
etc. 

It is quite common to see a fine spray of water being added to the surface to faci l i 
tate the action of pipe and diagonal wood floats, or the timing of the operation is such 
as to cover the span of the concrete bleeding period so that excess water from this 
source is intermixed with the surface grout. Here again, the necessity for and effect 
of these techniques with respect to the effectiveness and durability of the completed 
surface texture is controversial. 

As with the addition of water at rotating screeds on certain pavers, or in connection 
with handwork, paving inspectors attempt constantly to restrict the use of additional 
water to only that lost from the surface by evaporation. Unfortunately, this is an 
activity in which finishers and others in the paving crew all too frequently resist and 
circumvent whenever possible. 

The final finishing operations are to texture the surface and then apply curing com
pound. There is little doubt that initial skid-resistance values depend largely on ef
fectiveness of the texturii^ operation. There is even less doubt that durability of the 
initial nonskid texture is to a very important degree dependent on effectiveness of the 
cure. These final finishing operations are, therefore, much more critical than the 
attention ordinarily given them would indicate. 

Texture is routinely accomplished by use of burlap drags or the combination of an 
initial burlap drag and a final longitudinal brooming with nylon bristle brooms. 

Curing is accomplished by spraying the fresh concrete surface with white pigmented 
curing compound at the rate of 150 sq ft/gal. Compliance with the specified application 
rate is checked by comparing quantities of compound e:q>ended with the area of pave
ment surface covered, either on a spot check or continuing basis. Caution must be 
exercised, however, because the application rate rarely if ever equals the ê qpended 
rate. This, of course, is due to several factors but without doubt the major factor is 
wind drift . Thus, many occasions occur when the spray rate must be increased, or the 
area given a dovible application of compound in order to assure effective curing. 

Timeliness in applying the compound is probably as important, if not more so, than 
the rate of application in achieving an effective cure and thus long-lasting nonskid sur
faces. Delay in applying curing compound is a widespread and commonly overlooked 
shortcoming in most warm weather paving qperatiens. It occurs because curing must 
follow the hand-finishing and texturing operations. Timing of the te>fturing operation 
is routinely a compromise, since concrete pavements rarely lose surface moisture 
imiformly. Optimiun texturing, at least when burlap drags and brooms are used, occurs 
when the wetter spots have dried enough to reasonably hold the texture, but before the 
drier spots have dried too much to texture at all. However, in terms of optimimi cur
ing, this usually means that the drier areas are too dry. 

A partial solution to this dilemma is to speed up and improve the effectiveness of 
final finishing operations. Improved equipment such as the combined pipe float-burlap 
drag-curii% compovmd applicator recently making an appearance on California paving 
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projects would appear to be an important advance in the right direction. It is suggested 
that an even more Important advance would be the incorporation or improvement of 
metering screeds at the receiving end of slip-form pavers to reduce the slight varia
tions in surface condition that are one of the primary causes of localized excessively 
wet spots. 

Some progress in this direction is evident in the widespread use of box spreaders 
ahead of some pavers, or in the auger at the front end of one paver, or contractor mod
ifications such as strike-off paddles added to other pavers. 

The completed pavement may be opened to traffic as early as 10 days following con
crete placement, unless Type n i cement is used and an earlier opening is permitted in 
writing by the engineer. In that event the pavement may be opened to traffic as soon 
as the concrete has developed a modulus of rupture of 450 psi. 

California specifications require that new pavements must have a coefficient of 
friction of not less than 0.30 as determined by Test Method No. Calif. 342 (see p. 119 
of this publication). 

The construction aspects that can be expected to affect performance of new concrete 
pavement surface texture would seem to be as follows: 

1. Nature of the concrete aggregate. 
2. Amount of mixing water used. 
3. Nature and amount of any admixtures used. 
4. Cement factor. 
5. Nature and amount of surface manipulation in finishing. 
6. Amount of additional water used during finishing. 
7. Amount of bleed water mixed into surface mortar. 
8. Timing of finishing operations. 
9. Method and depth of texturing. 

10. Orientation of texture serrations. 
11. Timing of the curing operation. 
12. Effectiveness of curing materials, as applied. 
13. Extent of curing period before pavement is opened to traffic. 
14. Amount of abuse by construction equipment in constructing ^purtenant facilities. 
15. Extent of bump cutting to meet smoothness requirements. 

GROOVING EXISTING CONCRETE PAVEMENT 
Grooving hardened portland cement concrete pavement to improve skid resistance 

is becoming an increasingly important construction technique. This work is done cur
rently through the use of two different makes of concrete planing machines: the Concut 
Bumpcutter and the Christensen Concrete Planer. In each case, a cutting arbor of 
multiple diamond saw blades separated by appropriate spacers produces a series of 
parallel grooves in the pavement surface. 

When grooving an existing pavement, California engineers have generally adopted a 
grooving pattern in which Vs-in. grooves spaced at % in. on centers are cut at Vs-in. 
minimum depth. However, a recent innovation has been to utilize 0.095-in. wide blades 
instead of the Vs-in., that is 0.125-in., blades to cut narrower grooves. The narrower 
groove pattern may produce less disturbance in the control of motorcycles operated 
over the grooved pavement and other advantages. 

The features of grooving that can be expected to affect skid resistance are as 
follows: 

1. Width and depth of grooves. 
2. Spacing of grooves. 
3. Amount of lane width grooved. 
4. Orientation of groove pattern, i.e., longitudinal, transverse, or other. 
California pavements are grooved longitudinally on the premise that lateral resis

tance to skidding on curved alignment by highway vehicles is improved over that of 
transverse or diagonal grooving. Substantially the whole lane width is grooved, omit
ting only about 12 in. adjacent to each lane line or edge of pavement. 
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One of the newest construction developments with respect to grooving is the introduc
tion by equipment manufacturers of vacuum devices which permit the removal of water 
and cutting residue concurrently with the grooving operation. This should greatly re
duce the hazard to traffic created when water is allowed to flow across active lanes of 
pavement. 

CONCLUSION 
Before concluding this brief examination into the relationship of construction proce

dures and skid-resistant pavement surfaces, it may be well to seek the view point of 
the highway user. Can it be doubted that in his eyes the only thing actually being done 
about improving his protection from skids is what is presently being constructed into 
the roadways he drives on or the vehicles and tires he uses ? 

Engineers and scientists realize that, as in the case of building Rome, construction 
of the optimum in nonskid pavement surfaces cannot be accomplished in a day. How
ever, improvement can be realized a step at a time. 

Much I S now being accomplished by way of enlarging the technical understanding of 
tire-pavement interactions and means of measurement. Hopefully many of the papers 
presented at this summer meeting of the Highway Research Board wil l contribute to 
the growing knowledge. Important as this may be, though, sight must not be lost of 
those areas of activity in which improvements can be made in the skid resistance of 
existing pavements and those currently being built. 



Reduction of Accidents by Pavement Grooving 
JOHN L BEATON, ERNEST ZUBE, and JOHN SKOG, 

California Division of Highways 

Providing and maintaining a skid-resistant surface on concrete pavements 
is discussed. Studies of the effect of grooving the pavement to reduce wet 
weather accidents were conducted. The objective of the studies was to 
determine the efficiency of serrations in raising the skid resistance, to 
determine resistance of a grooved pavement to wear and polish of traffic, 
and to determine the extent of reduction in wet weather accidents by serra
tion of the pavement. Results show that pavement grooving parallel to the 
centerline will reduce the wet weather accident rate in low friction value 
areas of PCC pavements. Friction value Is raised following grooving. 
Wear and polish of grooved areas appear to depend on characteristics of 
the pavement. 

•PROVIDING and maintaining a skid-resistant surface is of primary importance to 
the proper performance of any highway. All types of pavement surface will eventually 
show some reduction in coefficient of friction values during their service l ife. This 
reduction is caused by wear and polish of traffic, especially by heavy trucks. 

Several years ago California Division of Highways accident analysis showed that 
some sections of concrete freeways, especially on curves, were having an unusual 
number of accidents occurring during wet or rainy weather. After considering the use 
of acid treatment of the surface or the application of a coal tar-epoxy screening seal 
coat or some other thin organic overlay, i t was decided to study the effect of grooving 
the pavement. The objectives of the program are as follows: 

1. To determine the efficiency of serration in raising the skid resistance. 
2. To determine the resistance of a grooved pavement to wear and polish of traffic. 
3. To determine the extent of reduction in wet weather accidents in critical areas 

by serration of the pavement. 

MEASUREMENT OF SKID RESISTANCE 
The California skid tester used in determining the coefficient of friction of pave

ment surfaces has been previously described (1.). The presently used test method is 
given in the Appendix. The tester has been calibrated with the towed trailer equip
ment constructed by R. A. Moyer of the University of California, Institute of Trans
portation (2). Previous studies by Moyer and others indicated that the skid-resistance 
value for any given surface approaches a low figure when the brakes are locked on a 
vehicle having smooth tread tires and traveling at speeds of 50 mph on a wet pavement. 
Therefore, in the correlation program, the coefficient of friction values obtained from 
Moyer's unit using locked wheels, smooth tires, wet pavement and a 50-mph speed 
were compared to our readings obtained under identical operating conditions. 

We are presently using a value of f = 0. 25 as the minimum requirement for in
dicating the need for remedial action, and a minimum of f = 0. 30 for new PCC pave
ment. An active program is under way to study the adequacy of these values, especially 
the figure for remedial action. The program involves the use of recommended mini
mum friction values from other sources, and an accident frequency correlation with 
skid resistance of the pavement surface. 

C. G. Giles (3) on the basis of a comprehensive accident analysis in England has 
provided a set of suggested values of skid resistance for use with the British portable 
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Figure 1, Correlation studies on minimum friction 
value for remedial action. 

tester. A comprehensive correlation 
program was performed by us in order to 
obtain the relation between the California 
tester and the British portable tester. 

On the basis of the correlation, a com
parison of the recommended British values 
with the tentative California minimum 
figure is shown in Figure 1. Also shown 
is the Virginia minimum figure which was 
attained by using the correlation chart of 
D. C. Mahone (4) which provides an ap
proximate correlation between the British 
portable tester and the Virginia test car 
at 40 mph. 

Preliminary studies in California on a 
wet weather accident frequency correla
tion with skid resistance indicates that 
most single car accidents occurred on 
curves, the average value for the friction 
factor being f = 0.22. However, 28 per
cent of the accidents that occurred on 
curves were on pavements of f = 0. 25-
0. 28 range. The maximum value attained 
in this study was f = 0. 28. 

On the basis of these results, i t is con
cluded that the present f = 0. 25 remedial 

action value is a minimimi figure, and it appears that the value may be too low for 
curves of rather short radius. A better value may be f = 0. 28 which is the same as 
the British minimum for all sites. Further studies are under way. 

PATTERN STUDIES 
Grooves may be cut in the pavement in either a longitudinal (parallel to the center-

line), transverse or skewed direction. All grooving (except for a few short experi
mental sections) to date on state highways has been performed in a longitudinal direc
tion. We are of the opinion that this leads to increased lateral stability, and tends to 
guide the vehicle through a critical curve area. This has been confirmed by studies 
performed in Texas (5). However, studies in England (6) indicate that grooving per
pendicular to the centerline is better in this connection; further effort will be required 
to resolve the problem. 

Groove patterns vary. The most common type is rectangular in form and may be 
varied in width and depth and distance between centers of grooves. Other types have 
rectangular form, but the bottom is partially rounded, and the edges at the pavement 
surface are also rounded. Others have a large V-cut separated by smaller V-cuts. 
Figure 2 shows two types of patterns. 

A number of patterns have been used in our serration work to date. This was done 
in order to determine the increase in the friction factor, wear resistance, and possible 
vehicle handling problem. In all cases the grooves are all in a longitudinal direction. 
Figure 3 shows the patterns used on the various projects, and Table 1 gives the in
crease in the friction value after grooving and the change during service life. Figure 
4 shows the effect of grooving on the average coefficient of friction value for the various 
PCC pavement projects. 

In all cases the friction value is raised by pavement grooving. However, it appears 
that the nature of the existing concrete surface and the type of pattern affect the de
gree of improvement in the friction value. As an exam^de there is a much greater 
improvement in the friction value for project H than on projects F and G for a Ys x Vgin. 
on 1 in. centers with a rectangular groove. This is also confirmed by the results from 
projects J and K where two different patterns are compared on two different projects. 
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TABLE 1 
CHANGE IN AVERAGE FMCTION VALUES FOLLOWING GROOVING 

Project 
No 

Pavement 
Type Location AADT 

lOOO Serration Pattern Age 
Mos. 

Avg 
Friction 
Value 

A PCC 
bridge 
deck 

10-SU-4-A 24 Rectangular grooves 
VB in X Vn in. on '/B in centers 

Before 

After 
45 

101 

0 26 

0 33 
0.33 
0.36 

B PCC 
bridge 
deck 

04-Ala-7-Alb 80 Rectangular grooves 
Vs in X % in. on Vs in. centers 

Before 
After 

41 

0 26 
0.32 
0.28 

c PCC 06-Kern-5-
PM6 94-7 47 

16 Rectangular grooves 
Vs in X Va in on Va in centers 

Before 
After 

67 

0.19 
0. 32 
0 34 

0 PCC 07-Ora-5-
PM23 3-23.6 

45 Rectangular grooves 
'/a in X '/g in on m . centers 

Before 
After 

17 

0.25 
0.35 
0 30 

E PCC 07-LA-5 
PM29.5-30 0 

104 Rectangular grooves 
'/a in X '/a in on % in. centers 

Before 
After 

17 

0. 23 
0 31 
0 27 

F PCC 07-LA-405 
PM2 1-2.6 

131 Rectangular grooves 
'/a in X % in. on 1 in centers 

Before 
After 

17 

0 20 
0 24 
0 22 

G PCC 07-LA-405 
PM3 8-4 1 

139 Rectangular grooves 
Va in. X '/a in. on 1 in. centers 

Before 
After 

0 19 
0 21 

H PCC 03-Pla, Nev-80Var. 9 Rectangular grooves 
'/a in. X % in on 1 in centers 

H-1 E B lane 
PM42 56-42 77 

Before 
After 
12 Mo. 

0.24 
0 37 
0 34 

H-2 W B lane 
PM45 45-45.60 

9 Rectangular grooves 
'/a in X Va in on I in centers 

Before 
After 
12 Mo 

0 25 
0 32 
0.29 

H-3 W B lane 
PM5.00-5 27 

9 Rectangular grooves 
'/a in. X % in. on 1 in. centers 

Before 
After 
12 Mo 

0.19 
0.29 
0 27 

H-4 E B lane 
PM6. 55-6.65 

9 Rectangular grooves 
'/a in X Vs in on 1 in centers 

Before 
After 
12 Mo 

0.15 
0.30 
0 25 

H-5 W B lane 
PM9 01-9 19 

9 Rectangular grooves 
Va in X VB m on 1 m centers 

Before 
After 
12 Mo 

0.19 
0 30 
0 27 

I AC 07-LA-lOl 
PM8 8-9 3 

134 Rectangular grooves 
% in X '/< in. on 1 in centers 

Before 
After 

17 

0 23 
0 28 
0 29 

J PCC 07-LA-14-27 89 
Placenta 
Canyon Bridge 

13 Christensen Company 
Style 9 

Christensen Company 
Style 15 

Before 

After 
Before 
After 

0 16 

0 26 
0.16 
0 33 

K PCC 07-Ven-lOl 21 Christensen Company 
Style 6 

Christensen Company 
Style 9 

Christensen Company 
Style 15 

Before 
After 
Before 
After 
Before 
After 

0 20 
0 37 
0 20 
0 31 
0.19 
0 37 
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Figure 4. Effect of grooving pattern on average coefficient of friction value of PCC pavements. 

The type of pattern on any specific project effects the degree of improvement. On 
project K, three different Christensen patterns (Table 1) were placed in consecutive 
100-ft test sections in the travel lane. The original coefficient of friction values were 
identical, but two of the patterns produced a very high degree of improvement as com
pared to the third pattern. 

Project I in District 07 is an aged asphalt-concrete pavement. The surface was 
rather dry in appearance and quite brittle. Therefore, it was decided to groove this 
pavement using Vi y4-in. grooves on 1-in. centers. Shortly after completion several 
complaints were received from drivers of motorcycles and light cars. The complaints 
were that the vehicle tended to "track" and appeared to be caught in a manner resem
bling being caught in streetcar tracks. This was confirmed by highway patrolmen. On 
the other hand, Christensen Style 15 with V-cuts Vi in. wide on the Placerita Canyon 
Bridge provided no problems with test motorcycles driven up to 70 mph. There was 
some vibration up to 50 mph with Style 9, but this tended to fade out at higher speeds. 
Style 9 (Table 1, project J) has %e -in. wide rectai^ular grooves with rounded bottom 
and edges. These studies indicate that rectangular longitudinal grooves should not be 
wider than Vs in. in order to prevent possible problems from motorcycles and light 
passei^er cars. However, V-cuts do not appear to cause problems although Vi in. 
wide at the surface. 

An important characteristic of any treatment for raising the existing friction value 
is its resistance to wear and polish of traffic. Results of variations of friction mea
surements with time on various grooved projects are shown in Table 1 and Figure 5. 
On the majority of the projects not enough time has elapsed to draw any f i rm con
clusions. It appears, however, that the nature of aggregate and mortar strength may 
influence the resistance to wear and polish of the grooved areas. However, i t is in
teresting to note that projects A and B cover the travel lanes of heavily traveled free
ways having a high percentage of trucks. All the projects shown in Figure 5 are in 
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Figure 5. Change in friction values following grooving of PCC pavements. 

snow-free areas. Project H (Table 1) is in a partial snow region where chains may 
be required. After the f i r s t winter the surface does not appear to be damaged by chain 
action. This project will be closely watched since project M in Table 2 has shown 
considerable spalling between the grooves which are on 1-in. centers. This spalling 
has been caused by chain action and has resulted in some complaints in regards to 
controllability of a car even under dry pavement conditions. 

ACCIDENT STUDIES 
Summaries of all of the presently available accident data are given in Tables 2, 3 

and 4. Six of these locations were on urban freeways in the vicinity of Los Angeles. 
Accident data were also reviewed for comparison purposes on a mile of unserrated 
asphalt-concrete freeway (Table 4). The Los Angeles projects had one year before 
and after accident analysis periods. An additional project M on 1-80 near the Nevada 
state line had a two-year period for before and after accident analysis. This freeway 
is rural and required loi ter periods to obtain meaningful data. In the case of the Los 
Angeles area freeways, the number of wet or rainy days was determined in both the 
before and after accident periods. There were 30 wet days in the before period and 
approximately 15 wet days in the after period. Fifteen additional wet days were accu
mulated from the following year and the accidents on these days were added to the 
after period. 

