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FOREWORD 
The papers presented in this RECORD should be of interest to highway department 
engineers responsible for the design and maintenance of skid-resistant pavement sur
faces. Information is presented on materials performance as well as on the effects of 
traffic volume, water depth, tire pressure and tread depth, de-icing salts , cross slope, 
surface texture, and other factors on the level of skid resistance. A correlation be
tween the trailer and stopping- distance methods of m!;lasuring skid resistance is also 
presented. 

Mahone and Runkle present the results of a three-phase study. The first phase in
volves a correlation between Virginia's skid trailer and stopping-distance car to pro
vide a method of predicting automobile stopping distances from trailer results. The 
second phase of the study was concerned with the effects of traffic wear on three types 
of pavement surfaces. Bituminous pavements constructed with polish-l'esistant aggre
gates tended to retain a high skid resistance even after 30 million vehicle passes port
land cement concrete surfaces incorporating siliceous sand had lost much of their skid 
resistance after 25 million vehicle passes, and bituminous surfaces using limestone as 
the coarse aggregate were slippery after less than 2 million vehicle passes. The final 
phase of the study involved a correlation between the incidence of wet-pavement acci
dents and the level of skid resistance on Interstate highways in Virginia. The con
clusion was that a skid number of 42 should be provided in traffic lanes and a skid 
number of 48 should be provided in the passing lanes of Interstate highways. 

Kearney, McAlpin, and Burnett discuss the results of skid resistance tests on bitu
minous pavements in the state of New York during the past 10 years. The wearing 
characteristics of various aggregates as they affect the skid resistance of surfaces were 
of primary concern to these investigators. The results of the study showed that an ag
gregate must have a minimum of 20 percent noncarbonate material or 10 percent sand
sized impurities to provide an adequate level of skid resistance that would last for the 
life of the pavement. As a result of these tests, a specification has been written to re
quire that aggregates not meeting these criteria be blended with a minimum of 20 per
cent noncarbonate stone. 

Glennon ·describes a research project conducted to determine the frictional require
ments for passing maneuvers. He concludes that wet-weather speed limits should be 
imposed along with minimum skid resistance requirements to provide adequate skid re
sistance for accomplishing passing maneuvers on wet pavements . 

Martinez, Lewis, and Stocker discuss the phenomenon of hydroplaning as it applies 
to highway pavement surfaces. A parameter involving the degree of wheel spin-down 
as a vehicle travels through a k.,own depth of ·water ·was used as the criterion to study 
the effects of water depth, tire pressure, tread depth, and wheel load on the hydroplan
ing susceptibility of portland cement concrete and gravel s'eal coat surfaces. They rec
ommend that vehicle speed be reduced to 50 mph to prevent hydroplaning where water 
accumulates to a depth of 0.1 in. or more during wet weather. 

Mortimer and Ludema call attention to the hidden wetness of pavement surfaces that 
may appear to be dry. This condition is present during the drying period immediately 
after a rainfall and on those surfaces that have been coated with de-icing salts, due to 
the affinity, particularly of calcium chloride, for moisture in the air. Equations are 
presented that predict fluid film drying rates and the influence on skid resistance. 

The effects of the roadway cross slope, rain intensity, surface texture, anddrainage 
path length on water film depth are assessed by Gallaway, Rose, and Schiller. An equa
tion is developed to assist geometric design and pavement materials engineers in pro
viding an acceptable friction level based on a design for adequate surface water runoff. 
Kao and Hutchinson, in discussing this research, point out that wind velocity and direc
tion and raindrop impact also have a considerable effect on water film depth. 

-A. B. Moore 



PAVEMENT FRICTION NEEDS 
David C. Mahone and Stephen N. Runkle, Virginia Highway Research Council 

At 61 sites, skid trailer and stopping-distance tests were performed to es
tablish a correlation between Virginia's skid trailer and the stopping
distance car. The regression analyses performed indicate that the trailer 
and the car are equivalent at a skid number of 30; however, as the pave
ment friction increases, the trailer gives progressively higher numbers 
than the car. We determined the relationship between accumulated traffic 
volumes and friction levels by conducting tests at 46 sites. It was found 
that (a) bituminous mixes manufactured from polish-resistant materials 
still had high skid resistance after 30 million vehicle passes, (b) portland 
cement concrete surfaces manufactured from silica sands had lost much of 
their skid resistance after 25 million passes, and (c) bituminous mixes 
manufactured from limestone approached a slippery condition after fewer 
than 2 million vehicle passes. We studied 521 sections, totaling 312.8 
miles, on Virginia's Interstate System to determine the relationship be
tween the percentage of wet pavement accidents and the predicted stopping
distance skid numbers. The sites were separated into four categories: 
open roadway, non-open roadway, open interchanges, and non-open inter
changes. It was found that the minimum predicted stopping-distance skid 
number for the traffic and passing lanes of Interstate roadways with mean 
traffic speeds of 65 and 70 mph should be 42 and 48 respectively. 

•THE PURPOSE of the investigation reported here was to provide the state of Virginia 
with information for determining the wet friction levels needed for various traffic con
ditions on its Interstate System (1). All pavement friction data for the analyses were 
obtained with the Virginia Highway Research Council's skid-test trailer (2). 

Machine correlation and regression analyses were performed on the data obtained 
with the Council's skid trailer and stop meter stopping-distance car so that data col
lected by the skid trailer (reported as SN) could be used to predict the stopping-distance 
skid numbers that would have been obtained had the stopping-distance car (reported as 
PSDN) been used. 

An analysis of the traffic volume-PSDN relationship was made for data obtained on 
roads constructed of three paving materials: portland cement concrete manufactured 
from silica sand, polish-susceptible bituminous mixes, and polish-resistantbituminous 
mixes. 

In the compilation of the information for determining the wet friction values needed 
for varioµs traffic conditions, prime consideration was given to ascertaining the rela
tionship between the percentage of wet accidents and the PSDN. To the extent possible, 
the geometric configurations of the roadways were considered. Only data for the Inter
state System were analyzed. The compiled wet-pavement accident data were not lim
ited to skidding accident statistics, inasmuch as inadequate friction could promote ac
cidents not involving skidding, e . g., breakway and non-locked-wheel deceleration ac
cidents. In addition, it is sometimes impossible to determine from the accident reports 
whether skidding was a major contributing factor. 

The greatest limitation of the study was the inability to collect rapidly, and in a 
usable form, the amount of roadway geometric and pavement surface descriptive data 
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necessary to determine the wet friction levels needed for various traffic conditions. Of 
all the data needed, the skid data might be the easiest to collect; the difficulty is locat
ing and reducing the supporting data into a form compatible with the skid data. In addi
tion to the difficulty cited, the following problems are noted: 

1. On roads carrying over 1,000 vehicles per day, Virginia generally does not per
mit the use of polish-susceptible aggregates. Thus the lower range of skid numbers is 
not included in this study. Although this is an admirable situation for a highway depart
ment to be in, it does reduce the effectiveness of this type of research. 

2. As a general rule, Virginia does not have any really harsh textures on its high 
traffic volume roads. In the past, portland cement concrete roads have been finished 
with one coverage of a burlap drag, and the high traffic bituminous roads have all been 
hot plant mixes laid with a regular paving machine. In addition, the gradation has been 
such that for even the coarsest of the surface mixtures the finished surface has been 
rather smooth. Some intermediate mixes were included in the study. These mixes are 
coarser than surface mixes but not so coarse as base mixes, and they are usually used 
in a leveling course between the base and the surface course. However, they are found 
only on low traffic volume roads. 

MACHINE CORRELATION AND REGRESSION ANALYSES 

In the opinion of the authors, skid data are more meaningful if analyzed and reported 
as predicted stopping-distance skid numbers. For this reason, several regression anal
yses were performed with the trailer skid number as the independent variable and the 
car stop meter skid number as the dependent variable. (The data were obtained from 
correlation tests made at six times between April 1968 and May 1970.) Later these 
equations will be used to determine predicted car skid numbers. Each data point used 
in the various analyses is an average value of five tests for both the car and the trailer. 

Tests with the skid trailer were conducted at various speeds at the 62 sites, and 
the stopping-distance car was used to obtain tests at 40 mph and in some cases at other 
speeds at 61 sites. The data are given in Table 1. 

As mentioned the data were collected and regression analyses made in six different 
groups. Even though the results did change from group to group, there did not appear 
to be any orderly change with regard to time. Regression analyses from each group for 
the trailer at 40 mph and the car at 40 mph are shown in Figure 1 and given in Table 2. 
Because no noticeable effect of time could be established, the 40-mph analysis for all 
62 sites was used for predicting the stopping-distance skid numbers. The curve for this 
analysis is shown in Figure 2. 

It should be noted that the Virginia trailer and the car are equivalent at an SN of 30; 
however, contrary to what was expected, the trailer gives progressively higher numbers 
than the car as the pavement friction increases. It will be shown later that the correla
tion between many other trailers and the stopping-distance car is about 1: 1. 

RELATIONSHIP BETWEEN TRAFFIC VOLUME AND PSDN 

Table 3 gives the relationship of accumulated traffic volume to stopping-distance 
number (both actual and predicted) at 40 mph for Virginia S-4 and S-5 mixes (Appendix) 
composed of nonpolishing aggregate, portland cement concrete composed of nonpolish
ing aggregate, and 1-2 and 1-3 mixes composed of 100 percent limestone. 

For the determination of accumulated traffic volume by lane, a computer program 
was written in which the lane volume breakdown was based on information contained in 
the Highway Capacity Manual (3). In this program, trucks were considered to be 2.5 
automobiles. The results of this analysis are shown in Figure 3. For the 1-2 and 1-3 
mixes the accumulated volume is plotted versus actual SDNs (at 40 mph) rather than 
PSDNs. 

As can be seen from Figure 3, the limestone mixes drop drastically and reach 
stopping-distance skid numbers in the low forties, with an accumulated volume of only 
1.6 million. The S-4 and S-5 mixes still retain PSDNs in the mid to high forties and 
seem to level off after 2 5 to 30 million vehicle passes. The portland cement concrete 
mixes also level off but decrease more rapidly and reach values in the mid to low forties 
at 20 to 2 5 million vehicle passes. 



Table 1. Skid numbers obtained with stopping-distance car and with skid trailer. 

Car Trailer Car Trailer 
Distances (ll) Distances (ft) Distances (ft) Distances (ct) 
by Speed (mph) by Speed (mph) by Speed (mph) by Speed (mph) 

Site Mtx Type 20 30 40 50 20 30 40 50 Site Mix Type 30 40 50 20 30 40 50 60 

1 1-2 46 67 62 56 50 27 Weblite 64 59 58 88 80 78 
2 1-3 42 66 58 54 51 28 Weblite 59 55 52 80 73 68 
3 1-2 46 68 62 52 50 29 Weblite 51 45 40 67 57 48 
4 1-3 40 42 36 32 50 48 41 36 30 Weblite 69 67 66 96 93 92 
5 1-3 48 46 46 44 66 60 51 46 31 Concrete 59 80 64 52 
6 1-2 54 54 55 53 78 68 60 57 32 Concrete 63 98 80 60 
7 Webl!te 61 65 65 88 84 81 33 Concrete 54 82 66 54 
8 Weblite 64 61 61 84 73 72 34 Concrete 61 96 76 56 
9 Weblite 54 52 48 59 52 48 35 S-4 56 91 73 60 

10 Weblite 52 45 44 69 60 55 36 S-4 60 98 82 68 
11 Weblite 56 52 45 75 70 57 37 S-4 53 77 65 52 
12 Weblite 57 54 51 78 66 66 38 s-4 61 94 78 62 
13 1-2 42 42 54 52 39 S-5 60 89 74 55 
14 J-3 39 41 57 53 40 S-5 64 95 78 62 
15 1-2 47 46 45 58 54 48 41 Concrete 40 71 58 49 
16 Sprinkle 42 Concrete 46 79 65 53 

Weblite 62 58 82 70 43 Concrete 51 85 71 60 
17 1-2 44 S-4 55 85 71 62 

Sprinkle 45 S-4 57 86 76 65 
Granite 52 51 72 60 46 Concrete 44 71 58 49 

18 Sprinkle 47 Concrete 52 79 65 53 
Weblite 63 58 78 60 48 Concrete 57 83 68 59 

19 Sprinkle 49 Concrete 48 71 60 50 
No. 8 slag 64 63 83 79 50 Concrete 54 77 64 51 

20 Sprinkle 51 Concrete 55 82 66 55 
Slag sand 64 64 89 83 52 S-4 70 64 

21 Sprinkle 53 Concrete 53 82 68 60 
Fine weblite 63 64 89 78 54 Concrete 57 88 75 64 

22 Sprinkle 55 Concrete 48 74 61 49 
No. 8 crushed 56 Concrete 54 88 68 56 

gravel 63 62 82 67 57 Concrete 41 64 49 41 
23 1-3 47 44 56 50 58 Concrete 44 70 47 40 
24 1-2 51 48 63 58 59 Concrete 48 76 61 52 
25 1-3 34 34 44 36 60 Concrete 52 85 64 54 
26 Webllte 56 52 40 75 70 48 61 Concrete 40 67 48 37 

62 Concrete 51 85 62 47 

Figure 1. Stopping-distance car versus trailer regression curves. 
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Table 2. Regression analyses by groups. 

Sample Correlation Standard 
Group Sites Time Tested Equation• Size CoeCficient Erro1· 

I 1 to 6 April to May 1968 y = 0.81x + 2.7 12 0.83 3.51 
2 7 to 15 Aug. to Sept. 1968 y = 0.66x + 9 .1 12 0.91 3.64 
s 16 to 25 Sept. 1968 y • 0.67x + 10.7 16 0,94 3.57 
4 26 to 30 May 1969 y • 0,62x + 9,6 5 0,99 0.52 
6 31 to 51 March 1970 y • 0 .75x + 2,9 25 0.85 3.29 
G 52 to 62 April to May 1970 y ~ 0.58x • 13 .4 15 0.96 1.55 
J to -1 I to 30 y ~ 0.63x•ll.6 45 0,92 3.56 
I to 6 1 to 62 y • 0.63x • 11 . 2 112 0.92 3.01 

•y is stopping distance number. 
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Figure 2. Regression cuive for stopping-distance car versus 
trailer at 40 mph. 
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Table 3. Traffic volume versus stopping-distance number (at 40 mph). 

Portland Cement 
Concrete 

Accumulated 
Trame 

Site (millions) PSDN 

1 10.9 52 
2 2.2 61 
3 12.4 48 
4 2.5 63 
5 14.7 48 
6 2.9 65 
7 15.5 48 
8 3.1 63 
9 24.6 45 

10 9.0 50 
11 24.3 42 
12 8.B 45 
13 24.5 43 
14 B.9 47 
15 24.1 43 
16 8.6 50 
17 21.4 44 
18 8.1 53 
19 21.B 42 
20 8.5 50 
21 21.8 42 
22 8.5 49 
23 21.9 44 
24 8.6 49 
25 21.9 42 

Figure 3. Traffic 
volume versus PSDN. 
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S-4 and S-5 Mixes 1-2 and I-3 Mixes 

Accumulated Accumulated 
Traffic Traffic 
(millions) PSDN (millions} SDN Site 

12.7 50 1.12 46 26 
2.5 57 1.57 42 27 

13 .9 49 0.74 46 28 
2.9 57 0.86 46 29 

14.0 50 0.59 55 30 
3.0 57 1.12 42 31 

28.4 46 1.57 41 32 
12.4 52 0.74 46 33 

6. 2 63 0.86 44 34 
1.2 67 0.59 48 35 
5.2 65 36 
0.9 67 37 

30.2 47 3B 
14.5 52 39 
28.4 46 40 
12 .4 51 41 

3.2 59 42 
0.6 63 43 
3.1 59 44 
0.6 62 45 
3.2 59 46 
0.6 65 47 
5.2 60 48 
0.6 63 49 
3.3 59 50 

Portland Cement 
Concrete S-4 and S-5 Mixes 

Accumulated Accumulated 
Traffic Traffic 
(millions) PSDN (millions) PSDN 

8.6 48 0. 6 65 
21.9 42 2.6 61 

8.6 50 0.5 64 
3.4 65 
0.7 68 
0.8 65 
0.3 65 
2.6 65 
0.6 67 
2.6 65 
0.6 70 
LB 66 
0.4 67 
1.8 65 
0.4 68 
1.8 65 
0.4 67 
2.2 65 
0.5 72 
2.8 65 
0.6 70 
2.8 65 
0.6 69 
3.4 65 
6.7 70 
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RELATIONSHIP BETWEEN PERCENTAGE OF WET-PAVEMENT 
ACCIDENTS AND FRICTION 

We studied 521 sections on Virginia's Interstate System, totaling 312.8 miles, to de
termine the relationship between the percentage of wet-pavement accidents and PSDNs. 
The sites were separated into 4 categories: open roadway (level and tangent areas not 
at interchanges), non-open roadway (vertical or horizontal curves or both not at inter
changes), open interchanges (level and tangent areas at interchanges), and non-open 
interchanges (vertical or horizontal curves or both at interchanges). Initially, consid
eration was given to using more categories broken down in more detail, but because of 
the difficulty in classifying sites it was decided to use the broad ones outlined here. 
Classifying a site as open or non-open was very difficult. Geometric data were not 
readily available, so the authors drove over each site and classified it according to their 
combined judgment. Sight distance was considered of prime importance. Therefore, 
areas with gentle horizontal or vertical curves that afforded good sight distance were 
classified as open roadway. 

Sites not at interchange areas generally were ½ mile in length . Sites at interchange 
areas were usually longer, generally about 1 mile, and were determined by starting 
1/10 mile before the exit ramp and ending 1/io mile beyond the entrance ramp. 

The percentage of wet-pavement accidents (the ratio of wet-pavement accidents to 
total accidents) was selected as the factor for analysis for two reasons. First, it was 
the only meaningful wet-accident figure easily obtainable, inasmuch as wet-accident 
rates were almost impossible to compute. Second, it was hoped that by selecting this 
factor the effect of traffic volume would be reduced. It is pointed out that one basic 
assumption was made in this analysis; namely, the amount of time the pavement was 
wet was considered to be essentially equal for all sections tested. 

The possible effects of traffic volume were also taken into account by subdividing 
each classification into four lane-traffic volume groups: 0 to 3,999 average vehicles 
daily (AVD) per lane, 4,000 to 7,999 AVD per lane, 8,000 to 11,999 AVD per lane, and 
12,000 to 15,999 AVD per lane. 

Because there is no way of ensuring in which lane a car was driving at the initial stage 
of the wet accident, a weighted PSDN was obtained for each site. Trailer skid tests 
were taken at 40 mph in each lane (generally a site consisted of two passing and two traf
fic lanes), and averages were obtained for the traffic and passing lanes. A weighted 
trailer skid number was then usually obtained by summing 80 percent of the average 
skid number for the traffic lane and 20 percent of the average number for the passing 
lane. These factors were used because the normal traffic for the sites was 80 percent 
in the traffic lanes and 20 percent in the passing lanes. Other weighted factors based 
on traffic volume and number of lanes were used when appropriate. The general 40-
mph regression equation discussed earlier was then used to predict the weighted 40-mph 
stopping-distance skid number for the site. Finally, because the passing lane is likely 
to demand more friction than the traffic lane due to passing maneuvers and to higher 
average speed, the relationships of percentage of wet accidents on all lanes and friction 
on the traffic lane only and the passing lane only were studied. It might also be econom
ically feasible to maintain a higher friction value on passing lanes than on traffic lanes. 

