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For slick pavements, the major factor influencing the onset of 
skidding or hydroplaning is surface texture . To evaluate the 
effectiveness of this parameter in specific instances, a simple 
instrument called an outflow meter has been designed, con
structed, calibrated, and tested. The outflow meter not only 
compares the relative drainage abilities of surfaces by assign
ing a drainage number to each, but also serves to establish the 
slope of the wet sliding coefficient of friction vs speed charac
teristic for a particular texture. In this manner, periodic test
ing of pavement sections that have marginal slipperiness will 
indicate when resurfacing is necessary. Also, the extent of 
locked-wheel skid testing is drastically reduced by the instru
ments described herein. 

•HIGH-SPEED skidding can cause serious accidents because of the loss of directional 
ground stability and braking traction. When this occurs, the vehicle, whether an auto
mobile or aircraft, drifts in an uncontrolled manner with negligible restraint by the 
tires. Although skidding may occur on slippery surfaces at relatively low vehicle 
velocities, a different type of skid will occur at high speeds, even though the road or 
runway exhibits a high skid-resistance characteristic at low and normal speeds. This 
phenomenon, called hydroplaning, is caused when the tire rides on a thin film of water. 

The hydroplaning phenomenon may occur whether the tire is initially either rolling 
or locked (as in braking). For every set of experimental conditions in wet weather, 
therefore, there exist two critical velocities, called the hydroplaning-limit-in-rolling 
and the hydroplaning-limit-in- sliding. In fact, the sliding hydroplaning limit corre
sponds to a much lower vehicle velocity than the rolling situation, and this factor alone 
promotes skidding hazards as seen by the following example. Assume that a vehicle 
starts from rest on a level, wet pavement and accelerates constantly until, at some 
instant, the vehicle velocity is equal to the hydroplaning-limit-in-sliding. Because the 
tires are rolling and the vehicle is accelerating, the driver is unaware that he is in the 
critical range between the two hydroplaning limits. If there is no occasion to apply the 
brakes, the vehicle will continue to accelerate until the higher or rolling pneumatic 
limit is approached, at which stage the vehicle will drift out of control. 

Under certain conditions, the higher hydroplaning limit may be almost twice that of 
the lower (1). Assuming that the driver approaches the upper limit and then applies 
his brakes upon detecting the onset of hydroplaning, he finds that even when the vehicle 
speed decreases below the upper hydroplaning limit (because of wind resistance), con
trol of the vehicle cannot be regained until the speed decreases to a value below the 
lower or sliding limit-if he maintains the locked-wheel condition. Thus, while the ve
hicle decelerates from perhaps 75 to 40 mph, it will be hydroplaning, and drift out of 
control. It may be argued that if the driver releases the brakes immediately after 
applying them in panic at the upper hydroplaning limit (or if he has the presence of mind 
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never to apply the brakes under these conditions), then the wheel will begin to roll again 
below the upper limit. Unfortunately, there is evidence to suggest that once hydroplaning
in-rolling occurs, the forces and moments acting on thetiretend to keepitfrom rotating, 
whether or not the brakes are applied (2) . 

The greatest safety hazard occurs under the above conditions because the driver is 
unaware that his vehicle is operatil1g between the two hydroplaning limits, and it takes 
only a light application of the brakes to trigger the locked-wheel hydroplaning condition 
at speeds that are far i!l excess of the lower hydroplaning limit. Of course, the situa
tion is far less serious if the driver applies his brakes at a vehicle speed that only 
slightly exceeds the lower limit, because wind resistance in this instance only needs to 
slow the vehicle one or two miles per hour to regain control. 

Therefore, it is imperative that the nature of tire-surface interaction for the case 
of rolling on a wet surface be fully understood, particularly between the hydroplaning 
limits in sliding and rolling. Recognizing this need, Cornell Aeronautical Laboratory, 
Inc., under contract to the Bureau of Public Roads (Contract number CPR 11-1058) has 
conducted a combined analytical and experimental study of the fundamental mechanism 
of rolling ~) during the past year. 

THE MECHANISM OF ROLLING 

Consider the case of atirerollingonawet surfaceat speedsbelowthehydroplaning
limit-in-rolling (Figs. lA and lB). A hydroplaning upward thrust exists in the wedge 
just ahead of the contact area of the tire; the magnitude of this thrust is determined by 
such factors as effective tread width, water layer depth, tire inflation pressure, and 
vehicle velocity. The contact area itself (!) comprises three zones (Fig. lB) as follows: 

1. Sinkage, or Squeeze-Film Zone: l/nder wet conditions, the forward part of what 
would normally be considered the contact area under dry conditions floats on a thin film 
of water, the thickness of which decreases progressively as individual tread elements 
traverse the contact area. Since the tire, water-film, and road surface have virtually 
no relative motion in the contact area, the tread elements in effect attempt to squeeze 
out the water between rubber and pavement. 

2. Draping, or Transition Zone: The draping zone begins when the tire elements, 
having penetrated the squeeze film, commence to drape over the major asperities of 
the surface and to make contact with the lesser asperities. 