Table 2 indicates that the total accidents were reduced 78 percent; of this, wet pave
ment accidents were almost completely eliminated (96 percent) and dry pavement acci
dents dropped 32 percent. 

The reduction in dry weather accidents, i f confirmed by further observation, appears 
to be significant. There is no reason to doubt that the dry friction value of these pave
ments was sufficiently high. In our opinion the decrease in dry weather accidents may 
be the result of the ability of the grooves to "track" or aid as a guide for a vehicle 
Hearing an out-of-control condition in the curve area. Such loss of control would most 
commonly be caused by enterii^ the curve at excessive speed and then rapid deceleration 



TABLE 2 
E F F E C T ON NUMBER OF ACCffiENTS FOLLOWING GROOVING 

Curvature 
Accidents 

Project 
No. 

Location and 
Pvt Type Serration Pattern Radius Dir 

AADT 
lAoO Before After Percent Change Project 

No. 
Location and 

Pvt Type 
(ft) Dir 

Wet Dry Tot Wet Dry Tot. Wet Dry Tot. 

D 
07-Ora-5 
PM23.3-23.6 
PCC 

Va in. X Va in on % in. 
centers-rectangular 
grooves 

2000 Right 45 46 4 50 1 7 8 -98 +75 -84 

E 
07-LA-5 
PM29 5-30 0 
PCC 

Va in X Va in. on in. 
centers-rectangular 
grooves 

2000 Left 104 12 6 18 2 2 4 -83 -67 -78 

L 
07-LA-lO 
PM22.6-22 8 
PCC 

Va in. X Va in. on % in 
centers-rectangular 
grooves 

1020 Left 164 26 16 42 0 6 6 -100 -63 -86 

F 
07-LA-405 
PM2 1-2.6 
PCC 

'/a in X '/a in. on 1 in 
centers-rectangular 
grooves 

Tangent 131 21 9 30 0 11 11 -100 +22 -63 

G 
07-LA-405 
PM3 8-4 1 
PCC 

Va m X % in on 1 in 
centers-rectangular 
grooves 

3000 Right 139 4 6 10 0 4 4 -100 -33 -60 

M 
03-Nev-80a 
PM19.8-20 2 
PCC 

Va in X Va in. on 1 in. 
centers-rectangular 
grooves 

1400 Left 9 5 9 14 0 6 6 -100 -33 -57 

N 
07-LA-lOl 
PM8 8-9 3 
AC 

% in X % in. on 1 in 
centers-rectangular 
grooves 

2050 
2052 Reversing 134 139 55 194 6 35 41 -96 -36 -79 

Total 253 105 358 9 71 80 -96 -32 -78 

°Tvro year before and after period, oi l others one year 



TABLE 3 
E F F E C T ON ACCIDENT RATE FOLLOWING GROOVING 

Before 
Project Pvt U-Urban State Avg 

Atter 

No Type R-Rural Acc Rate Total Wet Dry 

jjMVM = million vehicle-miles 
Rote = number of accidents - MVM 

TABLE 4 
COMPARISON OF NUMBER OF ACCIDENTS ON GROOVED AND CONTROL ASPHALT-CONCRETE PAVEMENT 

Curvature Accidents 

Total 
MVM^ Rate'' MVM Rate MVM Rate MVM Rate MVM Rate MVM Rate 

D PCC R 1 00 0.18 255 56 1 96 2.04 2 14 23 36 0.20 5 00 2.26 3 10 2 46 3.25 
E PCC U 1.61 0.77 15 58 8.54 0.70 9 31 1 93 0.78 2. 56 8.71 0.23 9.49 0.42 
L PCC u 1 61 0 49 53 06 5 46 2 93 5.95 7 06 0.49 0.00 5 50 1 09 5 99 1 00 
F PCC u 1.61 0 97 21 65 10 80 0 83 11 77 2 55 0.98 0 00 10 97 1 00 11 95 0 92 
G PCC u 1 61 0 59 6.78 6 64 0 90 7 23 1 38 0 63 0.00 6 98 0. 57 7 61 0 53 
M PCC R 1 00 - - - - 1 02 13 73 - — — — 1.31 4.58 
I AC U 1.61 2 04 68 14 22 78 2 41 24 82 7 82 2.01 2.99 22 45 1.56 24 46 1 68 

Total for PCC Pvts. 1 48 3 00 36. 33 33.40 1 23 37 42 4 38 3 08 0 97 34.42 0 87 38 81 1.00 

Project 
No. 

Location and 
Pvt Type Serration Pattern Radius 

(ft) Dir. 
AADT 
1000 Before After Percent Change Radius 

(ft) Dir. 
Wet Dry Tot. Wet Dry Tot. Wet Dry Tot 

I - l 
07-LA-lOl 
PM7 8-8 8 
AC 

No serration 
(control) Var Reversing 123 36 59 95 41 75 116 +14 +27 +22 

I 
07-LA-lOl 
PM8 8-9 3 
AC 

% in. X % in. on 1 in 
centers-rectangular 
grooves 

2050 
2052 Reversing 134 139 55 194 6 35 41 -96 -36 -79 
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within the curve area. Such action could cause loss of control. The longitudinal 
grooves by acting as tracks could resist lateral movements and add stability to the 
vehicle. In the case of the wet pavement condition we may, therefore, assume that 
longitudinal grooving in curve areas not only increases the friction factor, but also 
acts as a stabilizer against lateral instability. It probably also serves as a quick sur
face drain to minimize any water buildup on the pavement. 

Table 3 gives the exposure in million vehicle-mUes, accident rates, and other in 
formation. Both wet and dry pavement accident rates were calculated relative to the 
number of wet or dry days. These rates could not be calculated at the 1-80 location, 
project M, since the number of wet days was not available. 

All of the accident rates on wet days were much higher than the average state high
way rates at both urban and rural locations. Because there are relatively few wet days 
per year in southern California, the resulting exposure is small. When this is divided 
into the overall large number of accidents occurring on wet pavement, the result is an 
unusually high rate. Al l locations (excepting one) had higher than average total accident 
rates in the before grooving period. The concrete surfaced urban freeways all had 
below average ( < 1. 61) rates in the after period. The two rural locations (both con
crete surfaced) still had higher than average total accident rates (>1. 00) despite 
sizable drops in rates after pavement serration. 

For comparison purposes the accident rate on a one mile stretch of asphaltic-
concrete pavement just south of the serrated project N was compared with the unserrated 
control section. The results are given in Table 4 and clearly indicate the excellent 
reduction in wet weather accidents following grooving. In the same period the control 
section had a gain in wet weather accidents. 

It is proposed to continue this accident analysis, and periodical skid-resistance 
surveys to determine possible increase in accidents as the friction values change 
during service life. 

COST OF GROOVING 
On seven jobs in District 07 the cost of grooving was in the range of $0.07 to $0. 09 

per sq f t . In some other districts the cost is somewhat higher. The best estimate is 
approximately $0.10 per sq f t . 

SUMMARY 
In summary, i t appears that pavement grooving performed in a direction parallel to 

the centerline wUl definitely reduce the wet weather accident rate in low friction value 
areas of PCC pavements. Excellent reduction of wet weather accidents occurred after 
grooving of an old asphalt-concrete pavement. However, this pavement was very hard 
and brittle, and we do not recommend grooving of normal asphalt-concrete pavement, 
since kneading by traffic may rapidly close the grooves. It seems preferable to apply 
a screening seal coat, slurry seal coat or dense or open-graded blanket. 

The friction value is raised following grooving. The rate of change in friction value 
by wear and polish of the grooved area appears to depend on the characteristics of the 
original concrete pavement, since two pavements with heavy truck traffic showed little 
change in friction values after a number of years of service. On the other hand, some 
pavements show quite rapid drops after only 17 months of traffic. Further tests are 
required. 

Motoil-cycle and light car tests clearly indicate that % - x -in. grooves will create 
problems in vehicle control. It is recommended that cuts no greater than Vs - ^ Vs -in. 
be used if vertical grooves are cut in the pavement. However, Va-in. deep % -in. 
wide V-grooves do not appear to create any problems. Further studies are required 
before any specific spacing may be recommended. However, since approximately equa 
accident reductions were noted for Vz - and y^-in. spacing, it is recommended that 
Va Va in. on y4-in. centers be used. It is highly desirable that further areas be 
grooved with a series of patterns as was done on the Ventura project in order to deter
mine effectiveness in raising the original coefficient of friction, and resistance to wear 
and polish under equivalent concrete and traffic conditions. 
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A p p e n d i x 

State of California 
Department of Public Worlcs 

Diviiion of Highways 

MATERIALS AND RESEARCH DEPARTMENT Test Method No. Calif. 342-C 
Octobar 3, 1966 

METHOD OF TEST FOR PAVEMENT SURFACE SKID RESISTANCE 

This method describes the apparatus and procedure 
for obtaininc: surface skid resistance values of Bitu
minous and Portland Cement Concrete pavements 

ProcecKifs 
A. Apparatna 

1 Skid fest unit 
a Reference is made to Figures I through I I I 

in connection with the following description of the 
construction of the test unit A 4 80/4 00 x 8, 2-ply 
tire with {25 ±2 psi) air pressure (A) , manufac
tured with a smooth surface, together with rim, axle 
and driving pulley is mounted on a carriage (B) The 
tire IS brought to desired speed by motor (H) The 
carriage moves on two parallel guides ( C ) , and the 
friction is reduced to a low uniform value by allowing 
three roller bearings fitted at 120° points to bear 
against the guide rod at each comer of the carriage 
The bearing assembly may be noted on Figure I I I 
(D) The two guide rods (C) are rigidly connected 
to the end frame bars ( E ) The front end of this guide 
bar frame assembly is firmly fastened to a restraining 
anchor The bumper hitch provides for swinging the 
skid tester to the right or left after positioning the 
vehicle The rear end of the frame assembly is raised 
by a special adjustable device ( F ) , Figure I I , so as 
to hold the tire Vi-mck off the surface to be tested 
This device is so constructed that the tire may be 
dropped instantaneously to the test surface by trip
ping the release arm (G), Figure IT Tachometer ( K ) 
indicates the speed of the tire 

2 Hitch for fastening unit to vehicle 
3 Special level to determine grade of pavement 

a A 28" long standard metal carpenter's level 
Fig I V , IS fitted at one end with a movable gaujiie 
rod which is calibrated in % of grade 

B. Material! 
1 Olycenne 
2 Water 
3 2-inch paint brush 
4 Thickness gauge Vi-inch ( a piece of ^4-inch ply

wood 2' X 1 " IS satisfactory) 

0 Test Procedure 
1 Determine and record grade with special level, 

see Fig I V 
a Place level on pavement parallel to direction 

of travel with adjustable end down grade 
b Loosen locking screw and raise level until 

bubble centers and then tighten locking screw on 
sliding bar 

c The grade is indicated on the calibrated 
sliding bar 

2 Remove apparatus from vehicle and attach to 
bumper hitch, Fig V 

) Position apparatus with tire over selected test 
area and parallel to direction of traffic 

4 Raise tire and adjust to Vi-mch (Ms" tolerance) 
above surface to be tested with device ( F ) 

5 Wet full circumference of tire and pavement 
surface under tire and 16" ahead of tire center with 
glycerine, using a paint brush 
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6 Set sliding gauge indicator (P) against carnage 
end 

7 Depress startnifr switch (J) and bring the speed 
to approximately 55 mi/hr 

8 Release starting switch 
9 The instant the tachometer &hows 50 nii/hr trip 

arm (6) dropping tire to pavement 
10 Read gauge (N) and record 
11 Release rebound shock absorber 
12 Move to next section and repeat 
13 In any one test location, test at 25' intervals in 

a longitudinal direction over a 100' section of pave
ment 

D. Preeantiona 
1 The rear support rod (0 ) , Pig I I , must be 

cleaned by washing frequently with water and a de
tergent to prevent sticking 

2 Sliding gauge indicator (P) must be kept clean 
so that it will slide very freely 

3 On slick pavements glycerine remaining on the 
pavement should be flushed off with water to prevent 
possible traffic accidents 

E. Field Oonitrnction Teitiag of Portla&d Oanwnt 
Oonerete Pavainant 

The following procedure shall be followed in the 
field testing of a Portland cement concrete pavement 
for specification compliance of the minimum friction 
value A minimum of seven days after paving shall 
lapse before testing 

1 Visually survey the total length of pavement 
for uniformity of surface texture Note all areas which 
do not have definite striations or which appear smooth 
Conduct this survey with the Resident Engineer or an 
Assistant who has knowledge of any difficulties in at
taining a proper surface texture during construction. 
The attached photograph, Figure V I I I , may be used 
as an aid in the evaluation of the existing texture in 
relation to the coefficient of friction, but is not to be 
used m lieu of actual coefficient of fnction measure
ments 

2 The determination of test locations, as outlined 
below, skaU apply only to that portion of the pave
ment which has well formed stnations AU areas that 
appear smooth, or those that have been ground shaU 
be excluded (See B-3 for procedure to follow for 
smooth pavements). 

a Select a minimum of three test locations for 
each day's pour and check a minimum of three pour 
days per contract 

Determine the location of test sites in a random 
manner through use of a Random Number table - The 
use of this method requires that the area for test be 
uniformly textured and placed in one operation As 
an example, a 4-lane pavement may be placed with a 
three lane width m one operation and the fourth lane 
placed separately Each of these areas must be treated 
separately in selecting test locations The following 
example illustrates the use of this table 

A section of pavement is 24' wide and 4000' long 
and IS part of a 4-lane freeway This section of pave
ment has been placed in one operation and skid tests 
are required From 2-a, it is required that three test 
locations be determined 

Using the random iiuiiibers, as shown choose the 
three locations in the follow mg manner 

Longitudinal 
06 
09 
02 
07 
05 
01 
04 
OS 
03 

Random yumhert 
Lateral 

6 
9 
2 
7 
6 

11 
4 
8 
3 

Starting at any point and proceeding up, or down, 
but not skipping any numbers, read three pairs of 
numbers and set up each location as follows 

Dutance fromRilht 
Diitance from Start Edge of Pour Looking 

of Pour up Station 
— 06 X 4,000" : Location .\ _ 

Location R -
location C 

= 2,400' 
09 x 4 000' = %800' 

. 0 2 X 4,000'= SOO-

6 X 2 = 12' 
<• X 2 = IK' 
J X .' = 4' 

In case any location as determined above falls in a 
smooth or ground area which does not appear repre
sentative of the general surface texture, then choose 
the next number in the random table and select a 
new location 

At each test location obtain the first reading at 
the specified random location (using the method de
scribed under C-Test Procedure) Obtain the next 
four readings at 25' intervals beyond the first read
ing Obtain all readings at sites parallel to the center-
line of the lane After correction for grade as shown 
in F , average the fi\e readings Record this average 
as the friction value for the specific test location 

3 In all areas that present a smooth textured ap
pearance or have been ground, the following shall 
applv 

a Check a minimum of three ground area 
locations and <ill smooth appearing surfaces on each 
contract 

b If the area is less than 100' in length per
form at least three individual tests in separate spots, 
coriect for grade and average the results 

e If the area is greater than 100' in length, 
select sufficient test locations to insure that the area 
IS above the minimum requirement If the average 
A ahie of all locations is below the required minimum 
then perforin additional tests until the area is local-
ize<l for remedial action 

F Calculations 
1 Make grade corrections using charts shown in 

Figures V I and V I I 
2 Average the 5 corrected readings in any one test 

location Example—'The following readings were taken 
at 25' intervals in a test location The grade of the 
pa\einent, determined as described in C-1, was -t-4% 

Veatured Cometad 
Coefficient Coefficient 

Station of Fnction of Fnction* 
1+00 —- 033 038 
14-25 034 0.89 
1+SO 034 0.39 
1+75 033 0 38 
2+00 033 0 38 

Final Average for Test Site 038 
• Contetid coemdenb of flkUon wen Uktn rrom diart In l imn Tl 

O. Beporting of Besnlts 
For all results determined under B-2, report the 

result for each station location and the average of 
5 readings and the grand average For all results 
determined under E-3, part (b), report the result for 
each station location and the average For B-3, part 
(c), report the result for each station location and 
the average for each set of five determinations 

A Calitornia Method 

End of Tut on Calif U2-C 
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® 

Figure I. Diagram of skid tester. 

Figure II. C lose-up views of skid tester. 
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Figure I I I . C lose-up views of skid tester. 

Figure i V . Level for determining grade. 

Figure V . Apparatus in position for testing. 
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COEFFICIENT OF FRICTION CORRECTION CHART 
FOR MEASUREMENTS MADE ON GRADES 

GRADE 

P 25 

CORRECTED COEF » 

Figure V I . Coefficient of friction correction chart for measurements made on grades. 

COEFFICIENT OF FRICTION CORRECTION CHART 
FOR MEASUREMENTS MADE ON GRADES 

DOWN GRADE 

u 35 

20 25 30 35 40 45 
CORRECTED COEF f 

Figure V I I . Coefficient of fr ict ion correction chart for measurements made on grades. 
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Figure V l l i . Photos of surface textures. 
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Figure IX . Apparatus being placed in vehic le; note cable and winch for moving skid tester. 

Figure X . Apparatus in position for transportation. 
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Part II 
Asphalt Pavement Cracking 



Pavement cracking has concerned pavement engineers and 
others since the f i rs t highway pavement was laid. Gen
erally two types of cracking occur and can be classified as 
load associated or nonload associated cracking. Each of 
these types are discussed in four formal papers presented 
at the 1968 Summer Meeting of the Highway Research Board. 

Four informal conference presentations, nonprogram-
med presentations, and open floor discussions concerning 
the papers and the conference session were not recorded 
and are not included m this report. 



