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I

FOREWORD

The report presents a summary of the research conducted on
pavement design criteria to reduce or mitigate highway
hydroplaning. It covers pavement texture. cross slope. rutting.
rainfall probability analysis. drainage. vehicle control.
traction studies. and pavement finishes.

Laboratory and full scale tests were conducted for a variety
of roadway conditions to develop realistic evaluation of the
hydroplaning phenomena. These experiments were followed by
analytic analyses and interpretation of data to provide a
sound treatise.

This technical summary is being widely distributed. Copies for
State highway agencies are disseminated through the Division
Offices.

Director, Office of Re~
Federal Highway Administration

Notice

This document is disseminated under the sponsorship of the U. S.
Department of Transportation in the interest of information exchange.
The United States Government assumes no liability for its contents
or use thereof.

The contents of this report reflect the views of the authors. who
are responsible for the facts and the accuracy of the data presented
herein. The contents do not necessarily reflect the official views
or policy of the Department of Transportation.

This report does not constitute a standard. specification. or
regulation.

The United States Government does not endorse products or manufacturers.
Trademarks or manufacturers Q names appear herein only because they
are considered essential to the object of this document.
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PREFACE

This is a technical summary of a two-phase study performed under DOT
Contract FH-1l-8269. The study deals with "Pavement and Geometric Design
Criteria for Minimizing Hydroplaning".

The report summarizes the findings of the entire study and concisely
presents criteria developed by an eight-man team for pavement surface texture
and cross slope, design rainfall intensity, drainage concepts for sag verti­
cal curves, performance of open-graded friction courses in simulated and
natural rainfall and suggestions for the modification of pavement geometries
to minimize hydroplaning.

Since this document was purposely condensed for short-time review by
technical personnel, the use of references is minimized. Both Phase I and
Phase II reports are thoroughly referenced to the appropriate literature.
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EXECUTIVE SUMMARY

The several chapters of this report cover in detail those pavement sur­
face properties, environmental conditions and highway geometrics that are
considered inputs to vehicle control via tire-pavement interactions.

Because,full dynamic hydroplaning represents essentially complete loss
of vehicle directional control, it has therefore been considered a critical
aspect of this study even though the occurrence of this phenomenon is rare.
Research in tire hydroplaning has been extensive but until this study was
carried out, only limited information existed on full-scale field tests which
examined a reasonably complete array of variables including vehicle speed,
pavement surface textur~ and cross slope, water depth, tire inflation pres­
sure and tread depth and two modes of tire slip.

Previous data developed at the Texas Transportation Institute in the
area of vehicle hydroplaning have been reexamined taking into account the
information developed by other researchers,and all of these data have been
reanalyzed in light of new information obtained in this study. This complete
review considers those references of the spindown trailer, the skid number
trailer by both drag link and torque and also includes past and new data on
cornering slip for a variety of pavement surface types tested in simulated
and natural rainfall.

Traction tests under controlled conditions have included a large array
of pavements (among which are 17 different textures formed in portland cement
concrete while it was plastic), grooved portland cement concrete, open-graded
friction courses and free standing puddles or pools of water. Concrete pave­
ments with both transverse and longitudinal texturing were tested at various
degrees of tire slip with other variables of water depth, tread depth, tire
type, tire tread depth and vehicle speed.

The torque effect of free standing puddles was measured by continuous
recording of forces on the wheels of a specially instrumented full-scale
trailer. Dangerous levels of torque were measured. As expected, free
standing puddles which engage only one side of the vehicle present a greater
danger potential than puddles wide enough to include both sides of the
vehicle. Puddles investigated varied in length and depth including lengths
to more than 30 ft (9.1 m) and depths up to 1.5 in (38 mm).