After weighted PSDNs were obtained for each site, the 1969 accident data were used 
to determine the percentage of wet accidents for each site. These data are given in 
Table 4. Figure 4 shows the data in a more summarized form, where percentage of 
wet accidents for the skid number groups 40 to 44, 45 to 49, 50 to 54, and 55 and above 
are plotted versus the average group skid number. It is pointed out that for sites at 
interchanges the accident data included only those accidents occurring on the main road. 

Notice in Table 5 that, in effect, only three of the AVD groups were applicable for 
each classification because very few data fell in the highest group. Also, the ranges in 
skid data were not the same between traffic volume groups and skid number groups, ob
viously because the higher volume sites usually had more accumulated traffic and there
fore lower skid numbers. 

Two things are evident from the data given in Table 5 and shown in Figure 4. First, 
in most cases there was a definite negative slope, i.e., the percentage of wet accidents, 



Table 4. Skid number versus percentage of wet accidents. 

0 to 3,999 AVD 4,000 to 7,999 AVD 8,000 to 11,999 AVD 12,000 to 15,999 AVD 

Accidents Accidents Accidents Accidents 

Wet Wet Wet Wet 
Section Section Section Section 

Weighted Per- ---- Per- Per- Per-
SN No. Miles Total No. cent No. Miles Total No. cent No. Miles Total No. cent No. Miles Total No. cent 

Open Roadway 

41 4 2.4 29 9 31 
42 5 2. 6 39 20 51 5 2.5 9 0 0 4 1.9 12 
43 16 8.5 48 14 29 
44 1.0 33 13 6.4 41 8 20 1 0.7 13 2 15 0. 8 16 0 0 
45 12 7.9 49 6 14 3 1. 5 9 1 11 
46 4 2.0 4 I 25 20 11.1 102 10 10 3 1.3 8 0 0 
47 2 1.0 9 3 33 21 10.9 76 8 11 9 1.9 35 11 32 
48 3 1.3 5 I 20 11 5.4 40 4 10 8 3.8 44 6 13 
49 2 I.I 2 0 0 6 3.2 13 1 8 
50 11 6.0 15 3 20 4 1.8 6 2 33 
51 8 4.3 10 0 0 
52 6 3.0 4 I 25 3.7 42 21 2.0 35 
53 12 5.8 30 6 20 
57 27 15 .0 19 0 0 
62 36 18.5 34 5 15 
63 35 20.4 36 2 6 

Non-Open Roadway 

40 3 1.5 18 8 44 
41 12 6.6 96 42 44 
42 4 2.1 42 14 33 
43 0.4 0 1 0.5 1 0 0 
44 9 5.2 82 22 27 4 2.0 25 8 33 2.0 21 14 
45 3 1.6 25 5 20 5 3.1 27 3 11 
46 I 0. 5 1 0 0 7 3.8 67 19 28 6 3.5 56 9 16 
47 3 1.6 7 3 43 8 7.9 45 13 29 6 1.2 45 10 22 
48 4 2.3 10 4 40 2 1.3 18 0 0 
49 1 0.7 3 0 0 
50 4 2.2 14 3 21 2 1.2 4 0 0 1.5 26 12 
52 1 0.5 4 2 50 
53 2 1.1 7 2 29 
57 3 2.1 6 0 0 
62 3 2.0 3 I 33 
63 11 5.1 7 2 29 

Open Interchanges 

41 I. I 47 21 45 
42 I 0.8 10 1 10 1.0 7 3 43 
43 s 2.3 22 2 9 
44 0.5 50 
45 2 1.3 17 I 6 
46 4 3.2 38 5 13 
47 I 0.6 9 1 11 6 4.9 51 8 16 2 1.6 32 16 
48 I 0. 5 2 0 0 3 1.9 23 2 9 
49 2 1.5 16 5 31 1 0.4 3 J 33 
50 5 3.4 26 6 23 1 0.8 2 0 0 0.8 19 11 
51 2 1.3 19 5 26 
52 .2 1.0 7 3 43 0.9 40 0.7 18 28 
57 8 4.0 7 0 0 
62 5 2.8 9 2 22 
63 u 4. 6 15 6 40 

Non- Open Interchanges 

41 0:7 11 54 
42 0.7 18 
43 4 3.9 137 63 46 
44 5 6.1 158 47 30 1.1 28 25 0. 8 20 6 30 
45 0.7 12 6 50 2 1. 6 19 4 21 
46 3 2.0 27 3 11 3 2.4 47 11 23 t 0.8 21 
47 s 3.0 12 0 0 4 3.6 109 34 31 
48 2 1.6 29 9 31 3 2.4 28 8 29 1 1.0 9 3 33 
49 1 0.6 4 1 25 0. 5 3 1 33 1 6.8 189 52 28 
51 1 1.0 3 0 0 0. 8 12 2 17 
52 2 1.8 11 1 9 0.5 9 0 0 
57 5 3.3 15 6 40 
62 3 2.5 13 2 15 
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Figure 4. Skid number versus percentage of wet accidents. 
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Table 5. Summary of skid number versus percentage of wet accidents. 

Open Roadway Non-Open Roadway Open Interchanges Non-Open Interchanges 

Accidents Accidents Accidents Accidents 

Wet Wet Wet Wet 
Section Section Section - - - - Section - ---

Weighted Per - Per- Per- Per-
SN No. Miles Total No. cent No. Miles Total No. cent No. Miles Total No. cent No. Miles Total No. cent 

40 3 1.5 18 8 44 
41 4 2.4 29 9 31 12 6.6. 96 42 44 2 1.1 47 21 45 I 0.7 11 6 54 
42 14 7.0 56 21 38 4 2.1 42 14 33 2 1.8 17 4 24 2 0.7 18 1 5 
43 16 8.5 48 14 29 2 0.9 1 0 0 3 2.3 22 2 9 •I 3.9 137 63 46 
44 18 8.9 73 27 37 16 9,4 128 33 26 1 0.5 2 1 50 7 B.O 206 60 29 
45 15 9.9 58 7 12 8 4,7 52 8 15 2 1.3 17 1 6 3 2.3 31 10 32 
46 27 14.4 114 11 10 14 7, 8 124 2B 23 4 3.2 38 5 13 7 5.2 95 15 16 
47 27 13 .3 114 22 18 13 10,7 97 26 27 9 7.1 92 14 15 7 6.6 121 34 28 
48 22 8.5 89 11 12 6 3. 6 18 4 22 4 2. 4 25 2 8 G 5.0 66 20 30 
49 8 4.3 15 1 7 1 0,7 3 0 0 3 1.9 19 6 32 3 7.9 196 54 28 
50 15 7.B 21 5 24 9 4,9 44 6 14 7 5.0 47 B 17 
51 8 4.3 10 0 0 1 0, 5 4 2 50 2 1.3 19 5 26 2 1.0 15 13 
52 15 8.7 81 13 16 2 1.1 7 2 29 2.6 30 10 33 3 2.S 20 5 
53 12 5.8 30 6 20 
57 27 15.0 19 0 0 3 2.1 u 0 0 G 4.0 7 0 0 & 3. 3 15 6 40 
62 36 18.5 34 5 15 3 2.0 3 I 33 5 2. 8 9 2 22 3 2.5 13 2 15 
63 35 20.4 36 2 6 11 5.1 7 2 29 G 4. 6 15 6 40 
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decreased as the PSDN increased. Second, if volume were a factor, it appears that on 
the average the percentage of wet accidents was lower with increased volumes. In many 
cases the data are erratic, probably because of the small number of accidents the per
centages were based on. The authors feel that certainly at least 50, and preferably 100 
or more, total accidents per skid number group (e.g., 40 to 44) would be necessary to 
provide fairly accurate results. It is obvious in Table 5 that many skid number groups 
have less than 50 total accidents. However, the consistency of the negative slope and 
the smaller percentage of wet accidents with the higher volume for each of the classi
fications indicate that these are defensible results. 

The decrease in percentage of wet accidents with an increase in the PSDN was, of 
course, expected. However, the lower percentage of wet accidents associated with the 
higher volumes of traffic was not expected. This finding perhaps can be explained by 
the fact that the roads with the lowest traffic volumes had less traffic than they were 
designed for; thus drivers could make errors without becoming involved in accidents. 
This, of course, would hold the total number of accidents to a minimum, which in turn 
might make the wet to dry ratio high, even with a few wet accidents. 

The data in each AVD group for each site category were combined so that a better 
estimate could be made of the shape and location of the percentage of wet accidents ver
sus PSDN curve (Table 5 and Fig. 5). The curves shown in Figure 5 were developed by 
starting at the lowest PSDN for each category and adding PSDNs until at least 50 total 
accidents were available. This percentage of wet accidents was then plotted versus the 
average PSDN of the group from which the percentage was computed. It was felt that 
the possible effect of volume on percentage of wet accidents shown previously should not 
prevent the combining of data in the manner described, inasmuch as the vast majority of 
data fell in the two middle volume groups. 

The following conclusions can be drawn from data in Figure 5: 

1. There is very little difference in the shapes and locations of the four curves. 
There does, however, seem to be some tendency for the curves to move up and to the 
right with the complexity of the roadway situation; i.e., the percentage of wet accidents 
is usually at least slightly lower at any given PSDN for the open roadway condition than 
for the other conditions. The order of complexity in this case would be open roadway, 
non-open roadway and open interchange about equal, and then non-open interchange. 

2. The breaking point for all four curves, i.e., the point with the greatest change 
in slope, appears to be at about a PSDN of 45. Again the curve seems to increase 
slightly with the complexity as mentioned in number 1. This point at which the greatest 
change in slope occurs should be selected as a guideline for a minimum PSDN. 

Obviously, these results are averages, and to apply them to a particular existing 
roadway situation as a general remedy for areas having a high percentage of wet acci
dents would not always be appropriate without considering factors such as the total wet
accident history. However, it is felt that the results could be used in the development 
of general design guidelines for the PSDNs needed on new construction. Also, they could 
be incorporated in a general policy regarding resurfacing or other corrective action when 
a site has a PSDN lower than the guideline and a history of a high percentage of wet ac -
cidents, particularly if it is an accident-prone location in terms of the total number of 
accidents or the accident rate. 

When these findings are used as guidelines, it should be remembered that the PSDNs 
shown are weighted. Actually, in a guideline for design or maintenance of a skid
resistant pavement, actual traffic lane and passing lane skid numbers would be of prime 
importance. Therefore, F lgure 6 shows the actual wet accident-skid number curves for 
the traffic and passing lanes for all locations where there were only two lanes in one 
direction. The breaking point is a PSDN of 48 for the traffic lane and a PSDN of 42 for 
the passing lane. Because the passing lane would experience more acceleration during 
passing maneuvers, it is logical that the friction demand would be higher. 

It is obvious that additional work is needed with more definitive geometric data de
scribing each site. It is felt by the authors that one possible reason that the curves did 
not differ more was the very general way in which the site categories were derived. 



Figure 5. Summary of skid numbers versus percentage of wet 
accidents for all four site categories. 
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A comparison of the 42 PSDN (40 mph) found in this study with the recommended 
minimum interim stopping-distance skid number requirements reported by Kummer and 
Meyer (4, Table 19) seems to indicate a discrepancy. However, it should be noted that 
the 42 PSDN applies to the Virginia Interstate System, which is designed for a 70-mph 
traffic speed. Also, unpublished data available from other researchers at the Virginia 
Highway Research Council indicate average speeds on many of the sites included in the 
study to be between 65 and 70 mph. Therefore, based on the mean traffic speed, the 
stopping-distance number proposed by Kummer and Meyer would be about 55 to 57 or 
13 to 15 numbers higher than the number established in this study. 

The authors feel that part of this apparent discrepancy is due to the relationship be
tween the trailer and stopping-distance methods used by Kummer and Meyer to obtain 
the stopping-distance numbers. The relationship they used was based on research re
sults obtained in a study by Dillard and Allen (5) in 1958, and none of the trailers used 
in that study is still in service. -

Correlation studies undertaken since 1965 indicate a somewhat different relationship. 
Data taken from a report by Dillard and Mahone (6, Fig. 17) and from a report by Rizen
bergs (7, Fig. 8) are shown in Figure 7. These data indicate an approximate 1:1 rela
tionship. 

Based on Kummer and Meyer's recommended skid trailer values and the correlation 
shown in Figure 7, the minimum stopping-distance number required for a mean speed 
of 70 mph would be 47 instead of 57. This, of course, would bring the findings of this 
study into closer agreement with those of Kummer and Meyer, particularly with regard 
to the passing lane, which as shown in Figure 6 is 48, as well as with the recent guide
lines set forth by the U.S. Department of Transportation (8). 

This value of 42 is also in disagreement with the findings of McCullough and Hankins 
(9), whichindicateanSN of 40 (at 20 mph) and an SN of 30 (at 50 mph) to be desirable. 
The SN (40 mph) by extrapolation would be about 35, which is much lower than the 42 
indicated earlier as desirable. Of course, there is no way of knowinghowtheskidtrailer 
used by McCullough and Hankins might relate to those used in the Tappahannock (6) and 
Florida (7) correlation studies. This uncertainty is one reason that the authors feel it 
is very important to develop regression equations for individual skid trailer skid num
bers versus stopping-distance skid numbers, particularly because data from the Florida 
correlation study indicate that the variability between skid numbers obtained by several 
stopping-distance cars was much less than that obtained by the trailers. 

CONCLUSIONS 

1. The regression analyses performed on the stopping-distance car data and the 
trailer data indicate a relationship of 1: 1 at an SN of 30; however, as the pavementfric
tion increases, the trailer gives progressively higher numbers than the car. The Tap
pahannock and Florida correlation studies indicate that there is an approximate 1: 1 re
lationship between the SN for many skid trailers and the SON for the extent of the corre
lation curve. 

2. The accumulated traffic-PSDN relationships indicate that nonpolishing S-4 and 
S-5 mixes retain an average PSDN of 48 after 2 5 to 30 million vehicle passes. Non
polishing portland cement concrete mixes lose resistance more rapidly than do nonpol
ishing S-4 and S-5 mixes, and on the average portland cement concrete mixes have a 
PSDN of about 44 after 20 to 25 million vehicle passes. The PSDNs for 1-2 and I-31ime
stone mixes decrease more rapidly than those for the S-4, S-5, and portland cement 
mixes and reach an average of 42 after 1.6 million vehicle passes. 

3. Based on the analysis of percentage of wet accidents versus PSDN, it appears that 
a minimum traffic lane PSDN of 42 and a passing lane PSDN of 48 are desirable for Inter
state roads with a mean traffic speed of about 65 to 70 mph. It can be demonstrated that 
the passing lane values are in agreement with those recommended by Kummer and Meyer, 
assuming that a different relationship exists between skid trailers and the stopping
distance method that they used. 
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APPENDIX 

BITUMINOUS CONCRETE MIXTURES 

Percentage by Wc-ight Passing Square Mesh Sieves* Percent Mix 
Type Bituminous Tempera lure 

11/2 ¼ ½ 1/a No. 4 No. B No. 30 No. 50 No, 200 Materials (At Pl•nt) 

S-1 100 95-100 50-95 25-65 0-8 8,5-10.5 225-300°F 

S-2 100 95-100 60,85 20-40 10-30 2-10 95-12.0 225-300°F 

S-3 100 90-100 70-95 25-55 15-35 2-12 6.5-10,5 200-240°F 

S-4 100 90-100 60-80 25-45 10-30 2-10 5,5- 9,5 225-300°F 

S-5 / 1-3 100 80-100 35-55 15-30 7-22 2-10 5.0- 8.5 225-300°F 

1-1 100 90-100 85-100 75-100 60-95 25-60 12-35 2-12 5.0- 7.5 225-300°F 

1-2 100 95-100 W-80 ~60 25-45 5-14 1-7 4.5- 8.0 225-300°F 

•In inche.11 ucept where otherwise indicated. Numbcret.1 Sievei. arc lh o.1,e of the U. S. Standard Sieve Series, 



DEVELOPMENT OF SPECIFICATIONS FOR 
SKID-RESISTANT ASPHALT CONCRETE 
Edward J. Kearney, George W. McAlpin, and William C. Burnett, 

New York State Department of Transportation 

This paper summarizes 10 years of research in New York state on the skid 
resistance of asphalt pavements. Skid numbers measured by a two-wheeled 
trailer are related to cumulative vehicle passes for the state's geologic 
formations that are sources of coarse aggregate for asphalt concrete. 
Mixes with coarse aggregate containing at least 20 percent noncarbonate 
stone-or 10 percent sand-sized impurities embedded in a carbonate ma
trix-remain skid resistant for the life of the pavement. Specifications 
have been written to require aggregates not meeting these requirements to 
be upgraded by blending them with 20 percent noncarbonate stone. 

• FROM 1961 through 1966, the death toll on U.S. highways increased annually by an 
average of 6.9 percent, from 38,093 to 53,041 persons. The National Safety Council 
(1) estimated that 1966 motor vehicle accidents cost the country more than $10 billion 
in lost wages, medical and hospital fees, insurance administrative and claims settle
ment costs, and property damage. 

Such statistics prompted the Congress to pass the Highway Safety Act of 1966. As 
a result, on June 27, 1967, the Highway Safety Bureau of the U.S. Department of Trans
portation issued 13 highway safety program standards that were "designed to reduce 
traffic accidents and deaths, injuries, and property damage resulting therefrom." One 
of these standards (No. 4.4.12) required that every state "have a program of highway 
design, construction, and maintenance to improve highway safety." 

Because as many as 33 percent of all wet-weather accidents involved or were caused 
by skidding (~, 1), two of the 11 minimum requirements of this standard call for every 
state to have "standards for pavement design and construction with specific provisions 
for high skid resistance qualities," and "a program for resurfacing or other surface 
treatment with emphasis on correction of locations or sections of streets or highways 
with low skid resistance and high or potentially high accident rates susceptible to re
duction by providing improved surfaces." 

To fulfill the second requirement, the engineering research and development bureau 
of the New York state Department of Transportation completed a statewide inventory of 
the skid resistance of the entire state highway system in 1968 and 1969. During this 
survey, the skid number (wet 40-mph coefficient of friction x 100) was measured once 
per mile on nearly all the 14,000 miles of state highways, and the locations of most 
pavement sections with low skid resistance were determined. 

Before conducting the statewide skid survey, the bureau had an ongoing research 
program to determine which pavement variables affected the skid resistance of asphalt 
concrete plant mixes. Previously reported New York research (4) had shown this skid 
resistance to be governed by the following factors: -

1. Cumulative traffic the pavement had carried, 
2. Vehicle speed, 
3. Pavement and tire temperatures, and 
4. Polishing resistance of the larger mix aggregates. 

Sponsored by Committee on Surface Properties-Vehicle Interaction. 
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Skid resistance was not significantly influenced by mix type (for mixes containing 15 
to 70 percent aggregate greater than ¼ in.) or by the type of fine (less than ¼ in.) ag
gregate. (Natural silica sand and manufactured carbonate fines performed nearly the 
same as similar coarse aggregate.) 