3. Actual Contact, or Tractive Zone: This is the region where the tire elements, 
after draping, have attained an equilibrium position vertically on the surface. The 
length of this region depends on vehicle velocity; it occupies the rear portion of the 
overall contact area. Tractive effort is developed here. 

The sriuee~e -film mnP is of prim::iry impnrt:=rncP. in thP. invP.stigation of hydroplaning 
phenomena. It is apparent that when the time of squeezing action of a particular tread 
element entering the contact length exceeds the time of traversal of the element through 
the contact area, there are no draping or actual contact zones and hydroplaning occurs. 
The time of squeezing depends on inflation pressure, water viscosity, dimensions of a 
tread element, initial film thickness, and surface texture-but is independent of vehicle 
speed (4). The time of traversal, on the other hand, varies inversely with speed. By 
increaSing vehicle velocity, therefore, it is possible to reduce the time of traversal to 
a value equal to or less than the time of squeezing. In this event, a rubber element 
entering the contact region sweeps through the contact length before all the water has 
been squeezed out, and the hydroplaning-in-rolling limit has been attained. 

The objective is to minimize the times of squeezing and draping so that the time 
remaining to develop traction is maximized and, therefore, for a given set of conditions 
the hydroplaning limit is postponed to its maximum value. According to the results of 
previous investigators, the major factor influencing the time of squeezing is the nature 
of the surface roughness (5, 6), whereas both surface roughness and the dynamic prop
erties of rubber determine the time of draping. To obtain experimental support for the 
theoretical concepts proposed in this study, a surface texture laboratory was built. 
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Figure 1. Wet rolling below the hydroplaning limit. 
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Figure 2 illustrates the general layout of the laboratory, including apparatus and 
equipment. The latter consists of an outflow meter (to assess the relative drainage 
abilities of selected pavements), a profile measuring device (to verify the predictions 
afforded by the outflow meter), a draping apparatus (to simulate the draping zone out
line.d in the previous section), a sink.age model (truit duplicates the squeeze-film action 
in the sinkage zone), and a British portable skid-resistance tester for general labora
tory use. The outflow meter and profile measuring device are discussed in this paper. 
It will be seen that this combination gives a valid prediction of both the drainage char
acteristics and skid-resistance gradient for selected pavements. 

Valid experimental data to support the analytical concepts proposed in the next sec-
tion may, in theory, be obtained from any of three sources: 

1. An instrumented vehicle performing specified maneuvers; 
2. A test wheel loaded against, and driven by, a steel drum; or 
3 . A laboratory, using simpiified models to simulate the interaction between tire 

and pavement. 
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Figure 2. General view of surface texture laboratory. 

However, the interpretation of such data is perhaps realistic only in the case of the 
third alternative. This is so because the rolling of a tire is sufficiently complex that, 
by changing one variable in a given test (e.g., inflation pressure) in 1 or 2 above, the 
resulting change in a dependent variable (such as perhaps temperature) is a function 
not only of the variable that is changed but also of several other variables, many of 
which are unknown. In the above example it is clear that an increased inflation pres
sure will cause a decrease in temperature-but what percent of the decrease accrues to 
volume changes, rubber properties (flexing), microslip changes in the contact area, 
etc.? Only the use of simplified laboratory models can separate these respective con
tributions and, for this reason, it is believed that the fundamentals of the rolling pro
cess can be properly understood only by using simple analysis supported by data from 
a surface texture laboratory . 

Three types of surface roughness were used in this investigation, classified as fol
lows: 

1. Regularly rough surfaces (cubed or square-pyramid asperities or projections) 
for calibration of the outflow meter, 

2. Random surfaces (waterproof sandpaper) for laboratory use, and 
3. Random surfaces (actual roads) for field testing. 

NOMENCLATURE 

A area of outflow channel, or apparent contact area, in. 2
; 

c characteristic channel dimension, in.; 
Cn coefficient of discharge; 



d = mean void width of surface asperities, in. ; 
D = inner diameter of outflow meter, in. ; 

D. N. = drainage number; 
f sv = wet sliding coefficient of friction; 

g = acceleration due to gravity, ips; 
Ip = polar moment of inertia of channel cross- sectional area, in .4 ; 

Ko , K1 , K2, Kg = constant coefficients; 
./.. = height of liquid level in outflow meter above asperities, in.; 

MHRE = mean hydraulic radius (experimental), in.; 
MHRT = mean hydraulic radius (theoretical), in.; 
M, M / = instrument constants; 

N = number of channels under rubber ring of outflow meter; 
N' = number of asperities per unit area of surface; 

p, p ' = apparent pressure, psi; 
Pi = inflation pressure, psi; 
P = wetted perimeter of channel , in. ; 
Q = volume flow rate tlu·ough one cha1mel, in.3/sec; 