In the natural driving environment, pavement surface water is considered
a most critical element~ hence the probability of the occurrence of rain of
given intensity and duration must be considered and examined. It was found,
for example, that rainfall intensities of 0.2 in/h (5 mm/h) or greater occur
less than one percent of the time for the States of Alabama, Illinois and
Texas. Rainfall records for selected states were carefully examined and a
method was developed which allows one to calculate a design rainfall inten­
sity for any state or region. This design rainfall intensity is then
utilized with other parameters that require consideration in the design and
construction of a safe and functional roadway system. It was also found that
rainfall in the range of 0.01 in/h (0.25 mm/h) is ample to keep a pavement
completely wetted.

ix



For given conditions of wind direction and velocity and given geometries
and pavement cross slope, water depth on the pavement surface becomes a func­
tion of the drainage capacity of the pavement. This capacity is lodged in
both surface and interconnected internal voids, and these two avenues of
water flow join hands with tire tread to minimize the development of hydro­
static uplift at the tire pavement interface. It was found, contrary to the
claims of some earlier researchers, that natural drainage of open-graded
friction courses was not as effective as was hypothesized. Tests on field
cores from properly designed and constructed open-graded surfaces indicate
that many of the laboratory measured internal voids are cul de sacs or round­
abouts that are only partially effective in the natural drainage of the sur­
face. However, the interconnected fraction of the total measured voids
functions more efficiently under the action of a tire, aiding in the relief
of hydrostatic pressure buildup.

Factors affecting accident frequency, driver maneuvering and vehicle
control were examined; and these included pavement texture, tire inflation
pressure, tread depth and vehicle speed. Cross slope was examined as it
interacted with vehicle control in passing maneuvers and lane changes.
Steering torque and friction demand were examined in light of safe passing
speeds and lane change operations utilizing the Highway-Vehicle-Object
Simulation Model (HVOSM). For a cross slope of 4 percent and a speed of 60
mph (97 km/h), required aligning torque during a passing maneuver for a
tangent path was 750 lbf·in (85 Nm) with a coefficient of friction demand
of 0.36. It was concluded from the model study that cross slope values up
to 2 percent show no significant detrimental effects on friction demand or
driver effort.

Since open-graded friction courses offer the best currently known method
of assuring adequate and controlled surface macrotexture and the added bonus
of some internal drainage, more extensive evaluations of the accident reduc­
tion potential of this tool were considered wise investments. Hence, exten­
sive additjonal research was conducted in this area in Phase II of the study.

This effort included the usual variables of a well designed study of
hydroplaning, i.e., speed, water depth, tire pressure and tread depths and
tire design. Four percentages of internal voids were included in the pave­
ments tested. Each pavement had essentially the same surface macrotexture
of about 0.10 in (2.5 mm). Overlay thickness was held constant at the
recommended 1 in (25 mrn) with measured voids from 15 to 25 percent. A pave­
ment cross slope of 1 percent was used throughout the job.

Performance of these surfaces was thoroughly examined in simulated rain,
the intensity of which was varied from about 0.2 to 2.0 in/h (5 to 51 mm/h).
The most recently published literature in the subject area was reviewed in
depth, and the experiments were intermeshed to supplement and complete the
data bank in this critical area. It was found, for example, that even the
most open surface was flooded in the outside wheel path of the outside lane
(a 24-ft (7.3 m) pavement with 1 percent cross slope) at rainfall intensities
of about 0.2 to 0.4 in/h (5 to 10 mm/h). However, for the mixture designs
and aggregates used on these pavements, the friction developed at 55 mph
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(88 km/h) was completely adequate for vehlcle control provided tire pressure
was at or above 18 psi (124 kPa) and the tread depth was above about 0.2 in
(5 mm). This depth roughly represents the median tread depth for vehicles
operating on highways.

On flooded surfaces of the open-mix type there are decided advantages
in addition to higher friction. Splash and spray are reduced. Of course,
in light rains and even in heavier rains of short duration, little or no
superficial water collects on any of the pavement surface; that is, the
pavement performs essentially as a dry surface.

Various state agencies in the United States have considerable mileage
of open-graded friction courses, some of which have been in service for
several years. Most of these surface courses are thinner than those examined
in this detailed study. A primary factor in establishing thickness is ini­
tial cost. The authors consider economic factors relating to raising levels
of texture and/or skid resistance of pavement surfaces. The analysis empha­
sizes long-term costs which include not only the initial costs of the sur­
face but the effects of increased macrotexture and higher friction on tire
wear and vehicle-rolling resistance.