New York state specifications require the use of crushed-stone coarse aggregate 
(greater than 1/a in.) in asphalt concrete, but the aggregate particle shape and its ori
entation in the pavement surface caused variations in the time required to wear the 
asphalt coating off the individual stones, and thus large variations in skid resistance 
were observed during the first million vehicle passes on asphalt concrete pavements. 
After the asphalt had worn off, additional traffic caused a logarithmic decrease in skid 
resistance due to aggregate polishing. 

Previous research (~ showed a correlation between pavement skid resistance and 
the percentage of acid-insoluble material in the coarse aggregate of asphalt concrete 
pavements that had carried over 5 million vehicles. The amount of acid-insoluble 
residue was determined by the method described in the Appendix. In all cases, lime
stone and dolomite aggregates with less than 10 percent acid-insoluble residue pro
duced pavements with inadequate skid resistance. A pavement was considered skid 
resistant if it maintained a skid number (wet at 40 mph) of 32 or more for 10 million 
vehicle passes. This number was selected as a guide because it corresponded to the 
skid resistance assumed by AASHO for calculating stopping distances used in highway 
design(~. At skid numbers above 32, a normal driver will be able to perceive an 
object in his path, apply his brakes, and stop his vehicle before striking that object. 
Because many New York state stone suppliers produce aggregates with less than 10 
percent acid-insoluble residue, further research was initiated to determine the most 
practical and economical way to upgrade these aggregates so as to produce skid
resistant asphalt concrete pavements. 

TEST PROCEDURE AND RESULTS 

Procedure 

In all skid testing, the New York state two-wheeled drag force trailer was used in 
a procedure conforming to ASTM Designation E 274-70. A standard test tire (ASTM 
Designation E 249-66) was used. Tests were usually made on level, tangent road sec
tions because of the uncertainty in weight transfer onto or off the test wheel when tra
versing a curve. This weight transfer changed the magnitude of load carried by the 
test tire, from which the coefficient of friction was computed. Previous reports (1, §) 
documented the reliability of the skid-trailer measuring system and its ability to cor
relate with the distance required to stop a car traveling at 40 mph. 

During the 10 years of research, many thousands of skid tests have been performed 
on pavements containing aggregates from nearly every crushed-stone source that sup
plies asphalt concrete producers in New York state. In addition, over 10,000 asphalt 
pavements were tested during the 1968 and 1969 skid inventory of the state highway 
system. With the assistance of the department's highway maintenance subdivision and 
regional materials engineers, coarse aggregate sources were determined for almost 
all asphalt concrete pavements that had been skid tested. Surface course age was also 
checked, and the cumulative vehicle passes were calculated. Acid-insoluble residue 
tests were conducted on all geologic formations that were sources of coarse aggregate 
for asphalt concrete in New York. Carbonate staining tests were conducted on all 
Onondaga limestones. The methods used for both of these tests are given in the 
Appendix. 

In addition, 51 experimental surfaces were placed on state highways in three regions. 
These contained varying quantities of hard acid-insoluble materials, and the mix types 
ranged from fine sheet asphalts to dense-graded asphalt concrete with up to 30 percent 
aggregate of¼ to ½ in. size. 

Results 

To relate pavement skid number to coarse aggregate geologic formations we con
ducted detailed analyses on all available skid test data on asphalt concrete pavements. 



14 

Figure 1 shows skid number as a function of cumulative traffic (on a log scale) in mil
lions of vehicles per lane for pavements containing limestone coarse aggregate from 
the Manlius, Coeymans, Tully, and Cobourg formations and the Chazy and Black River 
groups from quarries located in central and north central New York. Limestones from 
these six geologic formations are high in calcium carbonate and contain only minor 
quantities of hard sand-sized impurities (less than 10 percent acid-insoluble residue). 
The figure shows the best-fit line and the 80 percent confidence lines. After 10 million 
vehicle passes, only 10 percent of the roads containing these coarse aggregates would 
be expected to be skid resistant, i.e., to have skid numbers above 32. The two confi
dence lines in Figure lA are used as reference lines in Figure lB and the other three 
figures. Also, each point on these graphs represents an average of seven or eight skid 
tests on one pavement section. 

Figure lB shows a similar plot for skid data representative of the Oak Orchard 
member of the Lockport dolomite formation, in the western part of the state. The Oak 
Orchard dolomite is high in carbonates (over 90 percent) and low in quartz (less than 
2 percent). While the data are very few, the skid numbers are in the same range as 
the high-carbonate limestones in Figure lA. 

Figure 2 shows a comparison of the high-impurity dolomites with the relatively pure 
limestones of Figure lA. These dolomites include the Penfield, Goat Island, and Gas
port members of the Lockport formation and a special unit of the Lockport identified 
as the Brockport Lentil. Also included are the Beekmantown, Cranesville, and Little 
Falls formations. The Penfield member and the Brockport Lentil are characterized 
by high silica contents. In the Goat Island and Gasport members, the silica content 
varies both laterally and vertically. In general, however, the percentage of silica is 
slightly higher in the Goat Island and Gasport members than in the Oak Orchard mem
ber (Fig. lB) but considerably less than in the Penfield one. The Beekmantown, 
Cranesville, and Little Falls formations have noncarbonate contents exceeding 15 per
cent. These dolomites, all containing more than 10 percent hard sand-sized impurities, 
have higher skid resistance than the low-impurity limestones or dolomites. About 10 
percent of the pavements containing these dolomites had skid numbers in the unac
ceptable range of the low-impurity limestones. 

One of the most extensive sources of coarse aggregate in New York state is the 
Onondaga limestone formation , which occurs in an east-west band from the vicinity of 
Albany to Buffalo. The Onondaga formation contains chert (a flint-like quartz) nodules 
in varying quantities: a relatively low percentage at Syracuse but increasing to 40 per
cent or more westward near Buffalo. The chert does not appear in the softer limestone 
matrix but rather in a variety of forms ranging from whole pieces of crushed ag
gregate to a small chip on the edge of a piece of limestone aggregate. The percent
age of chert was determined by the staining procedure rather than by the acid-insoluble 
residue test. 

Figure 3 shows a plot of skid numbers versus traffic for 93 pavements in which 
the coarse aggregate was Onondaga limestone. The extreme ranges of skid resistance 
on these pavements were attributable to the varying percentages of chert particles in 
the coarse aggregate. The pavements with skid numbers in the same range as the 
pure limestones contained aggregates with less than 15 percent chert (open circles), 
whereas those with higher skid numbers (solid circles) ranged from 20 to 50 percent 
chert. 

Sandstone, granite, and traprock (diabase) are grouped for this analysis because 
they are all noncarbonates. All sandstones are of the Graywacke type in either the 
Catskill or Rensselaer formations and are quarried in the southern and eastern part 
of the state. The granites are quarried mostly in the Adirondack Mountains in north
ern New York, but one granite quarry is located just north of New York City. Trap
rock occurs in the lower Hudson River Valley and is also imported from New Jersey 
and Connecticut. The acid-insoluble residues for these aggregates ranged from 93.0 
to 99.6 percent. Figure 4 shows the skid resistance of noncarbonates and pure lime
stones at various traffic volumes. The noncarbonates are clearly superior, even after 
10 million vehicle passes. 



Figure 1. Skid resistance change with traffic for pavements containing coarse aggregates with low 
acid-insoluble contents (A-91 pavements; B-6 pavements). 
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Figure 2. Skid resistance change with traffic 
for pavements containing low-impurity 
limestones and dolomites having more than 
10 percent acid-insoluble residue (169 
pavements). 
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Figure 3. Skid resistance change 
with traffic for pavements 
containing limestones varying in 
percentage of noncarbonate 
material (93 pavements). 
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Figure 4. Skid resistance change with traffic for 
pavements containing low-impurity limestones 
and noncarbonates (117 pavements) . 
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Table 1. New York State coarse aggregate 
suppliers. 

Item 

Quarried material 
Limestone 
Dolomite 
Sandstone, traprock, and 

granite 

Geologic formations 
Operating asphalt mix plants 

No. of 
Suppliers 

38 
24 

27 

Table 2. Mix proportions in New 
York State Types 1A and 1AC 
asphalt concrete plant mixes . 

Type Type 
lA lAC 

Material (percent) (percent) 

+¼ in. stone 20 

+ 1/s in. stone 35 45 

-
1/e in. fines 45 55 

Asphalt 
cement 6.5 7 

Total 

89 

22 
182 
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IMPLEMENTATION OF RESULTS 

Analyzing the long-term skid resistance of asphalt concrete mixes as related to the 
mineralogy of the coarse aggregate has permitted the following classification of ag
gregate: 

1. Carbonates with less than 10 percent sand-sized impurities, 
2. Mixtures of carbonate and noncarbonate aggregates with less than 20 percent 

noncarbonates, 
3. Carbonates with more than 10 percent impurities, 
4. Mixtures (carbonates and noncarbonates) with more than 20 percent noncarbon

ates, and 
5. Noncarbonates, defined as any aggregate with more than 80 percent acid

insoluble residue. 

Aggregates in the first two categories have been judged incapable of providing long
term skid resistance (up to 10 million vehicle passes) in asphalt mixes. Aggregates in 
any of the other categories will produce pavements generally resisting polishing through
out their lives. 

A breakdown of coarse aggregate suppliers by type of stone being quarried is given 
in Table 1. At present, two-thirds of the total 89 quarries produce carbonate rock 
(limestone and dolomite). It is readily apparent that any specifications affecting the 
suitability of carbonate rock aggregate in New York could have serious consequences 
in increased costs of asphalt concrete and shortages of acceptable coarse aggregate. 
Consequently, care was necessary to ensure that the department did not make require
ments more stringent than necessary for adequate long-term skid resistance. 

After a thorough analysis of research data and due consideration for the aggregate 
resources available in New York state, the following specification was prepared to en
sure long-term skid resistance of asphalt pavements. It applies only to the coarse 
aggregates used in surface course mixes placed on roads where the anticipated cumu
lative traffic per lane during the design life of the pavement surface exceeds 1 million. 
All other department specifications governing the mixing plant, materials, and con
struction details must still be followed. The specification was written to cover Types 
lA and lAC asphalt plant mixes, which are the most frequently used surface courses 
in New York. Typical mix proportions are given in Table 2. 

The new specification requires that coarse aggregates be from approved sources 
and that they meet one of the following requirements: 

1. They may be limestone from the Onondaga formation, but must contain at least 
20 percent chert particles; 

2. They may be either from a dolomite formation or from a limestone formation 
other than Onondaga, but they must contain at least 10 percent sand-sized acid
insoluble impurities; or 

3. They may be noncarbonate crushed stone such as sandstone, granite, traprock, 
slag, or similar materials. 

Aggregates not meeting any of these requirements naturally must be upgraded by blend
ing them with noncarbonates and are covered under the following requirement: 

4. The coarse aggregate may be a blend of carbonates (limestone or dolomites) and 
noncarbonates (sandstone, granite traprock, slag, etc.) provided (a) that 20 percent 
of all stone over ¼ in. is noncarbonate and (b) that, if stone over ¼ in. is included , 20 
percent of it is also noncarbonate. 

The producer has the option to upgrade with noncarbonate stone from ¼ to ½ in. in 
a Type lA mix, but in the final mix the total aggregate over i/4 in. must have at least 
20 percent noncarbonate particles. When the aggregates are from more than one source, 
or of more than one type of material, they must be proportioned and blended to provide 
a uniform mixture. If lightweight aggregate or slag is used as the noncarbonate, the 
requirement of 20 percent by weight must be adjusted for the different specific gravities. 
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Because this specification has been in force only two complete construction seasons, 
long-term effects on skid resistance cannot yet be evaluated. During these 2 years, 29 
pavements containing blended aggregates have been sampled and will serve as test 
sections to determine whether additional specification changes are needed. Some dolo
mite sources that just meet part of this specification are being monitored to see whether 
the 10 percent acid-insoluble impurity requirement can or should be modified. 
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APPENDIX 

EXTRACTS FROM NEW YORK STATE MATERIALS TEST METHODS 
A. Test for Acid-Insoluble Residue (Coarse Aggregate) 

1. Scope 
Determine the resistance of aggregates to loss when exposed to a hydrochloric acid solution. 

2. Test Solutions 
a. 2N hydrochloric acid (5 parts distilled water and 1 part 12N hydrochloric acid, reagent grade). 
b. 6N hydrochloric acid (1 part distilled water and 1 part 12N hydrochloric acid, reagent grade). 

3. Procedure 
a. A representative sample of the aggregate is screened over '4- and 'ls-in. sieves. The aggregate 

retained on the 'ls-in. sieve is reduced to a test sample having a minimum size of 300 particles and 
weighing a minimum of 50 grams, after excluding any chert or other similar siliceous rock particles. 
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b. The sample is thoroughly cleaned by washing with potable tap water and dried to a constant weight 
in an oven at 221 to 230 F (105 to 110 C). Then the clean sample is weighed to the nearest 0.1 
gram and placed in the glass container. 

c. The aggregate sample is subjected to a 2 N hydrochloric acid solution until the chemical reaction 
ceases. Temperatures of the aggregate and the acid should be between 70 and 80 F at the be
ginning of test. Decant and repeat the addition of fresh 2 N acid. Repeat this step of decanting 
the spent acid and adding fresh acid until there is no further reaction. 

d. When reaction with the 2 N hydrochloric acid stops, repeat the same procedure using 6N hydro
chloric acid. When all reaction stops, the acid solubility test is complete. 

e. Decant the acid solution and rinse the aggregate thoroughly with water in the glass container. The 
residue in the container should have a pH {as indicated by pH paper) of more than 5.5 after 
washing. 

f. Carefully transfer the residue from the container to a No. 200 sieve and wash thoroughly. 
g. Dry the acid-insoluble residue to a constant weight in an oven at 221 to 230 F { 105 to 110 C) to 

determine the percentage insoluble. 

4. Calculations 
Percent insoluble residue= Weight retained on the No. 200 sieve 

Weight of the original test sample 

B. Test for Percentage of Noncarbonate Particles in a Coarse Aggregate Mixture {Carbonate Staining Method) 

1. Scope 
Determine the percentage of noncarbonate rock in a coarse aggregate mixture by a staining technique, 
to separate the carbonate particles from the noncarbonates. 

2. Definition of Terms 
A carbonate particle is defined as one with 60 percent or more of its surface area stained after test, and 
a noncarbonate particle as one having less than 60 percent stained. 

3. Test Solutions 
a. Copper nitrate {molar solution), 1 liter of the molar solution being prepared by adding the indicated 

amounts of one of the following nitrates to 1,000 grams of distilled water: 188 grams of Cu{NO3 )2 ; 

225 grams of Cu{NO3 )2 ·3H 2 O; or 332 grams of Cu{NO3 )2 ·6H 2O. 
b. Ammonium hydroxide {concentrated commercial grade), N H4 OH 3 • 

4. Procedure 
a. A representative sample of the aggregate must meet the following size requirements: 

Minimum Minimum 
No. of Weight 

Size Particles {gram) 

+14 in. 200 300 
+l/8 in. 300 50 

b. The retained sample of aggregate is thoroughly washed with potable tap water, and dried to a 
constant weight in an oven at 221 to 230 F (105 to 110 C). 

c. The sample is weighed to the nearest 0.1 gram and placed in a glass or polyethylene container. 
d. The aggregate is completely covered with the copper nitrate solution for a minimum of 4 hours. 
e. Decant the copper nitrate solution, and immediately add the concentrated ammonium hydroxide. 

Allow the sample to remain immersed for at least 1 min. 
f. Decant the ammonium hydroxide, and carefully wash the sample with potable tap water. 
g. Limestone is stained blue or bluish-green. Dolomite is only slightly affected. Separate all stained 

limestone {carbonate) particles and all dolomite particles {by visual examination by a geologist) as 
defined under item 2. 

h. Dry the noncarbonate portion of the sample to a constant weight in an oven at 221 to 230 F (105 
to 110 C) to determine the percentage of noncarbonate particles. 

5. Calculations 
Compute the noncarbonate percentage as follows : 

W x F x 100 
Percentage of noncarbonate = _ n_cP ___ _ 
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where 

Wncp = weight of oven-dry noncarbonate particles, 

W
0 

= weight of oven-dry original test sample, and 
F = adjustment factor for differing specific gravities of noncarbonate rocks. 

Select the proper F-value in the following table: 

Noncarbonate Specific 
Material Gravity F-Value• 

Iron ore tailings 3.10 0.871 
Traprock 2.90 0.931 
Chert 2.70 1.000 
Granite 2.70 1.000 
Sandstone 2.67 1.011 
Blast furnace slag 2.45 1.102 
Sinopal 2.18 1.239 
Lightweight aggregates 1.60 1.688 

8 The F-va/ue mav be used with carbonate particles hav
ing a specific gravitv range of 2.67 to 2.73. For anv 
carbonate rock having a specific gravitv outside this 
range, the F-value must be computed using the follow
ing equation: 

F = Carbonaro specific gravity 

Noncarbonate specific gravitv 



THE FRICTIONAL REQUIREMENTS OF PASSING VEHICLES 
John C. Glennon, Texas Transportation Institute, Texas A&M University 

This research determines the tire-pavement friction demands of vehi
cles performing passing maneuvers. These frictional demands were 
found by photographing and analyzing passing maneuvers performed under 
actual highway conditions. Critical friction requirements are proposed 
for application to skidding accident prevention programs that incorporate 
minimum skid resistance levels and wet-weather speed limits. 

•SLIPPERY PAVEMENTS have existed for many years, but the causes of slipperiness, 
its measurement, and its effect on traffic safety were not of great concern before 1950. 
Although reliable skidding accident data are hard to find, those in existence suggest 
that the skidding accident rate has increased and has reached proportions that may no 
longer be ignored. This trend may be partly due to improved accident reporting but is 
also undoubtedly a reflection of increased vehicle speeds and traffic volumes (..!_). 

More rapid accelerations, higher travel speeds, and faster decelerations made pos
sible by modern highway and vehicle design have raised the frictional demands on the 
tire-pavement interface. Larger forces are required to keep the vehicle on its in
tended path. On the other hand, for wet pavements, the frictional capability of the tire
pavement interface decreases with increasing speed. In addition, higher traffic vol
umes and speeds promote a fast degradation in the frictional capability of the pavement. 

From the technological standpoint, the slipperiness problem appears amenable to 
solutions that either reduce the frictional demand (improved geometric design and lower 
speed limits for wet conditions) or increase the frictional capability (improved pave
ment surface design, improved tire design, and improved vehicle inspection procedures). 

Passing maneuvers probably account for the highest frequency of critical tire pave
ment friction demands encountered on our rural two-lane highways. Not only are pass
ing maneuvers performed at relatively high speeds, but also they may involve critical 
combinations of cornering and forward acceleration. In addition, passing vehicle path 
maneuvers are generally performed adverse (negative superelevation) to the pavement 
cross slope. 

This research study was conducted to determine the frictional demands of vehicles 
performing high-speed passing maneuvers. Identification of critical friction require
ments should provide a basis for determining minimum skid resistance requirements 
and also ascertain the need and basis for wet-weather speed limits. 

FIELD MEASUREMENTS 

The general procedure involved the use of an impeding vehicle and an observa -
tion vehicle equipped with a 16-mm movie camera. Sample vehicles approaching the 
study sites through a striped no-passing zone were impeded at selected speeds by the 
impeding vehicle. The observation vehicle followed immediately behind the sample ve
hicle. Upon entering the passing zone, the impeding vehicle maintained a constant 
speed while the sample vehicle's passing maneuver was filmed from the observation 
vehicle. 