QTOT = total volume flow rate t lu·ough channels, in.3/sec; 
S.N. = skid number; 

t = efflux time for outflow meter, sec; 
V = vehicle velocity, mph; 
W = load on outflow meter, lb; 

E average asperity height, in.; 
6. thickness of rubber ring, in.; 
p density of water or glycerin, slug/in.3

; 

ri draping factor; and 
µ = absolute viscosity, lb sec/in.2

• 

THE OUTFLOW METER 
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The outflow meter is designed to measure directly the mean hydraulic radius of the 
surface texture of a road or runway. This is an essential criterion for assessing drain
age ability as shown elsewhere (7). Figure 3 shows two views of the meter, and Figure 
4 shows the device in actual use:- The meter consists of a transparent lucite open-end 
cylinder with a thin neoprene ring of square cross section cemented to one end. The 
unit is mounted vertically on the surface to be tested; the ring is compressed onto the 
surface texture by a predetermined circumferentially applied load . The vessel is filled 
with water, and the time of efflux, of a certain quantity of water between the rubber and 
the surface voids is obtained by observing, with a stopwatch, the time for the level in 
the vessel to drop from the upper to the lower graduation mark. 

Theory 

Let ./..i> ./..f, and ./.. be the initial, final, and intermediate heights, respectively, of the 
water level in the cylinder above the center plane of the channels between rubber and 
surface (Fig. 3). Using the hydrodynamic analogy (7) between the uniform torsion of 
a prismatic bar flow through a cross section of the same shape under a steady pressure 
gradient, it is found that the total flow rate through the channels between rubber and 
surface is given by: 

NA
4 

(pgt) QTOT = NQ = 160µIp T (1) 

where 
6. = thickness of rubber ring, 

(pgt/6.) = pressure gradient under ring, and 
N = number of asperities or channels under ring. 
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Figure 3. Two views of the outflow meter. 
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Substituting the characteristic channel dimension c = A/ :ffP in this equation, and re
membering that for the drop in level of the water in the vessel 

we obtain an expression for c: 

rrD2 dl 
QTOT = 4 dt 

c 

(2) 

(3) 



Figure 4. The outflow meter in use. 

where 

t time for water level to fall through height (li - lf), and 

M 1(40rrD26./pg)ln(li/lf) = instrument constant. 

Now the ratio of the characteristic channel dimension to the mean hydraulic radius 
(MHR) is found to be approximately constant, e.g., 

( c/MHR) ,;, 6. 67 
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(4A) 

with a maximum error of about 10 percent for all possible channel configurations and 
a maximum error of about 4 percent for all probable channel corifigurations. It can 
also be shown that, if the distribution of asperities in the surface is uniform in the 
sense that the linear density is the same in all directions, then 

N = rrD JN' 
where N' is the number of asperities per square inch of surface texture. Combining 
Eqs. 3, 4A, and 4B, the following important result is obtained: 

(5) 

where M' = 0. 1128 M/:fD (also an instrument constant). From this equation, it can 
be seen that, if the three quantities µ,, t, and N' are known, the mean hydraulic radius 
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can be found. The viscosity µ is obtained from the temperature of the liquid in the 
cylinder, and t is the efflux time measured with a stopwatch. The number of asperities 
per unit area (the areal density) can be obtained either visually, photographically, or by 
pressing a mastic compound onto the texture to obtain a three-dimensional negative for 
later analysis. Another method is to coat the surface with Prussian blue, and then 
press a sheet of paper onto the asperity tips to obtain asperity-density prints. This 
method appears to be the most satisfactory, and was used for the sandpaper and actual 
road surfaces. Little accuracy is required in estimating N', since 50 percent error in 
.JN' means only a 10 percent error in MHR, and the latter is only just outside the limits 
of expected accura.cy . 

Calibration 

The outflow meter is calibrated and checked by mounting it under different ioads on 
surfaces having both cubed and square-pyramid asperities (Fig. 5). These surfaces 
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figure 5 . Cai ibrotion surfaces for outflow meter. 
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were machined from aluminum plate stock, and it is possible to compute the area be
tween the regular-type asperities and the neoprene ring of the outflow meter. Because 
the size of the cubed and square-pyramid projections is too large to permit a gradual 
drop in the level of water in the cylinder, a viscous glycerol solution is substituted for 
the water. This restores viscous flow beneath the rubber ring and makes the theory of 
the last section valid. A Cannon-Fenske viscometer is used to establish the exact 
viscosity of the glycerol, and it is found to be 98 percent pure. Thus the exact viscosity 
can be obtained from tables as a function of temperature, since this is necessary for 
calibration purposes. 