Wheel Load Equivalency Based on 
Flexural Fatigue of Asphaltic Concrete 
R. A, JIMENEZ, Arizona Transportation and Tra f f i c Institute, University of Arizona 

Wheel load equivalencies have been used in the design of pave
ments to account fo r the varieties of load magnitude and con
figuration. This presentation is concerned with an approach 
for estimating wheel load equivalencies based on a particular 
flexure fatigue characteristic of asphaltic concrete. The equiv
alencies are referred to as destructive ratios, DRs, and are 
related to the number of repetitions of a particular stress that 
an asphaltic-concrete surface course can endure in a specified 
pavement structure. The approach for determining the de
structive ratios is described for single-wheel applications of 
variable loads and t i re pressures on pavement structures 
of different strengths. Comparisons of the calculated destruc
tive ratios were made with wheel load equivalencies established 
by the AASHO Road Test engineers. These comparisons 
showed that there was not a consistent relationship between 
the two equivalencies f o r the four pavements chosen. How
ever, note is made that in one case results of loads are con
sidered for the surface course only, whereas for the AASHO 
condition the total pavement structure was involved. 

•TRAF FIC on pavements is made up of a variety of wheel loads and gear arrangements. 
As a consequence, in pavement design, different means (1-6) have been used for ob
taining "design wheel loads" or fo r determining the accumulative damaging effects of 
different vehicles u s i i ^ the road. I t is not the purpose of this report to discuss the 
various ways of treating mixed t r a f f i c for determining wheel load equivalencies but 
rather to present the results of an approach toward relating the effects of different 
wheel loads on the fatigue l i f e of asphaltic-concrete surface courses. 

FATIGUE OF ASPHALTIC CONCRETE 
In recent years there has been great interest in searching fo r and defining the flexure 

fatigue characteristics of asphaltic concrete (7-13). A review of the l i terature on f a 
tigue of asphaltic concrete indicates that the relation between bending tensile stress (S) 
and number of stress repetitions to cause fai lure (N) may be expressed as follows: 

S = ION"^ (1) 

where lo and b are constants. Jimenez (13) reports on fatigue studies of different as
phaltic-concrete mixtures and suggests that the value fo r the exponent, b, i n Eq. 1 may 
vary slightly f r o m -0.2. However, the coefficient, lo, may vary over a wide range de
pending on the stiffness or static tensile strength of the mixture. I f the slopes of a l l 
S-N curves are considered to be the same, then the relative effect on fatigue l i f e of any 
stress as compared to that of a reference stress, would be constant for asphaltic con
cretes of different static tensile strengths or IQ'S. In this report measure of the rela
tive destructive effect of a stress w i l l be termed destructive rat io , DR, which is the 
number of load repetitions to cause fai lure N i , of the reference stress, S i , divided by 
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Figure 1. Relationship between tensile stress and number of repetitions to failure. 

the number of load repetitions corresponding to failure at the other stress, 
ample, consider the foUowi i^ : 

As an ex-

From Eq. 1: 

and 

S = loN -b 

N i = (S.)-^^ (l/lo)-^^ 

N , = (S.)-^^ (lAo)-^^ 

Then, the DR = (Ni /Na) = (S1/N2) = (Sj /Sa)"^/ ' ' which shows that the strength of the ma
ter ia l does not influence the value of destructive ratio. Figure 1 shows the above con
cept where S i is the reference stress. 

The calculations fo r stresses given in Table 1 are based on asphaltic concrete hav
ing a static bending strength value, lo, of 1,000 psi, 

STRESSES AND PAVEMENT STRUCTURES 

Asphalt pavements may be considered as three-layered systems, and the stresses 
at certain locations can be calciHated by use of Jones' tables (14). The stresses of 
concern in this report are the central radial stresses at the bottom of the surface 
course. 

The structural systems examined fo r this presentation are shown in Figure 2 and 
are listed as fol lows: 

1. Surface course of asphaltic concrete 
(a) Modulus E l = 50,000, 100,000, and 125,000 psi. 
(b) Thickness h i = 1, 2, 4, and 8 in. 

2. Base 
(a) Modulus Ea = 5,000 psi. 
(b) Thickness ha = 8 in. 

3. Subgrade 
(a) Modulus E j = 2,500 psi. 

The selections of E i were somewhat arbi t rary but appear to be reasonable in com
parison with such values as previously given (13). The values of K i or Ei/Ea were 
selected to yield ratios of 10, 20, and 25. This then fixed the value of 5,000 psi f o r Ea 
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TABLE 1 
STRESSES AND DESTRUCTIVE RATIOS, DR, FOR VARIOUS SINGLE WHEEL LOADS AND PAVEMENTS 

(hi = 8 in., E l = 5,000 psl, and Es = 2,500 psi) 
S = I O O O N ' ° - ^ 

Load and Pres. hi 
(kips - psl) (in.) Sri 

(psi) 

Ki = 10 

N 
(xlO') 

DR 
Ni 

DR 
820 

Sri 
(psl) 

= 20 

N 
(XIO") 

DR 
Ni 

DR 
820 

Sn 
(psi) 

Ki = 25 

N 
(XIO") 

DR 
Ni 

DR 
820 

4 60 221 2.4 6.14 0.34 
6 60 174 8.1 1.80 0.10 
8 75 162 11.7 1.24 0.07 
9 75 1 155 14.6* 1.00 0.06 

10 80 150 17.0 0.86 0.05 
12 90 141 24.0 0.61 0.03 
4 60 118 58.5 0.12 0.01 243 1.4 0.14 0.58 300 0.5 0.15 1.69 
6 60 140 24.5 0.29 0.03 288 0.6 0.33 1.36 353 0 2 0.35 3.81 
8 75 166 10.8 0.66 0.08 333 0.3 0.69 2.83 406 0.1 0.73 8.05 
9 75 2 178 7.1* 1.00 0.11 357 0. 2* 1.00 4.10 432 0.075* 1.00 10.91 

10 80 190 5.1 1.40 0.16 378 0.1 1.33 5.46 459 0.05 1.44 15.73 
12 90 216 2.6 2.73 0.31 423 0.08 2.41 9 88 511 0.03 2.38 26.21 
4 60 106 102.4 0 10 0.01 160 12.2 0.07 179 7.0 0.05 0.12 
6 60 130 36.1 0.29 0.02 205 3.5 0.24 233 1.8 0.21 0.46 
8 75 154 15.1 0.69 0.05 250 1.3 0.65 287 0.6 0.62 1.34 
9 75 4 166 10.4* 1.00 0.08 271 0.82* 1.00 314 0.39* 1.00 2.10 

10 80 178 7.1 1.45 0.11 293 0.5 1.51 341 0.3 1.49 3.21 
12 90 203 3.7 2.81 0.22 337 0.3 3 06 395 0.1 3 19 6.89 
4 60 56 1860.0 0.02 
6 60 84 316.0 0 14 
8 75 O 112 78.2 0. 55 0.01 
9 75 0 127 42.8* 1.00 0.02 

10 80 141 24.0 1.79 0 03 
12 90 169 9.3 4.60 0.09 

^Reference repetifions (Ni) 

p . 4fl00-12,000 lb 

which w i l l be considered to represent an unbound base course material. According to 
Peattie (15), " . . . for unbound granular materials the effective value of E2/Ea invariably 
lies between 2 and 5." The selection of Ea/Es = 2, thus sets our value f o r Eg equal to 
2,500 psi. I t is apparent that the absolute values of E's are not a pr imary factor f o r 
stress computations; but the modular ratios are. 

The use of Jones' tables fo r stress calculations required that circular and uniformly 
loaded contact areas be assumed. With respect to the larger wheel loads that would 

normally be carried on duals, i t was as
sumed that the area of contact with the 
pavement surface was circular and equal 
to the load divided by the t i re inflation 
pressure. Additionally, i t was considered 
reasonable to increase the t i r e inflation 
pressure as the wheel load increased. A 
review of truck t i r e ratings given by the 
Ti re and Rim Association (16) sv^gested 
the grouping fo r t i r e pressures and loads 
given in Table 2. 

Typical calculated tensile stresses r e 
sulting f r o m the selected wheel loads are 
shown in Figure 3. The data points do 
not l ie on a straight line; however, for 
practical purposes and especially in con
sideration of the assumed contact areas, 
a linear relationship between the tensile 
stress and single wheel load was accepted 
as shown by the solid lines. As expected, 
the higher the K i value, the higher was the 

-Si 

> » • 60 TO 90 PSI t 
E, • 50,000 TO 125,000 PSI | 

Eo- 5,000 PSI 

E3 - 2,500 PSI I 

i SUBGRADE 

Figure 2. Variables and symbols for three-layered 
systems. 
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TABLE 2 
TIRE PRESSURE AND LOAD GROUPING 

Total Load 
(lb) 

Inflabon Pressure 
(psi) 

4,000 60 
6,000 60 
8,000 75 
9,000 75 

10,000 80 
12,000 90 

stress fo r other conditions fixed. Figure 
3 also shows that the rate of stress i n 
crease with increasing load is greatest 
fo r the highest K i plot. 

In Figure 4, effects of surface thickness ' 
on the relationship between tensile stress 
and load are presented. The relative 
position of the h = 1-in. curve is interest
ing. From the low stresses associated 
with this curve i t would seem that the 
maximum curvature of the deflected layer 
does not occur directly below the center 
of the loaded area and/or that a greater 
portion of the load is transmitted to the 
base course. 

DESTRUCTIVE RA-nO 

Stresses and destructive ratios fo r the different pavement structures and also re f 
erence stresses are listed i n Table 1. Typical relationships between destructive rat io 
and wheel load are shown in the semi-log plot of Figure 5. The reference condition is 
a 9,000-lb wheel load on a pavement with a surface course thickness of 4 in . and a K i 
value of 20. The relative positions of these curves indicate the changes in the damaging] 
effects of different wheel loads as the base loses stiffness in comparison to the surface 
course (E1/E2 increases), such as may occur during a spring thaw or when theasphaltic 
concrete increases in stiffness due to temperature changes or aging of the asphalt. 

In order to check this approach fo r establishing wheel load equivalencies, compar
isons were made with comparable values determined at the AASHO Test Road (4). Such 
a comparison is shown in Figure 6 fo r a pavement with a common structural number 
of 3.0. The SN of 3.0 was obtained using a i and az values of 0.44 and 0.14, respectively. 
The plot of fatigue equivalency vs. AASHO equivalency shows almost a perfect agree
ment. I t should be remembered that equivalencies f r o m the AASHO data were related 
to the total pavement structure and not to the surface course only as is the case fo r the 
fatigue equivalencies. 

Further comparisons of equivalencies with AASHO values are shown in Figure 7. 
There is not a consistent relationship between the AASHO and fatigue equivalencies for 

4 
60 

6 8 9 10 
60 7S 75 80 

SIN6LE WHEEL LOAD 

12 KIP 
90 PSI 

Figure 3. Relationship between tensile stress and wheel load. 
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0 01 
0008 

VARIABLE 
CONSTANT h, • 4' 

1.2.8' 

Figure 4. Relationship between load and tensile 
stress at 1st interface. 

4 6 8 9 10 12 KIP 
60 60 75 75 80 90 PSI 

SINGLE WHEEL LOAD 

Figure 5. Relationship between wheel load and 
destructive ratio. 

the pavements with surface course of different thicknesses. From Figure 7 and con
sidering the assumed conditions of pavements and wheel loads, the following conclu
sions are reached: 

1. For the pavement with the 1-in. 
thick surface course, the larger wheel 
loads are less destructive with respect 
to flexure fatigue of the surface; however, 
these loads would have more damaging 
effects to the subsoils. 

2. For the pavement with the 2-in. 
surface course, single wheel loads up to 
9,000 lb are more damaging to the surface 
than to i ts foundation and then as the load 
increases i t contributes more to subsoil 
fai lure. 

3. For the pavement with the 4-in. sur
face course, the wheel loads are equally 
damaging to the surface course and to the 
subsoils. 

4. For the pavement with the 8-in. sur
face course, single wheel loads up to 
9,000 lb are slightly less d a m ^ n g to the 
surface course than to i ts foundation and 
then as the load increases i t contributes 
more to flexure fatigue. 

AASHO EQUIVALENCY 1 1 r-p 
SINGLE AXLE - P, • 2 S SN-S / 

SK - 0 05 
12 K - 0 23 
16 K - 065 
IBK - 100 

20 K - 149 
24 K - 3 09 

/ ^ L I N E 
• / OF EQUALITY . 

FATIGUE EQUIVALENCY 
t i | ' 4 ' ha'Sr K|'20, K2*2 

- SN*2 9 
SINGLE WHEEL 
4K a 60 PSI - 0067 
6K a 60 PSI - 0 238 

- SK a 75 PSI - 065 -
9K a 75 PSI - 1 0 0 

lOK a 80 PSI -1 50 

t 1 
I2K a 90 PSI - 306 
1 1 1 

12 18 
FATIGUE EQUIVALENCY 

Figure 6. Relationship between AASHO and 
fatigue wheel load equivalencies. 
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SN-zo. h, •tor 

SN>46. II. • 8 0 ' 

NOTE K, • 20 

1^.8 

SN-15, K,-10 

IS 2.4 SO 
FATMUE EOUIVKLENCY 

Figure 7. Relationship between AASHO and fatigue wheel load equivalencies. 

SUMMARY 

This discussion has been quite l imited and perhaps too much l iberty has been taken 
for the conditions assumed. Nevertheless, the approach presented f o r de termini i^ 
wheel load equivalencies appears reasonable and with the comparisons of these values 
with the equivalencies established by AASHO serve to warrant the following: 

1. Flexural fatigue characteristics of asphaltic concrete are a factor to consider in 
determining wheel load equivalencies. 

2. The changes that occur in relative stiffness (E i /Ea ) between a surface course and 
a base w i l l affect the damaging effects of a wheel load. 

3. For thin surface courses (< 1.5 in . ) , the smaller wheel loads can be more destruc
tive than the larger ones. 

4. The destructiveness of different wheel loads may be greater with respect to f l ex 
ure fatigue strength of the asphaltic concrete than with respect ot the strength of founda
t ion SOLLS. 
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Thermal Fracture Phenomena in 
Bituminous Surfaces 
R C. G. HAAS, University of Waterloo, and 
T. H. TOPPER, University of Waterloo, and Visi t ing Professor, University of 

lUinois 

This paper explores the phenomenon of thermally induced 
cracking in bituminous surfaces as a problem pr imar i ly as
sociated with design. Low-temperature effects on pavement 
performance are examined and the need for modifying current 
mixture design procedures is discussed. Since any such design 
requirements would be concerned with fracture susceptibility, 
an approximate procedure fo r calculating thermally induced 
stresses is presented which recognizes the probable stiffness 
and temperature gradients that occur in f i e ld service. 

A consideration of fundamental mechanisms involved is es
sential to adequately f u l f i l l i n g design objectives; consequently, 
an hypothesis has been advanced to the effect that thermally 
induced cracking occurs in two main phases. These consist 
essentially of limited-depth crack init iation, and subsequent 
full-depth propagation with r i s ing a i r temperatures. The per
tinent mechanics are explained and the hypothesis appears to 
be compatible with observed phenomena. 

Several practical implications of the hypothesis are dis
cussed and these relate p r imar i ly to the develc^ment of mix 
designs to mitigate or reduce cracking and to the possible use 
of "good" and "poor" asphalts in the same pavement structure. 
I t is suggested that more efficient and economical uses of 
available materials may be possible i n designing fo r the low-
temperature cracking problem. 

•THE pavement design problem has received much attention during the past two decades 
and a considerable amovint of information is available. Yet, we are in many ways l i t t l e 
closer to understanding what this problem really i s , either in a general sense or a spe
ci f ic case. Broadly, we recognize that the principal objective of a highway pavement 
is to provide fo r the safe, efficient and economical passage of road vehicles under a l l 
climatic conditions. However, we are in most cases unable to satisfy this objective as 
economically and efficiently as we desire, largely due to a state of imperfect tech
nology. This involves an incomplete understanding of both the fundamental behavior 
and control of pavement component materials, or of their combined state in a pavement 
structure, and their contributions to the performance of the system as a whole under a 
variety of t r a f f i c , climatic and age conditions. 

Hutchinson and Haas (1) have considered this situation in setting fo r th a systems 
analysis of the total highway pavement design process. Their analysis and recommen
dations are based on the premise that a completely rationalized process can only be 
developed through the use of techniques that permit the serviceability-age histories of 
alternate designs to be predicted along with the total cost streams necessary to produce 
these serviceability profi les . Additionally, their framework recognizes the need fo r a 
systematic identification of a l l performance variables and the placing of any one com
ponent's performance within the context of the system's performance as a whole. This 
requires an attendant advancement of the state of technology to the point where a com-
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ponent material , such as the bituminous mixture, can t ru ly be "designed"; i.e., f o r any 
proposed pavement design, a bituminous material input for a specified performance 
requirement can be produced with predictable economic implications. 

The intention of this paper is to explore the phenomenon of thermally induced f r ac 
ture in bituminous surfaces with respect to : 

1. The variables in low-temperatiire cracking, 
2. Mixture design considerations for low-temperature conditions, 
3. Calculating thermally induced stresses, 
4. Defining the mechanisms of fracture initiation and propagation. 

The major l imitat ion of the paper is that the mechanisms are essentially postulated, 
although logically supported, and require e^er imenta l verification. Nevertheless, 
since the hypothesis may have some significant practical implications, i t is considered 
useful to present i t at this time in the hope that i t w i l l stimulate the necessary experi
mentation. 

LOW-TEMPERATURE EFFECTS ON PAVEMENT PERFORMANCE 

Advancing the state of technology to the point where a pavement component material 
can t ruly be designed implies a knowledge of the fundamental mechanisms that control 
in-service behavior. Only with this type of information can the design techniques mi t 
igate any unsatisfactory effects of such behavior. 

Low-temperature cracking is one of these unsatisfactory aspects of the overall be
havior of flexible pavements. At the time of occurrence, i t has relatively l i t t l e effect 
on pavement r iding quality. However, its implications, or "secondary deterioration" 
effects, such as bumps, dips, spalling, and potholes, can be highly detrimental to the 
performance and useful l i fe of the pavement structure. The severity of this has been 
demonstrated by recent studies in Alberta (2), Saskatchewan (3, 4), Manitoba (5), On
tar io (6, 7), Wyoming (8) and Connecticut (Oj A result of these studies is that the 
pr imary mechanism of low-temperature cracking is receiving increased attention; 
some of this attention involves work on fundamental fracture phenomena (10). How
ever, before we examine such fracture phenomena, several significant aspects must 
be appreciated; they include the following: 

1. There can be a number of causes of fracture in bituminous mixtures; low-tem
perature shrinkage is only one of these. 

2. The effects of asphalt aging on low-temperature physical properties of b i tumi
nous mixtures are very imperfectly understood. 