Rolling resistance is directly related to macrotexture when construction
methods and aggregate particle shape are fixed. For a given macrotexture,
rounded aggregates offer less rolling resistance than crushed particles.
Aggregates of approximately equal microtexture appear to produce tire wear
at a rate proportional to the pavement macrotexture, with crushed materials
producing somewhat higher wear rates than the more rounded materials. Mixing
sequential pavements of high and low friction may represent a decrease in
the safety of some drivers.

Sag vertical curves offer areas for special consideration in any acci­
dent reduction program whether in the wet or the dry condition. One facet of
this study dealt with the performance of sag vertical curves during wet
weather. In particular, typical problem situations were studied; and sug­
gested alternative, solutions for surface and/or internal drainage are pre­
sented.

Innovative concepts for improving the wet weather performance of sag
vertical curves are presented and include special surface drainage devices
positioned to intercept water and divert it to supplemental subsurface con­
duits. Open-graded friction courses are used to reduce surface water and to
act as subsurface drainage devices. However, excessive rainfall creates
water depths that do not lend themselves to economical and/or practical
removal. Fortunately, such rains are rather local and quite infrequent
and, indeed by their intensity usually limit speeds to safe levels.

In summary this report offers the design engineer the tools and suffi­
cient background information to develop a logical system for improved tire­
pavement interaction during wet weather conditions. Implementation of these
findings will reduce the number and severity of accidents during wet weather.
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INTRODUCTION

Hydroplaning is an event that has been widely misunderstood. In rela­
tion to its importance to highway safety, published opinions vary widely.
One extreme is that hydroplaning has no significant influence on accidents
due to relatively low traffic speeds. The other extreme is that hydroplaning
has a great influence on wet weather accidents. The truth must be that both
of these opinions are correct at different specific highway sites. In the
general case, the truth must lie somewhere between these extremes. Hydro­
planing will be shown to be a fairly low probability event, primarily due to
the fact that high intensity rainfalls necessary to flood a pavement are low
probability events. The nature of the event, however, is so haz9rdous when
it does occur that criteria for surface design to reduce the probability of
hydroplaning are warranted.

Some of the earliest investigations and technical reports on hydro­
planing came from NACA and its successor NASA and were primarily concerned
with hydroplaning of aircraft during landings. In this connection, the U. S.
Army Air Corps and its successor U. S. Air Force also did valuable work.
Later the Road Research Laboratory in Great Britain began investigations
related to automobiles. Concurrent with this research, the Americans and
Germans studied tires and road surfaces to seek their own answers. Most
recently, the Highway Research Board (now the 'Transportation Research Board),
the National Cooperative Highway Research Program and the Federal Highway
Administration have encouraged and are financing studies related to tire­
pavement interaction and hydroplaning, studies that are bringing the lI state of
the art ll to a most respectable level.

The following subjects cover the main areas where good information has
been found or developed.

1. The definition of full dynamic hydroplaning conditions.
2. The definition of changes in available friction as full hydro­

planing is approached as a function of a variety of textural
conditions, both random and patterned.

3. The definition of road surface geometry and how it affects the
accumulation of water under various environmental conditions.

4. The interrelationship of different methods of measuring hydro­
planing.

5. The performance of open-graded friction courses during rainfall
conditions.

6. The probability of different conditions relating to hydroplaning
such as tire condition and rainfall intensity.

7. The influence of various pavement cross slopes on driver work­
load and performance, as indicated by vehicle accelerations and
friction demand levels.

8. Determination of the drainage properties of sag vertical curves
and innovative drainage concepts for these geometric situations.

1



In Chapter IX indications of the range and frequency of important
factors such as tread depth, tire pressure, surface texture, cross slope and
rainfall intensity are used to develop design criteria.

The implementation of criteria and recommendations for surface texture
and pa~ement cross slope to minimize hydroplaning has the potential for a
significant impact on the high wet weather accident toll. The information
contained in this report justifies this action. Further, it is hoped that
the means used to accomplish this reduction may be extended to other nations
that are now experiencing similar problems.