Sponsored by Committee on Surface Properties-Vehicle Interaction . 
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Study Sites 

Two study sites having passing zone lengths of 1,360 and 2,680 ft were selected 
within a 20-mile radius of College Station, Texas. The study sites were selected to 
be free of external distractions that might alter the driver's normal operating proce
dure. That is, the driver was not subjected to drastic changes in environment or 
highway geometry, nor were there any intersections, railroad crossings, narrow 
bridges, or other such unique features. Each site was preceded by several miles of 
relatively unrestricted geometry. Drivers approaching each site, therefore, were ac
customed to relatively unrestricted passing opportunities and, with minor exceptions, 
to free-flowing traffic conditions. 

Because there were no major access points close to the study sites, traffic flow was 
fairly consistent. The average daily traffic (ADT) was 1,500 vehicles for site A and 
3,600 vehicles for site B. The posted speed on both highways is 70 mph. Speed dis
tributions at the sites were very similar to the statewide distributions found by the 
Texas Highway Department in 1968, which showed the average 85th percentile speed to 
be 70 mph and the average 15th percentile speed to be 54 mph. When only the speed 
characteristics are considered the passing maneuvers observed at the study sites 
should be indicative of those expected on similar facilities. 

Immediately before each site, passing was restricted by a double yellow barrier 
stripe. No-passing zone lengths were 1,770 ft for site A and 3,000 for site B. 

Passing zones at both sites began on the downgrade of a crest, extended through a sag 
vertical curve, and terminated on the upward grade of a crest. The approaches to the 
sites differed; whereas the sight distance prior to site A was restricted by a horizontal 
curve, the sight distance prior to site B was restricted by a crest vertical curve. 

Site B, located 12 miles south of College Station on Texas-6, has 13-ft lanes and 
8-ft shoulders. Site A, located 20 miles northeast of College Station on Texas-21, has 
12-ft lanes and a short 8-ft shoulder on one side of the site. The rights-of-way at 
both locations received normal maintanance by the Texas Highway Department, were 
clear of all large vegetation, and were mowed throughout the study area. 

Equipment 

Three major elements composed the test equipment: an impeding vehicle, an ob
servation vehicle, and a 16-mm camera. 

A 1969 Plymouth sedan was used to impede subjects through the study sites. During 
the first several days, it became apparent that drivers were hesitant to pass the im
pedance vehicle, even when there was ample passing distance. It was suggested that 
drivers might have presumed the impeding vehicle to be a highway patrol vehicle be
cause it was white and displayed the official State of Texas-exempt license plates. 
Therefore, all identifying Texas Transportation Institute door legends were masked, 
and conventional license plates were substituted during data collection periods. To an 
overtaking driver, the impeding vehicle then appeared to be simply another passenger 
car. 

A 1970 Ford 1,{-ton pickup was used as the observation vehicle. So that test subjects 
would be unaware that their maneuvers were being photographed, the camera and 
operator were concealed. Because normal operating characteristics could be altered 
by the obvious presence of photographic equipment, a box resembling a handmade tool 
shed was placed in the pickup bed immediately behind the cab, extending 24 in. above 
the cab roof line. The box contained a small front window over the driver's side of the 
cab through which the subject's passing maneuver was photographed. Because the sub
ject's attention was directed toward the impeding vehicle and the available passing dis
tance and also because the small photographing window was above the line of sight 
through his rear vision mirror, it is doubtful that drivers were aware of the camera. 
Because the window was the only opening and because light was reflected from the 
glass, the interior of the box appeared dark and unoccupied. The observation vehicle 
is shown in Figure 1. 

An Arriflex 16-mm camera was used to photograph the passing maneuvers. Power 
was supplied by an 8-V battery to a governor-controlled motor to produce a constant 
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24-frames/sec film advance. Black and white Plus-X reversal film (Kodak ASA 50) on 
400-ft rolls was used. Subject vehicles were photographed with a zoom lens (17.5-mm 
to 70-mm) so that the camera operator could maintain full field of view under varying 
distance requirements. The camera, mounted on a "ball-head" rigid base mount at
tached to a shelf, is shown in Figure 2. 

Calibration Marks 

The plan was to measure the lateral placement of the subject vehicle's left-rear 
tire at intervals throughout the passing maneuver, using the highway centerline as a 
geometric base reference. Therefore, 2-ft lengths of 6-in. wide temporary traffic 
line pavement markings were placed perpendicular to, and centered on, the centerline 
at 40-ft intervals throughout the site. The 2-ft markers gave a length calibration that 
was always pictured on the film frame where lateral placement measurements were 
taken. The 40-ft interval gave a longitudinal reference system for speed and radius 
calculations. 

Sample Size 

The study was concerned primarily with high-speed passing maneuvers. Approxi
mately 300 completed passing maneuvers were photographed during the field study. 
The sample consisted of about 45 maneuvers at each site for impeding speeds of 50, 
55, and 60 mph. In addition, about 35 maneuvers were photographed at a 65-mph im
peding speed at site B. Of this sample, 164 maneuvers were on film of high enough 
quality to permit precision measurement. Several filmed maneuvers were discarded 
because of poor field of view or because shadows prohibited film measurements. 

The number of tests had no statistical basis but was set by the time and monetary 
constraints for data collection and film analysis. In excess of 2,000 subjects were 
photographed to achieve the desired number of completed passing maneuvers. Because 
approaching traffic was not stopped during the field studies, many potential passing 
opportunities were negated. Filming was initiated before the point where passing sight 
distance unfolded, and, hence, the presence of opposing traffic near the zone could not 
be determined in advance. 

Study Procedure 

After each photographic sample was taken, the two test vehicles returned to their 
starting stations upstream from the passing site. The observation vehicle was parked 
on the shoulder about 1 mile upstream from the impeding zone, and the impeding vehi
cle was parked on the shoulder near the beginning of the impeding zone. 

The next subject selected was the first high- speed {generally greater than 55 mph) 
vehicle that had enough clear distance to the rear to permit the observation vehicle to 
safely move in behind. The impeding driver was notified by radio that a subject had 
been selected and was approaching at a specific speed. The impeding driver then moved 
from the shoulder to the traveled lane and accelerated to the predetermined impeding 
speed. 

The subject driver was forced to follow the impeding vehicle through the no-passing 
zone (or illegally cross the double yellow stripe). During this time, the observation 
vehicle caught and trailed the two vehicles through the remainder of the impeding zone. 
Figure 3 shows the relative positions of the three vehicles during a test. 

Filming was initiated at the first calibration mark and was continued throughout the 
passing zone or until it was obvious that the subject had declined the passing opportunity. 
The impeding vehicle maintained constant speed throughout the passing zone. 

Opposing traffic was not stopped during the study. Many more passing maneuvers 
would have been performed had there been no opposing traffic in the passing zone, but 
it was believed that the presence of opposing traffic was a variable with which a passing 
driver must contend, and to remove this would introduce bias. 

FILM ANALYSIS 

The film was analyzed with a Vanguard motion analyzer. This device is a portable 
film reader for measuring displacements on photographic projections. It consists of a 
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Figure 1. Photographic observation vehicle. Figure 2. Study camera and mounting. 

Figure 3. Relative vehicle positions during test. 

Figure 4. General path of passing vehicle. 
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projection head, projection case, and measurement screen. 
The 16-mm projection head permits forward and reverse motion of film on 400-ft 

reels. A variable-speed mechanism moves the image across the projection screen at 
from 0 to 30 frames/sec. A counter on the projection head displays frame numbers. 
If the camera speed is known, then, by noting elapsed frames, displacement over time 
(speed) can be calculated. 

The measurement screen has an X- Y cross-hair system that measures displacement 
in 0.001-in. increments on the projected image. Rotation of the measurement screen 
permits angular alignment of the cross hairs with the projected image. Two counters 
display the numerical positions of the movable cross hairs. Conversion of image mea
surements to real measurements requires a calibration mark of known length in the 
plane of the ·photographed object. In other words, the 2-ft marker used at the study 
sites were measured in machine units on the film image to give a calibration for con
verting image length to real length. 

To analyze the vehicle path of the samples, we always used the left edge of the left
rear tire as the lateral vehicle position reference. Lateral placement at each reference 
marker was measured from the frame where the left-rear tire was nearest the marker. 
After recording calibration readings on the left and right edge of the reference marker, 
we recorded the position reading of the left-rear tire. These readings, along with the 
2-ft known length, gave the data necessary for calculating the actual lateral placement. 

MATHEMATICAL ANALYSIS 

The Vanguard data were used in a computer program to calculate vehicle speed, left
rear tire lateral placement, vehicle path radius, and lateral g acceleration (f). These 
estimates were calculated for each sample at each reference marker within the initial 
pull-out maneuver and the return maneuver. The general path of the passing vehicle is 
shown in Figure 4. 

Vehicle Speed 

The estimate of vehicle speed at each calibration marker was obtained as the aver
age speed over the 80-ft interval centered on the marker. The speed estimate, V, was 
calculated using the following equation: 

V _ film speed x analys is interval 
- elapsed frames 

Because the frame count estimate was to the nearest integer, the greatest frame count 
error for the analysis interval was one frame. For the 24-frames/sec film speed used, 
this yields an acceptable maximum error of the speed estimate, ranging from about 
4 percent at 50 mph to 7 percent at 80 mph. 

Vehicle Path Radius 

The computer program calculated the lateral placement of the left edge of the left
rear tire at each calibration marker. The instantaneous vehicle path radius was then 
estimated by computing the radius of the circular arc through three successive tire 
positions, the center position being the calibration marker under consideration. Be
cause a circular arc is the minimum path through three points, the radius so calculated 
is a conservative estimate of the smallest instantaneous radius for the interval. 

Figure 5 shows the three basic geometric configurations of three successive tire 
positions. Points A, B, and C represent left-rear tire positions spaced at 40-ft in
tervals, and dA, de, and de are the respective lateral placements. From the law of 
sines, the radius of the vehicle path is the radius of the circle that circumscribes tri
angle ABC: 

R =-~ 
V 2 Sin 9 

where 9 is the angle ABC. 
The length AC is determined by the law of cosines: 

AC =.,/ (AB)2 + (BC)2 
- 2(AB) (BC) cos 0 
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The values for 01, fj, AB, and BC are calculated as follows: 

a= tan- 1 40/ldA - ds I 
/3= tan- 1 40/\ds - de\ 

AB= 40/sin r:l 

BC= 40/sin fJ 

The angle e varies for the three cases shown in Figure 5 as follows: 

Case Value of e 
I OI. + fJ 
II 180 + /J - 01. 
111 180 + 01. - /J 

The accuracy of the radius estimate is an important aspect of this analysis. Any 
error in the radius estimate would, of course, come from an error in the lateral place
ment estimate. Although study control was exerted, small errors were possible from 
several sources including (a) lateral discrepancy in placing the calibration marker, 
(b) length discrepancy of the calibration marker, (c) sampling error due to taking 
lateral placement readings up to one-half frame away from the calibration marker, {d) 
equipment error, and {e) human error in reading and recording lateral placement mea
surements. 

Estimating the distribution of error values for lateral placement estimates was not 
possible. Because all the error sources could be either positive or negative, however, 
some error cancelation normally would be expected. In addition, all error sources 
would not be expected to reach maximum in the same direction at the same time. 

Error sensitivity was checked by assuming that the maximum error ranged between 
0.05 and 0.10 ft. For this analysis, the lateral placement of the two outside points was 
assumed to be equal, and the center lateral placement varied an increment of dx greater. 
Thus, in reference to Figure 5, the increments ldA - ds I and Ids - de I are equivalent to 
dx. Figure 6 shows the maximum percentage of error of the radius estimate for various 
lateral placement differentials and their corresponding radii. 

Lateral Acceleration 

The lateral g acceleration (friction demand, f) at the tire-pavement interface was 
estimated at each calibration marker for each sample by using the centripetal force 
equation, f = (V2/15R) - e. The superelevation, e, in this case, corresponds to the 
pavement cross slope, which was assumed equal to 0.02. The computer program was 
designed to monitor the direction of the vehicle path estimate and determine whether e 
was positive or negative for that path. 

Forward Acceleration 

Unfortunately, the film speed (24 frames/sec) and the analysis interval (80 ft) did 
not permit reasonable estimates of instantaneous forward acceleration and its corre
sponding friction demand. To obtain reasonable estimates required a much shorter 
analysis interval and a considerably greater film speed. Neither was feasible for this 
study. 

RESULTS 

The result of the computer application was the printing of several sets of lateral 
placement, speed, instantaneous radius, and lateral g acceleration data for each pass
ing vehicle sampled. As mentioned previously, these variables were computed through
out both the initial pull-out maneuver and the return maneuver. The point of maximum 
lateral g acceleration was selected to represent the critical point for each maneuver. 



Figure 5. Geometric descriptions of vehicle radius 
calculations. 
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Figure 6. Error sensitivity 
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Table 1. Sample data. 
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Data and Point of 
Impeding Maximum f 

Sample Vehicle 
No. Speed Speed Radius 

Site A-Initial Maneuver 

40 55 60 963 
58 65 82 2,553 
20 55 73 3,378 
10 50 65 6,218 
16 50 55 5,306 

Site A-Return Maneuver 

84 50 65 792 
19 55 82 1,879 
67 50 73 2,346 
64 50 62 2,358 
37 55 73 7, 150 

IOOO 

t 

0.245 
0.175 
0 .104 
0.046 
0.037 

0 .361 
0.238 
0.150 
0.110 
0 .049 

DIFFERENCE IN LATERAL PLACEMENT, d, (FT) 

2000 300 0 4000 500 0 6000 

RADIUS ESTIMATE ( FT) 

Data and Point of 
Impeding Maximum f 

Sample Vehicle 
No. Speed Speed Radius f 

Site B-Initial Maneuver 

64 60 73 1, 143 0.308 
30 65 77 1, 461 0.271 
92 55 55 1, 023 0.194 

116 65 77 3, 600 0.110 
41 60 65 8,685 0.033 

Site B-Return Maneuver 

70 60 82 1,177 0 .379 
80 50 60 916 0.258 
68 50 69 1,566 0.202 
34 60 94 5,503 0 .106 
30 65 82 11,750 0.038 

7000 8000 
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This point, for most of the samples, coincided with either the point of minimum path 
radius or the point of maximum speed or both. Sample data, showing the ranges in 
vehicle speed, radius, and lateral acceleration, are given in Table 1. 

Vehicle Speed 

Figure 7 shows the distribution of vehicle speeds for the impeding speed, the speed 
at maximum lateral g acceleration during the initial maneuver, and the speed at maxi
mum lateral g acceleration during the return maneuver. In general, the speed at the 
critical point of the initial maneuver is about 10 to 12 mph higher than the impeding 
speed, and the speed at the critical point of the return maneuver is 17 to 21 mph higher 
than the impeding speed. Also of interest is the fact that only about 12 percent of the 
samples exceeded the speed limit at the critical point of the initial maneuver. 

Vehicle Radius 

Plotting scatter diagrams of speed versus vehicle path radius for the two basic 
maneuvers showed that there was no relationship between the two parameters. This 
lack of correlation indicated that the distribution of vehicle path radii (at maximum 
lateral g acceleration) could be expected at any speed within the speed range studied. 

Table 2 gives the radius values for the critical end of these distributions. It is 
important to compare the values in Table 2 with the error sensitivity curve of Figure 
6. By doing this, we note that the radius values of Table 2 have a reasonably low error 
sensitivity. 

The values for site B in Table 2 are consistently lower than the values for site A. 
This may be due to the presence of the horizontal curve at site B, although very few 
initial or return maneuvers coincided with the horizontal curve. Actually, the few 
maneuvers that did coincide with the horizontal curve were deleted because of the larger 
extra effort required to program the transition and curve parameters. Perhaps, how
ever, the horizontal curve had some influence by encouraging drivers to begin or end 
maneuvers outside the limits of curve to avoid the extra vehicle control problems 
associated with the curve. 

Lateral Acceleration 

If the critical side friction requirement is to be determined, a percentile level is 
needed to ensure that very few vehicles will approach instability. The 10 percent level 
appears to be a relatively good choice. Using this level would say that only 10 percent 
of the vehicles would have lower vehicle path radii. To obtain the critical values, we 
averaged the values for sites A and B. Actually the difference between these two values 
was not too large and may be simply a sampling variation. The critical vehicle path 
radii, therefore, are 1,470 ft for the initial maneuver and 1,640 ft for the return ma
neuver. By using these two values in the centripetal force equation, f = (V2/15R) - e, one 
can plot the critical relationship between lateral g acceleration and speed for the in-
itial and return maneuvers, as shown in Figures 9 and 10 respectively. It is noted 
that a negative e was used in computing these two curves inasmuch as most critical ve
hicle paths were adverse to the pavement cross slope (Fig. 4). 

Forward Acceleration 

Although no precise measurements of instantaneous vehicle acceleration were pos
sible, some general observations are appropriate. The data indicate that vehicles were 
almost always accelerating during the initial maneuver and coasting (constant speed) 
during the return maneuver. Cursory examination of the data indicates an average ac
celeration range of from 1 to 3 ft /sec2 for the initial maneuver. Inasmuch as these are 
averages over fairly long intervals (200 to 500 ft), instantaneous accelerations could 
be considerably higher. 



Figure 7. Speed distributions for various portions 
of the passing maneuver at both sites. 
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Table 2. Distribution of vehicle path radii. 

Radius of Path (ft) 
Percentage 
of Vehicles Site A Site B 
Having a 
Smaller Initial Return Initial Return 
Radius Maneuver Maneuver Maneuver Maneuver 

5 1,500 1,380 1,130 1,320 
10 1,650 1,700 1,290 1,580 
15 2,010 1,910 1,430 1,770 

Figure 9. Total friction requirement for the return 
maneuver . 
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Critical Friction Demand 

Kummer and Meyer (1) state that the total friction demand, fr, is a resultant of lat

eral, f1 , and forward, fr~ accelerations, such that fr = -Tif + f~. They also report the 
forward friction demand of a standard American vehicle accelerating at full throttle. 
The friction demand of an American "hot" car accelerating at full throttle is considerably 
greater and of compact cars somewhat less. 

To arrive at a reasonable estimate of the total friction demand we assumed the for
ward acceleration of the passing vehicle during the initial maneuver to vary linearly 
between 40 percent of full throttle at 40 mph and 60 percent of full throttle at 80 mph. 
F or a 4, 000- lb vehicle this corresponds to an acceler ation of 6.4 ft /sec2 at 40 mph 
and an acceleration of 5.0 ft/sec2 at 80 mph. The total friction demand estimate for 
the initial maneuver is shown on Figure 8. For the return maneuver, the only friction 
component in the forward direction is 0.035 contributed by rolling resistance. The 
total friction demand estimate for the return maneuver is shown on Figure 9. Com
paring the total friction demand curves of Figures 8 and 9 reveals that the initial ma
neuver creates the critical friction demand, varying from 0.22 at 40 mph to 0.34 at 
80 mph. 

APPLICATION OF RESULTS 

Of all the normal (nonemergency) maneuvers performed on our rural two-lane high
ways, passing probably accounts for the highest frequency of critical tire-pavement 
friction demands. If there is to be a reasonably low loss-of-control frequency for 
passing maneuvers (and other maneuvers) during wet weather, then the critical friction 
demand level must be met. The frictional requirements developed in the previous sec
tion, therefore, have an application to a skidding accident prevention program that in
corporates minimum skid resistance levels and wet-weather speed limits. 