3. Present practice in designing bituminous mixtures for physical behavior considers 
only higher temperatures (i.e., usually 140 F). 

Low-Temperature Cracking 
Pavements can deteriorate due to a variety of cracking types or other degradation 

vinder t ra f f ic and environmental factors. Low-temperature cracking itself of b i tumi
nous surfaces can also occur due to several causes that include: 

1. Thermal stresses in the bituminous surface exceeding the tensile strength, wi th
out considering t r a f f i c loads; 

2. Freezing shrinkage and cracking of the subgrade and propagation through the 
bituminous surface; and 

3. Thermally induced stresses m the bituminous surface, coupled with t ra f f ic i m 
posed stresses (i.e., cold pavement but unfrozen base and subgrade with "normal" de
flection bowl under t r a f f i c ) , exceeding tensile strength. 

Effects of Asphalt Aging 
A considerable amount of ef for t has gone into studying in-service asphalt aging 

characteristics. Most of this work, however, has examined only the "average" effect 
throughout the depth of the pavement by extracting asphalt f r o m core samples. Very 
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l i t t l e work has been done on "aging gradients" although i t has been suspected fo r some 
years that the asphalt at the top of the layer can be significantly harder than at some 
depth, depending on how long the pavement has been in service. Kar i and Santucci (11) 
have shown this phenomenon to exist on the basis of viscosity measurements but their 
work was p r imar i l y related to air void variations with depth on relatively new pave
ments. Recently, The Asphalt Institute has conducted some tests on the Virginia Test 
Road (12), and found, on the basis of fundamental viscosity at 140 F, that the extracted 
asphalt at the surface was up to ten times harder than at the bottom of the layer. As 
far as low-temperature behavior is concerned, the question of how such asphalt aging 
may affect cracking susceptibility has not yet apparently been investigated. I t seems 
reasonable to assume though that I t could be a significant factor i n creating a stiffness 
gradient at the lower temperatures. 

Low-Temperature Mix Design 

Ciu-rent methods of designing bituminous paving mixtures look fo r an end product 
that has a certain minimum stability at the maximum expected service temperature 
(usually 140 F), a deformation between certain l imi t s at this temperature and certain 
air void and voids in mineral aggregate ranges. Additionally, we place various physical 
and chemical specification restrictions on the binder and aggregate components them
selves. A l l these are supposed to bear some relationship to the in-service performance 
of the asphalt-aggregate system; yet, these c r i te r ia , most of which are high temperatm:e 
oriented, are in reali ty l i t t l e related to the range of environmental and loading condi
tions the material w i l l be subjected to in i ts service l i f e . One major reason has l ikely 
been the somewhat impl ic i t assumption that high-temperature stability, deformation, 
skid resistance and durability were by fa r the most important considerations and that 
rapidly increasing stability with decreasing temperature negated the requirements fo r 
any design c r i te r ia i n this area. Yet, the need fo r low-temperature design modifica
tions in some regions was recognized by Rader (13) over 30 years ago when he stated, 
"Quantitative data obtained f r o m low temperature tests should aid engineers in solving 

LOW TCMPbRATURE CRACKING OF FLt-XIBLE PAVEHEHTTI 

Cra tk i r iK Remains 
i n Sur faLt 

C r a c k i n g Through 
Pavement S t r u c t u r i 

C r a c k i n g Through 
PavoniLnt S t r u c t u r e 

C r a c k i n g Through 
Pavement S t r u t t u n 

Low Ttrap and Temp 
CycIcs 
A c t i o n o f Water 
( S t r i p p i n g ) 
T r a f f i c Loads 
S u n l i g h t , A i r and Age 
R e f l e c t i o n Crack ing 
C o n s t r u t t i o n " Q u a l i t y ' 
and U n i l j r m i t y 

1 Low Temperatures 
2 T r a f f i c Lnads 
3, Water I n t r u s i o n 3 
U I n t r u s i o n o f Tints I* 
5 R e f l e c t i o n CraekinR 5 
6 C o n s t r u c t i o n " Q u a l i t y " 6 

and U n i f o r m i t y 

I . Low Temperatures 1 
2 T r a f f i L Loads 2 
3 WatLr I n t r u s i o n 3, 
i* I n t r u s i o n o f Fines 4 

R e f l e c t i o n C r a c k i n g 
C o n s t r u c t i o n " Q u a l i t y " 
and U n i f o r m i t y 

Low TempLra tur t s 
F r t L Z i n g ShrinkagL 
I n t r u s i o n o f Water 
C o n s t r u c t i o n " Q u a l i t y " 
and U n i f o r m i t y 

1 Time & Age Dependent 1, 
T e n s i l e S t r e n g t h and 
S t r a i n 

2 Abpha l t and Aggregate 2 
Type and Composi t ion 

3. D e n s i t y , Voids and 
Aspha l t Content 

U Aggregate Grading 
S. Bond Between Layers 
fi Thermal C o n d u c t i v i t y 
7 Long J o i n t C o n s t r u c t i o n 

Aggregate Type, 
Composi t ion and 
Grad ing 
D e n s i t y , Voids and 
Water Content 

Aggregate Type, in . . „ „ . - „ _ _ > 1 S o i l P l a s t u i t y and 
Compos i t ion and M i n e r a l o g i c a l 
Grading Charac te r 
D e n s i t y , Voids and 2 , Vo idb , D e n s i t y and 
Water Content Degree o f S a t u r a t i o n 

3 R e s i l i e n c y 

l>i ni r a l 
P roh l im 

Comi MM nt [n 
Whu )i Crai k ink. 
May I n i t l a t e 

I n i t i a l 
P o s s i h U 
RibuLt 

P o s s i h U 
E x t ( r n a l 
Fat t o r s 

Poss ih le 
Component 
Fac tors 

Figure 1. Factors of possible significance in low-temperature cracking of flexible pavements. 
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problems relating to the control of cracking." The appreciation of this need seems to 
have lain relatively dormant though unti l the markedly mcreased attention given to low-
temperatvire cracking during the past f ive years. Consequently, except fo r some recent 
work in Alberta (14), design supplements or modifications f o r bituminous concretes in 
cold weather applications have not yet been developed. 

Figure 1 summarizes the variety of factors that can be significant to low-tempera
ture cracking. I t illustrates that the variables can be external or related to the char
acter of the component. The basic problem with respect to the bituminous materials 
i s to identify and evaluate the component factors, i n the light of the external factors, 
and to exercise a degree of control that maximizes the economic benefits accruing f r o m 
reduced cracking. 

THERMAL STRESSES I N BITUMINOUS SURFACES 

Previous Effor ts 

Any comprehensive examination of thermal fracture phenomena in bitimiinous sur
faces must necessarily consider the calculation of thermally induced stresses and a 
comparison with time and temperature dependent tensUe strength of the mixture. Sev
eral attempts have been made to calculate such stresses and they include those by 
Monismith et al (15), Lamb et al (16), and Hi l l s and Brien (17). 

The f i r s t of these (15) uti l ized a stress equation developed by Humphreys and Mar t in 
(18) fo r an infinite slab composed of a linear viscoelastic material , siibjected to a t ime-
dependent temperature f ie ld . The equation provides fo r the calculation of the horizontal 
tensile stress f i e ld , as a function of depth, time and temperature. Temperature dis
tr ibut ion was determined f r o m a solution of the heat conduction equation, rather than 
f r o m e}q)erimental f i e ld data. However, temperature distribution is merely an input 
to the stress equation; consequently, the method of determining i t is of no concern inso
fa r as solution of the stress equation is concerned. Relaxation moduli for inclusion in 
the equation were determined f r o m the conversion of creep compliances f r o m uniaxial 
creep test data. 

The second stress calculation method (16) is much more simple in an analytical 
sense and considers the pavement surface as an elastic, infinitely long beam of f ini te 
width. For this case, where restraint i s considered i n two directions and no tempera
ture gradient exists through the depth of the layer, the unit tensile stress in the longi
tudinal direction is given by: 

ax(T) = EQ!(AT) + /xfL 

where 

E = Young's modulus; 
a = average coefficient of thermal contraction, over the temperature drop, AT; 
M = Poisson's rat io f o r the material; 
f = coefficient of f r i c t i on between the bituminous layer and the base; and 

L = one half the width of the pavement section. 

Now, i f E is replaced by a stiffness modulus, S, which varies with temperature and time 
of loading, a more accurate but s t i l l approximate value of longitudinal stress may be 
obtained. Lamb and his co-workers evaluated this modulus f o r the midpoint of their 
most extreme daily temperature drop range in the winter and obtained tensile stresses 
as high as 110 psi. The contribution of lateral restraint to this stress was found to be 
relatively minor. 

The th i rd method (17) has extended the concept of stiffness modulus over the entire 
temperature range and utilizes e:iperimentally determined values of the modulus at the 
midpoint of small discrete temperature intervals. Th.e equation for longitudinal stress, 
for the same infinitely long beam (neglecting lateral restraint) then becomes 
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S l a b 

- L • oo 

T = Tf 

CTx(T)=« E [S(AT)] 
T = T„ 

where 

Substructura 

Figure 2. Infinite slab of viscoelastic material 
bonded to a rigid substructure. 

S = stiffness modulus, determined 
experimentally, at midpoint of 
each AT; and 

AT = temperature interval , of which a 
f ini te number are taken between 
T = To and T = Tf. 

Hi l l s and Brien have used this equation to calculate thermally induced stresses in a 
beam of pure asphalt where the stiffness modulus was obtained at the midpoint of small 
temperature intervals, using a loading time corresponding to the cooling time for the 
temperature interval. They contend that any e r ro r involved in this use of correspond
ing times is l ikely to be small. The stress values obtained were then compared to 
tensile strengths and probable fracture temperatures determined. The actual tem
peratures fo r fracture, by direct measurement, were found to be in relatively good 
agreement, fo r a l imited rai^e of experimental work and no temperatxire gradients. 

A Rigorous Approach to Determining Stresses 
A rigorous analysis of thermally induced stresses can consider the material as 

viscoelastic in nature and this has been done by Humphreys and Mart in (18) in con
sidering an infinite f l a t slab bonded to a r ig id substructure layer. This condition is 
shown in Figure 2 and the general f i e ld equations, i n the absence of temperature de
pendence, used in their analysis may be listed as fol lows: 

Strain Tensor: 

^ i 3 ( - k . t ) = i ( i | r ) u i ( x k , t ) . ( ^ ) u j ( x k , t ) 

Equilibrium Condition: 

Stress Strain: 

where 

(Tin = ••1] 

t 

Gi, Ga 
T 

Sij (xk, t ) = / Gi (t - r ) e i j (xfc, t ) dr 

t / \ r 
T(xk, t ) = / G2 (t - T) [e(xk, r) -3ae(xk, r) 

strain tensor; 
stress tensor; 
displacements; 
t ime; 
deviatoric components of the stress tensor; 
general relaxation moduli; 
a time variable fo r integration; 
deviatoric components of the strain tensor; 

dT 
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Figure 3. Fin'te plate of elastic material bonded 
to a rigid substructure. 
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cr = hydrostatic stress = a^; 
e = hydrostatic strain = cfek; 
a = coefficient of thermal expansion or 

contraction; and 
9 = temperature change = T ( z , t ) - To. 

The principle of time-temperature 
superposition has been used by Humphreys 
and Mar t in in obtaining the general con
stitutive equations which in turn permit 
the use of a "reduced t ime ," 5, in the last 
two equations. The application of a Laplace 
transform procedure to these modified 
equations, and the use of various stress 

and strain boundary conditions fo r an infinite slab in the f i r s t two equations, leads to 
the desired stress equation: 

t 
- 3 « , / R [ 4 ( z , t ) - C(z,T)j^^^ e(z, T)dr 

where 

a ^ ( z . t ) horizontal stress in any direction, as a function of depth z, and time, t , 
for a slab of infinite extent in a l l horizontal directions (Fig. 2). 

This stress equation was used by Monismith et al (1^) in their analysis, which i n 
cludes a definition of terms and an explanation of the numerical solution used. They 
point out, however, that the computed stresses, which are as high as about 3,300 psi 
for a particular case, may be somewhat greater than those which actually occur. This 
results f r o m the assumption of infinite extent i n the lateral direction, whereas the 
pavement may be more realist ically simulated by an infinitely long strip. Consequently, 
although i t is beyond the intention of this paper, there seems to be scope f o r e ^ l o r i n g 
the case of such a s tr ip, with i ts associated boundary conditions, using the general 
f i e ld equations quoted. The applicability of this type of approach could be checked in 
the laboratory with specimens of suitable geometry that are restrained in a manner 
simulating that of the prototype and subjected to a variable temperature f ie ld . 

The determination of thermal stresses in restrained elastic plates has received 
attention f r o m a number of authors, including a recent effor t by Iyengar and Chandras-
hekhara (19). Their analysis assumed an isotropic and homogeneous material, uniform 
temperature change, no temperature variation with thickness, elastic constants inde
pendent of temperature, and a state of plane stress. The problem was formulated in 
terms of A i r y ' s stress function. This involves the determination of a stress fvinction, 
0, which satisfies the following equation: 

5 ^ 

6x^ 
+ 2 

6x' 6y* 

6*0 

6y* 
(1) 

where the x and y directions are as shown in Figure 3. 
The stress component i n the longitudinal direction, Ox, which would be of prime i n 

terest fo r a pavement, is determined f r o m 

6 ^ 
(2) 

and the displacement component in the x direction (for the plane stress case) is deter
mined f r o m 
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where 

5x + E 6y " 

V = Poisson's rat io for the material; 
E = modulus of elasticity; 
a = coefficient of thermal e:q>ansion or contraction; 
il> = a. displacement function, defined as 6*0/6x 6y = V * * and V * 0 = 0. 

Iyengar and Chandrashekhara (19) have considered the following expression fo r the 
stress fimction which satisfies the differential equation (Eq. 1), as wel l as the boundary 
conditions of zero longitudinal stress at the ends of the plate and zero normal stress 
at the free surface of the plate. 

» A cos /3 X 

<t> = E — — P y sinh /3 y - jS h tanh )3 h cosh jS y 
n = 1, 3 ^ j j " sinh ^^h L n " " ^ « J 

" B cos ^ X -, 
+ 2 — P y cosh P y - p h coth /3 h sinh p y 

„ - 1 Q =» n^^y, « h L n n n n n J 

6 X sinh 6 x - 6 L tanh 6 L cosh 6 x _ s s s s s . 

y^x sinh y^x " y^L tanh y ^ L cosh y^x 

n = 1, 3 ;8^* cosh |3^h 

f ^s ^ s ^ 

^ = ^ ' ^ 6 ' sinh 6„L 
s s 

Sin y^y 

(3) 

r = 1 y^^ sinh y^L 

where 

A j j , B^ , Cg, = Fourier constants; 

' 'n = S where n = 1 , 3 , 5 , . . . ; 

^s = l l ^ h e r e s = 1 , 3 , 5 , . . . ; 
Tit 

>'r = h" where r = 1,3, 5 , . . . . 
I 

Using boundary conditions for shear stresses and displacements appropriate to two 
particular cases, Iyengar and Chandrashekhara have shown how, after f ini te Fourier 
transformation and simplification, e^qpressions can be determined for the four Fomrier 
constants. Simultaneous solution of these expressions, using a f ini te number of terms 
for each series, makes i t possible to obtain quite accurate values for the four unknownsi 
A numerical value fo r ax can then be foimd by differentiating Eq. 3, according to Eq. 2 , ' 
and evaluating the result. 

The foregoing analysis applies to uniform temperature through the plate; however, 
arbi t rary temperature variation can be handled following the same procedure and using 
a general solution according to these same wri te rs . Additionally, the solution is fo r , 
the elastic case where the modulus, E, does not change with time. I t may be feasible, 
however, to use a f ini te difference method by establishing E experimentally as a time 
and temperature dependent modulus for each small temperature decrement, s imilar to 
the previously mentioned approach of Hi l l s and Brien (17). Then, the use of the more 
rigorous method of employing a stress function, fo r the elastic case, can be ejqplored 
for varying boundary conditions and a f ini te length of pavement in terms of various L/h] 
ratios (Fig. 3). 
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An Approximate Method fo r Determining Stresses 
Stresses in an asphalt beam may be approximately determined, as previously pointed 

out, by the use of the equation fo r elastic stresses, with a time and temperature de
pendent stiffness modulus substituted for the modulus of elasticity. This modulus can 
be determined at the midpoint of small , discrete temperature intervals and the maxi 
mum tensile stress found by summating stress increments over the total temperature 
range. However, i t i s wel l known that due to the relatively low thermal conductivity 
of asphaltic concrete, significant temperature gradients usually exist through the depth 
of the surface layer. This has been wel l demonstrated by some recent work of The 
Asphalt Institute (20) and the Clarkson Institute of Technology (21), but very few such 
data exist on temperature variations in extreme cold weather areas. Nevertheless, i t 
seems that more accurate determinations of temperature induced stresses and fracture 
susceptibility shoiild definitely take the temperature gradient into accoimt, as subse
quently demonstrated in this paper. Additionally, the possibility of a "stiffness gra
dient," due to greater hardening of the asphalt binder at the surface (and exclusive of 
that created by the temperature gradient), may be taken into account as a further 
refinement. 

The following l is t ing of several possible "cases" considers these factors i n extend
ing the stiffness modulus concept to the determination of stresses at the top and the 
bottom of the bituminous layer. Intermediate stresses could be determined i f the tem
perature and stiffness gradients were known through the depth of the pavement layer. 
Figure 4 shows a schematic representation of these cases fo r additional clari ty. The 
stress calculations shown make the following simplifying assumptions: 

1. The effect of lateral restraint on longitudinal stresses is omitted; 
2. A linear temperature gradient prevails fo r certain in i t ia l intermediate or f inal 

conditions, which may be an oversimplification in some cases, as indicated by Straub's 
work (21); and 

3. A linear stiffness gradient prevails, fo r certain conditions, which may or may not 
be reasonable since no data exist in this regard. 

As wel l , to account fo r the time rate of temperature change, dT/dt , not b e i i ^ the 
same at the top and bottom of the layer in some cases, the summations of stress i n 
crements are shown over different total temperature intervals (although equal tempera
ture decrements, AT, are used in a l l cases). 