)
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CHAPTER I

THE PHENOMENON OF HYDROPLANING

Hydroplaning is the separation of the tire from the road surface by a
layer of fluid. On a microscopic scale all operational conditions may in­
volve some degree of partial hydroplaning as long as there is any significant
amount of water present. On a macroscopic scale; however, this zone can be
defined as occurring during those operational conditions when there is some
significant degree of penetration of a water wedge between the tire and pave­
ment contact area.

Hydroplaning of pneumatic-tired vehicles has been divided into three
categories by Horne (1). These categories are

1. viscous hydroplaning,
2. dynamic hydroplaning and
3. tire tread rubber reversion hydroplaning.

Viscous and dynamic hydroplaning are the important types of hydroplaning
insofar as passenger cars are concerned as tire-tread-reversion hydroplaning
occurs only when heavy vehicles such as trucks or airplanes lock their wheels
when moving at high speeds on wet pavements with macro but little microtex­
ture. Viscous hydroplaning may occur at any speed and with extremely thin
films of water. Browne (2) states that wet friction hydroplaning occurs only
on surfaces where there is little microtexture. A thin film of water remains
between the tire and pavement since there is insufficient pavement microtex­
ture to promote the breakdown of the water film.

A variety of equations has been developed to predict the speed at which
hydroplaning will occur. These equations are summarized in Table 1. The
first equation is of value primarily as a definition of the phenomenon of
viscous hydroplaning rather than as a prediction of viscous hydroplaning
speeds. Equations 2 through 5 predict hydroplaning minimum speed. Equations
1,2, and 3 have limitations, primarily because they were derived indepen­
dently of the surface texture characterization. Equation 4 does consider one
aspect of pavement texture through the factor Kl' but Kl must be determined
empirically if the equation is expected to be accurate. Equation 4 must be
used in conjunction with Figure 1 in order to estimate hydroplaning speed.
The procedure is to determine the unit groove capacity (UGC), then determine
the proper position on the chart for either of the two stated combinations
of cross slope and drainage path length by selecting a specific rainfall
intensity. It should be noted that this predictive method is not comprehen­
sive in terms of combinations of cross slope, pavement texture and drainage
path length, but is limited to the two combinations tested. Another aspect
of the wet weather safety problem which has a definite interaction with the
speed most drivers are content to drive is that of visibility. Yeager (3)
includes an estimate of this characteristic for different intensities of
rainfall in Figure 1.

One of the most significant studies of the influence of tread design on
hydroplaning speed was conducted by Gengenbach (4). In this study he
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compared seven conventional bias-ply tires with a variety of tread patterns
designed and cut into the tire so that the total volume of grooves was con­
stant (groove area ratio was 20 percent).

One conclusion not drawn by Gengenbach seems appropriate here. While
for bald tires hydroplaning was observed at water depths as low as 0.01 in
(0.3 mm) for treaded tires, no hydroplaning data have been found in the
report for water depths less than 0.08 in (2 mm). Evidently, for the low
values of texture between 0.005 and 0.008 in (0.13 and 0.20 mm), depending
on embedment of the grains in the retaining cement, treaded tires did not
hydroplane at water depths less than 0.08 in (2 mm). It "is noted that there
was space for almost all the water in the contact patch within the grooves.
It should be understood that Gengenbach's tests were conducted in a drum
facility where very small water depths could be controlled with extreme pre­
cision. On highway surfaces dynamic hydroplaning by tires with minimal <~ in
«1.6 mm) tread depths was not achieved whenever the average water depth 32
was less than 0.06 in (1.5 mm).

In addition to the findings of research efforts already cited, the
authors are fortunate in that several research projects relating either
directly or indirectly to hydroplaning have been recently completed. These
projects proved to be useful in the development of a quantitative definition
of partial hydroplaning conditions.

The study directly related to hydroplaning, HPR-147 (7), is an extensive
empirical study of tires, pavements and water depths which-compare closely to
real highway conditions. The water depths are allover 0.1 in (2.5 mm) and
therefore extend the information available to the larger water depth condi­
tions. These tests show a range of full dynamic hydroplaning speeds from
45 to 77 mph (72 to 124 km/h).