Although specific program recommendations cannot be offered, it is important to 
look at the potential effect of the suggested frictional requirements. Figure 10 shows 
a percentile distribution of skid numbers in one state and will be used for illustration. 
Also plotted in Figure 10 is the suggested frictional requirement (assuming SN =100f). 
The percentage of pavements that satisfy the frictional requirement at various speeds 
is as follows: 

Speed 
(mph) 

80 
70 
60 
50 
40 

Percentage of 
Pavements 

42 
60 
75 
85 
93 

As was found in the analysis of field data, only about 12 percent of the p2ssing ve
hicles .exceeded the posted speed limit at the critical point in the passing maneuver. 
Therefore, the critical speed may be equated with the speed limit for determining min
imum skid resistance levels and wet-weather speed limits. 

Table 3 compares the effect of using the suggested frictional requirements for 
various programs in the state depicted in Figure 10. Two assumptions were applied 
to derive Table 3. First, the statewide speed limit is 70 mph, and, second, the pave
ments that were improved by not satisfying the minimum skid resistance requirement 
have the same percentile distribution of skid numbers as the unimproved pavements. 

Table 3 shows the advantage of having a minimum skid resistance requirement. 
It is probably undesirable (and maybe ineffective) to have wet-weather speed zones be
low 50 mph on highways normally signed for 70 mph. This would suggest an absolute 
minimum skid number of about 27 at 40 mph for the state depicted in Figure 10. If 
wet-weather speed limits were not desirable or feasible, then this state should have a 
minimum skid number requirement of 35 at 40 mph. 



Figure 10. Percentile distribution of relation between skid number 
and speed for 500 pavements. 
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Table 3. Percentage of pavements on roads with 
posted wet-weather speed limits having minimum 
skid resistance requirements. 

Wet-Weather 
Speed Limit 

40 
45 
50 
55 
60 
65 
70 
Below 70' 

Minimum Skid Number Requirement 
at 40 mph 

None 20 

9 4 
4 5 
5 6 
7 6 
7 8 
8 8 

60 63 
40 37 

25 

4 
6 
8 
8 
8 

67 
33 

30 

7 
9 
9 

75 
25 

35 

100 
0 

0Percentage of pavements with wet-weather speed limit below the 
70-mph statewide limit. 

80 100 
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The above discussion illustrates program considerations. Of course, to apply the 
frictional requirements to an individual section of pavement necessitates a skid number 
versus speed plot for that pavement. 
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A STUDY OF VARIABLES ASSOCIATED WITH 

WHEEL SPIN-DOWN AND HYDROPLANING 
J. E. Martinez, J. M. Lewis, and A. J. Stocker, Texas Transportation Institute, 

Texas A&M University 

Vehicles operating on wet pavements suffer impairment of their steering 
and braking capabilities. Tests have shown that this condition worsens as 
the vehicle speed increases and that at a critical ground speed the vehic
ular wheel is separated from the pavement by a layer of fluid. This is 
said to be hydroplaning. When this occurs the steering ability of the vehi
cle is completely lost, and the braking capability is greatly diminished. 
The spin-down (reduction in wheel speed) of a wheel is an indication of a 
loss in the tire-ground frictional force and is regarded by researchers as 
a manifestation of hydroplaning. Spin-down occurs when the hydrodynamic 
lift effects combine to cause a moment that opposes the normal rolling ac
tion of the tire caused by the drag force,s. As ground speed increases, the 
tire becomes detached from the pavement, which decreases the ground 
friction on the tire. Also as ground speed increases, the center of hydro
dynamic uplift forces moves forward of the axle, which causes a moment 
that opposes the drag forces on the tire; as this moment increases, spin
down begins. This report uses wheel spin-down as a criterion for eval
uating the wet-weather properties of a portland cement concrete pavement 
and a bituminous surface and considers the effects of water depth, tire in
flation pressure, tire tread depth, and wheel load. The study was per
formed by conducting full-scale tests on a hydroplaning trough 800 ft long, 
30 in. wide, and 4 in. deep. Water depths up to 0.8 in. can be maintained 
in the trough. 

•TIRE HYDROPLANING or aquaplaning comes about from fluid pressures that are 
developed at the tire-pavement interface. When these pressures become large and the 
total hydrodynamic force developed on the tire from these pressures equals the total 
load the tire is carrying, hydroplaning occurs. At this instant, theoretically the tire 
loses contact with the pavement and skims over the surface in the same manner that 
a water skier glides along a water surface. The hydroplaning condition, as manifested 
by wheel spin-down (reduction in speed of wheel), occurs at a particular vehicular 
speed that is a function of the pavement surface, fluid properties, and various physical 
and geometrical wheel parameters. 

The hydroplaning phenomenon undoubtedly causes a loss in the directional stability 
of a vehicle and can be considerably aggravated if the vehicle is traveling on a curve 
or is exposed to high cross winds. Further, as is reported in the literature, the 
application of brakes to the hydroplaning vehicle does not improve conditions because 
the braking-friction coefficients approximate free-rolling coefficients at ground speeds 
approaching the critical hydroplaning speed. Tests have shown that once spin-down 
begins, the required decrease in ground speed that caused hydroplaning can be siz
able before "spin-up" occurs. 

Sponsored by Committee on Surface Properties-Vehicle Interaction . 
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Concern about the hydroplaning problem has been limited essentially to the air 
transportation industry because of the high take-off and touch-down speeds associated 
with modern aircraft. Consequently, a large majority of the research done on the 
hydroplaning problem has been by people associated with agencies like the Langley 
Research Center of the National Aeronautics and Space Administration (NASA). These 
people have made significant theoretical and experimental contributions (1, 2, 3). Due 
to their primary objectives, most of the research concerned airplane tires,- which 
differ in construction and inflation pressures from ground vehicle tires. The tests 
were usually aimed at investigating the overall problem and analyzing the effects 
caused by displacing the water on the pavement. A vast amount of research concerning 
the variables associated with hydroplaning and particularly friction characteristics and 
effects of pavement texture and material has been conducted by British researchers 
(4, 5, 6). A review of the works more nearly associated with the research investigation 
reported in this paper is presented in the original report. 

SELECTION OF PARAMETERS 

Pavements 

Two pavements were selected for the study. The first pavement was a burlap drag
finished concrete pavement with an average texture of 0.018 in. as measured by the 
silicone putty method. This type of pavement was considered typical of existing con
crete pavements of low macrotexture. The second pavement was a bituminous surface 
treatment with rounded river gravel and stone between -% in. and +No. 4 used as cover 
stone. An average texture of 0.146 in. as measured by the silicone putty method was 
obtained. This pavement was selected because it represents as coarse a pavement as 
the driving public tolerates, the criterion being noise level. 

Water Depths 

Various water depths were considered, and values were selected so that the influence 
of this variable could be adequately evaluated. Consequently the depth selected for the 
concrete pavement varied from 0.12 to 0.70 in., whereas the depth selected for the 
bituminous surface treatment varied from 0.25 to 0.70 in. Lower water depths were 
considered for this pavement, but the vehicular ground speed that would produce spin
down was not achievable. 

Tire Inflation Pressures 

Tire inflation pressures varying from 18 to 36 psi in 6-psi increments were selected 
for both pavements. It was felt that these values not only were representative of pres
sures found in the tires of most ground vehicles but also would provide a good basis 
for studying the effect of this parameter. Higher pressures were not selected because 
the test tow vehicle was unable to attain a high enough ground speed to produce suffi
cient data for these regions. 

Wheel Load 

Wheel loads of 800 and 1,085 lb were selected in the evaluation on the concrete 
pavement. The latter load was used because of its specification as the ASTM skid 
trailer standard and the former because it represented a realistic wheel load and pro
vided a wide enough variation to detect the effects of this parameter. Only the 1,085-
lb load was used in the evaluation of the bituminous surface treatment inasmuch as no 
appreciable variation in the results was observed in the evaluation of the concrete 
pavement when the 800-lb load was used. 

Tires 

Eight tires were selected for the study and are given in Table 1. It was felt that a 
wide range of tires would provide an adequate evaluation of the effects of tire geometry, 
stiffness, and tread depth. 
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EXPERIMENTATION 

The tests were conducted on a sloped trough shown in Figures 1 and 2 (7). The 
trough is 800 ft long, 30 in. wide, and 4 in. deep. No difficulty in obtaining water 
depths of up to 0.7 in. above the pavement asperities was encountered with the two 
pavements. To be able to better interpret the data, we took water depth readings 
(Fig. 2) at various trough locations. The variation in the readings was more pro
nounced for the bituminous surface treatment. Ideal conditions involving no wind 
were difficult to achieve, so the data collected contain the influence of winds varying 
from 5 to 15 mph. This did not seem to affect the data because adequate water re
covery times to reach equilibrium conditions between tests were allowed. 

The tow truck and instrumented test trailer are shown in Figure 3, and a photo
graph of a typical test is shown in Figure 4. From these photographs it can be seen 
that the trailer is positioned so that, as the tow vehicle proceeds down the trough, 
straddling it, the test trailer has one of its wheels in the trough. The ground speed 
from the fifth wheel and the speed of the test wheel of the trailer are sensed by iden
tical tachometer generators. The output from the generators is fed into a Hewlett
Packard 320 recorder that contains its own amplifier circuits. The two wheel speeds 
are simultaneously recorded as analog traces on a strip chart. The fifth-wheel speed 
is also displayed to the driver on a digital voltmeter. 

DISCUSSION OF RESULTS 

The critical or "total" hydroplaning speed is the speed at which the hydrodynamic 
pressure force is in equilibrium with the load carried by the tire. However, this 
speed is not necessarily the speed at which wheel spin-down is initiated, and, according 
to Horne and Dreher (2), wheel spin-down can commence at ground speeds considerably 
lower than the criticalhydroplaning speed. In fact, according to them the front wheel 
spin-down for tandem wheels occurred at 70 percent of the predicted hydroplaning 
speed. These researchers reached the same conclusions in another report (1) and 
stated that total spin-down for their data, which included aircraft tires, takes place 
between 80 and 120 percent of the predicted hydroplaning speed. This report also 
points out that further increases in ground speed resulted in less tire-fluid exposure 
time in the trough due to the increased ground speed and a more uniform hydrodynamic 
pressure in the tire-ground contact region when hydroplaning prevails. This latter 
effect causes a reduction in the wheel spin-down torque. Thus, spin-down should be 
regarded as a manifestation of hydroplaning and not as the only criterion to determine 
the critical hydroplaning speed. To determine this speed more precisely requires 
that the effects of the braking force, yaw or side force, and fluid drag force be inves
tigated. 

For the experimentation conducted on the Texas Transportation Institute' s hydro
planing trough, wheel spin-down was the only criterion used to indicate hydroplaning. 
For this reason, we decided to evaluate the two pavements discussed previously and 
to discuss the effects of the various hydroplaning parameters on the basis of several 
spin-down percentages. 

Figure 5 shows a comparison of the results obtained at 10, 32, and 60 percent spin
down and the equation presented by Horne and Dreher (~). Even though the data for a 
treaded tire were selected, the water depth was greater than the tire tread depth, thus 
making the results fall within the stated limitations of the Horne equation. The 
curves show that the values of 32 and 60 percent spin-down bound Horne's values and 
that the 10 percent values are within 70 percent of the values predicted by the equation. 
It can also be seen that the curves of experimental results have approximately the same 
slope as Horne's values. This makes the results quite encouraging. 

Figure 6 shows the results obtained for a smooth tire and for Horne's equation. For 
these data, the agreement was not so good as it had been for the previous case. Here, 
even at 100 percent spin-down, the hydroplaning speed predicted by Horne's equation 
cannot be reached. Also, even though the slopes of three experimental curves are 
nearly the same, they tend to differ from that of the equation. However, it should be 
emphasized that spin-down is only a manifestation of hydroplaning and that even for 10 
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Table 1. Tires selected for study. 

Tire Manu-
No. facturer 

1 A 
2 A 
3 A 
4 B 
5 C 
6 ASTM' 
7 D 
8 D 

Size 

7.75by14 
7.75 by 14 
7.75 by 14 
F70-14 
7.75 by 14 
7.50 by 14 
7.75byl4 
7.75by14 

11 ASTM E-17 traction standard. 

Type 

Bias ply, lull lre.ad depth 
Bias ply, ½ trend depth 
Bias ply, smooth 
Wide tire, lull tread depth 
Bias ply, full tread depth 
Full tread depth 
Bias ply, full tread depth 
Bias ply, smooth 

Figure 1. Hydroplaning trough. 

Figure 3. Tow truck and instrumented test trailer. 

Figure 2. Typical water depth reading taken before 
test on hydroplaning trough. 

Figure 4. Typical test run on hydroplaning trough. 



Figure 5. Comparison of experimental results and Horne and Dreher's 
equation for full-tread depth tire. 
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Figure 6. Comparison of experimental results and Horne and 
Dreher's equation for smooth tire. 
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percent spin-<luwu the g1~uund speed is at least 70 pt;r~~ilt vI U1c p.:.-cdictcd hydrcpln.ning 
speed. Results obtained for other tires tend to follow similar patterns. 

Figures 7, 8, and 9 show plots of vehicle ground speed versus percentage of spin
down for tire No. 4 when various inflation pressures, water depths, and pavements are 
considered. Figure 7 shows some of the effects of increasing the tire inflation pres
sure. For example, a pressure increase of 6 psi requires an increase of approxi
mately 4 mph to cause a 20 percent spin-down; however, this is not true for the 18-psi 
pressure at which no spin-down was obtained for vehicle speeds up to 64 mph. This 
may be attributed to the fact that a decrease in the inflation pressure does not neces
sarily worsen a tire's hydroplaning behavior because the effect of the decreased con
tact pressure due to a larger contact area may be offset by a longer contact length. 
However, it should not be concluded that a hazardous condition does not prevail. It is 
possible for the tire frictional force to be reduced significantly without having the spin
down torque overcome the spin-up torque. Consequently, no spin-down will occur. 
For these cases, it might be desirable to perform skid tests and measure the friction 
coefficient for several tire inflation pressures. This would give the variation of the 
friction coefficient with tire inflation pressure and could indicate that a hydroplaning 
condition can be approached without any wheel spin-down. 

Figures 10 and 11 show the effect of varying the wheel load from 800 to 1,085 lb. 
The results for the smooth tire are plotted in Figure 10 and indicate that an increase in 
the wheel load increases the ground speed that is required to produce a 10 percent spin
down of the wheel. However, Figure 11 indicates that, for a tire with full tread depth, 
the reverse takes place. This type of behavior is possible inasmuch as spin-down is 
closely associated with tire characteristics. 

Figure 12 shows a comparison of tires No. 4 (wide tire) and No. 7 (bias ply). The 
results indicate that, to produce the same spin-down, the bias ply tire required 
greater ground speeds than did the wide tire. This tends to agree with studies per
formed by other researchers, which indicate that the hydroplaning speed decreases 
with a decrease in the tire aspect ratio {height/ width). 

Figure 13 shows the effects of tire tread depth on spin-down. The data, taken for 
smooth and full-tread depth bias ply tires (tires No. 7 and No. 8), show that a new tire 
!."'Cq_nir~~ ~ ~ig!!i!i~2.!!t!~1 !2.~ge!" g!"C'H!!d ~f'l:\':lct tn prnrlnr.P. thP. ~~mP. Rpin-down as a 
smooth tire. For example, in order to produce 10 percent spin-down for a water 
depth of 0.4 in. and a tire inflation pressure of 36 psi, the tire with the full tread depth 
required a ground speed of 57 mph; whereas the smooth tire only required a speed of 
46.5 mph. 

Figures 14 and 15 show the effects of the two pavements tested. Figure 14 shows 
the results obtained for a bias ply (tire No. 1), full-tread depth tire and shows that spin
down was obtained without difficulty on the concrete pavement and that realistic trends 
were demonstrated when the tire inflation pressure and water depth were varied. For 
the bituminous surface treatment, spin-down was only obtained at a water depth of 0.7 
in. If spin-down is to be taken as an indication of hydroplaning, it can be concluded 
that a hazardous condition will not normally occur when typical water depths found on 
most well-drained roads are encountered. A water depth of 0.7 in. can be regarded 
as being high. 

Figures 10 through 15 contain plots of water depth versus ground speed for various 
parameters. These curves show that the ground speed required to produce 10 percent 
spin-down always increases with a decrease in the water depth. This fact indicates 
that there is a low enough water depth for which wheel spin-down and probably hydro
planing do not occur. 

From the electronic instrumentation data it was observed that wheel spin-down began 
almost immediately after the test trailer entered the hydroplaning trough. The trailer 
travel distance in the trough before the maximum spin-down was obtained for a partic
ular test varied mainly with the trailer speed upon entering the trough. For example, 
when tire No. 4 with an inflation pressure of 24 psi was tested on the bituminous pave
ment with a water depth of 0. 7 in., it took approximately 80 ft to reach a total spin -
down of 20 percent when the vehicle speed upon entering the trough was 48 mph. How-



Figure 7. Effect of vehicle ground speed on wheel spin-down with 
water depth of 0.25 in. 
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Figure 8. Effect of vehicle ground speed on wheel spin-down for 
concrete pavement with water depth of 0.40 in. 
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Figure 9. Effect of vehicle ground speed on wheel spin-down for 
bituminous surface treatment. 
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Figure 10. Effect of water depth and wheel load on ground speed 
required to produce 10 percent spin-down (tire No. 8). 
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Figure 11. Effect of water depth and wheel load on ground speed required to 
produce 10 percent spin-down (tire No. 7). 

0.8 

i 
0.6 

:c .... ... 0 .4 
\'! 
a: 
"' !. 
3" 0.2 

TIRE NO, 7 7.75-14 BIAS PLY ( FULL TAEAD DEPTH ) 
10% SPIN-DOWN 
PAVEMENT NO, I l CONCRETE) 

A 
-/;,.-

WHEEL LOAD l LBJ 
1085 
0 

0 
-0-

800 
-0- 36 PSI 

-Cl- 30 PSI 

-6,- 24 PSI 
18 PSI NOT 

ATTEMPTED 

A-A- Cl -<ll- 0 -0-

-A- Cl -e- 0 -0 -

« % " ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g ~ ~ w ~ ~ 

GROUND SPEED (MPH) 

Figure 12. Effect of water depth and tire aspect ratio on speed required to 
produce 10 percent spin-down. 
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Figure 13. Effect of water depth and tread depth on speed required to 
produce 10 percent spin-down. 
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Figure 14. Comparison of concrete and bituminous surface treatment 
(tire No. 1). 
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cvca, vv·hen the entry :-;peed v:~f; increa.Bed tc 58 mph, it tock 240 ft cf travel before the 
final spin-down of 78 percent was attained; after 80 ft the tachometer generator traces 
indicated a wheel spin-down of approximately 20 percent. 

Thus, it can be concluded that loss of traction occurs as soon as the wheel of a 
vehicle comes in contact with a flooded pavement. If the flooded portion of pavement 
is not long and the vehicle is not subjected to abnormal maneuvers, the tractive force 
can probably be regained without a hazardous condition existing. For a given vehic
ular ground speed that is high enough to cause wheel spin-down, the possibility of a 
hazardous condition existing increases with increasing length of flooded pavement. 