Putting D = 4 . 75 in. , ll. = 1/a in., ti = 9 .1 in., tf = 4.1 in., and pg (for glycerol) = 
~ -1A s1 -11 

78. l lb/ft3, it is found that M = 8. 89 in. 2 lb 4
, and M' = 0. 678 in.14 lb. 14

• Thus, 
Eq. 5 becomes: 

(5A) 

where the subscript E denotes experimentally determined. 
The mean hydraulic radius is also theoretically defined as 

(6) 

where 

ri = draping factor (because of the penetration of the neoprene ring by the surface 
projections), 

Cn = coefficients of discharge, 
A = equivalent outflow area between ring and asperities (defined in 7), and 
P = perimeter per channel ('~) . -

The values of A and P for each of the cubed and square-pyramid asperities surfaces 
(neglecting draping) are calculated according to a general method outlined in the Appen
dix of ('.U . By equating the right sides of Eqs. 5A and 6, it is found that: 

(p) 1 
l 

17 Cn = O. 678 A µ/tN' /'2 (7) 

Now, the draping factor is defined as unity for zero load (i.e., when there is no draping,) . 
All the outflow meter tests, however, are conducted using loads ranging from 5 to 25 
lb. By extrapolating to zero load, the value of the radical in Eq. 7 at zero load may 
be obtained on each calibrating surface from its values at finite loads. Thus, assuming 
Cn is constant on 'One surface for all loads, 

From Eqs . 7 and 7 A: 

zero 
load 

(7A) 

(8) 
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TABLE 1 

Type of Surface E (in.) 

Cubed 

Cubed 

Square-pyramid 

Square-pyramid 

P/A 

42.7 0.76 

31.9 0.86 

47.6 0.92 

32.5 0.86 

A sample data sheet for the outflow meter 
tests is shown in the Appendix of (3). Sev
eral tests for each set of conditions were 
made, and the mean value of MHRE was 
obtained from Eq. 5A. Table 1 gives val
ues of P /A for each surface and finally the 
values of CD. 

Considering that the flow is viscous, 
the values of the coefficient of dis
charge are reasonable and point to the 
fact that results obtained with the out

flow meter closely predict the mean hydraulic radius of the texture. By substituting 
experimental data into the right side of Eq. 7, the product 11 Cn may be computed at each 
load for each surface. Figure 6 shows plots of 11 CD for both the cubed and sqaare
pyramid asperity surfaces. By extrapolating to zero load (whereupon 17 ... unity), the 
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value of Cn in each case is obtained and, assuming Cn is independent of load, an indi
cation of the draping effect on each surface is presented. 

As might be expected, the draping effect on the square-pyramid surfaces is consid
erably greater trui.n on the cubed surfaces. Other observations from Figure 6 are: 

1. The maximum draping for a particular surface geometry appears constant and 
independent of asperity size. 

2 . The rate of increase of the draping effect with load is greater for the square
pyramid texture. 

3. The draping effect on the square-pyramid texture becomes saturated (i.e., fur
ther increase of load does not affect the degree of draping) at loads which are smaller 
for larger sizes of asperity. 
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Figure 8. Asperity-density prints and profiles for sandpaper surfaces. 

The draping factor 71 may be plotted against load from Eq. 7. An alternative is to di
vide the 71 CD values at each load in Figure 6 by the corresponding value at no load. 
These curves are not shown, however, since they are similar to those in Figure 6. 
Figure 7 gives the MHRE for each surface as a function of load or draping. The mean 
hydraulic radius is a valid measure of drainage, and it is seen that the drainage ability 
is impaired when the degree of draping increases. 

The calibration tests with the outflow meter show that the instruments can be used 
to predict the drainage ability of surfaces. It gives a measure of the size of texture 
insofar as coarser surfaces more readily permit surface water to flow in the voids be
tween asperities. The outflow meter may now be used on randomly-rough surfaces (as 
opposed to the calibration surfaces that may be classified as regularly-rough). 

Results on Sandpaper Surfaces 

A convenient set of random surfaces for laboratory use was provided by the Behr
Manning Company, classified for reference purposes as follows: 

B.M. ff80-X 
B.M. #60-X 
B.M. #50-X 
B.M. #24-X 

Fine 
Medium Fine 
Medium Coarse 
Coarse 

These surfaces are waterproof, and were mounted on 6-in. square backing plates. The 
range of texture represented is considerably smaller than that for the calibration sur
faces, and is comparable with that on road surfaces. The texture is sufficiently fine 
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to permit the use of water (Fig. 4). Since the density of water is less than that of the 
calibrating liquid (i.e., glycerin), the constant M 'in Eq. 5A is greater: 

MHRE = 0. 716 ~/tN' Y2 
(55) 

To evaluate the areal density N', asperity-density prints are obtained with Prussian 
blue dye (as described earlier). Figure 8 shows asperity-density prints for each of the 
sandpaper surfaces. The areal density N' is read by marking off a square inch on the 
prints and counting (by means of a movable slit) the number of points appearing. Also 
included in Figure 8 are the profiles of each surface (obtained with the profile measur
ing device). 