In developing the body of data in HPR-147 the indication of hydroplaning
which was used was the spindown of a test wheel when moved in a freely rolling
condition across a section of pavement covered by a significant layer of
water. Spindown is usually given in percent as dictated by the following
equation:

where

SD = (100) Eq. (6)

Wd = rotational velocity of the rolling wheel when on a dry surface

W = rotational velocity of the wheel after spinning down due to
w contact with a flooded pavement.

Figure 2 will be used to illustrate the forces acting on the tire in two
extreme conditions: (1) freely rolling on a dry surface and (2) the condition
of 100 percent spindown when the tire is sliding across a water surface with
little, if any, direct contact between tire and pavement surface. At 100 per­
cent spindown, the rotational velocity of the tire is equal to zero.

6



ll
.-

Y
..

..
-

P
os

it
io

n
o

f
re

su
lt

an
t

fo
rc

e
on

fl
oo

de
d

su
rf

ac
e

o
r

W

T
=

ve
rv

sm
al

l
.

dr
ag

to
rq

ue

/
'

w
=

0

T a
=

a
lr

.....
.....

.

1
/
~

It
'

L
.

T.
=

0
/

.,
.-

=
be

ar
in

g
dr
a~

to
rq

ue

-..
..J

(a
)

W
he

el
fr

ee
ly

ro
ll

in
g

on
dr

y
su

rf
ac

e.

(b
)

W
he

el
no

t
tu

rn
in

g,
10

0
pe

rc
en

t
co

nd
it

;o
n.

F
ig

ur
e

2.
Fo

rc
es

ac
ti

ng
on

ti
re

in
tw

o
ex

tr
em

e
co

nd
it

io
ns

.



In the freely rolling condition with the rotational velocity a constant,
K, a summation of moments about the center of the wheel is given by

Ta + Tb + Tc = Fr

when the vertical component, W, of the resultant force, R, is assumed to pass
through the moment center, 0, or to pass so close to it that the torque
induced by Wis negligible. Thus, in order for the tire to rotate at the
constant value of w, without significant contact zone slip, only enough
friction needs to be developed to overcome the retarding effects of rolling
resistance, which includes bearing friction and air drag. Thus, the value
of F is small with respect to W. Up to 60 mph (97 km/h) the rolling resis­
tance is generally less than 2 percent of W(~).

In the 100 percent spindown condition, a condition considered to be
indicative of full dynamic hydroplaning, the resultant force, R, changes to
some degree in magnitude; but the major change is in its line of action.
These changes are caused by (1) the destruction of friction between tire and
pavement surface, (2) the development of pressure on the tire in the region
of contact with the water wedge and (3) the development of a hydrodynamic
drag force on the tire-water interface.

The resultant force, R', can still be resolved into two components, the
vertical, W', equal to the weight supported by the wheel and the horizontal
force, 0 + F'. Hydrodynamic drag, 0, is due to the inertia of the water over
and through which the tire is sliding. F' is some small remaining value of
tire-pavement friction. Now the moment summation gives

W'b = (0 + F')r

Thus, the change in line of action of R' produces a counterclockwise torque
due to Wwhich counteracts the torque due to o. Stated another way, the line
of action of R' moves to a position which includes the moment center, 0,
resulting in negligible torque on the wheel.

In interpreting the meaning of hydroplaning data developed under HPR-147,
it was concluded that significant control forces between the tire and the
pavement did not exist at high values of wheel spindown, i.e., over 50 percent.
Further, the difference between 10 percent spindown and 50 percent spindown
when expressed in mph (test vehicle speed) was so small that 10 percent spin­
down was chosen as the indicator of hydroplaning. Further testing during this
study indicated that almost full dynamic hydroplaning was present with as
little as 10 percent spindown. In order to make maximum use of the test
data, it was necessary to develop a general equation that would allow the
vehicle speed to be predicted as a function of SO and of the variables
denoting test conditions. These parameters were as follows:

1. V, vehicle speed in mph ((km/h)/1.609)
2. TO, tread depth in 32nds of an inch (mm x 32/25.4)
3. TXO, texture depth in inches (mm/25.4), Silicone Putty Method