APPLICABILITY TO SAFE WET-WEATHER SPEEDS 

In recent legislative action, the state of Texas has given authority to the highway 
commission to set wet-weather speed limits at specific places on Texas highways. 
Although by no means encompassing all the factors that should be considered in deter
mining safe speeds, the current data on hydroplaning give indications of the speeds 
that result in a potentially marginal condition with regard to vehicle control. Hydro
planing is only one of the many factors that must be considered in determining safe 
speeds. It is limited to the case in which a significant depth of water is encountered on 
the roadway due to an exceptionally high-intensity rain or to poor drainage, puddles, 
wheel ruts , low cross slope, and the like. 

In the discussion presented in this section, it is assumed that a 10 percent spin
down of a free-rolling automobile wheel signifies the approach of a control problem, 
due to either a loss of stopping capability or a loss in directional control. In this sec
tion the 10 percent spin-down speed will be called the "critical speed." 

Figures 16, 17, and 18 show approximate curves representing the data developed 
at this time. The effects of pavement texture, tire pressure, and tire type or con
dition are shown by these curves. Several tires are used to illustrate the various 
effects. 

Tires 7 and 8 represent full tread depth and smooth bias ply respectively. Tire 
No. 4 is a full tread depth with a wide tire configuration. The wheel load in all cases 
is 1,085 lb. 

_,,, - • . r11 . --- -- - t' --- ----- - --- LL ---'-· -- · - --- -- --- L: - 1 L---1-- -...- 1 -- ! -- ---- .l ( ,..._ .: _ ,.1.:_....,.4-- ..,. ..3 '1.-..-- 1n 
.lU~ llllJ.Ut:lU;t: Ul J:Jd.Vt:auca1L I..CAL-U.1. V vu }Jct.J. 1...1.a,.1 11,YUJ.. U_lJJ.a..llJ.UE:, O}'VC\.l \a.D J.U.\.U,\.,Q,l,VU u:, .LV 

percent spin-down) is significant. An increase in critical speed from 47 to 60 mph is 
indicated at a water depth of ¼ in. when the macrotexture is increased from 0.018 to 
0.145 in. This difference apparently decreases slightly as water dept.li. increases. 
These macrotextures are average values determined by the silicone putty method. 

The effect of tire pressure is shown in Figure 17. The tire pressures of 24 to 36 
psi shown in this figure account for approximately 70 percent of the range of tire pres
sures observed in a study of 501 wet-pavement accidents in Texas (8). 

Figure 17 shows that, at a water depth of O .1 in., the critical speed increases by 
approximately 10 mph (from 48 to 58 mph) as tire pressure increases from 24 to 36 psi. 
This difference becomes much smaller at greater water depths. 

The effect of three different tires on critical speed is shown in Figure 18. Unlike the 
effects of texture and pressure, the differences between these tires increase as the 
water layer becomes thicker. At a water depth of ½ in. the critical speed varies from 
43 to 51 mph. It is notable that the full-tread depth, wide tire falls between the bias ply, 
smooth and bias ply, full-tread depth as related to critical speed. 

Figure 19 shows the consolidation of individual wheel tire pressure graphs (~). Al
though it is obvious from the curves presented that there is no one critical speed that 
is appropriate for the range of pa vement, pressure, and tire parameters investigated, 
it is obvious that partial hydroplaning, and thus some loss of control, results at speeds 
significantly below the usual speed limit on major rural highways in Texas. No critical 
speeds below 40 mph were found, and a speed of 50 mph seems to be the roughly approx
imated median value for all parameters investigated. 

It is therefore suggested that a reduction of speed to 50 mph be considered on any 
section of highway where water can accumulate to depths of 0.1 in. or more during 
wet ·periods. Further improvements in the safety of these sections can be made if a 
high-macrotexture surface can be produced and maintained. 



Figure 16. Effect of texture on hydroplaning. 
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The following general conclusions are based on the data obtained from the tests 
and the criterion that 10 percent spin-down causes a sufficient reduction in the fric
tional coefficient such that vehicle stability is affected. 

1. Wheel spin-down is normally initiated at a ground speed that falls within 70 
percent of the critical hydroplaning speed predicted by Horne and Dreher's equation. 

2. The ground speed required to initiate spin-down on full-tread depth tires is 
higher than the speed required with smooth tires. 

3. Decreasing the tire inflation pressure normally has the effect of lowering the 
ground speed at which a certain amount of spin-down occm·s . 

4. Decreasing the tire aspect ratio (height/ width) causes a decrease in the ground 
speed required to initiate spin-down. 

5. Increasing the wheel load while maintaining the same inflation pressure for a 
smooth tire increases the gound speed at which spin-down is initiated. The reverse 
takes place for a full-tread depth tire. 

6. An increase in the water depth decreases the speed at which wheel spin-down 
is initiated. 

7. The bituminous surface treatment requires a higher ground speed to cause spin
down than the concrete pavement. 

8. Total spin-down (wheel stops rotating) may occur at ground speeds lower than 
those predicted by Horne's equation. 

9. Even though a tire may not have reached the total hydroplaning speed as pre
dicted by Horne's equation, a hazardous condition may exist when the wheel has spun 
down and its frictional characteristics have been impaired. 

10. Many factors must be considered in determining safe wet-weather speeds. From 
a hydroplaning standpoint, it is suggested that a reduction of speed to 50 mph be con
sidered on any section of highway where water can accumulate to depths of 0.1 in. 
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THE EFFECTS OF SALTS ON ROAD DRYING RATES, 
TIRE FRICTION, AND INVISIBLE WETNESS 
Thomas P. Mortimer, Pratt and Whitney, East Hartford, Conn.; and 
Kenneth C. Ludema, Department of Mechanical Engineering, University of Michigan 

Roads may be slippery even though they are not visibly wet. Water films 
of invisible thickness cause substantial reductions in skid resistance on 
some road surfaces. This hidden wetness exists for a short time when
ever surfaces are drying from the visibly wet state. Road salts slow the 
drying rate, which prolongs the condition of hidden wetness. Calcium 
chloride solutions may produce a very persistent invisible slippery film, 
depending on atmospheric conditions. Equations are given for predicting 
fluid film drying rates and the influence on skid resistance. 

•TIRE FRICTION on road surfaces is usually measured in the fully wetted condition or 
in the "dry" condition because these two conditions are thought to represent the lower 
and upper extremes of tire friction. Very little attention has been given to the condi
tion of intermediate wetness (1, 2), even though this condition is more common than 
fully wetted roads and may be -as dangerous. 

Road wetness is usually judged in a subjective manner, but sometimes attempts are 
made to measure the amount of liquid on the road surface. The depth or thickness of 
liquid on actual road surfaces varies considerably with location. On rain-wetted roads, 
the average liquid film thickness is typically 106 to 107 A (1 A = 10- 0cm) or 4 x 10- 3 to 
4 x 10-2 in. At the other extreme, clean, dry road surfaces are covered with water 
films whose thickness is typically 10 to 100 A or 4 x 10- 0 to 4 x 10 - 7 in. The latter 
are adsorbed films and are invisible. 

This paper is a report of an investigation of tire friction on road surfaces wetted by 
fluid films with an average thickness less than the fully wetted thickness. It is oriented 
to the problem of the transition of tire friction from low to high values as the road sur
face dries from the very wet state. Three points are emphasized here: Whereas water 
films may evaporate and thin in a regular and continuous manner, tire friction increases 
rather abruptly in a certain range of fluid film thickness. Second, the film thickness 
range at which tire friction increases does not necessarily correspond with the dis
appearance of the observed wetness. That is, roads that appear dry do not necessarily 
show dry friction characteristics. Finally, it was found that salt additives on roads 
have a profound effect on the time and rate of transition of tire friction from low to 
high values and, furthermore, that salts lower the general level of tire friction below 
the plain water-wetted value. 

The work reported here begins with a description of the method used to obtain fluid 
films of desired thicknesses. The film thicknesses of greatest interest are invisible and 
therefore difficult to measure. The method described begins with visible fluid films. 
After some period of water evaporation, light interference patterns, which give a good 
indication of film thickness, are observed. Further evaporation produces continued 
film thinning until an equilibrium film thickness is reached. The equilibrium thickness 
is a function of surface type, atmospheric temperature, relative humidity (3), and type 
and concentration of salt in the film. All of these factors are considered in- the evapora
tion model developed in the next section. 
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RVAPORATION MODEL 

In the simple evaporation model (4) the road surface is assumed to be flat and 
smooth and initially covered with a uniform liquid film of thickness ho (in A) and molar 
salt concentration Mo. Note that rainwater may be taken to be a salt solution of very 
low molar concentration. At any instant of time t (min) after the salt film has lost 
some water due to evaporation, the instantaneous film thickness decreases to hr and 
the molar salt concentration increases to M. 

Salt additives in water decrease the evaporation rate by lowering the bulk water 
vapor pressure of the solution P. (in mm Hg). Figure la shows P. as a function of M 
for NaCl and CaCh salts. In the model, the solution temperature and air temperature 
are assumed equal; so the following linear approximation can be made for P.: 

P. = KM+ Po (1) 

where K (mm Hg/molar) is t he slope cons tant, which is a function of salt type and 
temperature T (in deg F), a nd Po (mm Hg) is the saturated water vapor pressure of the 
air, which is als o a fun ction of T (Fig. 1b). 

Assuming that the total atmospheric pressure is 760 mm Hg, we can express the 
evaporation of the salt solution film as 

t = (6 x 10-6 Moho) / (0.031 + 0.0135 V) ((M - Mo)/ [MMoPo(l - H)] 

+ {K/[Po(l - H)] 2 ln.} (Mo [Kl\11 + Po (1 - H)J} /(M[KMo + Po(l - H)] }) (2) 

where V is the horizontal wind velocity (m/sec) and H is the relative humidity of the 
air expressed as a fraction. Given the atmospheric conditions (i.e. , T, H, and V), 
the salt type (i.e., K), and the initial conditions (i.e., ho and Mo), the time t required 
for the solution to evaporate from salt concentration Mo to M can be calculated by using 
Eq. 2. Figure 2 shows families· of curves for log10 M versus t for various initial con
centrations of NaCl and CaCh solutions with h0 = 3,000 A at the atmospheric conditions 
indicated. The Xs on the NaCl solution curves denote the points at which the solutions 
begin to crystallize. CaCh is deliquescent with these atmospheric conditions ; these 
solutions therefore reach an equilibrium salt concentration instead ot crystallizing. 

The instantaneous salt solution film thickness can be calculated by using the expres
sion, 

hr = ho (Mo / M) (3) 

Figure 3 shows curves for hr versus t corresponding to the solutions and conditions 
shown in Figure 2. Note that the film thinning is fairly regular and continuous. Also 
note that the 1.0 Mo CaCb solution approaches an equilibrium film thickness of about 
650 l. 

Given the ability to calculate fluid film thickness and molar salt concentration as a 
function of time, we can calculate the viscous drag force of smooth rubber sliding over 
smooth glass with a known fluid film between . Because we used a smooth rubber slider 
mounted on a British portable tester (Fig. 4) to check the model calculations, the 
viscous drag force was converted to units of British portable number (BPN), the aver
age coefficient of friction multiplied by 100. The viscous drag force F was calculated 
by using Newton's law ~), 

F = T/Av / h 

where 

'17 = bulk viscosity of the salt solution film, 
A = contact area, 
v = relative sliding velocity, and 
h = total film thickness. 

(4) 
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It is recognized that this simple viscous drag equation does not represent the actual 
case of a tire alidlng VVC.i." a t~xturc;U rua.d surface, but it was ht:lpful in eiit!(;ki.ug the 
validity of the evaporation model. The values of A and v corresponding to the British 
portable tester were 0.108 in.2 and 121 in./sec (6.9 mpb). The instantaneous value of 
T) corresponding to M was obtained from Figure 5, which shows the bulk viscosity of the 
salt solution divided by the bulk viscosity of pure water 11/n0 as a function of M. Finally, 
the value of h was defined as 

h = h, + 11. (5) 

where 11-, is the adsorbed film thickness on the clean surface. For the type of glass used 
in the experiments, the reference value of h. with 11/no = 1.0 was 89 A at 78 F and 132 ~ 
at 49 F. 

Figures 6, 7, and 8 show the evaporation model curves of BPN versus t. The 10- 5 

Mo NaCl solutions are the approximate equivalent of distilled water. The curves in 
Figure 6, which correspond to those in Figures 2 and 3, show that the rate of transi
tion of BPN is rather rapid for low initial concentrations and is more gradual for high 
initial concentrations. Figure 7 shows curves for 10- 5 M0 NaCl, 1.0 Mo NaCl, and 
1.0 M0 CaCh at low and high humidity. Note that neither salt is deliquescent at low 
humidity, whereas both are at high humidity. The curves in Figure 7 show that, as 
humidity increases, the time of transition of BPN is longer and the rate of transition of 
BPN is less rapid. Comparison of the 1.0 Mo curves at either humidity shows that the 
CaCh solution has a longer time of transition and a less rapid rate of transition than 
the NaCl solution. The same is true of these two salt types for any other atmospheric 
condition or initial concentration, but the difference is less noticeable with low humid
ities and initial concentrations. The difference between the 10-5 M0 and 1. 0 M0 solutions 
is also less pronounced with low humidities. Figure 8 shows how temperature and wind 
velocity affect the transition of BPN. Note that the wind velocity affects the time and 
rate of transition but not the equilibrium BPN. 

These evaporation model curves were checked by experiment in the following man
ner. A glass plate surface was first wetted with an excess of solution and then wiped 
with a rubber-bladed window squeegee. It was deduced that h0 =" 3,000 A from the fact 
that light interference patterns appeared almost immediatelv after wiping with the 
squeegee. The first British portable test swing was made just after wiping, and sub
sequent test swings were made at 0.5-min intervals without rewetting the test surface. 

From a comparison of the experimental data of BPN versus t with the evaporation 
model curves, the following conclusions were made: 

1. The evaporation model predicts correctly the relative effects on the time and 
time rate of transition of BPN of salt type (NaOH, NaBr, Nal, KCl, and LiCl as well 
as NaCl and CaCh), initial salt concentration, and atmospheric conditions. 

2. The times predicted by the evaporation model are approximately 10 times faster 
than those that actually occur (i.e., the predicted evaporation rate is faster than the 
actual rate). This discrepancy is thought to be caused by four conditions not accounted 
for in the simple evaporation model: (a) a decrease of the liquid film temperature be
low air temperature due to the cooling effect of the evaporation process, (b) a salt 
concentration gradient in the thickness direction in which the liquid at the air surface 
is salt-rich, (c) a decrease of the water vapor pressure of thin films due to the ab
sorbate surface force fields, and (d) a decrease of the water vapor pressure of thin 
films due to the capillary effect of a microscopically rough surface. 

EVAPORATION TESTS AND TRANSITIONS IN SKID RESISTANCE AS 
MEASURED BY THE BRITISH PORTABLE TESTER 

Evaporation tests were made on five textured road surfaces to determine if the 
evaporation model predicts the relative effects of salt type, salt concentration, 
and atmospheric conditions on the time and rate of transition of BPN on real 
roads as well as on glass. Pictures of thefive test surfaces are shown in Figure 9. 
All but the Dorset pebble surface were worn under actual traffic conditions. For a 



Figure 3. Evaporation model ht versus t for h
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= 3,000 A at T = 78 F, 
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Figure 5. T/IT/
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versus M (at T = 78 F, T/
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Figure 7. Evaporation model BPN versus t for h
0 

= 3,000 A at T = 78 F and 
V = 0.5 m/sec. 
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Finure 9. Test surfaces: 
(al Dorset pebble, (bl portland 
cement concrete, (cl asphalt and 
crushed rock, (dl asphalt and 
sand emulsion, and (el asphalt 
and sandstone . 
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reference, the BPNs from a standard test (i.e., using distilled water, a 5-in. slide 
length, and a standard natural rubber slider) were measured at 78 F and are as follows: 
Dorset pebble, 24; portland cement concrete, 58.3; asphalt and crushed rock, 52.5; as
phalt and sand emulsion, 57; and asphalt and sandstone, 62. 

In the evaporation tests a slide length of 4 in. was used, and the rubber sliders were 
made from Royalene 505, a styrene-butadiene experimental tread stock. At the begin
ning of the tests, 30 ml of distilled water 1.0 M0 NaCl or 1.0 M0 CaCb solution was spread 
over the clean dry test surface. The amount of salt per unit area spread on the test 
surface in the 1.0 Mo salt solution tests is approximately equal to that spread on road 
surfaces to melt ice and snow (approximately 300 to 500 pounds per lane-mile). Test 
swings were made without rewetting at 0.5-min intervals with the Dorset pebble sur-
face and at 5.0-min intervals with the other road surfaces. The test data of BPN versus 
tare shown in Figures 10 through 14. The S and F in these figures denote the approxi
mate start and finish of the driving of the surface as was carefully observed from di
rectly overhead. In comparing Figures 10 through 14 with the evaporation model curves, 
we see that the time scales of the BPN versus t data are considerably different from the 
model. Part of this difference is due to the fact that the initial film thicknesses are con
siderably greater than 3,000 A. Other possible causes besides the four already put forth 
for the glass plate tests are rewetting due to splashing from trapped liquid pools; in
creased liquid spreadability due to the fine scale surface texture (3); and changed air 
circulation patterns at the liquid surfaces, which affects the local e vaporation rates. 
Despite this difference of the time scales, the evaporation model does predict the rel
ative effects of salt type, initial concentration, and atmospheric conditions on the time 
and time rate of transition of BPN with these textured test surfaces. 

EVAPORATION TESTS AND TRANSITIONS IN TIRE FRICTION 
AS MEASURED BY A SKID TRAILER 

BPN skid resistance as usually measured on fully water-wetted roads has been shown 
to correlate with locked-wheel tire friction for car speeds from 20 to 50 mph (6). It 
was not known, however, if such a correlation exists for road surfaces of trans ition 
wetness, or film thickness, such as exist in the evaporation tests. For this reason, 
the validity of the findings from the evaporation tests with the British portable tester 
on textured surfaces was checked by performing similar evaporation tests on a real 
road surface and by measuring tire friction directly with the two-wheeled skid trailer 
(ASTM Standard E 274-65T) of the Michigan Department of State Highways. The skid 
trailer tires (ASTM Standard E 249-66) had a vertical load of approximately 800 lb each. 
Pictures of the test vehicle and the trailer tire are shown in Figures 15 and 16. The 
test site chosen was the outer lane of a uniform, level stretch of a 15-year-old portland 
cement concrete divided highway in southern Michigan. The road surface is similar in 
appearance to the test surface shown in Figure 9b. For a reference, the BPN from a 
standard test on this road surface at 47 F was 59.8. 

In these evaporation tests, the test lane was blocked off to traffic, and three sep
arate 60- by 10-ft sections were wetted, one with 15 gal of tap water, one with 1.0 Mo 
NaCl solution, and one with 1. 0 M0 CaCb solution. The volume of solution per unit 
area spread on the road surface was approximately the same as that used in the evapora
tion tests. The average coefficient of tire friction 1J in full skidding at 40 mph of the 
three wetted test sections was periodically measured. To minimize the contamination 
of one solution by the others required that the skid trailer wheels be washed between 
each test run. Throughout the test the sky was overcast, and the atmospheric condi
tions remained nearly constant. Figure 17 shows 1J as a function of t, which is the 
total elapsed time since the solution in that section was first tested. 