The outflow meter is used on each surface for a range of loads. Figure 9 shows the 
mean hydraulic radii plotted as a function of load, and, as might be expected, it de
creases with increasing pressure on the rubber ring. It should be noted that it is pos-
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sible to obtain the curves in Figure 9 without calibrating or cheeking the instrument as 
described in the last section. The calibrating procedure, however, shows that the re
sults obtained are valid and reliable. Apart from the obvious fact that the coarser 
sandpapers have larger MHRE, it is seen that the rate of increase of draping with in
creasing load is constant for all sizes of texture (equal to about 30 micro in. per lb). 
This rate of increase approaches that for the square-pyramid surfaces, indicating at 
onr.e that the sandpaper exhibits predominantly peaked or close -to-peal{ed asperitieo. 

There is a source of error in reading N' from the asperity-density prints. Further
more, the number of points obtained is a function of the pressure applied to the paper. 
Speculation suggests that N' should be made to increase with load for each texture, by 
applying a greater pressure to the paper (in producing the prints) to correspond to the 
higher loads . This would aggravate the slopes of the curves in Figure 9. However, as 
suggested ear lier, relatively large discrepancies in N' can occur without sacrificing 
accuracy, sincetheone-eighth power of N appears in Eqs. 5A and 5B. It is, therefore , 
convenient and simpler to assume one value of N' for each surface , provided the s ame 
firm pressure is exerted on the paper to obtain the prints in each case. 

Results on Actual Road Surfaces 

Roth the outflow meter and profile measuring device were used on two selected 
asphalt road surfaces (one "bleeding" and aged, the other lightly trafficked and one year 
old) , and on one disused but relatively rough concrete surface. One of the difficulties 
encountered in the field tests was a realistic interpretation of the number of asperities 
per square inch, N'. For the sandpaper surfaces, the asperities are pointed and rela
tively uniform in size and spacing, so that N' is read fairly accurately with the slit me
thod. On actual surfaces, however, the situation is different and the asphalt surfaces 
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Figure 10. Mean hydraulic radii for road surfaces (obtained with outflow meter) . 
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in particular show not only smaller asperities, but also, large flattened areas that can
not be classified as asperities. From replicas of the surfaces obtained by coating the 
area under inspection with dye, estimates of N' have been made but undoubtedly these 
est imates are more approximate than in the case of the s andpaper surfaces. 

A value of N' = 7 was assigned to the lightly-trafficked a sphalt surface, and a value of 
N' = B to the other two surfaces. These selected values will be discussed later, and it will be 
shown that they are not unreasonable. The "bleeding" a sphalt surface presents an added 
problem, because it is virtually impossible to obtain an estimate of N' from direct ob
servation-in this case, the amplified profile of the surface is helpful. Figure 10 shows 
the variation of MHRE obtained with the outflow meter vs the load W applied. It is ob
served that the MHRE for the concrete surface lies almost exactly between the corre
sponding values of MHRE for the rough a nd bleeding asphalt surfaces at the same load W. 
The mean slope AMHRE/AW for the concr ete surface appears to be slightly greaterthan 
for the other two surfaces, indicating perhaps a slightly less rounded texture. 

PROF1LE MEASURING DEVICE 

Figures 11 and 12 show two views of a device designed to accurately record the local 
variations in surface geometry. It consists of a platform that moves horizontally on teflon 
rU!Ulers r elative to a base fr ame whi ch is su~ported on the texture by three l eveling s crews . 
The platform is driven in either direction at /sips by a rever sing motor thr ough a rack a nd 
pinion mechanism. An aluminum block mounted r elative to the platform on twin cantilever 
springs (this arrangement provides frictionless vertical motion of the block, with a restoring 
force provided by the springs) has an inclined needle point at the lower end which fol
lows the profile of the surface as the platform moves. The upper end of the block has a 
thin flexible extension that is connected to the core of a linear variable-differential 
transformer. A reversing switch forthemotoranda Transpac20-30 d.c. constant-voltage 
source for the transformer are grouped together in a single unit, as shown in Figure 11. 

The output from the transformer caused by fluctuations in the position of the core is 
then fed into an oscillograph. Almost any vertical sensitivity or amplification of the 
texture may be achieved but, for the higher sensitivities, a filter network must be in
stalled to eliminate low-frequency drift and to keep the oscillograph trace on the chart. 
Leveling of the base frame is attained by adjusting the leveling screws to center the 
circular bubble mounted on the platform. The optimum angle and sharpness of the needle 

Figure 11. Front view of profile meosuring device. 
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Figure 12 . Details of traveling platform . 

must be selected by trial and error to obtain a compromise between the conflicting re
quirements of not sticking and true reproduction of the surface profile. 