8



4. WO, water depth (above the asperities in inches (mm/25.4))

5. P, tire pressure in psi (kPa/6.895)*
6. SO, spindown percent.

Based on data from approximately 1,300 tests and the curves of SO vs. V
which fit these data for specific test conditions, 1,038 points were selected
at SO values of 10, 30 and 60 percent. The equation which produced the best
fit of these data is as follows:

Eq. (7)

A is the greater ofwhere

10.409 + 3.507
WoO.06 and

[
28.952 _ 7. 8171TXOO.14.
WoO.06

In this case the greater value of A would always be used'.

Figure 3 shows how the data are fit by Equation 7. Approximately
99 percent of the observations lie within plus or minus 5 mph (8 km/h) of
the predicted value. The value of the calculated correlation coefficient is
0.85.

Further evaluation of this equation by comparison to full-scale tests
of vehicle control is presented in the full report (2). At this stage, it
represents the most comprehensive estimate of dynamic hydroplaning speed.
It can be combined with methods of estimating water depths, presented in
Chapter V, to predict critical speed for specific tire tread, tire pressure
and texture depth conditions.

*Throughout this Technical Summary equations generally appear in English
units with suitably associated constants. Where metric measurements are
utilized for input to these English unit equations, the metric values must
first be converted to English units then inserted in the equation. Metric­
to-English unit conversions appear in parentheses as shown above. This
approach prevails throughout the report.
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CHAPTER II

HYDROPLANING AND TRACTION TESTS
UNDER CONTROLLED CONDITIONS

A series of tests were performed under relatively controlled conditions
in the "hydroplaning trough". This facility consists of a pair of rails
2.5 ft (0.76 m) apart and 800 ft (244 m) long. The underlying surface has a
longitudinal slope of about 1 percent, and water can be injected at the
upper end and allowed to slowly flow over the surface contained by the rails.
Various flow rates permit the water depth throughout the trough to be varied,
and different surfaces can be installed within the trough.

The tests were performed with the TTl research trailer which, in addi­
tion to the capability of measuring ASTM E274 locked-wheel skid numbers, can
measure test wheel rotational speed referenced to a fifth wheel which measures
forward speed. Horizontal force, vertical force and torque can be measured
with the test wheel locked or freewheeling.

Test Conditions

The primary test matrix was as follows:

SURFACES: Open-graded hot mix and lightweight aggregate slurry seal.
TIRES: ASTM E501 and B. F. Goodrich FR 78-14 steel-belted radial.
TIRE PRESSURE: 24 and 18 psi (165 and 124 kPa).
TREAD DEPTHS: 11/32 and 2/32 in (8.7 and 1.6 mm).
WATER DEPTHS: 3/32 and 8/32 in (2.4 and 6.4 mm).
NOTE: All combinations of tire, tread depth, tire pressure and

water depth were used on each surface.

A longitudinally grooved portland cement concrete (peC) surface was in
the trough at the time testing began. Preliminary tests were conducted on
this surface. This was followed by overlaying a coarse open-graded surface,
and the full test matrix was performed. This surface was then overlaid with
a uniform lightweight aggregate slurry seal of medium texture, and the tests
were repeated.

Locked-wheel "skid numbers" were determined both in the external water
conditions and using internal water (ASTM E274 procedure) on this dense,
medium-textured surface.

As an adjunct, freewheeling spindown and horizontal drag forces were
measured while traversing "puddles" of various lengths and depths.

Preliminary Tests on Grooved PCC

The TTl research skid measurement system was adjusted and calibrated,
and an exploratory test program was conducted on the existing surface. These
tests were run in 3/8 in (9.5 mm) (average) water depths using an ASTM E501
tire with 2/32 in (1.6 mm) tread depth and 24 psi (165 kPa) (cold) inflation
pressure. The runs were conducted in the following three speed conditions:
while accelerating, during deceleration and at incremented constant speeds.