It is seen from the curves that the relative times and time rates of transition of 1J 
are in agreement with the transitions of BPN in the other evaporation tests and with 
the evaporation model. Because the evaporation model is based on viscous drag, the 
test data suggest that fluid viscous effects are prominent in tire friction in the transi
tion film thickness range. 

The skid trailer data confirmed the findings of British portable tests, which showed 
that salt additives decrease the general level of friction in the fully wetted condition. 
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Figure 12. Asphalt and crushed rock BPN versus t. 
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Figure 13. Asphalt and sand emulsion BPN versus t . 
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Figure 14. Asphalt and sandstone BPN versus t. 
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Finura 16. Trailer tire. 

Figure 17. Portland cement concreteµ versus t. 
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The probable reason is that the squeeze film between the tire and road surface is 
thicker for the salt solutions because they have a bulk viscosity greater than pure 
water (Fig. 5). Csathy (2) tested real road surfaces with a British portable tester and 
reported a BPN decrease of 7 to 10 percent with 4.65M NaCl solution and 12 to 15 
percent with 2.5 M CaCh solution. A BPN decrease of similar magnitude was observed 
in the evaporation tests reported in this paper. The skid trailer tire friction data 
showed an initial decrease of 4. 7 percent for 1.0 Mo NaCl solution and 11.6 percent for 
1.0 Mo CaCh solution. After some evaporation had taken place and the bulk viscosity of 
the salt solution had increased, the value ofµ. with the salt solutions reached a minimum, 
and the decrease below the plain water-wetted value was 7 .0 percent for the NaCl solu
tion and 18.6 percent for the CaCh solution. 

INVISIBLE WETNESS 

In the evaporation tests on the glass plate surface, the liquid films were directly 
visible at first, then interference fringes were seen, and after this no evidence of water 
was apparent . The minimum light interference film depth was calculated to be approxi
mately 1,700 A (4). Thinner films were invisible , and yet the BPN value continued to 
increase with time just as predicted by the evaporation model. The BPN value when 
the glass plate first appeared dry was approximately 30. In contrast, the maximum 
dry value for the clean plate was over 84. The condition in which a surface appears 
dry but has a friction value significantly below the clean, dry value is termed "invisible 
wetness." The evaporation test data on the glass plate showed that one of the effects of 
salt additives in solution is to temporarily or indefinitely delay the decrease in film 
thickness and the increase in BPN, i.e. , to prolong the condition of invisible wetness . 

Invisible wetness poses a problem for drivers who mistakenly perceive a road sur
face to be dry when in fact the actual tire friction is significantly below the expected 
clean, dry level. In the evaporation experiments on the textured road surfaces, there 
was some evidence that under certain conditions invisible wetness does in fact occur. 
For the Dorset pebble and portland cement concrete road surfaces, which have porous 
cement binders and nonporous road stone aggregates, the driver usually determines 
road wetness from the cement binder appearance. The road is perceived to be dry when 
the binder is light and wet when dark. Evaporation tests with the British portable tester 
showed, however, that the matrix does not always r eveal the true wetness. F or ex
ample , in evaporation tests with 10-' Mo CaCh solutions, the porous cement binder 
absorbed the solution after 15 to 30 min and began to appear light, which is character
istic of a dry surface. The nonporous road stones over which the rubber surface slides 
maintained relatively thick but invisible liquid films, however. In this condition of in
visible wetness , the Dorset pebble BPN was about 35 compared to the dry upper limit 
of 85, and the portland cement concrete BPN was about 65 compared to the dry upper 
limit of 75. 

The asphalt binder of the three asphalt surfaces was much darker than the cement 
binder, and the change in darkness from the wet to the dry condition was much less 
pronounced than with the cement binder. The asphalt matrix tended to be less porous, 
however, which kept the matrix wet longer and helped to offset the difficulty in detecting 
the binder wetness. The degree of danger from invisible wetness with the asphalt road 
surfaces is about the same as that with the portland cement concrete surface. 

CONCLUSIONS 

Salt additives in the solution wetting a road surface have the effect to temporarily or 
indefinitely delaying the drying of the surface and thereby delaying the transition of tire 
friction from the wet to the dry value. The evaporation model described in this paper 
predicts the relative effects on the transitions of tire friction of salt type, salt concen
tration, and atmospheric conditions. Three significant effects are as follows: 

1. CaCh delays the transition more than the equivalent molar concentration of NaCl 
and is therefore a more undesirable road contaminant in terms of tire friction. 

2. The greater the concentration of a particular salt type is, the slower is the 
transition from the wet to the dry friction level. 
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3. The higher the air humidity is, the greater is the effect that salt ~ontaminant~ 
have in prolonging the transition from the wet to the dry friction level. 

Salt contaminants in the solution wetting road surfaces can decrease tire friction 
below the uncontaminated water-wetted value. This decrease is as large as 7 .0 percent 
for NaCl and 18.6 percent for CaCb. Also, salt contaminants on road surfaces increase 
the equilibrium film thickness and thereby promote the condition of invisible wetness in 
which the road surface appears dry but in fact has a level of tire friction significantly 
below the clean, dry value. 
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THE RELATIVE EFFECTS OF SEVERAL FACTORS 
AFFECTING RAINWATER DEPTHS ON PAVEMENT SURFACES 
Bob M. Gallaway , Jerry G. Rose , and R. E. Schiller, Jr. , 

Texas Transportation Institute, Texas A&M University 

Reported are the results of a study concerned with determining the amount 
of water that can be expected to exist on various pavement-surface types 
under normal ranges of pavement cross slopes, rainfall intensities, sur
face textures , and drainage lengths. Equations are developed that relate 
these variables and their relative effects to water depth. Background in
formation and pertinent past research pertaining to hydraulics of water 
flow over paved surfaces are given. Increases in pavement cross slope 
and surface texture resulted in decreased water depths, whereas increases 
in rainfall intensity and drainage length increased water depths. The find
ings and conclusions contained herein will be useful to highway engineers 
in determining proper geometric designs and paving materials commen
surate with acceptable pavement friction characteristics and service de
mands. Suggestions for further research are also included. 

•SAFETY on our nation's highways is a topic of utmost importance to the driving public. 
Concern for the prevention of traffic accidents is evidenced in every responsible agency 
from the Department of Transportation at the federal level to local highway authorities. 
The causes of traffic accidents are numerous, but the results are the same: costly 
destruction of property, incalculable human suffering, and an annual death toll ex
ceeding 50 ,000 lives. Trends in the causes of traffic accidents have been discovered; 
research has been, and will continue to be, conducted in an effort to solve the problems 
that bring about this senseless loss of resources . 

Among those topics that have received considerable attention during the past 30 or 
40 years is the problem of producing roadway pavement surfaces that provide adequate 
tire-gripping capabilities under all operating conditions , thus reducing the occurrence 
of accidents attributed to skidding. Skidding occurs when frictional demands on the 
vehicle wheels exceed that available ; such loss results in increased stopping distance, 
loss of directional stability , and loss of operator control. 

Characteristically, a pavement becomes slippery when the prevailing conditions are 
such that water lubricates the tire-road interface, when the inherently high skid re
sistance of a new surface has been worn and polished away by traffic , and/or when 
vehicle speeds during wet-pavement driving are high enough to hydrodynamically re
duce or eliminate the tire-surface contact (hydroplaning) , and thus the available friction, 
below the level required for safe vehicle maneuvers (!) . Dearinger and Hutchinson (£) 
suggest that , although the details of the slipperiness-skid resistance problem are quite 
complex, most automobile accidents involving skidding are simply due to the unfortu
nately common combination of a wet pavement and an attempt by the driver to perform 
a maneuver (braking, cornering, or accelerating) at a speed too high for the conditions. 
The frequency of occurrence of this combination or circumstances has risen sharply 
in the past few years with continuing increases in traffic volumes and higher average 
vehicle speeds. 

Sponsored by Committee on Surface Drainage of Highways and Committee on Operational Effects of Geometrics. 
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Numerous research studies have indicated that, neglecting contamination, all pave
ment surfaces exhibit adequate skid resistance for normal stopping and cornering ma
neuvers when dry and clean. When wet, however, this condition is no longer in effect 
for certain conditions and surface types, the only different condition being the presence 
of water between tire and pavement. Studying the factors affecting water-film thickness 
is, therefore, of paramount importance. 

The research reported here deals with the effect of several variables on pavement 
water depth on full-scale elements of nine different pavement surface types under sim
ulated rainfall of various intensities. 

OBJECTIVES 

The following were the objectives of this research: 

1. To examine the relative effects of various rainfall intensities, pavement cross 
slopes, drainage lengths, and surface textures on resultant pavement water depths; 

2. To develop an equation that relates rainfall intensity, pavement cross slope, 
drainage length, and surface texture to pavement water depth; and 

3. To recommend means by which the findings and conclusions contained herein 
can be implemented by the highway engineer in determining proper geometric designs 
and paving materials commensurate with acceptable pavement friction characteristics 
and service demands. 

BACKGROUND 

Review of the Literature 

Recognized research on the hydraulics of water flow evolved in 1775 with the investi
gations of Chezy (1). Manning (.1) extended this research in 1891. During the early 
1900s, the so-called "rational formula" (.§) was introduced. 

The first significant research on the hydraulics of water flow across paved surfaces 
was that of Horton in 1938 (fil. He derived a theoretical formula describing the runoff 
hydrograph. In 1946, Izzard (1) reported on extensive, practical experiments of over
land flow and developed equations for calculating time to equilibrium flow, amount of 
equiiibrium fiow, and voiume of water in detention at equiiibrium. Izzard also deter
mined that the form of the overland flow hydrograph could be presented as a dimension-
1.ess graph, thus offering a means by which one might design street and parking lot 
structures. 

Recently, researchers at the British Road Research Laboratory conducted experi
ments on actual road surfaces to determine relations between rainfall intensity, length 
of drainage path, slope, and water-film depths for the surface types most common on 
high-speed roads in the United Kingdom (,!!, ~' 1Q). A general equation relating these 
variables was developed. The tests were limited to extremely coarse-textured surfaces. 

Nature of the Problem 

Rainwater forms a layer of increasing thickness as it flows to the edge of a sloped 
pavement surface (Fig. 1). This water is a hazard to motorists due to the reduced 
frictional drag between the tires and the wet surface and due to the poor visibility 
caused by splash and heavy spray. The need to remove rainwater quickly from roads 
is even more important on multilane highways where greater water depths can be ex
pected in the outside lanes. In addition, providing adequate texture in the road surface 
to allow escape of the remaining water under the tire is very important to achieve nec
essary tire-pavement mating, particularly on high-speed highways. 

A lane of a modern highway surface is normally constructed to a slight plane cross 
slope. In practice, however, highways are not perfectly plane and do not always pos
sess cross slopes. Water will flow across a surface along a line, the resultant slope 
of which depends on the transverse cross slope or superelevation and longitudinal gra
dient. An indication of the effects of various transverse cross slope and longitudinal 
gradient combinations on drainage lengths for a 24-ft wide pavement are given in 
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Table 1 (10, !.!., 11). It can be seen that steep longitudinal gradients and flat cross 
slopes markedly increase drainage lengths. 

The existence of longitudinal gradient not only increases the flow-path length but 
also increases the water depth along the lower side of the road relative to the flat longi
tudinal gradient. The problem is further complicated by horizontal and vertical curves 
and combinations thereof as well as at-grade intersections. A major benefit of steep 
cross slopes is the reduction in the volume of water that can collect in pavement de
formations. This is particularly important on surfaces that exhibit wheel-track rutting 
and localized deformations. 

All road surface types will drain surface water rapidly and reasonably completely 
if cross slopes are steep enough. However , the slope must not be steeper than that 
acceptable from general considerations for road safety, design, drivability , and ap
pearance . Driving on steep, tangent cross slopes presents a safety hazard, with the 
vehicle tending to veer toward the low edge of the pavement. According to the American 
Association of state Highway Officials <.!m, cross slopes up to ¼ in./ft (1 in 48) are 
barely noticeable in relation to vehicle steering. AASHO guidelines for cross slope 
with regard to surface type recommend t hat cros s slopes 11eve1· be flatter than 1/a in./ft . 

Hydraulics of Water Flow 

When a rainfall of constant intensity falls over a pavement surface, the following 
series of events takes place (Fig. 2): 

1. Initially a certain amount of water is required to fill the interstices of the sur
face before runoff occurs. This amount is referred to as "depression storage" and is 
measured in volume per unit area or average depth in inches. It depends on the initial 
wetness of the surface, amount of surface texture , deformation in the surface, and 
cross slope. 

2. After the amount of water required for depression storage is satisfied, runoff 
begins. The runoff rate increases to an equilibrium value , and for an impermeable 
surface this rate is equal to the rainfall intensity. It is during this interval that the 
amount of water detained on the surface increases to a maximum value. The thin sheet 
of water on the surface at the time of constant runoff, excluding that required for de
pression storage, is called "surface detention." It has the same units as depression 
storage and can also be expressed as a value at a point or an average over an area. 
Surface detention depends primarily on the cross slope and rainfall intensity. 

3. When the rainfall ceases , the r unoff rate momentarily increases and then decreases 
to zero while the depth of water held by surface detention also decreases to zero. 

4. Water that is contained in depression storage decreases by surface evaporation. 

Yu and McNown (H) and Izzard (J) have reported that a momentary increase in run
off occurs immediately after the cessation of rainfall. This in effect indicates that 
raindrop impact increases the turbulence and hence increases the resistance to water 
flow over the surface during the period of rainfall. 

When flow of thin films of water is laminar and steady, the resistance to flow is 
sol~ly due t o viscous shear . It has been experi mentally determined (1m, however, 
t hat free surface flow becomes unstable when the Froude number V /..,lgcI exce.eds 2 
and the Reynolds number Vd/v exceeds 500. In these expressions Vis the average 
flow velocity, d is water depth , and v is the kinematic viscosity. Thus on slopes 
greater than 1 in 42 where the water depth is greater than 0.08 in., the water flow will 
tend to be nonlaminar even on perfectly planar surfaces. With the combination of rough 
texture and the disturbing effect of raindrops on pavement surfaces, water flow is gen
erally turbulent after a short length of flow. 

TEST FACILITIES AND PROCEDURES 

Surface Types 

Nine test surfaces were placed on individual 281/2-ft long by 4-ft wide, double T, 
prestressed concrete beams. Each surface represented a section of a highway surface 
2 lanes wide taken perpendicular to the direction of travel (Fig. 3). 
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Figure 1. Water flow over an impermeable road surface. 
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Table 1. Effect of cross slope and longitudinal 
gradient on drainage length. 

Increase 
Transverse in 
Cross Longitudinal Drainage Drainage 
Slope Gradient Length l,ength" 
(in./ft) (percent) (It) (percent) 

'!,, 0 24 
1 52 117 
2½ 118 390 
5 232 866 

10 461 1,820 

'I, 0 24 
1 25 4 
2½ 31 29 
5 45 88 

10 80 233 

3 With respect to a zero longitudinal gradient. 
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Figure 3. Surface element. 
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Descriptions of the surfaces are given in Table 2. The surfaces that were chosen 
contain the range of textures found on Texas highway pavements. Previous research 
had indicated that , on a random sample of 41 Texas highway pavements , textures 
ranged from 0.00 to 0.07 in. (.!§). Photographs of the surfaces are shown in Figure 4. 

Equipment 

A general view of the test equipment is shown in Figure 5. The tests were conducted 
inside a former airfield hangar in order to minimize wind effects. Following are de
scriptions of the various components. 

The two 30-ft long by 9-ft high frames used to support the 58 U.S. Forest Service 
Type F nozzles were composed of 4-in. wide by 1-in. deep channel iron. The upper 
hol'izontal channels were attached to the vertical channels in such a manner that the 
upper channels could be pivoted , thus permitting the water spray from the nozzles to 
be directed over the test surface . The nozzles, located approximately 1 ft to the sides 
and 5 ft above the test surface, were equally spaced 1 ft apart on the two frames. The 
orifices were placed so that every fourth nozzle had the same orifice size. This same 
pattern was followed on the opposite side ; however, the spacing of similar orifices was 
offset by two nozzles so that , when nozzles of a given orifice size were operating , the 
rainfall spray would tend to be more uniform on the surface. 

The two-hose nozzles were placed directly over the test surface. One was centered 
at the upper end and the other centered 9 ft from the lower end of the surface. The 
nozzles, located 15 ft above the surface, sprayed a circular pattern, only part of which 
fell on the test area and thereby contributed to the intensity. Half-in. pipes attached to 
the top of the frame served as support for the nozzles. 

Two 10-ft long, 10-in. diameter met al pipes sealed at both ends s erved a~ manifolds. 
Connections between the ½ -in. hose and manifolds were ¾ - in. pipe couplings . Gate 
valves were placed between each coupling and hose . The upper ends of the hose were 
attached to the upper channels. 

Water was supplied to the manifolds through a 2- in. diameter pipe . Flow and pres
sure were controlled by both a gate valve and a butterfly valve. Another butterfly valve 
was used for an instant bleeder valve. Water pressure gauges were placed in bot)l 
manifolds to monitor the water pressure. 

The end of the test surface, which was to simulate the outer or lower edge of the 
pavement, was placed 4 ft above the floor on a specially designed stand. This stand 
was bolted to the concrete floor to prevent the beam from moving. The other end of 
the beam was placed directly on two 2-ft high, 5-ton mechanical jacks. The jacks had 
a throw of 12 in. It was therefore necessary to use a 2-in. spacer between the jack and 
beam in order to achieve the desired range of cross slopes. 

Redwood strips, 6 in. wide and 1 in. thick, were attached to each side and to the 
upper end of the beam. The strips extended 2 in. above the surface. The strips were 
required to prevent the water from running off the side of the flat beam and thus confine 
it to the 4-ft wide surface. The space between the strips and the surface was sealed 
with caulking compound. An aluminum flume was placed on the lower end of the beam 
for the purpose of directing the water into the collecting tank. 

A 3-ft square by 2-ft deep metal tank was used to collect the water at the lower end 
of the beam. An auxiliary tank with similar dimensions was connected to the tank and 
used in combination during the heavier rainfalls . For the lower rainfall rates only one 
tank was needed because the capacity was sufficient to accommodate the discharge. 

A special order stevens Type F Recorder was used for maintaining a graphic record 
of the time rate of water-level rise in the tank. The smallest time scale division of the 
recorder chart was equal to 3 7. 5 sec, and the scale could be estimated to the nearest 
3.75 sec. In operation, the horizontal chart drum is turned in response to a large di
ameter float action, which is equal to changes in water levels. The large float allowed 
water surface measurements to the nearest 0.005 ft. The stylus is moved across the 
width of the chart paper at a clock-controlled constant speed. After the rate of water 
rise in the tank becomes constant, the rainfall intensity over the surface can be deduced 
from the time rate of water-level rise in the tank. The recorder was positioned dir ectly 
over the collecting tank, and a stilling well was used to protect the float from turbulence. 



Table 2. Descriptions of the surfaces tested. 