Sample profiles for the sandpaper surfaces are shown beside the corresponding 
asperity-density prints in Figure 8. It is observed that the vertical scale in this figure 
is several times the horizontal scale fo r the profiles (the ratio is about 10 : 1), but , de
spite thi~ diRtnrtinn, th~y ~ive an indiCaticn of the !ihn.rpnc:;;a and aiza of tha surfac6 
texture. If the horizontal scale factor is increased and made equal to the vertical scale 
factor (so that the profile is amplified without distortion), it is possible to obtain a 
theoretical value of the mean hydraulic radius for each surface. The method used is 
similar to that described by Meyer (8). The peaks of major asperities are connected 
by straight-line segments of approximately equal length, thereby creating channels or 
drainage areas between these segments and the actual surface . A planimeter is used 
to measure the drainage areas for a representative length along the texture, and an 
opisometer is used to obtain the length of the wetter perimeter for each channel. Thus, 
the mean hydraulic radius (area/perimeter) is obtained for each surface. It should be 
noted that the method of joining asperity peaks simulates, in terms of drainage area, 
the equilibrium draped position of tire elements about surface asperities at the rear of 
the contact area. An amplification factor of 20 in the horizontal and vertical directions 
was used for the sandpaper surfaces, and a factor of 40 for the actual road surfaces. 

The profile measuring device permits the computation of MHRT in accordance with 
Eq. 6 by using a simplifying assumption that n Cn = 1. The reason for making this as
sumption is that a surface profile is two-dimensional and gives 11u i11dicaliuu uI lht:J 
three-dimensional aspects of the flow. Previous work (7) shows, in fact, that the phys
ical outflow area obtained from a surface profile is less- than that obtained using an 
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Figure 13. Comparison of MHR obtained from outflow meter and profile measuring device. 

equivalent outflow area. (The method of obtaining the equivalent outflow area is de
scribed in the same reference, and it accounts for the third dimension of the texture .) 
This consideration would tend to reduce MHRT, so that the assumption 17 CD = 1 {which 
tends to increase MHRT) provides a compensating effect. 

Figure 13 shows a comparison between the MHRE (at W = 25 lb) obtained from the 
outflow meter and the corresponding MHRT (with 17 Cn = 1) computed from the profile 
data for each of the sandpapers and actual surfaces. It is seen that the relationship is 
remarkably linear, indicating that the outflow meter data have been verified by a profile 
analysis of the textur es selected. Further more, the slope of the line is virtually 45 
deg, which suggests that the MHRT is only slightly less than the corresponding value of 
MHRE . The greatest depar ture from the linear relation between MHRT and MHRE is 
in the case of the bleeding asphalt surface. This is to be expected, because the theo
retical channelization concept (7) upon which the theory of the outflow meter is ba.sed 
requires well-defined channels;- and this is obviousiy not entirely true for bleeding 
asphalt. The reason for choosing the value of MHRE at W = 25 lb in the correlation 
plot of Figure 13 is given in the next section. 

DRAINAGE NUMBERS FOR ALL SURFACES 

Since the mean hydraulic radius is a function of draping or load (applied to the rub
ber r ing in t he case of the outflow meter, or to the tread el ements in the contact area 
for a pneumatic tire), it is convenient to select one load value, and the MHRE x 104 

obtained at this load will be call~d a drainage number. The load selected for the out
flow meter should be the one that most nearly provides the same average pressure 
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TABLE 2 

Surface Description 

Calibration 
Surfaces 

Sandpaper 
Surfaces 

Actual Road 
Surfaces 

Cubed, { - %z in. 
Cubed, f = 1/s in. 
Sq. Pyramid, f = 1/s in. 
Sq. Pyramid, E = 3/ia in. 

B.M. #24-X 
B.M. #50-X 
B.M. #60-X 
B.M. #80-X 

Asphaltic I (rough) 
Asphaltic II (bleeding) 
Concrete (rough) 

Drainage 
Number 

193 
230 
166 
226 

40.7 
29.2 
25.8 
19.3 

53.7 
37.7 
45,2 

under the rubber ring as under the rolling tire. Assume that the asperity-density for 
the sandpaper surfaces is the same as that for a typical roadway. For the pneumatic 
tire: 

W = Pact Aact = pA {9A) 

where p and A are the apparent average pressure and apparent contact area, respec
tively. Similarly, for the rubber ring of the outflow meter: 

so that from Eqs. 9A and 9B: 

w 
w' 

W' = p' act A' act = p' A' 

( ~act) (A~ct) = (P,) (A,) 
P act A act P A 

{9B) 

(10) 

Putting Pact = p 'act> it follows from the assumption of equal asperity density that p = p' 
and , therefore, from Eq. 10: 

W' = A' (~) = A'pi {11) 

where Pi is the inflation pressure in the tire. 
Now, for the rubber .ring, the apparent area A'= rrDA = 1.865 in; Reducing this 

value to about 1. 5 in.2 (the value of A is so :,mall that there will be edge effects that 
reduce the effective value oft.), and putting Pi= 20 psia, it is seen from Eq. 11 that 
W' = 30 lb. In fact, a load of 25 pounds was selected, because 30 pounds acting on the 
square-pyramid surfaces produce excessive penetration of the rubber ring. 

The above reasoning is approximate, but it serves to indicate the value of the load 
recommended for the outtlow meter at which to evaluate the drainage numbers. Table 
2 shows the drainage numbers not only for the sandpaper and actual road surfaces, but 
also for the calibration surfaces . 