11



Both freewheeling and locked-wheel data were obtained from the horizontal
force and torque transducers. In addition, standard ASTM E274 skid numbers
(and traction forces) were obtained in the trough using the internal watering
system and a fully treaded but broken-in ASTM E501 tire.

With external watering, there was a smooth, though not necessarily
linear, loss of traction with increased speed until the tire lost contact
with the pavement, at which time the horizontal force leveled out at that
produced by hydrodynamic drag (see Figure 4). In addition, it appears that
horizontal force, FH' for a given speed is not dependent on whether the
vehicle is accelerating or decelerating through the speed, or travelling at
a constant speed. This fact allows data points to be obtained at several
speeds during one run. In general. a speed change of about 10 mph (16 km/h)
was used in succeeding tests. It takes about 15 minutes between runs for the
water depth to restabilize, so this technique results in considerable time
saved. At speeds above "full hydroplaning", the horizontal force under these
conditions is about the same (-90 lbf) (-400 N) whether locked-wheel or
freewheeling.

Figure 5 shows that the horizontal force measured on the torque trans­
ducer, FT' exhibits the same trend but is consistently about 70 lbf (311 N)
lower than that measured on the horizontal force transducer. These trans­
ducers read the same under static (force plate) calibration. A simple analy­
sis of the force and torque mechanisms indicates that the lower torque force
can be explained by a 0.8 in (20.0 mm) dynamic forward shift at the "center
of effort" as opposed to the force plate condition. The wedge of water in
front of the tire in the dynamic test condition could very well cause this
degree of sh ift.

It is also interesting to note that the total rolling resistance, both
dry and with internal watering, is about 20 lbf (89 N) while the drag in
3/8 in (9.5 mm) of water is about 90 lbs (400 N), a difference of 70 lbf
(311 N). In addition, the freewheeling drag forces above are relatively
speed independent except at low speeds in the external water condition.
Again, accelerating, decelerating or constant speed seems to make no dif­
ference within the band of precision.

Figure 6 compares the locked-wheel "coefficients" using ASn~ E274 pro­
cedure (full tread tire and internal watering) with a similar procedure for
a 2/32 in (1.6 mm) thin tread and 3/8 in (9.5 mm) external watering. The
"traction coefficients" are equivalent at about 35 mph (56 km/h).

Figure 7 indicates the percent spindown as a function of vehicle speed.
The spindown starts to occur at about 46 mph (74 km/h), the speed at which
the horizontal force becomes constant and equal to the freewheeling drag
force. The curves for accelerating, decelerating and incremented constant
speeds cannot be significantly resolved. Apparently, when spindown is
detected, the tire has lost contact with the pavement and only hydrodynamic
forces, which seem to be speed independent in the test conditions, are
present.

Figure 8 shows the time as a function of speed for the wheel to reach
zero spindown after unlocking the brake. Obviously it takes a finite time
for this to occur even on dry pavement. However, the rather sharp divergence

12
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of spinup time near 46 mph (74 km/h) indicates that this may be a more sensi­
tive indicator of "full hydroplaning" speed, or the speed at which essentially
all pavement contact is lost, than is spindown.

Summary of Observations from Preliminary Tests on Grooved PCC

1. Under the stated test conditions, the freewheeling drag force is
approximately constant at 90 lbf (400 N), and is the same as the
locked-wheel horizontal force above the apparent "full hydroplaning"
speed of 46 mph (74 km/h). If asymmetrically distributed, this
could cause unstabilizing yaw forces on a vehicle.

2. Except for hydrodynamic drag, the locked-wheel horizontal force is
the same as the internal water horizontal force at about 35 mph
(56 km/h) and below, but it decreases smoothly to a minimum at
"loss of contact" where it equals the freewheeling drag at 46 mph
(74 km/h) and above.

3. Percentage spindown and spinup times as functions of speed diverge
from the horizontal at about 46 mph (74 km/h), but spinup time does
so more dramatically and may be a more sensitive indicator of full
loss of physical contact.

4. In 3/8 in (9.5 mm) water, the force from the torque transducer is
consistently about 70 lbf (311 N) lower than the force from the
horizontal force transducer when calibrated to read the same stati­
cally on the force plate. This can be accounted for by a shift of
the "center of effort" forward about 4/5 in (20 mm) when in the
3/8 in (9.5 mm) deep water.