Number 

lA 

2 
3 

4 
5 
6 
7 
8 

Surface Type 

Portland cement concrete, rounded siliceous gravel, trans
verse dl·ug-' 

Portland cement concrete, rounded siliceous gravel, longi
tudinal drag' 

Clay- lllled tar emulsion {jennite) seal, no ngg1·cgntc 
Hot- mixed asphalt concrete, crushed limestone !l{l'.gregate, 

terrRZY.O r.lnlsh 
Hot-mixed asphalt concrete, c rUBhetl sHlce011s g,ravcl 
Hot-mixed asphalt concrete, 1·ounded s iliceous gnwel 
Rounded fJlllccous g1·avel surface treatment, chip seal 
Synthetic Ughtweight aggregate sud.nee treatment, chip seal 
Hot - mixed asphfllt concrete, synthetic Ughtwelght aggregate 

0 0btained by putty impression method (11). bWith respect to direction of vehicular travel . 

Figure 4. Photographs of the surfaces. 

Maximum Average 
Size of Texture 
Agi;regace Deptn' 
(in.) (in.) 

¾ 0,035 

¾ 0.036 
0.009 

½ 0.003 
¼ 0,019 
% 0.039 
½ 0.141 
½ 0,164 
½ 0.020 

Figure 5. General view of test equipment. Figure 6. Point gauge used for measuring water depth. 
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A Leupold and stevens point gauge was used for measuring the water depths on the 
surfaces. The metric scale vernier can be read directly to the nearest 0.2 mm. The 
gauge was attached to a 46-i.n. long stand as shown in Figure 6 and could be moved 
along the full length of the stand. Measurements were taken accordingly. 

The silicone putty impression method was used for assessing the degree of surface 
macrotexture (Fig. 7). This method was initially developed as a means of providing 
surface-texture correction factors for nuclear density measurements and has also been 
used in pavement friction research (!1, 1fil. The equipment consisted of a 6-in. diam
eter by 1-in. thick metal plate with a 4-in. diameter ½0-in. deep recess machined into 
one side and a 15. 90-gram ball of silicone putty. When placed on a smooth surface, 
15.90 grams of putty will smooth out to a 4-in. diameter circle, 1

/ 16 in. deep, thus com
pletely filling the recess. 

The silicone putty is formed into an approximate sphere and placed on the pavement 
surface. The recess in the plate is centered over the putty, and the place is pressed 
down in firm contact with the road surface. The more irregular the surface texture 
(the higher the macrotexture) is, the smaller the resulting putty diameter will be be
cause more material is required to fill the surface texture. Average texture depth, 
based on volume per unit area, is calculated from an average of four diameter mea
surements. 

Testing Procedure 

A methodical test procedure was used for each surface . Five water depth measure
ments spaced equidistant ac1·oss the width of the surface were taken at four locations 
(approximately 6-ft intervals) along the drainage length of the sm•face. Measurements 
were taken at approximately 6, 12, 18, and 24 ft as measured from the upper end of the 
drainage area. These 20 measurements were repeated for each cross slope-1·ainfall 
intensity combination. Table 3 gives 25 series that were used. An additional five series 
at a cross slope of 1 in./ft (1:12) were taken on three sul'faces. A minimum of 500 
depth measurements was taken on each surface. 

Zero measurements were first taken at each test spot. These were necessru.·y in 
order to establish a datum plane at the top of the texture from which subsequent water
depth measurements could be referenced. Botl1 positive (i.e. , above top of texture) and 
negative (i.e. below top of textu1·e) water depths were reco.rded. 

It was desirable .for the raindrop size to increase ~ the rainfall intensity was in
creased. This requirement necessitated tl1e use of different nozzle orifice sizes; the 
larger orifices produced higher inte11sities and correspondingly larger drop sizes. The 
intensity could also be varied by regulating the water pressure and changing the number 
of nozzles. The hose type of nozzle was used for the lowest rainfall intensity. 

ANALYSIS AND DISCUSSION OF TEST RESULTS 

The water-depth data for each surface were analyzed by using a computerized 
multiple regression program to obtain the best fit of the data. Equations were derived 
for determining water depths based on both the top and bottom of the texture datum 
planes. Because a logru.·ithmic model was used the equations based on the top of the 
texture datum plane are only valid for water depths greater than zero. (Logarithmic 
models do not accept zero or negative values.) When the water depth above tlle texture 
approaches zero or becomes negative equations based on a datum plane at the bottom 
of the texture must be used with appropriate average texture depths subtracted from 
the resulting water depths. The subtraction shifts the datum plane to the top of the 
texture. 

Tabular representations and graphical plots of the relative effects of the vari
ables on water depths are given in Table 4 and shown in Figure 8 respectively. These 
values were determined from the highest correlation, overall experimentally ob
tained equation: 

d 3.38 x 10-3 (l/T)-0.11 (L)o.43 (I)°·s9 (l/S)o.42 - T 



Figure 7. Putty impression method for 
measuring surface macrotexture. 

Table 3. Testing series. 

Cross Slope 

Series In./Ft Ft/Ft 
Approximate Rainfall 
Int ensities (in./hr) 

Al-A5 '/,, 1
/ 192 0.50, 1. 00, 2.00, 3.50, 

B6-B10 'I, ¼, 0.50, 1. 00, 2.00, 3.50, 
Cll-C15 ¼ ¼, 0.50, 1. 00, 2.00, 3.50, 
D16-D20 ¾ ½, 0.50, 1.00, 2.00, 3.50, 
E21-E25 ½ •;,. 0.50, 1. 00, 2.00, 3.50, 
F26-F30" 1 '/12 0.50, 1.00, 2.00, 3.50, 

"Only taken on three surfaces. 

Table 4. Effects of variables on water depth. 

Constant Variable 

5.50 
5.50 
5.50 
5.50 
5.50 
5.50 

Texture, 0.03 in., length, 24 ft, Cross slope, in. / ft 
'/ .. intensity, 1.5 in./hr 
1/. 
¼ 
'/, 
½ 
1 

Length, 24 ft, intensity, 1. 5 Texture, in. 
in./hr, cross slope, 1

/, in./ft 0.005 
0.015 
0.030 
0.050 
0.075 
0.125 

Intensity, 1.5 in. / hr, cross slope, Drainage length, ft 
1
/, in. / ft, texture, 0.03 in. 6 

12 
18 
24 
36 
48 

Texture, 0.03 in., length, 24 ft , Intensity, in./hr 
cross slope, 1

/ , in./ft 5.5 
3.5 
2.0 
1.0 
0.5 
0.1 

Figure 8. Water depths versus variables for combined 
surfaces. 
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Resultant 
Water 
Depth 
(in. at Change 
24 ft) (percent) 

0.074 
0.048 -35 
0.028 -62 
0.021 -72 
0.013 -82 
0.002 -97 

0.059 
0.057 -3 
0.048 -19 
0.038 -36 
0.011 -81 

-0.034 -158 

0.013 
0.028 115 
0.039 200 
0.048 269 
0.062 377 
0.074 469 

0.138 
0.098 - 29 
0.062 -55 
0.031 -77 
0.011 -92 

-0.014 - 110 
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where 

d average water depth above the top of texture, in.; 
T average texture depth , in.; 
L = length of drainage path, ft; 
I rainfall intensity, in./hr; and 
S cross slope, ft/ft. 

In its original form the equation was based on a datum plane at the bottom of the texture; 
however, subtraction of texture depth from the obtained depth shifts the datum plane to 
the top of the texture. The equation is valid for all water depths with negative values, 
which indicate water depths below the top of the texture. 

As given in Table 4, increases in cross slope result in corresponding decreases in 
water depths. The effect is more pronounced at the flatter cross sl opes . For example, 
inc r easing t he cross slope from % in. /ft (1/u12 ft/ft) to ¼ in. / ft (¼a ft/ft) will decrease 
the corresponding water depth by 62 percent of its 1/16-in. / ft value in the outside wheel
path. Note, however, that cross slopes in excess of ¼ in. / ft do not affect resultant 
water depths as much, particularly when the magnitudes of the cross-slope increments 
are given consideration. 

An inverse relationship between macrotexture and water depth was also found. The 
effect increased at the higher macrotexture levels and was more pronounced at macro
texture levels greater than 0.050 in. 

As expected, water depths increased as drainage lengths increased. Also as ex
pected, water depths decreased as rainfall intensities decreased. A rainfall intensity 
of about 0.3 in./hr would be required to encapsulate the asperities on a pavement surface 
having 0.03-in. texture , 24-ft drainage length, and 1/4-in./ft cross slope. 

In addition to the previous discussion of the relative effects of cross slope on water 
depth , another major benefit of a steeper cross slope would be the reduced volume of 
water that could collect in pavement deformations. This is particularly so on flexible 
pavements where a certain amount of wheel-track depression often occurs because of 
compaction in the base and the surface. The use of paved shoulders generally reduces 
the subsidence of the outside one-third of the right traffic lane. Such subsidence was 
caused by less construction compaction near the pavement edge and subsequently greater 
permanent deformation during service . Where highly compacted shoulders are used, 
permanent deformation can still occur in the traveled lanes; thus, after a period of 
time, a portion of the cross slope can be lost. steeper cross slopes will reduce the 
effect. 

It was observed during the experimental tests that , after the cessation of rainfall, 
the steeper cross slopes drained the remaining surface water more quickly than did 
the flatter slopes. This is another benefit of steep cross slopes, particularly in areas 
of high humidity, low wind speed, low ambient temperatures , or combinations of these. 
These conditions serve to increase the drying time and thus the length of the time the 
surface is wet. steeper cross slopes not only would serve to remove the bulk of the 
water more quickly but also would facilitate drainage of low areas and deformations. 

Another possible means of reducing the wet-pavement exposure time would be the 
use of a permeable surface that could absorb some of the rainfall and also permit water 
to drain through the permeable layer and then laterally to the pavement edge. Admit
tedly, this concept has some disadvantages, but under certain circumstances these would 
be more than offset by improved safety. Results of field experiments by the Texas 
Highway Department and the Texas Transportation Institute on permeable pavements 
will be the subject of a separate paper. 

SUMMARY OF FINDINGS AND RESULTS 

Nine surfaces were tested. The surfaces were placed on individual beams, and a 
uniform rainfall intensity was applied to the surfaces. Water-depth measurements 
were taken at several drainage lengths for various combinations of rainfall intensity 
and pavement cross slope. Multiple regression analyses were used to determine the 
best fit of the relationships. 
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An experimentally determined equation relating water depth to surface texture, length 
of ctratnage path, raintali intensity, and pavement cross slope was developed. 

Increased surface texture resulted in a decrease in water depth as measured from 
the top of the surface texture for a given rainfall intensity, cross slope, and drainage 
length. This effect was more pronounced at the flatter cross slopes and lower rainfall 
intensities. 

Greater drainage lengths increased water depths; however, the rate of increase in 
water depth became smaller as drainage lengths increased. Greater water depths were 
associated with high rainfall intensities. (Even at the lower rainfall intensities, the 
adverse effect of rainfall intensity was quite pronounced.) 

Increases in pavement cross slope resulted in reduced water depths. This effect 
was very significant at the flatter cross slopes where a slight increase in cross slope 
resulted in a pronounced reduction in water depth. 

CONCLUSIONS AND RECOMMENDATIONS 

Increases in the minimum rates of pavement cross slopes are warranted. It is rec
ommended that cross slopes ranging from ¼ in./ft (1/96) to ¼ in./ft (¼e) be used on high
speed rural highways. The higher cross slope of ¼ in./ft should be favored in areas 
with greater potential for wet-weather accidents. This not only will reduce the water 
depth on pavements for a given rainfall intensity but also will assist in providing for 
drainage of low areas and depressions that tend to lower the effectiveness of built-in 
cross slopes. steeper cross slopes will offer a margin of safety against ponding and 
concomitant long wet-pavement exposure times. 

Essentially smooth-textured, dense-graded surfaces should not be used on high
speed rural highways. Slight amounts of precipitation will result in water depths above 
the texture peaks and thus in poor effective drainage on these types of surfaces. If such 
surfaces are used, an ample degree of permeability should be built into the surface. 
The surface aggregate should be capable of puncturing the water film, or drainage of 
the water into the surface should be possible. 

It is suggested that research be conducted to determine the relative influences of 
ambient temperatures, wind velocities, and relative humidities on the drying rates of 
various pavement surface types after rainfall has ceased. Rainfall records based on 
observations at i0-min intervais wouid be desirable, if not necessary. Drying rates 
are indicative of the time during which the pavement surface is wet after cessation of 
rain. It is assumed that high relative humidity, low wind velocity, and low ambient 
temperature all contribute to increased exposure times and thus decreased drying rates 
for a given surface. Their relative effects and significance need to be determined. 
From such data it may very well be possible to estimate inclement weather accident 
potential, considering, of course, several other important contributing factors includ
ing speed, pavement surface characteristics, and geometrics. Allocation of funds for 
improvement of highways subject to skidding accidents could then be scheduled accord
ing to a more reasonable plan. 

Additional research currently in progress proposes to furnish field data on the effect 
of \\'.ind velocity and direction on pavement water depths for the nine surfaces used in 
this study. 
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DISCUSSION 
T. Y. Kao and J. W. Hutchinson, University of Kentucky 

The information presented concerning runoff water depths on pavement surfaces is 
very useful. The empirical equation obtained by the authors provides highway engineers 
with a new criterion for estimating the relative effects of pavement surface texture, 
cross slope, drainage length, and rainfall intensity on pavement surface water depths. 
The contribution of the authors' work is highly significant. 

However, for completeness of the information, consideration should be given to the 
effects of wind and raindrop impact on water runoff. The former has not been included 
in the paper, whereas only the gross effect of the latter is included implicitly and then 
only with respect to zero lateral velocity of the raindrops. 
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EFFECT OF WIND ON SURFACE RUNOFF 

Intuitive conjecture and direct observations suggest that flow of a liquid will be re
tarded to a certain degree if the air flow above it is in the opposite direction and will 
be further accelerated if the air flows in the direction of the liquid. These phenomena 
can be readily illustrated in terms of fluid dynamics. 

The wind profile near a boundary can be described logarithmically and is often 
written in the form of the law of Wall 

[u(y)/u*] = (1/0.4) ln (u*y/v.) + const 

where 

u(y) velocity of air as a function of distance measured upward from the boundary, 

u* Jr./ Pa = shear velocity at the boundary, 
y distance measured from the boundary, and 
v. = kinematic viscosity of air. 

The numerical value, 0.4, represents Karman's constant. The constant to be deter
mined in this equation depends on the boundary characteris tics. Values ranging from 
+6.1 to - 7.0 have been observed by Plate, Chang, and Hidy (.W during laboratory ex
periments on wind-generated waves. Theil' work also indicated that, when the velocity 
of air relative to the surface drift current velocity u, is used in the equation for the case 
where no significant wave exists, the constant obtained for air flowing over a solid 
boundary, 5.6, can be used. The equation, therefore, can be written as 

[u(y) -u,/u*] = (1/0.4) ln (u*y / v.) + 5.6 

According to the definition of boundary layer thickness , 6, at y = 6, u( 6) = 0. 99 u 00 • 

Here u.. is the speed of the wind. Based on the Plate, Chang, and Hidy data, a smooth 
wind with a velocity of 8.2 mph produces a surface drift velocity of 0.35 fps in the di
rection of the wind. When turbulence is introduced to the air flow , an even higher 
drift current velocity will result. 

Assuming a linear velocity distribution in the water gives an average drift velocity 
for Vv"atcr ponded on a flat surface of 0.173 fps. Tu illu8Lrate the effect oi driit current 
velocity on pavement surface water depth, we may use the followin~ r ough approximation. 

Employing the data provided by the authors, for L = 24 ft, S = 1/06 , T ::: 0.055 in., and 
i = 5 in./hr gives a water depth of approximately 0.12 in. At this rainfall intensity the 
equilibrium discharge is 0.00278 cfs/ ft at the end of the drainage length . The average 
velocity of flow without wind effect is 0.278 fps. When the wind effect is superimposed 
on water flow velocity, the average water flow velocity will be 

v;; = Vw + U, = 0.453 fps 

for wind in the direction of flow , and 

v; = v. - u. = 0.103 fps 

for wind in the negative direction of flow. The water depth will be 0.0736 in. for posi
tive direction wind and 0,324 in. for negative direction wind as compared to d = 0.12 in. 
without wind effect. 

Clearly, this analysis should only be used as a qualitative illustration. The actual 
system is much too complicated to be handled analytically. For instance, in addition 
to the shear effect considered, momentum exchange also occurs at the wind-water 
interface, adding to the total effect of the wind. This is especially important when 
waves are generated. Furthermore, when water is flowing on a slope, air flow ap
proaches at an angle above the plane parallel to the water surface . The greater t he 
cross slope (crown) of the pavement i s , the greater the confrontat ion of the wi nd wi ll 
be and the greatet' t h I omentum exchange on the upwind side of the pavement will be 
for a given wind velocity. The authors' tabular amounts of decrease in water depth 
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that accompanies various increases in pavement cross slope would therefore be lessened 
considerably, even by mild cross winds. Water depths at least two or three times greater 
than those in Table 4 would be required to present realistic rainfall conditions along high
ways. Determination of the actual magnitude of combined wind and cross slope effects 
should be an objective in future research. Furthermore, the effects of wind on the authors' 
tabular amounts of increase in water depth due to increased drainage length need in
vestigation; the greater the drainage length (pavement width) is, the greater the fetch of 
the wind will be and the greater the probability of air flow turbulence and wave production 
will be, which add respectively to the shear and momentum exchange effects of the wind. 

EFFECT OF RAlNDROP IMPACT ON SURFACE RUNOFF 

The effect of raindrop impact on runoff water is to cause a logarithmic type of ve
locity distribution at Reynolds number below 1,000 where the flow would normally be 
laminar (W. This can be characterized by flow retardation near the free surface due 
to the impact turbulence. For a fixed rate of discharge, such retardation would result 
in increased water depth. This effect is included in the authors' work because actual 
(zero wind) rainfall simulation has been used. 

However, when this effect is expressed in terms of flow resistance on a smooth 
surface, Wenzel (22) reported that rainfall intensity increases the resistance to flow 
only for Reynolds numbers below approximately 2,000. Above this value the effect of 
rainfall intensity decreases rapidly until it becomes insignificant. Therefore, the re
lation between water depth d and the rainfall intensity i is not a monotonous one. Care 
should be taken not to make application of the authors' equation to describe flows with 
larger Reynolds numbers. Nevertheless, in predicting runoff water depths on pave
ments, such uncertainty does not exist because the Reynolds number for this type of 
flow is almost always below the value 2,000. 

Neither Wenzel's work nor that of the authors considered the effect of wind, which, 
undoubtedly, will vary the effect of drop impact and momentum exchange between the 
raindrop and the water flow. Further study to include this effect should be of great 
interest. 
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AUTHORS' CLOSURE 
The complimentary remarks of Kao and Hutchinson are sincerely appreciated. The 

authors are well aware of the effects of wind on water. Recent hurricanes such as 
Carla left little doubt in the minds of many Texans! 

It is pleasing to see the very neat mathematical treatment presented by Kao and 
Hutchinson concerning the positive and negative effects of wind on pavement water 
depths. These calculations are necessarily based on "a smooth wind" from a fixed 
direction, neither condition being at all likely but still a definite possibility. 

Indeed much more work needs to be done to fully evaluate the range of conditions 
that repeatedly transpire on our highways during rains with wind and to attach practical 
significance to these findings. 

The effect of raindrop impact is recognized, and general reference to this effect was 
mentioned in the paper; however, within the range of variables investigated, it was not 
considered to have an appreciable effect. 

Kao and Hutchinson are to be commended for adding their discussion. 
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