USE OF OU'l'FLOW MF.TF.R TO PREDICT WET SLIDING COEFFICIENT 

The use of the outflow meter in obtaining drainage numbers for typical road and 
laboratory surfaces has been demonstrated, and as such it serves as a valuable instru-
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ment to compare the relative drainage abilities of different pavements. It will now be 
shown that, in addition, a prediction of the slope of the friction-velocity curve is pos
sible for the case of sliding on a wet surface. 

It is generally agreed (4, 6) that the functional dependence of the wet sliding coeffi
cient on velocity may be described as follows: 

(12) 

where 
fsv wet sliding coefficient of friction at velocity V, 

V vehicle velocity, ips, and 
Ko, Kl> K 2 constants which depend on the nature of the road surface. 

Over a limited speed range, it is possible to make K 2 = 0 without sacrificing accuracy. 
Eq. 12 now reads: 

(12A) 

where the constant K1 is negative and is a function of pavement properties. Differen
tiating Eq. 12A with respect to V, 

dfs = K 
dV 

1 (13) 

According to Meyer (8), a relationship exists between the skid-resistance gradient 
and the average asperity- height £. This relationship is approximately represented by 
the following equation: 

where 

and 

d(S.N.) 
dV 

- (0.67 - 0.165 logio £
1

) 

f
1 

= E X 103 (in.) 

S. N. = skid number = 100 fsv 

According to the results obtained with the outflow meter ~), it has been found that: 

where 

MHRzero 
load 

Now~), 

and 

MHRzero ,; 0.2 Emax (±5%) 

load 

mean hydraulic radius of the textuve in the absence of draping. 

D.N. - BMHR x 108 I (±5~) zero 
load 

Emax - l, 60 E 

(14) 

(15) 

(16) 

(17) 
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TABLE 3 

Surface Description Gradient, 
dfsv/dV, or K1 

Sandpaper 
Surfaces 

Actual Road 
Surfaces 

en 0 s ~.,,. 

~ .,!' 

U1 
c 0 

-"' 0.2 
OJ 
!/) "-' 0 -OJ OJ 
'-- 0 
u u 
Q) 0.4 -0 t 

m 0 c ~> 

-0 ~ 
~ 

(f) 
0 

c "' - 0.2 
QJ 
(J) ....: 
0 -QJ QJ 
L. 0 
u u 
OJ t 0.4 

0 

C) 0 c 
-0 > 

"' U1 -
c 3 0.2 
OJ 
t/l ....: 
0 -QJ OJ 
'-- 0 
u u 0.4 
QJ 

0 t 

0 

0 

0 

B.M . #24-X 
B.M. 150-X 
B.M . #60-X 
B.M . #80-X 

Asphaltic I (rough) 
Asphaltic II (bleeding) 
Concrete (rough) 

20 40 
Vehicle Velocity, V 

-0.00471 
-0.00495 
-0.00504 
-0.00525 

-0.00447 
-0.00477 
-0.00464 

60 
(mph) 

(b) BM #50-X 

20 40 60 

Vehicle Velocity, V (mph) 

(c) BM #60-X 

20 40 60 

Vehicle Velocity, v (mph) 

Figure 14. Predicted skid-resistance gradients for sandpaper textures. 



where 

D. N. drainage number for surfaces MHR j 25 lb 

and 

E max = maximum asperity height. 

Substituting from Eqs. 15, 16, and 17 into 14, the following result emerges: 

dfsv 
= - (7.37 - l.65log10 D.N.) x 10-3 

dV 

By comparing Eqs. 13 and 18, it is seen that 

K
1 

= - (7 .37 - 1. 65 log10 D.N .) x 10-3 
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(18) 

(18A) 

Substitution of the drainage numbers from Table 2 into Eq. 18A yields values of K 1 

or dfsv/ dV for each of the sandpaper and actual s.urfaces. Table 3 shows these gradi
ents. Note that when V = 0, fsv = fs0 and Eq. 18A then reads 

fsv = fs0 - (7. 37 - 1. 65 log10 D. N.) x 10-3 V (19) 

The value of fs0 still remains to be determined, and it is believed to be primarily a 
function of the sharpness of the texture (9). For purposes of plotting the last equation, 
assume that fs0 is the same for all surfaces. (This assumption is far from true, but 
the object is to show the rate of decay of fsv with increasing vehicle speed from an 
initial value fs0 , which is as yet undetermined for each texture.) Figure 14 shows that 
the coarser surfaces exhibit a greater drop in the sliding coefficient, and this is in ac
cord with field observations and experience. The gradients for the actual surfaces have 
not been shown in Figure 14, since they are almost identical with those for the B.M. 
#24-X sandpaper surface. 