Case 1; The beam is subjected to a uniform temperatxire drop, with no temperature 
variation with depth, f r o m TQ to Tf with a constant stiffness modulus through the depth 
at any one temperature. In this case, the maximum thermally induced, longitudinal 
stress, at any depth or at the surface is given by 

a^(T) = a J* S(r , T ) d T 

or 

where 

Tf 
(T^ (T) = a. ^ S ( A T ) [ A T ] as an approximation 

T _ 

a - average coefficient of thermal contraction over the temperature range; 
S(r , T ) = temperature and time rate of temperature change dependent stiffness 

modulus; 
S(AT) = stiffness modulus determined at the midpoint of AT and using a loading 

time corresponding to the time interval fo r the AT change; 
AT = f ini te temperature interval between TQ and Tf; 
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O S 
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o^,,(T) - a Z" S ^ ( A T ) t A l ] 

Tob 

Figure 4 . Approximate method for determining thermal stresses in a bituminous pavement surface. 
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( ) = as a fvuiction of; and 
C ] = multiplication. 

Case 2; The beam is subjected to a uniform temperature drop, with no temperature 
variation with depth (as in Case 1), f r o m To to Tf , with the stiffness modulus, S(AT), 
varying l inearly through the depth (i.e., due to asphalt hardening). For this case, the 
maximum thermal stresses at the surface of the layer, CTXS (T) , and at the bottom of the 
layer, Oxb (T), are given by 

Tf 
a^g(T) = Sg(AT) [ A T ] 

^o 
Tf 

a^^(T) = Sjj(AT) [ A T ] 

To 
where 

S (AT) = stiffness modulus at the surface of the layer at any temperature, T; and s 
Sjj (AT) = stiffness modulus at the bottom of the layer at any temperature T. 

Case 3: The beam ini t ia l ly has no temperature gradient but then is subjected to a 
temperature drop, with the rate of decrease, dT/dt , being greater at the surface than 
at the bottom, so that TQ - Tfg represents the total temperature change at the surface 
and To - Tfb the total temperature change at the base, during the total t ime interval. 
Additionally, the stiffness modulus varies l inearly through the depth (as in Case 2). 
Then the maximum thermally induced stresses at the surface and bottom of the layer 
are given by, respectively 

Tfs 
«^xs(T)= « £ S ^ ( A T ) [ A T ] 

To 

Tfb 
(T^lj ( T ) = Sjj(AT) [ A T ] 

To 

Case 3a: The situation is the same as in Case 3, except that there is no stiffness 
gradient. Here, the maximum thermally induced stresses at the top and bottom, r e 
spectively, are 

Tfs 
^xs^T) = a 2 S(AT) [ A T ] 

To 

Tfb 
a^b^T) = S(AT) [ A T ] 

To 

Case 4: The beam has an in i t i a l , linear temperature gradient f r o m Tos at the sur
face to Tob â t the base. I t is then subjected to a temperature drop, with the rate of 
decrease, dT/dt , being greater at the surface than at the bottom, so that Tos " '^fs 
represents the total temperature change at the surface and Tob " Tfb the total tem-
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perature change at the base. For this case, the maximum top and bottom thermally 
induced stresses, respectively, are 

Tfs 
o^^(T) = S(AT) [ A T ] 

Tos 

Tfb 
(T ^ ^ ( T ) = S(AT) CAT] 

T 
O b 

Case 5: The situation is the same as Case 4, except that the stiffness modulus 
varies linearly with depth (as in Cases 2 and 3). Here the maximum thermally induced 
stresses at the top and bottom of the layer are given by, respectively, 

Tfs 

CTj^g(T) = Sg(AT) [ A T ] 

^os 

Tfb 

(T^iT) = Sjj(AT) [ A T ] 

^ob 

MECHANISMS OF LOW-TEMPERATURE CRACK 
INCEPTION AND PROPAGATION 

Field Observations 

The incidence of low-temperature cracking has been visually observed in many i n 
stances and some years ^ o , Baskin (22)noted: " [ I ] t was repeatedly noticed that cracking 
does not necessarily occur during the time of year when the pavement is at i ts lowest 
temperature. Rather is c r a c k i i ^ most noticeable during the spring when pavement 
temperatures range a l l the way f r o m 25 F to 45 F. Time and again we f ind pavements 
subjected to temperatures of -30 F or -40F-and clear of snow—showing hardly any 
cracks." The same phenomenon has been observed by many others, as typified by one 
of the findings of the recent Saskatchewan study (3) which noted "transverse cracking 
became evident after prolonged cold temperatures followed by a sudden rise in tem
perature rather than after prolonged cold temperatures alone." 

However, there has recently been some opinion, including that of the authors of this 
paper, that low-temperature cracks may actually occur as very fine or micro-cracks 
during the cold weather and that as warmirg occurs, these cracks open up and become 
visually apparent. The validity of this should be known when published results are 
available f r o m several research projects that include the installation of electrical con
tinuity strips fo r measuring the t ime of cracking (two known projects of this type are 
currently under way in Alberta and in Manitoba). Previously, i t had been thought, as 
pointed out by Shields and Anderson (23), that several possible thermal reactions could 
occur to result in cracking: 

1. Simple thermal contraction of the surface; 
2. Base course restraint to contraction of the surface; 
3. Sudden warming and subsequent weakening of a highly stressed surface; 
4. Shrinkage cracking of the subgrade and subsequent reflection cracking thro i^h 

to the surface layer. 
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I t may be noted that a l l these reactions seem to be consistent with the observed 
phenomena; however, some inconsistencies appear in relation to the hypothesis of mic ro -
c r ack i i ^ at cold temperatures. These w i l l be subsequently considered in more detail 
since an adequate understanding of the pertinent mechanisms involved is essential to 
the eventual development of control or predictive techniques relating to fracture sus-
ceptibUity. 

A Consideration of the Cracking Mechanism 

Cracking of a bituminous surface layer w i l l occur when the induced stresses, either 
externally applied or internally developed, exceed the tensile strength of the material. 
The externally applied stresses can occur either due to t r a f f i c or to "drag" f r o m sub-
grade cracking while the internally developed stresses are thought to be p r imar i ly as
sociated with temperature changes. 

I t has been thought by a number of people that the visual observation of cracks at 
higher temperatures, following cold weather, meant that the warm weather weakened 
the highly stressed bituminous layer. The consequence was thought to be an insuf
ficient tensile strength in the material to withstand the thermally induced stress f r o m 
the lower temperature. This i s supported by an actual observation by Huculak (24), 
who reported that a pavement cracked audibly beneath his feet during the sudden warm
ing of a Chinook in Banff, Alberta. However, examination of this hypothesis in the light 
of what i s physically possible and what has been observed, reveals several contradic
tions. F i r s t ly , the hypothesis assumes that the cold base course is restraining the 
siu-face course, to maintain a high stress condition, while the surface of the layer 
suddenly warms and thereby is insufficiently strong to resist this imposed drag. But 
i f the siibgrade and base do not crack, they obviously have not contracted in a longi
tudinal direction and consequently are unable to impose drag stresses on the bituminous 
layer. Secondly, i t seems that relaxation mechanisms may be able to act sufficiently 
fast to relieve any such imposed stresses, especially at the 40F to 50 F temperatures 
that can occur i n western Canada under rapid Chinook wind warming. To check this 
second aspect, some recent testing of asphalt-concrete beams at the University of 
Waterloo has shown very high thermally induced stresses in a completely restrained 
beam. Subsequent very rapid w a r m i i ^ of such specimens, while s t i l l completely r e 
strained, resulted in no cracking and rapid relaxation of stresses. These results (Fig. 5) 
indicate that stresses can be relieved at a warming rate much exceeding that l ikely m 
f ie ld service. These experiments are admittedly l imited in scope insofar as asphalt 
aging, asphalt type, aggregate influence, and certain other factors are concerned. 
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Figure 5. Thermally induced stress in a restrained asphalt-concrete beam. 
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Nevertheless, they tend not to support the postulated mechanism of cracking due to 
restraint and warming. 

An Alternate Thermal Cracking Hypothesis 

Any cr i t ic isms of postulated mechanisms, or advancement of new theories, must 
take into account the much observed fact that thermally associated cracks seem to 
appear p r imar i ly during the warmer weather. In other words, the cracks open up 
enough to be easily seen. Now i f one does not accept the restraint cracking hypothesis 
(providing the cracking is not associated with t r a f f i c or subgrade cracks), then one 
might examine the fine cracking or micro-cracking postulation. This would contend 
that cracking does in fact occur during the cold weather, that these cracks are nearly 
invisible to the naked eye and that subsequent warming opens the crack. Yet, con
sideration of the properties of materials and the mechanics of the situation reveals a 
definite inconsistency. Simply, this is that t f such a micro-crack did f o r m in the b i tu 
minous layer, subsequent warming would, because of expansion, tend to close the crack 
rather than to open i t . As wel l , i f the crack occurred to f u l l depth during the cold 
weather, i t should tend to be V-shaped with a clearly visible opening at the top. 

Thus, i f we wish to accept the micro-cracking hypothesis, and i f we accept the f ie ld 
observations of crack opening on warming, then we are required to formulate a new 
hypothesis consistent with observed phenomena. Figures 6 and 7 are schematic rep
resentations of two such possible mechanisms. They describe crack initiation and 
propagation in a f ini te series of steps, for ease of explanation, and also show the l ikely 
temperature and stress distribution patterns. The figures are f a i r l y self-e^lanatory 
and do not require detailed discussion to i l lustrate the hjrpothesis involved. Basically, 
each mechanism postulates that the thermally induced crack initiates at the surface and 
that i t penetrates to only a l imited depth. Mechanism A (Fig. 6) theorizes that the crack] 
is propagated through a stress imbalance created by warming at the surface while the 
remainder of the layer stays relatively cool. Then, after full-depth propagation, while 
the layer is s t i l l relatively cool, the crack appears visibly opened. As warming even
tually spreads through the f u l l depth of the layer (i.e., late spring or summer), the 
crack again closes because of expansioa This explanation of crack propagation does 
not seem inconsistent with Huculak's observation (24) in that he may have been witness 
to an extreme case of the postulated mechanism A. 

Mechanism B (Fig. 7) postulates that the crack is propagated through a stress i m 
balance created by several cycles of day warming and night cooling, as one might ex
pect in the spring. Then, as fo r the f i r s t case, the crack appears visibly opened at 
full-depth propagation and while the layer is s t i l l relatively cool, and closes when f u l l -
depth warming occurs. 

The significant feature of both these postulated mechanisms is that the in i t ia l crack 
occurs to only a l imited depth. This in i t i a l penetration may be very small , depending 
upon the temperature and stiffness gradients through the surface layer. In any case, 
i t should be possible to check experimentally the validity of the hypothesis either in 
the f ie ld or i n the laboratory. 

Some Practical Implications 

Anderson and Hahn (14) have approached the problem of thermal cracking f r o m the 
point of laboratory evaluation of mixture designs, and quite logically they conclude: 
"I t is e3q)ected that fa i lure strain be considered as another test value to be determined, 
much the same as stability, f low, a i r voids, etc., are now obtained, p r io r to establishing 
the recommended combination of aggregate and asphalt, i.e., selection of mix design." 
This philosophy f i t s quite well with the crack initiation hypothesis advanced in that i f 
such cracking does indeed occur to a l imited depth during the cold weather, i t may be 
possible to design the surface layer to avoid entirely or to at least reduce the cracking. 
The binder or leveling course, or the lower portion of a deep-strength bituminous 
pavement, may not require such modifications i f , through the appropriate design modi
fications, cracking is prevented at the surface. 
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Figure 6. Possible mechanism A for low-temperature crack initiation and propagation in a bituminous 
pavement surface. 

The f i r s t step required in such design i s to evaluate the ejqpected thermal conditions 
for winter conditions. I t may be feasible to handle expected extreme low tempera
tures, for design purposes, on a return period or recurrence interval basis s imilar to 
that employed in hydrologic applications. Data f r o m such studies as that conducted at 
the Qarkson Institute of Technology (21) can be most significant i n providing the re 
quired temperature information. This information can then be used, with the appro
priate laboratory data on tensile stress-strain-time-temperature-age characteristics, 
in calculating an expected thermally induced stress f ie ld in the bituminous layer for 
the design return period. Comparison with fa i lure characteristics of the mixture can 
then be used to determine probable fracture. 
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Figure 7. Possible mechanism B for low-temperature crack initiation and propagation in a bitumi 
pavement surface. 

nous 

Another extremely important implication of the hypothesis advanced concerns the 
source of asphalt supply. Evidence is now being accumulated (2, 3, 14) that low-tem
perature transverse crackir^ frequency can be markedly affected by the asphalt, 
although i t should be noted that McLeod (25) contends softer asphalt cements can reduce 
transverse cracking, with source apparently being a minor consideration. Neverthe
less, there is a widespread opinion in Canada that we have "poor" and "good" asphalts. 
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with regard to a variety of desirable properties including the one of reduced transverse 
cracking. (The terms "poor" and "good" may be fa r f r o m satisfactory but f ind wide
spread usage in the industry in l ieu of the availability of more objective descriptions.) 
Therefore, unti l such time as the state of technology has advanced to the point where 
refinery processing or additive addition can mitigate such problems as cracking, what
ever the asphalt source, i t may be wise to examine the potential role of the better as
phalts. Since there is also considerable opinion that the proven supplies of good as
phalts in Canada are l imi ted, perhaps we are collectively guilty of some misuse. I t i s 
possible that the use of a superior asphalt fo r either the surface course or the top 
portion of a deep strength layer, where practical, may avoid low-temperature trans
verse cracking, providing the hypothesis of l imited depth in i t ia l cracking is valid. This 
assumes, of course, that the temperature and stiffness gradients through the layer are 
such that the underlying mixtures, with the lower quality asphalts, are not overstressed. 

I t i s , of course, realized that this implies the explicit recognition of premium grade 
asphalts, a practice which seems to have been largely avoided in Canada in a formal 
sense. Nevertheless, there are some agencies who acomplish this in a de facto sense, 
with their specifications. Yet, i t seems that we may be wiser to extend such explicit 
recognition, through the appropriate specifications based on realistic physical tests, 
with much the same manner of reasoning that has traditionally led us to use higher 
quality aggregates in the higher portions of the total pavement structure. Such prac
tices could tend to conserve the supplies of higher quality asphalts or to use them in 
a more efficient manner. 

While the foregoing suggestions are based on l imited evidence, they are considered 
to have sufficient promise to encourage the development of experimental programs 
concerned with the efficacy of using good and poor asphalts, in certain cases, in the 
same pavement structure. The potential payoff could be a more efficient and economical 
use of available materials as well as the economic benefits of reduced thermal crack
ing. In an attempt to answer some of these questions and in view of this potential pay
off, the University of Waterloo has under way a sponsored research program in the 
areas of flexible pavement performance at low temperatures and in systems analysis of 
pavement design processes. 

CONCLUSIONS AND RECOMMENDATIONS 

The major conclusions arising f r o m this paper and some pertinent suggestions may 
be summarized as follows: 

1. An hypothesis has been advanced to the effect that low-temperature cracking of 
bituminous surfaces occurs i n two main phases: these consist essentially of l imited 
depth crack init iation, and subsequent full-depth propagation with warmer air and sur
face temperatures. Diagrams are presented to explain the pertinent mechanics and i t 
is shown that this crack mechanism hypothesis is not inconsistent with observed phe
nomena. As wel l , certain inconsistencies between observed phenomena and previously 
advanced postulations are explored. 

2. Low-temperature effects on pavement performance are discussed and the need 
fo r modifying current bituminous mixture design procedures to account fo r low-tem
perature service conditions is pointed out. The need for investigating the possible 
effects of varying degrees of asphalt aging with depth is also noted. 

3. A procedure is presented for calculating thermally induced stresses in b i tu 
minous surfaces. I t is approximate and can utilize stiffness moduli f r o m experimental 
evaluation of the materials. The procedure recognizes the stiffness and temperature 
gradients that are l ikely present in f ie ld service and i t explores a variety of possible 
situations. The validity of this approach has recently been demonstrated (26). 

4. Certain practical implications of the cracking hypothesis advanced in this paper 
are discussed. These relate to reduced cracking through mix designs and through the 
use of good and poor asphalts in the same pavement structure. The application of such 
practices, which of course depends upon verification of the hypothesis, has the potential 
of greater efficiency or economy in the use of existing materials and in the economic 
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benefits of reduced cracking. Experimental programs to explore these implications 
seem warranted. 
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Pavement Cracking: 
Causes and Some Preventive Measures 
CHESTER M C D O W E L L , Texas Highway Department 

The pavement cracking problem was investigated with respect 
to deep seated movements and also from the standpoint of 
"shrinkage cracking" due to the inherent properties of road-
building materials. In regard to the latter part of the report, 
some laboratory tests involving migration of lime into dried 
and cracked specimens were performed. Results indicated 
that the use of the proper percent solids in lime slurry, re
cycling of treatment and reconsolidation all contribute greatly 
to the effectiveness of lime's outstanding ability to reduce vol
ume change and increase strength in an unmixed cracked clay. 

This report establishes a theory that the degree of shrink
age cracking may be a function of certain strength character
istics of base and paving materials. The data for truly flexible 
base materials show the compressive strengths of such mate
rials to be many times greater than are their respective ten
sile strengths. 

A shear diagram classification chart divides all soil mate
rials, with or without stabilization, into three groups, two of 
which are susceptible to shrinkage cracking and one which is 
not. 

A chart shows the relation of compressive strength to the 
ratio of compressive to tensile strength for materials with 
widely varying characteristics. A line is drawn which appears 
to separate materials believed to be highly susceptible to 
shrinkage cracking from those which are less susceptible. 

Recommendations are made for the use of water and lime to 
prevent deep seated swelling, adequate thickness of base to 
support loads, wide shoulders to prevent cracking of clay sub-
grades and stabilized materials which have relatively high 
ratios of compressive to tensile strengths. The use of high-
grade flexible base materials containing low amounts of fine 
silt is recommended for use in construction of flexible pave
ments in areas susceptible to frost damage. 

•THERE are many factors which contribute to the occurrence of cracks in pavements, 
some of which foUow: 

1. Excessive load deflections including resilience deflections. 
2. Subsidence, consolidation, slides, etc. 
3. Swell-shrink conditions of the subgrade. 
4. Shrinkage cracking of the base and/or pavement due to causes other than deflec

tions or movements of subgrade. 
5. Frost and/or freeze-thaw action. 
6. Brittleness of pavement due to aging and/or absence of traffic, including use of 

hard asphalts and their hardening due to oxidation. Type of mix and/or construction 
procedures may contribute to oxidation. 