A check on the accuracy of Eq. 19 may be obtained by considering the results ob
tained by Schulze and Beckmann (9). From the data of locked-wheel skid tests on 48 
roads in West Germany under wet conditions, they obtained an empirical relation be
tween the sliding coefficient fsv and surface properties (the mean void width d between 
asperities): 

d = 13.5 - 72.6 (fs12.s - fs 37 • 5 ) + 103.6 (fs12 • 5 - fs 37 • 5)
2 (20) 

with a correlation coefficient of 0. 87. 
Putting d = 100/'VN' (where N' = number of asperities per square inch of texture, 

obtained visually by means of asperity-density prints as outliped earlier), this equation 
becomes: 

(20A) 

Substituting for the fsv values from Eq. 19: 

(0.1843 - 0.0412 log10 D.N.) 

K 3 (e.g. , constant for any one surface) (21) 

Thus, from Eq. 20A: 

'= 0.135 - 0.726K:; + 1.036K:;2 (22) 
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TABLE 4 

Computed Observed 
Surface Description Ka {Ni .JN' 

Sandpaper B.M. #24-X 0.1179 15.7 10 
Surfaces B.M. #50-X 0.1239 16.4 14 

B.M. #60-X 0.1261 16.7 18 
B.M. #80-X 0 .1313 17.4 21 

where K:i = f(D.N.) from Eq. 21. Note that Eq. 22 is now a function of surface prop
ert ies alone . The value of K3 for each of the sandpaper and concrete block surfaces 
may now be calculat~ and .JW computed. A comparison between the computed and 
observed values oI .. vN ' is the1i possible, as shown in Table 4 for sandpaper surfaces. 
It is noted that the mean value of the computed & ( e. g. , 16. 5) is comparable with the 
mean value of the observed \IN' (e.g., 16). Since the latter values are obtained on an 
approximate basis (asperity-density prints), the agreement is good. The spread in the 
computed values is considerably lower than those in the observed values, because lhe 
criterion upon which the former is based (see .l!:q. 2UA and 9) is essentially an average 
computed for the 48 texture samples, thereby neglecting the spread indicated by the 
correlation coefficient. 

As an example of the computation of ~, consider that the rough asphalt surface for 
which {W (observed) is about 7. Hence, MHRE is obtained from Eq. 5B. Thus, 

D.N; = MHRE x 104 (at W = 25 lb) = 53.7 

Ki - (7 .37 - 1. 65 logio D.N.) X 10-3 
= 4. 51 X 10-3 

K
3 

(0.1843 - 0.0412 logio D.N.) = 0.113 
and 

1 0.135°- 0.726Ka + l.036Ka2 = 0.0588 

.JN' 
so that 

VN' (computed) = 17 .9 

The equations for Ki, K3, and 1/& are from pr evious pages . Since the computed and 
observed values of {NI do not agre , it seems probable at fu·st that the lesser asper i
ties within the inspected area must effectively increase the observed value of & . 
However, the observed value of .fN7 would have to be increased quite drastically (in this 
case, to a value probably in the neighborhood of 16) before agreement with the calculated 
value can be obtained in the manner outlined above . It is not necessary to attain such 
agreement; since the one-year old asphalt surface is a little rougherthantheB.M. #24-X 
sandpaper surface (this is seen both from the profiles of each and from Fig. 13), it may 
logically fit on any extension to Table 4. In other words , the finer or coarser a surface 
is relative to the mean size of texture in Table 4, the greater can be the expected dis
crepa ncy between the observed and computed values of {Ni . 

The profile measurements confirm the validity of outflow meter data, and it can be 
concluded that not only does the outflow meter compare the relative drainage abilities 
of selected surfaces by assigning a specific drainage number to each, but also it serves 
to reasonably predict the s lope of the wet sliding coeffi cienl vs speed characteristic for 
each pavement. The correlation between the observed and calculated values of .JN' as 
seen from Table 4 shows that there is substantial agreement between the results of skid 
tests in the United States (8) and in West Germany (9). Furthermore, this agreement 
is obtained by using the outflow meter to measure K--;: or dfRv/dV. 

The magnitude of the coefficient of sliding friction under wet conditions and at 
any speed V remains to be determined. It is now widely accepted (9) that the 
sharpness of the surface texture determines the magnitude of fsv, whereas the 
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mean or maximum asperity size decides the slope of the fsv vs V characteristic 
for wet conditions. Assuming that a routine friction tester is used to measure 
the wet sliding coefficient at a particular speed V, then the outflow meter can be 
used to deduce the dfsv/dV relationship, so that the sliding coefficient is known over 
a limited range of vehicle speeds. The extent of this range is determined by the upper 
and lower sliding velocities within which the dfsv/dV ratio is constant in accordance 
with Eq. 13, and this in turn depends not only on surface texture, but also slightly on 
tread pattern. A range of 20-30 mph is not unreasonable (10). 

CONCLUSIONS 

As a result of this study, a simple outflow meter has been designed, developed, and 
calibrated to compare the relative drainage abilities of laboratory and actual road sur
faces, and to predict in specific cases the gradient of the wet sliding coefficient of fric
tion. The instrument is a valuable tool for highway departments, since it can serve for 
periodic testing of road surfaces so that a check on permissible surface wear is afforded, 
and thus an indication can be given in certain cases of the need for resurfacing. 
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