7. Thermal expansion and contraction. 

154 
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It is intended that this report wil l concentrate primarily on items 3 and 4, including 
volume change of subgrade and "shrinkage cracking" caused by the inherent properties 
of the materials in the base and pavement. This does not mean that these items are 
the only important factors involved because cracking may be caused by any one or a 
combination of the items. The author has written reports indicating how triaxial tests 
can be used to help prevent excessive load deflections (1, 2, 3, 4, 5) and other reports 
have been presented in an attempt to provide for less detriment from shrink-swell con
ditions (6, 7, and 8). Data given in these reports wil l not be repeated here except to 
state that control of subgrade moisture content at time of evaporation cutoff, use of 
thick flexible base or stabilized layers consisting of wide blanket sections have done 
much to reduce pavement cracking but we have not eliminated the problem. Perhaps 
the damage from freeze-thaw or frost to some flexible base materials can be about as 
serious in certain portions of Texas as any other type of cracking. This is particularly 
true when many freeze-thaw cycles occur during wet winter months. 

In areas adversely affected, the pavement cracks into blocks and base material fines 
pump from beneath the surfacing. An investigation involving properties of minus No. 
40 materials (too numerous to include in this report) from roads noted to have various 
degrees of frost susceptibility indicates the following: 

1. That the maximum amount of minus No. 200 in the total material often is not 
indicative of freeze-thaw susceptibility; i t has been found to be of considerable value 
when expressed as a percentage of the minus No. 40 material. 

2. That the percent minus 0.005-mm material expressed as a percentage of the 
minus No. 40 material also shows promise of correlating with performance as affected 
by freeze damage susceptibility unless surfacings consist of surface treatment appli
cations. 

3. Although no one single requirement placed in specifications is going to solve this 
problem, i t now appears that in cases where surfacings are to consist of premix or 
HMAC, the minus No. 40 portion of unstabilized base materials produced in frost or 
freeze damage areas of Texas should not contain more than 25 percent minus 0.005-
mm sizes nor more than 55 percent passing the No. 200 sieve. 

Base materials used in such areas should be durable, have high triaxial strengths 
and should contain small amounts of fine size particles. Unless a thorough understand
ing of PVR (Potential Vertical Rise) exists, i t is difficult to know when "deep treat
ments" are necessary to prevent cracking. Considerable success has been obtained by 
ponding and sealing to where PVR does not exceed 72 i n . , but the ponding method is so 
time-consuming that i t has not proved to be very popular for highway construction. 

CLASSES OF MATERIAL-SUSCEPTIBILITY TO CRACKING 
In order to form a general concept about soil materials, the Mohr diagram classi

fication chart (Fig. 1, see AASHO T 212) is used as a means for dividing all soil ma
terials into the following three groups: 

1. Group I generally includes triaxial classes 4, 5, and 6. This group consists of 
yielding materials in which the application of increasing increments of normal stresses 
wil l not be accompanied by corresponding equal increments of shearing strength. 

2. Group I I also consists of yielding materials but they differ from Group I in that 
increasing increments of normal stresses are accompanied by increments of shearing 
strength which are greater than the increments of normal stress applied. Generally 
this group includes the base and subbase materials generally used in highway work 
which give little trouble from shrinkage cracking. 

3. Group i n materials consist of cemented materials which have sufficient cohesion 
to form slabs. This group also has high shearing strengths but slab cracking occurs 
due to lack of sufficient cohesion to resist shrinkage and/or load stress. For instance, 
Sowers and Vesic (9) have reported tensile stresses up to 60 psi at the bottom of soil-
cement slabs. Not very many stabilized soil slabs could be expected to be^strong 
enough to resist such stresses. One example might be portland cement concrete con-
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Figure 1. Mohr diagram classification chart. 

tinuously reinforced to reduce severity of cracking due to additional cohesive strength 
being supplied by the steel. This group of slab forming materials can be expected to 
be more or less susceptible to shrinkage cracking regardless of quality of subgrade. 
It appeared that tensile and compressive stresses and/or strengths might be pertinent 
to the problem. 

RATIO OF COMPRESSIVE TO TENSILE STRENGTHS 
In order to contribute to the subject of shrinkage cracking of pavements, it became 

necessary for the author to conceive of theoretical as well as practical aspects of the 
problem. By use of the Mohr diagram of shearing stresses, certain theoretical con
cepts appear to be logical. When materials are capable of formmg slabs (strengths 
sufficient to resist applied stresses), i t is necessary that sufficient cohesion exist in 
order to resist tensile cracking. Figure 2 shows how a given amount of cohesion may 
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be maintained by varying compressive and tensile strength relations or ratios in 
which 

Pi T i PT 
where 

P 
T 

original compressive strength, 
original tensile strength, 
new or increased compressive strength, and 
new or decreased tensile strength. 

From this standpoint, i t seemed that the ratio of compressive to tensile strength, 
hereafter referred to as CTR, would be an Interesting tool for use in analyzing this 
problem provided we could investigate the susceptibility to shrinkage cracking of a 
wide variety of materials. It was soon discovered that materials with widely varying 
strengths would have the same CTR ratios such as steel and soil, however, they had 
widely different compressive strengths so i t was decided to separate such materials 
by plotting compressive strengths against the ratio of compressive to tensile strengths 
(Fig. 3). 

CTR RATIOS FOR A WIDE VARIETY OF MATERIALS 
Figure 3 shows some correlation between compressive strength and the ratio of com

pressive strength to tensile strength for a number of materials having a wide variety 
of physical characteristics, such as steel, portland cement concrete, epoxy-sand ad
mixtures, soil-cement mixtures, soil-lime mixtures, raw flexible base materials, a 
gumbo clay soil and a sand soil plus OA-90 asphalt mixture. A line is drawn which 
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Figure 3. Relation of compressive strength to CTR. 
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tends to separate the mixtures on the left which are susceptible to shrinkage cracking 
from those on the right which are less susceptible to shrinkage cracking. Tensile 
strengths were determined by use of cohesiometer (converted to psi) for all materials 
except steel, PC concrete and epoxy-sand admixtures which were tested in tension. 

TABLE 1 
SOIL CONSTANTS AND GRADATION OF F L E X I B L E BASES AND SOILS 

Lab No L L PI SL LS SR Soil 
Binder 

W B M 
(4 loss) 

63-282-R 21 7 14 4 4 1 92 17 33 
64-4S9-R 19 5 14 3 7 1 93 21 32 
65-67-R 30 9 20 5 0 1 68 29 37 
65-68-R 28 11 17 6 3 1 78 20 32 
69-100-R 24 9 15 4 7 1 89 14 19 
66-48-R 24 5 16 4 4 1 79 24 33 
66-49-R 22 6 15 3 7 1 86 20 35 
66-50-R 28 6 21 3 5 1 57 22 34 
66-169-R 33 8 24 4 4 1 60 19 35 
66-lTl-R 21 6 16 3 3 1 86 21 32 
62-375-E 21 3 16 2 4 1 66 97 
64-526-R 29 14 18 5 9 1 74 42 
66-248-R 25 S 21 2 3 1 69 96 
Manor clay 70 41 11 20 0 1 93 100 

Percent Retained On Square Mesh Sieves 

Lab Opening (in ) Sieve Numtiers Gram Diam (mm) Spec Material No 1'/. 1'/, V. '/. 4 10 20 40 60 100 200 0 05 0 005 0 001 Grav Material 

63-282-R 0 9 28 40 57 70 76 80 83 85 87 89 90 93 98 2 70 Flexible base 
64-499-R 0 6 20 33 46 59 68 75 79 81 83 85 87 95 98 2 72 Flexible liase 
65-67-R 0 5 18 29 42 54 63 68 71 73 75 80 85 94 96 2 67 Flexible base 
69-68-R 0 12 27 37 49 61 71 76 80 82 84 86 88 94 97 2 68 Flexible base 
66-100-R 0 10 19 31 46 62 73 82 86 88 90 92 93 97 99 2 76 Flexible base 
66-48-R 0 10 30 42 52 62 70 74 76 78 82 90 90 96 99 2 70 Flexible base 
66-49-R 0 3 15 26 40 55 67 76 80 81 82 83 87 94 98 2 63 Flexible base 
66-50-R 0 5 17 28 42 56 68 74 78 82 86 90 96 97 99 2 64 Flexible base 
66-169-R 0 4 14 26 41 54 69 77 81 83 86 88 89 97 98 2 71 Flexible base 
66-171-R 0 3 13 24 37 53 64 74 79 82 84 86 87 93 97 2 74 Flexible base 
62-375-E 0 3 13 47 81 87 94 96 2 64 Sand 
64-526-R 0 10 22 29 34 42 50 55 58 61 70 80 81 89 94 2 63 Flexible base 
66-248-R 0 1 4 25 68 77 79 84 87 2 67 Subgrade soil 
Manor clay 0 1 4 8 9 45 59 2 71 Subgrade soil 

TABLE 2 
COMPRESSION AND COHESIOMETER TEST RATIO 

Sample 
No 

64-526-R 

Percent 
Stabilizer 

(lime) 

Curing 
Time 
(days) 

Compressive 
Strength 

(psi) 

Dry 
Density 

(pcf) 

Cohesiometer 
Value 
(psi) 

Ratio 
(CTR) 

Average 
Ratio 
(CTR) 

4 2 21 336 9 120 7 10 8 10 8 
1 2 21 121 2 31 1 
6 2 21 345 7 120 6 10 8 
2 2 21 121 3 32 0 

2ia 2 21 298 2 118 8 19 0 19 1 
8a 2 21 119 5 15 7 

25a 2 21 318 4 118 9 19 2 
13a 2 21 120 1 16 6 

11 4 21 316 5 119 2 9 6 10 2 
3 4 21 120 0 33 0 

12 4 21 330 7 119 4 10 7 
4 4 21 119 8 31 0 

29a 4 21 311 1 117 5 14 5 14 0 
9a 4 21 119 0 21 5 

30a 4 21 312 0 117 5 13 4 
lOa 4 21 118 3 23 2 

18 6 21 320 0 117 5 14 3 14 2 
5 6 21 119 9 22 4 

19 6 21 341 0 117 5 14 1 
6 6 21 119 7 24 1 

35a 6 21 284 5 116 8 12 7 12 8 
11* 6 21 117 4 22 4 
37a 6 21 273 8 116 7 12 8 
12a 6 21 118 1 21 4 

°Moist cured 3 days before molding 

Note Specimens ore 6 x 8 i n . molded with equipment described in AASHO T 212 and using a compactive effort of 50 ram blows per 
lo/er (10-lb segment of a circle hammer dropping 18 in ) 



Photograph 1, Half section of treated specimen showing lime migration between specimen cracks. 
Specimens clamped in metal half cylinders to facilitate slicing in half. Close-up at right shows sur-
faceof bisected lime-treated specimen after spraying with phenolphthalein. Note that darkly shaded 
areas are much wider than the white streaks of lime, indicating that the pH of a considerable portion 

of the sample has been altered. 

The National Lime Association provided funds for the printing of this color photograph. 
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TABLE 3 
COMPRESSION AND COHESIOMETER TEST RATIO 

Sample 
No 

62-37S-E 

Percent 
Stabilizer 
(cement) 

Curing 
Time 
(days) 

Compressive 
Strength 

(psi) 

Dry 
Density 

(pcf) 

Cohesiometer 
Value 
(psi) 

Ratio 
(CTR) 

4 7 122 0 105 2 7 5 16 3 
6 7 259 0 107 2 18 2 14 2 
8 7 387 0 108 7 29 9 12 9 

10 7 477 0 110 2 44 0 10 8 

Note Specimens are 6 x 8 m molded with equipment described in AASHO T 212 and using a compachve effort of 25 
ram blows per layer (lO-lb segment of a circle hammer dropping 18 in.) 

The data indicate that steel and soil have similar CTR values but widely different com
pressive strengths. The sand admixtures containing 4, 6, 8, and 10 percent cement 
indicate that 6 percent may have been about the maximum of cement that should be used 
before shrinkage cracking becomes even more critical. The high CTR values obtained 
from cores and beams consisting of sand-shell-cement perhaps explain why these mix
tures exhibit low amounts of shrinkage cracking in the field. Details of materials 
tested in this laboratory are given in Tables 1 through 5. References relative to data 
obtained elsewhere are shown in Figure 3. 

Caliche lime materials which were notable for shrinkage cracking were also in
vestigated with respect to moist curing 3 days before compacting. It may be noted 
that this procedure almost doubled the CTR value and very little compressive strength 
was lost due to delayed compaction. 

Results on CTR values obtained by testing ten good crushed stone and/or caliche 
flexible base materials vary from 25 to 80 (Fig. 3). These findings are consistent with 
the theory that CTR points for materials exhibiting small tendency toward shrinkage 
cracking should fall to the right of the sloping line. 

TABLE 4 
COMPRESSION AND COHESIOMETER TESTS FOR MANOR CLAY AND 

F L E X I B L E BASE MATERIALS 

Lab No 
of Sou 

Dry 
Density 

(pcf) 

Cohesiometer 
Valued 

(psi) 

Unconfined 
Compres»ve 

Strength'' 
(psi) 

CTR 
RaUoC 

Manor clay saturated 92 2 4 2 8 5 2 
Manor clay at optimum 94 0 14 4 43 8 3 
63-282-R 135 6 1 0 62 5 63 
64-459-R 139 9 1 3 47 7 37 
65-67-R 135 4 1 9 56 4 30 
65-6B-R 137 6 1 9 64 5 34 
65-100-R 149 7 1 0 49 2 49 
66-48-R 143 7 1 5 63 2 42 
66-49-R 138 1 2 2 52 1 24 
66-50-R 125 9 0 8 63 5 79 
66-169-R 131 1 1 1 67 9 62 
66-171-R 136 4 2 2 76 2 35 

^Cohesiometer specimens molded by gyratory compactor to comparable moistures and densities in a l l 
^specimeru except Manor cloy 
Unconfined compressive strengths obtained from specimens molded and tested according to AASHO J 212 
Nearest wfhole number 

COMPRESSION AND COHESIOMETER TESTS FOR HOT-MIX 
ASPHALTIC MATERIALS 

D ^ t y = J e CTR 
of Soil '(-;^;- strength Ratioa 

(psi) 

66-248-R 136 1 65 3 937 5 14 
+ 8'/2* OA-90 - c 

°Neares t whole number. ''Average oF 6 tesh ot 74 F 
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Compression-tension ratios for as-
phaltic concrete wil l fall to the left of the 
sloping line (Fig. 3) unless tests are run 
at low temperatures. Results of tests 

run at low temperatures on one mixture of sand plus OA-90 asphalt are shown in Fig
ure 3. Tests run on identical mixture at 140 F are plotted on the left side of the slop
ing line. It is doubtful i f shrinkage cracking of asphaltic mixtures occurs at such ele
vated temperatures. Additional testing is indicated; however, i f tests could be run at 
pertinent temperatures, there is a possibility that the suggested minimum CTR values 
(Fig. 3) might have application to bituminous mixtures. 

MIGRATION OF LIME 
Presently we hear a great deal about migration, pressure injection and deep mixing 

of Ume for the purpose of improving volume change and strength characteristics of 
soils in Louisiana, Oklahoma, and Texas. Although field results indicate some suc
cess from methods, i t would seem that some laboratory-scale tests might be of some 
assistance in evaluating proposed treatments. 

In an attempt to determine the effects of lime slurry migration, some experiments 
using specimens consisting of "black gumbo" soil were subjected to the following tech
niques: 

1. Specimens 6-in. high by 6-in. diameter were molded in three layers at optimum 
moisture for 5.3 ft-lb/cu in. compactive effort (10-lb ram, 18-in. drop). 

2. Specimens were dried in a 140 F oven 96 hours. 
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3. Lime slurry consisting of various percentages of solids was pulled downward 
through the cracks by a vacuum pump (Fig. 4) and recirculated through the specimen 
until cracks were sealed, thereby preventing further circulation of the slurry. At this 
time measurements were taken to calculate percent volumetric swell. 

4. Specimens were sealed in cells and moist cured for seven days. 
5. Specimens were subjected to 20 days of capillarity either "as is" or after being 

reconsolidated to their original moldmg density. 
6. After 20 days capillarity, specimens were measured for volume change and 

strength characteristics. In some instances the drying and lime slurry migration 
procedures were repeated before subjecting to capillarity. 

Some specimens taken from step 3 were cut in half (Fig. 4) and sprayed with phe-
nolphthalein to show the effect of lime migration on the pH of the soil. (See bands 
formed in Photograph 1.) Results from a number of other tests are shown in Figure 
5 where percent dry lime solids in slurry is plotted as abscissa and volumetric swell 
(percent) and compressive strength (psi) are plotted as ordinates. The percent vol
umetric swell is based on the dry volume of the raw soil specimen. Calculating vol
umetric change on the basis of oven-dried volumes is perhaps much more severe than 
may be expected from field conditions. It is used in this case merely for comparative 
purposes and the extremely high volume change condition of the dry clay specimens 
was drastically reduced by using lime slurry instead of tap water. Recycling of the 
dr jdng and slurry treatment procedure helps decrease swelling probably because greater 
amounts of lime were deposited in the specimen. The amount of lime deposited ranged 
from 0.9 to 2.1 percent for one cycle and 2.6 to 3.7 percent for two cycles. The 
amount of lime deposited and the resulting plasticity index indicated that the optimum 
percent of solids in the lime slurry for this type of treatment appeared to be between 
15 and 20 percent. 

Strength curves (Fig. 5) show that unconsolidated specimens subjected to 20 days 
capillarity had unconfined compressive strengths which were mcreased 3- to 6-fold; 
with reconsolidation to original molding densities, strengths were increased from 4-
to 8-fold. The ability of lime to improve the quality of soils without mixing is believed 
to be worthy of note. 

Although the module consisting of small specimens representing a fairly long sec
tion of roadway is not ideal, i t is believed that the results of these experiments strongly 
indicate that lime pressure injection and deep mixing of lime into jointed clays of the 
semi-arid regions has definite possibilities of reducing volume change and increasing 
subgrade support. 

CONCLUSIONS 
The results of this investigation indicate the following conclusions to be justified: 
1. The data indicate that the relation of compressive strength to compression-

tensile strength ratio has an influence on shrinkage cracking of pavements. 
2. The use of pressure lime injection and/or deep mixing appears to be effective 

for treating some jointed or cracked clays in semi-arid to arid regions for the pur
pose of preventing excessive volume chajige and strength loss of subgrade soils. The 
feasibility of treating soils in this manner wil l depend upon unit costs which are not 
available at this time. 

3. Optimum percent of solids in lime slurry for injection purposes appears to be 
between 15 and 20 percent. 

4. Recycling of drying and lime migration procedures reduces swelling and im
proves subgrade support values. 

5. Reconsolidation of lime-injected soils increases supporting power of some sub-
grade soils greatly. 

RECOMMENDATIONS 
In order to prevent some of the potential hazards associated with pavement crack

ing, the following proposals are offered: 
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1. That adequate thicknesses of surfacings, bases and subbases be used so as to 
support the traffic loads for the life of the pavement desired. 

2. That potential vertical rise be kept as low as possible, perhaps below Vz- in . 
This may mean moisture control of clay subgrade before and after subgrade rolling 
operations, probably involving ponding areas where layers are capable of producing 
considerable amounts of volume change and covering subgrade with suitable layer cap
able of retarding evaporation. 

3. That swell-shrink conditions of clay subgrades be controlled by use of shoulders 
consisting of granular and/or stabilized soils which are wide enough to control mois
ture fluctuations. 

4. That the soil binder portion of flexible base materials to be used in frost sus
ceptible areas of Texas should not contain more than 25 percent minus 0.005-mm 
material. 

5. That, when feasible, all base and pavement layers be constructed out of mate
rials whose ratio of compressive to tensile strength varies from a minimum of 11 for 
1500-psi compressive strength material to a minimum of 22 for 40-psi material. 

6. That highway research sections, especially in cuts, involving marls, jointed 
clays, etc., which have high swell potential, be treated with several cycles of lime 
injection prior to paving. If fairly large differential movements due to volume change 
of soils are anticipated, especially such as at grade points, fence lines, and old road 
crossings, i t is recommended that serious consideration be given to use of the Okla
homa deep mixing process of lime treatment of subgrades. 
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Outline of Paper* 

Reduction in Transverse Pavement Cracking 
By Use of Softer Asphalt Cements 
NORMAN W. McLEOD, Imperial Oil Limited, Toronto, Ontario 

Low-temperature transverse pavement cracking is currently the 
most serious asphalt pavement performance problem in Canada. 
Analysis of samples from pavements m service and observation 
of their field behavior indicate that low-temperature transverse 
pavement cracking can be dramatically reduced by the use of 
softer asphalt cements. The results of theoretical studies are 
reported that support this conclusion. Evidence is presented, 
based on consideration of transverse pavement cracking in cold 
weather, that opposes grading asphalt cements by viscosity at 
140 F, and firmly supports their continued grading by penetration 
at 77 F. 

1. Most of the subject matter of this paper was presented at the 1968 Annual Meet
ing of the Highway Research Board, but was not published. Additional information, 
particularly on pavement samples, has been obtained since that time, and has been 
included in the present paper. 

2. Transverse cracking is the most serious asphalt pavement performance problem 
in Canada between the Rocky Mountains and the mouth of the St. Lawrence River. Prac
tically every conventional asphalt pavement made with 85/100 penetration asphalt in 
northern Ontario and Quebec, and those containing 150/200 penetration asphalt in the 
Prairie Provinces, that are more than two years old, have transverse cracks at inter
vals of from 5 to about 30 f t . This is true regardless of variations in the gravel aggre
gates being used for the paving mixtures, in the roadbed on which these pavements rest, 
and in the provincial highway departments' design and construction procedures. This 
problem of transverse pavement cracking is so serious that an answer must be found. 

3. Observations of pavement performance in the field indicate that transverse pave
ment cracking in Canada is due to low temperature stresses and strains, since severity 
of pavement cracking appears to parallel severity of cold weather. 

4. Looking back over the history of asphalt usage in Canada since 1930, it is rec
ognized that with the softer SC 2, 3, 4, and 5 grades, or equivalent, employed for 
paving rural highways in earlier years, transverse pavement cracking was not a prob
lem. It did not become a serious problem until after passage of the Trans-Canada 
Highway Act in 1949, when due to the higher standards that were adopted for the Trans-
Canada Highway, the Prairie Provinces changed to 150/200 penetration, while consid
erable 85/100 penetration was used in northern Ontario and Quebec, Therefore, the 
history of asphalt usage in Canada indicates the need to return to softer grades of as
phalt cement i f transverse pavement cracking is to be avoided, 

5. Observation of the performance of pavements in Norway that contain 300 pene
tration asphalt, and the Alberta Highway Department's experience with MC 2 and MC 3 
mixed prime employed as a temporary pavement for from two to four years, are cited 
as examples of using soft asphalt cements that do not result in transverse cracking. 

*This is an outline of the original manuscript; a copy of the complete paper can be obtained from the 
author. , ^ 



164 

6. In some milder parts of Canada, transverse cracks do not develop in pavements 
containing 85/100 penetration asphalt until after a number of years of service. This 
is believed to be due to the gradual hardening of the asphalt cement with age, and to 
the eventual corresponding loss of sufficient pavement flexibility to avoid transverse 
cracking. This provides further evidence that low-temperature transverse pavement 
cracking is associated with hard asphalt cements. 

7. Like most generalizations, some exceptions to the conclusion that softer grades 
of asphalt cement would result in less transverse pavement cracking occurred on the 
Trans-Canada Highway north of the Great Lakes, where several pavements containing 
150/200 penetration asphalt were badly cracked as well as those made with 85/100 pen
etration. Through the courtesy of the Ontario Department of Highways, samples were 
obtained from pavements in this area containing 85/100 and 150/200 penetration as
phalt cements. At the same time a transverse crack survey was made of the pavement 
for a distance of 1000 f t at each sample location. The asphalt cements recovered from 
these pavement samples by our research department showed that for this particular 
region, very little transverse cracking occurred when the recovered asphalt had a pen
etration of 60 or higher at 77 F, and a penetration of 20 or more at 32 F. Consequent
ly, for the milder low temperature conditions that occur immediately north of the Great 
Lakes, evidence from pavement samples and from transverse crack surveys in the 
field indicates that transverse pavement cracking could be reduced and largely elimi
nated by using softer asphalt cements, and by employing pavement design and construc
tion procedures that would prevent hardening of the asphalt cement in service to 60 
penetration at 77 F and to 20 penetration at 32 F. These penetration criteria would 
have to be increasingly higher for stil l colder areas. 

8. In Manitoba, all asphalt pavements containing 150/200 penetration asphalt ce
ments that are more than two years old have numerous transverse cracks, while those 
made with SC 6 (300/400 penetration) and SC 3000 (SC 5) are practically free from 
transverse cracks. Asphalts recovered from samples of these pavements obtained 
through the courtesy of the Manitoba Department of Highways showed penetrations at 
77 F of 60 to 81 for the 150/200 penetration pavements, penetrations of 133 to 160 at 
77 F for SC 6 (300/400 penetration) pavements that were up to 16 years old, and pene
trations of 320 to 374 at 77 F for SC 3000 (SC 5) pavements that were three years old. 
These data provide further confirmation that the use of soft asphalt cements can dra
matically reduce low temperature transverse pavement cracking. 

9. The present investigation of transverse pavement cracking in Canada is related 
to a review of the pavement cracking problem in the central Midwest and central At
lantic Coast regions of the United States in the 1930's by The Asphalt Institute, which 
indicated a close relationship between pavement cracking and hardness of the asphalt 
binder. The results of the present study extend the conclusions of the earlier Asphalt 
Institute inquiry into a colder area. 

10. It is recognized that the subgrade and granular base may be responsible for 
some transverse pavement cracking. Nevertheless, Uttte or no transverse pavement 
cracking was observed when the softest grades of asphalt cement were employed. This 
leads to the tentative conclusion that in Canada at least, low temperature transverse 
pavement cracking is ordinarily due more to the characteristics of the paving mixture 
than to the foundation. 

11. Experience has shown that little reduction in transverse pavement cracking 
occurs by changing to the immediately adjacent softer grade of asphalt cement, for 
example from 150/200 to 200/300 penetration. It is necessary to jump over one or two 
grades to a substantially softer grade, for example, from 85/100 to 150/200 penetra
tion, or from 150/200 to 300/400 penetration, to achieve a very marked reduction in 
low temperature transverse cracking. At the same time, every good design and con
struction technique should be employed that will retard the rate of hardening of the as
phalt cement in service. In addition to starting with a softer grade of asphalt cement, 
this includes designing for thicker asphalt films, low air voids, and requiring compac
tion by rolling during construction to much higher density, and preferably to 100 per
cent of laboratory compacted density. 
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Figure 1. Correlation between viscosity at 140 F and 
penetration at 77 F for asphalt cements. 

12. SC 6 should be discarded 
from all specifications in which it 
currently appears, because depend
ing on crude oil source i t includes 
all grades of asphalt cement from 
150/200 to 600 penetration (Fig. 1) 
which in Canada, brackets lower 
penetration (150/200) or harder as
phalt cements that result in serious 
transverse cracking, with higher 
penetration (600) or softer asphalt 
cements that do not. Consequently, 
any current S C 6 specification should 
be replaced with a specification for 
300/400 penetration asphalt cement. 

13. The adoption of softer grades 
of asphalt cements to reduce trans
verse pavement cracking could lead 
to two practical problems: (a) de
layed rolling behind the spreader be
cause of softness of the paving mix
tures at high temperatures, and (b) 
rapid densification of a new pavement 
by traffic to 100 percent of laboratory 
compacted density which could lead 
to flushing or bleeding a few months 
after construction unless the paving 
mixture is properly designed. It is 
shown that the use of variable tire 

pressure pneumatic rollers, equipped for rapid adjustment of tire inflation pressure, 
would provide a solution to the first problem, and designing paving mixtures to have a 
minimum air voids value of 3 percent provides a simple and practical solution to the 
second. 

14. Unlike the costly solutions proposed for most roadway problems, because soft 
asphalt cements are normally the same price as harder asphalt cements, the use of 
softer asphalt cements to solve the problem of low temperature transverse pavement 
cracking wil l not increase the initial cost of a pavement. Furthermore, there should 
be a substantial annual savings in the maintenance cost of filling from 100 to 300 or 
more cracks per mile per year. 

15. Good engineering judgment is required when selecting a sott grade of asphalt 
cement to minimize transverse pavement cracking in cold weather, that is consistent 
with the need for adequate pavement stability for traffic in warm weather. 

16. Since the performance of pavements in the field appeared to indicate the need 
for softer asphalt cements to mimmize low temperature transverse pavement cracking, 
the next step was to look for theoretical confirmation of this conclusion. 

17. Rader, in three papers published in AAPT Proceedings in the 1930's, concluded 
from his investigation of actual pavement samples in the laboratory, that if pavement 
cracking at low temperatures is to be avoided, pavements should have a low modulus 
of elasticity. He stated that this could be most easily achieved by using soft asphalt 
cements. 

18. It is shown m the paper that the tensile stress induced in a pavement due to 
pavement contraction caused by chilling over a given low temperature range in a spec
ified time, varies directly with the modulus of elasticity of the pavement. When the 
tensile stress exceeds the tensile strength of a pavement, a crack occurs. 

19. Heukelom, in the 1966 AAPT Proceedings showed that the strain at which an 
asphalt cement cracks when chilled, decreases very rapidly with an increase in the 
modulus of stiffness or hardness of an asphalt cement. (Rader's modulus of elasticity 
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Figure 2. Influence of penetration and tempera
ture susceptibility of bitumen on the fracture tem

perature of bitumen and aspholtic concrete. 
(Courtesy Hills and Brien.) 

is synonymous with Heukelom's modulus 
of stiffness.) This means that when 
chilled over a given low temperature 
range in a stipulated period of time, a 
pavement containing a hard asphalt ce
ment is more likely to crack than when it 
contains a soft asphalt cement. 

20. Hills and Brien, for a prepared 
discussion in the 1966 AAPT Proceed
ings, employed Heukelom's method to 
calculate the fracture temperatures (the 
temperature at which a pavement cracks 
because the tensile stress exceeds its 
tensile strength) of paving mixtures when 
they are cooled at a specified rate to low 
temperature. They also checked these 
calculated fracture temperatures by lab
oratory tests on actual paving mixtures 
and obtained quite good agreement. Hills and Brien concluded, as illustrated by Fig
ure 2, that the temperature at which pavement cracking is to be expected can be lower
ed very substantially by the use of softer asphalt cements, and that for any penetration 
grade of asphalt cement, a lower pavement cracking temperature is associated with a 
higher PI (higher Aascosity) than for a lower PI (lower viscosity) paving asphalt. 

21. Rader's conclusions, relating modulus of elasticity (modulus of stiffness) of as
phalt pavements to low temperature pavement cracking, were based on samples from 
particular pavements that he selected. Even i f a simple laboratory test for measuring 
the modulus of stiffness of any proposed paving mixture can be devised, there is need 
for some general theoretical method that wil l enable an engineer to foresee or to fore
cast the influence that any proposed change in paving mixture design is likely to have 
on a paving mixture's modulus of stiffness (modulus of elasticity). Nomographs devel-
qped originally by Van der Poel and by Pfeiffer and Van Doormaal, that were modified 
by Heukelom and Klomp, and modified further by the author, make a general'theoret-
ical method for this purpose possible (Fig. 3). The procedure for preparing such charts 
is described in the paper. 

22. Figure 3 pertains to com
pacted paving mixtures containing 
3 percent air voids, in which the 
volume of the aggregate is 87 per
cent of the volume of aggregate 
plus asphalt cement. These paving 
mixture would satisfy The Asphalt 
Institute design criteria for dense 
graded asphalt concrete made with 
aggregate of either ^/r or Va - in . 
maximum particle size. The ab
scissa makes i t possible to com
pare the moduli of stiffness of a 
specified paving mixture that have 
been developed by slow chilling to 
-10 F, when i t contains 20/25, 
40/50, 85/100, 150/200, 300/400 
penetration asphalt cements, and 
SC 3000 (SC 5). Figure 3 shows 
that the modulus of stiffness of the 
paving mixture for this low tem
perature condition increases from 
about 2000 psi for the paving mix
ture containing SC 3000 (SC 5)with 
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Figure 3. Relationship between stiffness moduli for as
phalt paving mixtures for high rate of loading (high
speed traffic) at high temperature (122 F) vs slow speed 
of loading (temperature stresses) at low temperature 

(-10 F). 
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a P I of 0 .0 (high v i s c o s i t y ) , t o 2 ,000 ,000 p s i when the paving m i x t u r e contains 40 pen
e t r a t i o n asphal t w i t h a pene t ra t ion index o f - 1 . 5 ( low v i s c o s i t y ) . T h i s range o f 1000-
f o l d i n modulus of s t i f f n e s s i s due so le ly to the d i f f e r e n c e s i n the hardness of the as
phal t b inder the pav ing m i x t u r e conta ins . Rader r e p o r t e d that the use of a s o f t e r a s 
phal t cement was an e f f e c t i v e method f o r r educ ing the modulus of s t i f f n e s s of a pav ing 
m i x t u r e . T h i s i s v e r i f i e d by F i g u r e 3. 

23. T h r e e f u l l - s c a l e t e s t roads , each s ix m i l e s long and each conta in ing th ree 2-
m i paved tes t sect ions , we re cons t ruc ted i n southwestern O n t a r i o i n 1960 by the On ta r io 
Depar tmen t of Highways , to tes t the p e r f o r m a n c e of asphalt pavements conta in ing three 
d i f f e r e n t 85/100 pene t ra t ion asphal t cements , one of h igh v i s c o s i t y or h igh P I , one of 
i n t e r m e d i a t e v i s c o s i t y o r i n t e rmed ia t e P I , and one o f l o w v i s c o s i t y o r l o w P I . A d i f 
f e r e n t asphalt cement was i n c o r p o r a t e d in to the pavement f o r each 2 - m i tes t sec t ion , 
and a l l t h ree asphal t cements were used i n each 6 - m i tes t r o a d . I n 1968 when these 
pavements were e ight yea r s o ld , a t r ansve r se c r a c k survey was made, and the asphalt 
cement was r e c o v e r e d by our r e s e a r c h depar tment f r o m pavement samples obtained 
th rough the cour t e sy o f the O n t a r i o Depar tmen t of Highways f r o m the nine t es t sect ions 
i n the three tes t r o a d s . Data on the r e c o v e r e d asphal t cements showed that i n eight 
yea r s they had i n genera l hardened f r o m 85/100 pene t ra t ion to 30/40 pene t ra t ion . F i g 
u r e 4 shows a p lo t of the number of Type I t r ansve r se c r a c k s pe r m i l e ( t ransverse 
c r a c k s that extend ac ross the f u l l lane width) v s the pene t ra t ion index (PI) of the o r i g -
m a l 85/100 pene t ra t ion asphal t cements . F igu re 4 i m p l i e s tha t a pavement made w i t h 
a low v i s c o s i t y 85/100 pene t ra t ion asphal t cement w i t h a P I of - 1 . 5 cou ld , a f t e r 8 yea r s 
of s e rv i ce i n southwestern O n t a r i o , be expected to develop f r o m 20 to 50 t i m e s as many 
Type I t r ansve r se c r a c k s per m i l e as a pavement made w i t h a h igh v i s c o s i t y 85/100 
pene t r a t ion asphal t cement w i t h a P I o f 0 . 0 . T h i s c o n f i r m s H i l l s and B r i e n ' s c o n c l u 
s ion that f o r the same pene t ra t ion grade of asphalt cement , m o r e low t empera tu re pave
ment c r a c k i n g can be expected when the pavement contains a l ow P I ( low v i scos i t y ) 
than when i t contains a h igh P I (high v i s cos i t y ) asphal t cement ( F i g . 2) . 

24. I n 1961, the On ta r io Depar tmen t of Highways cons t ruc ted a tes t r o a d 9 m i l e s 
long i n southwestern O n t a r i o , to compare the pavement p e r f o r m a n c e of two low v i s c o s 
i t y (low PI) asphal t cements , one of 85/100 pene t ra t ion , the other of 150/200 pene t ra 
t i o n . Both asphal t cements w e r e f r o m the same crude o i l source , and both had a pen 

e t r a t i o n index of app rox ima te ly - 1 . 6 4 . 
The 85/100 pene t ra t ion asphal t employed 
was the same as that p rov ided by Supplier 
3 ( F i g . 4) f o r the th ree On ta r io tes t roads 
cons t ruc ted i n 1960. T h i s 9 - m i tes t pave
ment was 2 i n . t h i c k and was l a i d as a 
s ingle course , whereas the three 1960 
tes t roads were 3 i n . t h i c k and were p laced 
i n two courses . A c r a c k su rvey was made 
i n 1967 (s ix yea r s old) on represen ta t ive 
sec t ions of t h i s 1961 tes t r o a d j u s t b e f o r e 
a second course of asphalt concrete (which 
has been planned i n i t i a l l y as p a r t of stage 
cons t ruc t ion) was l a i d . Po in t A ( F i g . 4) 
indica tes m o r e Type I t r ansve r se c r acks 
per m i l e i n the 85/100 pene t ra t ion pave
ment of t h i s 1961 tes t r o a d than i n the 
w o r s t of the th ree 1960 tes t roads . I n 
p a r t t h i s may be due to the 2 - i n . pave
ment th ickness of the 1961 tes t r o a d as 
compared w i t h the 3 - i n . pavement t h i c k 
ness of the th ree 1960 tes t roads , since 
when a l l other f a c t o r s a re equal , th inner 
pavements appear to develop m o r e low 
t empe ra tu r e t r a n s v e r s e c r acks than t h i c k e r 
pavements . However , the p o r t i o n of the 
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Figure 4. Relationship between penetration in
dices of original 85/100 penetration asphalt ce
ments VS number of Type I transverse pavement 

cracks per mile after eight years of service. 
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1961 t e s t r o a d pavement con ta in ing the l ow P I ( low v i s c o s i t y ) 150/200 pene t ra t ion as 
pha l t , w h i c h was a l so only 2 i n . t h i c k , showed no t r ansve r se c r a c k i n g of any k i n d . 
That i s , t h e r e was less t r ansve r se pavement c r a c k i n g (ac tua l ly no t r a n s v e r s e c r a c k 
ing) i n the pavement conta in ing the l ow P I 150/200 pene t ra t ion asphal t , than o c c u r r e d 
i n any tes t sec t ion made w i t h 85/100 pene t ra t ion asphalt w i t h the highest P I ( F i g . 4) . 

25. Consequently, obse rva t ion of pavement p e r f o r m a n c e i n the f i e l d , ana lys i s of 
samples f r o m pavements i n s e r v i c e , and the r e s u l t s of the t h e o r e t i c a l s tudies that have 
been made, ind ica te tha t when a l l o ther f a c t o r s a re equal , l o w t empe ra tu r e t r ansve r se 
pavement c r a c k i n g can be d r a m a t i c a l l y reduced and even e l i m i n a t e d b y the use of s o f t e r 
asphal t cements . The use of s o f t e r asphal t cements f o r t h i s purpose can be made s t i l l 
m o r e e f f e c t i v e , i f i t i s combined w i t h i m p r o v e d pavement des ign and cons t ruc t i on p r o 
cedures that w i l l subs tan t ia l ly r e t a r d the r a t e of hardening of the asphal t cement i n 
s e r v i c e . 

26. T h i s study of l o w t e m p e r a t u r e t r ansve r se pavement c r a c k i n g has a c o n t r i b u t i o n 
to make to the c u r r e n t c o n t r o v e r s y over the proposed g r a d i n g of asphalt cements by 
v i s c o s i t y a t 140 F w i t h complete e l i m i n a t i o n of the pene t ra t ion tes t , v s the c u r r e n t 
method of g r ad ing pav ing asphal ts by pene t ra t ion at 77 F . F i g u r e 1 compares the 
grades A C 3, A C 6, A C 12, A C 24, and A C 48, t ha t w o u l d r e s u l t f r o m the p roposed 
g rad ing by v i s c o s i t y at 140 F v s the c u r r e n t grades i n t e r m s of pene t ra t ion a t 77 F . 
F i g u r e 1 shows that one of the proposed grades by v i s c o s i t y at 140 F , A C 12, w o u l d 
inc lude a l l pene t ra t ion grades at 77 F f r o m 40/50 to 150/200 pene t ra t ion . Consequently, 
g r ad ing asphal t cements by v i s c o s i t y at 140 F i m p l i e s w i t h r e spec t to A C 12, that pave
ment p e r f o r m a n c e w i l l be the same r ega rd l e s s of whether a pav ing m i x t u r e i s made 
w i t h 40/50 o r w i t h 150/200 pene t ra t ion asphal t cement . I t w i l l be demons t ra ted tha t 
t h i s a s sumpt ion cou ld lead to d i sas te r as f a r as l ow t empe ra tu r e t r ansve r se pavement 
c r a c k i n g i s concerned . 

27. The abscissa of F i g u r e 3 ind ica tes that the range of modulus of s t i f f n e s s f o r 
s low load ing at -10 F i s about 4 - f o l d f o r pav ing m i x t u r e s con ta in ing any c u r r e n t pene
t r a t i o n grade, 85/100, 150/200 pene t ra t ion , e t c . F o r example , f o r the pav ing m i x t u r e 
conta in ing 100 pene t ra t ion asphal t w i t h a P I of 0.0, the modulus of s t i f f n e s s i s 275,000 
p s i , but i t i s 1,000,000 p s i when the pav ing m i x t u r e contains 85 pene t ra t ion w i t h a P I of 
- 1 . 5 . F i g u r e 4 shows that f o r the 85/100 pene t ra t ion grade, t h i s 4 - f o l d range i n m o d 
u lus of s t i f f n e s s i s associa ted w i t h a range of f r o m about 2 0 - f o l d to about 5 0 - f o l d i n the 
number of l ow t e m p e r a t u r e t r ansve r se pavement c r acks tha t o c c u r r e d a f t e r 8 yea r s of 
s e r v i c e i n southwes tern O n t a r i o . F i g u r e 1 ind ica tes that f o r the proposed A C 12 grade 
f o r example , the co r r e spond ing range of pene t ra t ion at 77 F i s f r o m 40/50 pene t ra t ion 
to 150/200 pene t r a t ion . The absc issa of F i g u r e 3 shows that f o r a pav ing m i x t u r e c o n 
t a i n i n g a p p r o x i m a t e l y 180 pene t ra t ion w i t h a P I of 0 . 0 , the modulus of s t i f f n e s s at -10 
F i s about 110,000 p s i , but i t i s 2, 250,000 p s i when the same paving m i x t u r e contains 
a 40 pene t r a t ion asphal t cement w i t h a P I of - 1 . 5 , a range of 2 0 - f o l d i n modulus o f s t i f f 
ness . Consequently, g rad ing by pene t ra t ion at 77 F p rov ides pavmg m i x t u r e s w i t h a 
4 - f o l d range i n modulus of s t i f f n e s s w i t h an associa ted range of f r o m 2 0 - f o l d to 5 0 - f o l d 
i n the number of l ow t empe ra tu r e t r a n s v e r s e pavement c r a c k s per m i l e . Grad ing by 
v i s c o s i t y a t 140 F p rov ides pav ing m i x t u r e s w i t h a 2 0 - f o l d range i n modulus of s t i f f n e s s 
ness, and t h i s i m p l i e s a co r r e spond ing range i n degree of t r a n s v e r s e c r a c k i n g that i s 
s e v e r a l t i m e s w i d e r than f r o m 20- to 5 0 - f o l d . Pav ing m i x t u r e s conta in ing A C 12 as 
pha l t w i t h the lowes t pene t ra t ion at 77 F (40/50 penet ra t ion) w o u l d show excessive low 
t e m p e r a t u r e t r a n s v e r s e c r a c k i n g , w h i l e those con ta in ing A C 12 w i t h the highest pene
t r a t i o n at 77 F (150/200 penetra t ion) w o u l d show v e r y much less , and poss ib ly even no 
t r ansve r se c r a c k s . 

28. W h i l e g r ad ing asphal t cements by pene t ra t ion at 32 F has not been proposed . 
F i g u r e 5 ind ica tes that t h i s method f o r g r ad ing pav ing asphal ts wou ld have the 
g rea t m e r i t of e l i m i n a t i n g the e f f e c t of d i f f e r e n c e s i n asphal t t e m p e r a t u r e suscep
t i b i l i t y (PI) on modulus of s t i f f n e s s values f o r pav ing m i x t u r e s subjec ted t o s low 
load ing by s l o w l y c h i l l i n g to -10 F . F o r f o u r o f the ranges of pene t ra t ion a t 77 F 
( F i g . 3), 40 /50 , 85/100, 150/200, and 300/400 pene t ra t ion , F i g u r e 5 demonst ra tes 
that f o r pav ing m i x t u r e s con ta in ing asphal t cements w i t h the f o u r co r r e spond ing 
ranges of pene t ra t ion at 32 F , the boundar ies f o r e ach grade by pene t ra t ion at 32 F 
a r e v e r t i c a l l i n e s f r o m P I = 0 . 0 t o P I = 1 . 5, and the range i n pavement modulus of 
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s t i f f n e s s values f o r each grade of asphalt 
cement i n t e r m s of pene t ra t ion at 32 F i s 
only 1. 5 - f o l d . I n compar i son , when as
phal ts a re graded by pene t ra t ion at 77 F , 
F i g u r e 3 shows that the range i n modulus 
of s t i f f n e s s i s about 4 - f o l d f o r paving m i x 
t u r e s contaming each grade, and when as
pha l t cements a r e graded by v i s c o s i t y at 
140 F w i t h e l i m i n a t i o n of the pene t ra t ion 
test , f o r example A C 12, the p e r m i s s i b l e 
range i n modulus of s t i f f n e s s f o r paving 
m i x t u r e s i n c o r p o r a t i n g each v i s c o s i t y 
grade i s 2 0 - f o l d f o r the same low t e m 
pe ra tu re condi t ions . 

29. I n so fa r as the in f luence of the 
method f o r g rad ing asphalt cements on 
low t empera tu re t r ansve r se pavement 
c r a c k i n g i s concerned, s ince an increase 
i n the low t empera tu re modulus of s t i f f 
ness of a pavement appears to r e s u l t i n 
a m a r k e d increase i n low t empera tu re 
t r ansve r se pavement c r a c k i n g , F i g u r e s 
3 and 6 mdica te that g rad ing asphalt ce 
ments by v i s c o s i t y at 140 F wou ld be fax 
the w o r s t method, since the range of m o d 
ulus of s t i f f ne s s wou ld be 2 0 - f o l d f o r each 
grade, f o r example A C 12 i n F i g u r e 3, 
w h i l e F i g u r e 5 demonst ra tes that g rad ing 
asphal t cements by pene t ra t ion at 32 F 
wou ld be the best method because the 
range of modulus of s t i f f n e s s would be 
only 1. 5 - f o l d f o r each grade. On the 
other hand, w i t h respec t to h igh t e m p e r a 
t u r e cons t ruc t ion opera t ions , F i g u r e 6 
demonst ra tes that g rad ing asphal t cements 

by v i s c o s i t y at 140 F wou ld be the best method since i t wou ld p rov ide the n a r r o w e s t 
range of v i s c o s i t y at 140 F f o r each v i s c o s i t y grade, w h i l e g r admg by pene t ra t ion at 
32 F would be the w o r s t method because i t would p r o v i d e the wides t range of v i s c o s i t y 

at 140 F f o r each pene t ra t ion at 32 F 
grade . Consequently, when both low t e m 
pe ra tu re pavement p e r f o r m a n c e and h igh 
t empera tu re cons t ruc t ion operat ions a re 
cons idered . F i g u r e s 3 and 6 ind ica te that 
g rad ing asphalt cements by pene t ra t ion 
at 77 F p rov ides the mos t des i rab le c o m 
p r o m i s e . F i g u r e 6 demonst ra tes that 
g rad ing by pene t ra t ion at 77 F p rov ides a 
range of v i s c o s i t y at 140 F i n t e rmed ia t e 
between those of g rad ing by v i s c o s i t y at 
140 F and by pene t ra t ion at 32 F ; and of 
much grea ter impor tance ( F i g s . 3 and 5), 
i t p rov ides a 4 - f o l d range i n pavement 
low t empera tu re modulus of s t i f f n e s s v s 
a 1. 5 - f o l d range f o r g rad ing by pene t ra 

t i o n at 32 F and a 2 0 - f o l d range f o r g r a d 
i n g by v i s c o s i t y at 140 F . 

30. I f r e s t r i c t i v e spec i f i ca t ions f o r 
asphalt cements a re to be cons idered . 

Id* 
S T I F F N E S S MODULUS AT - I O ' F ( - 2 3 3'C) IN P S l 

TIME OF LOADING l O " SECONDS 

Figure 5. RelaMonship between stiffness moduli 
for asphalt paving mixtures for high rote of load
ing (high-speed traffic) at high temperature (122 
F) vs slow speed of loading (temperature stresses) 

at low temperature (-10 F). 
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Figure 6. Consequences of grading asphalt ce
ments by viscosity at 140 F, by penetration at 77 

F, and by penetration at 32 F. 
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p a r t i c u l a r l y when cons ide ra t ion i s g iven to r educ ing or e l i m i n a t i n g t r ansve r se pave
ment c r a c k i n g at low t empera tu re s , i t i s p r e f e r a b l e that the r e s t r i c t i v e spec i f i c a t i on 
should be based on g rad ing asphal t cements by pene t ra t ion at 77 F w i t h a v i s c o s i t y r e 
s t r i c t i o n , r a t h e r than g rad ing them by v i s c o s i t y at 140 F w i t h a pene t ra t ion a t 77 F r e 
s t r i c t i o n . F o r example, 85/100 pene t ra t ion asphal t w i t h L i n e C i n F i g u r e 1 as a m i n i 
m u m v i s c o s i t y r e q u i r e m e n t ( P I = - 1 . 0 ) i s seen f r o m F i g u r e 3 to r e s u l t i n a p e r m i s 
s ib le range i n modulus of s t i f f n e s s of about only 2. 5 - f o l d f o r s low loading ( low t e m 
pe ra tu re s t ress ) a t -10 F , 280,000 p s i t o 700,000 p s i . On the other hand, i t can be 
seen f r o m F i g u r e s 1 and 3 that g r ad ing pav ing asphalts by v i s c o s i t y at 140 F , f o r ex
ample 2000 ± 400 poises , w i t h a spec i f i ed range of pene t ra t ion at 77 F of 60 to 120, r e 
sul ts m a p e r m i s s i b l e range of pavement modulus of s t i f f n e s s of about 6 - f o l d ( P I = 0 . 0 
t o P I = -1 .2) f o r the same l o w t empera tu re condi t ions , 200,000 p s i to 1, 200,000 p s i . 
Since the w i d e r the range of modulus of s t i f f n e s s the m o r e va r i ab le i s the degree of low 
t empera tu re t r ansve r se pavement c r a c k i n g , these data i m p l y that a r e s t r i c t i v e s p e c i 
f i c a t i o n based on g rad ing by pene t ra t ion and a m i n i m u m v i s c o s i t y r e s t r i c t i o n , w i t h i t s 
2. 5 - f o l d range of modulus of s t i f f n e s s , i s g r ea t l y supe r io r to a r e s t r i c t i v e s p e c i f i c a 
t i o n based on v i s c o s i t y at 140 F and a w i d e r p e r m i s s i b l e range of pene t ra t ion at 77 F , 
w i t h i t s 6 - f o l d range of modulus of s t i f f n e s s . 

3 1 . F i g u r e 3 suggests that when i t i s guided b y a need t o g r e a t l y reduce o r e l i m i 
nate low t empe ra tu r e t r ansve r se pavement c r a c k i n g , the se lec t ion of the pene t ra t ion 
at 77 F grade of asphal t cement should be based on the m a x i m u m modulus of s t i f f n e s s 
f o r the pavement that w i l l j u s t avo id low t empera tu re pavement c r a c k i n g throughout i t s 
s e r v i c e U f e . T h i s w i l l p r o v i d e h igher pavement s t a b i l i t y f o r w a r m weather t r a f f i c . 
F o r example , when as i l l u s t r a t e d by F i g u r e 3, the lowest pavement t empera tu re to be 
ant ic ipa ted i n some r e g i o n i s -10 F , i f 85/100 pene t ra t ion asphal t cement having a pen
e t r a t i o n mdex of 0 . 0 j u s t avoids t r ansve r se c r a c k i n g , then i f an asphalt cement w i t h a 
pene t ra t ion index of - 1 . 5 i s be ing cons idered , i t s pene t ra t ion grade should be 150/200. 
F i g u r e 3 indica tes that when a l l other f a c t o r s a re equal , pav ing m i x t u r e s conta in ing 
e i ther 85/100 pene t ra t ion asphalt w i t h a P I of 0 . 0 , o r 150/200 pene t ra t ion asphalt w i t h 
a P I of - 1 . 5 w i l l have the same modulus of s t i f f n e s s at -10 F , and t h e r e f o r e , t h e i r l ow 
t empera tu re s e r v i c e p e r f o r m a n c e should be s i m i l a r . 

32. The re appears to be a tendency i n many areas to assume when se lec t ing an as 
phal t cement, that only pene t ra t ion grades w i t h a h igh v i s c o s i t y (high PI) should be 
s p e c i f i e d . T h i s f a i l s to recognize the thoroughly demons t ra ted exce l len t s e r v i c e p e r 
fo rmance of many pavements that have been made w i t h p r o p e r l y selected grades of l o w 
v i s c o s i t y (low PI) asphalt cements . I t a lso seems to be over looked that low v i s c o s i t y 
asphalt cements p rov ide pav ing m i x t u r e s w i t h less res i s tance to compact ion by r o l l i n g ; 
they p r o v i d e a longer p e r i o d o f t i m e d u r i n g w h i c h compac t ion by r o l l i n g i s e f f e c t i v e , 
w h i c h i s a v e r y i m p o r t a n t advantage i n co lder c l i m a t e s ; pavements compact f a s t e r to 
t h e i r u l t i m a t e densi ty under t r a f f i c , w h i c h r e t a r d s the r a t e of hardening of the asphal t 
b inder i n s e r v i c e , and lengthens pavement s e rv i ce Ufe ; and they p rov ide pavements 
w i t h subs tan t i a l ly g rea te r load c a r r y i n g capaci ty pe r i n c h of th ickness d u r i n g the s p r i n g 
b reak-up p e r i o d . 

33. F i n a l l y , p r o v i d e d the o l d pavement i s f i r s t covered w i t h a subs tan t ia l l a y e r of 
stable g ranu la r m a t e r i a l , there i s some evidence that the use of so f t e r asphal t cements 
i n asphal t concrete ove r l ays , w i l l e f f e c t i v e l y reduce the amount of r e f l e c t i v e c r a c k i n g 
i n the o v e r l a y that i s p re sen t ly o c c u r r i n g . 
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