5. No significant difference was apparent in any case if the data were
taken at different speeds while accelerating or decelerating, or at
different speeds using discrete constant speed runs. This allows a
significant saving in number of individual runs and time consumed.

6. The freewheeling drag force is about 20 lbf (89 N) dry or with
internal water, about 90 lbf (400 N) in 3/8 in (9.5 mm) water and
about 90 lbf (400 N) either locked or freewheeling above full hydro­
planing speed.

7. No quantitative estimate of the effect on cornering was made, but
one can assume that at full hydroplaning the directional control
would be negligible. This is ~n area that needs investigation.

Tests on Asphalt Surfaces

Figure 9 is an example of the results on the two surfaces with the
various combinations of tire inflation pressure and water depth. The ordinate
is labeled "Skid Number", but technically the upper pair of curves are the
ASTM E274 skid number with E501 tire, full tread and 24 psi (165 kPa) cold
inflation pressure. These are the values that would be measured on the two
surfaces under contemporary road skid resistance inventory techniques. The
lower pair of curves are results under the stated conditions using the FR 78­
14 steel-belted radial tire which is an example of the current real-world
tire population.

Again. we see that with water covering the asperities, loss of traction
begins to occur as low as 20 mph (32 km/h). The open-graded surface has a
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higher skid number and in general provides more traction under "partial hydro­
planing" conditions. Usually, as would be expected, the curves tend to,con­
verge at higher speeds where loss of pavement contact occurs.

On the slurry seal surface, spindown is first detected at the point
where "SN" curve flattens out. The spindown on the open-graded mix was only
detected in two cases, and then only briefly. This surface was not as smooth
as the slurry seal, and the tire may have been contacting enough high points
to prevent spindown in the freewheeling condition but not in contact firmly
enough to generate higher traction at the higher speeds.

On the slurry seal surface which usually produced a definite spindown,
comparisons were made of the speeds at which some spindown began to appear.
With both water depths, the lowest speed at which spindown began was, expec­
tedly, with low tire pressure and low tread depth; and the highest initial
spindown speed occurred with high tread and pressure. The combinations of
high tread and low pressure and low tread and high pressure fell in between.

Within the range of test conditions used, the speed at which spindown
began to occur decreased with increasing water depth; and the largest
decrease due to increasing water depth occurred with the combination of higher
tire pressure and lower tread depth. Similarly, the largest change in "onset"
speed due to changing tire pressure occurred with low tread depth and low
water depth. Finally, the largest change due to decreasing tread depth
occurred with the combination of higher tire pressure and greater water depth.

Comparing the effects of changing tire pressure alone and water depth
alone showed no clear-cut and consistent variation in traction. However, the
higher tire tread depth seemed to consistently improve traction, at least at
some speed, under all conditions.

Figure 10 represents data using the ASTM E501 tire only. Again, the
upper curves represent ASTM E274 skid numbers on the two surfaces. The lower
pair of curves compare results on the two pavements using various combinations
of tire pressure. tread depth and average water depth. '

The results using external water were much more consistent with the ASTM
tire in all combinations of conditions. Usually, the open-graded surface pro­
vides significantly more traction at lower speeds, with the traction con­
verging at hydroplaning speeds. (Actually, at these speeds the "traction" is.
primarily hydrodynamic drag.)

The effect of tire inflation pressure with other parameters constant is
not consistent, and only in some cases does increased pressure significantly
improve the traction on one or the other of the surfaces. The same can be
said of the effect of water depth in the range used. However, increased tread
depth, for a given inflation and water depth. causes a signifi'cant improvement
on both surfaces except at higher speeds where full hydroplaning occurs.

Tests in Free-Standing Pools ("Puddles")

A limited number of freewheeling runs was made on the PCC surface through
puddles of standing water following a rain. The puddles ranged from 30 to
50 ft (9 to 15 m) in length and 1/4 to 1-3/4 in (6 to 44 mm) in depth.
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The test wheel was centered between the two vehicle tracks. The effect
of tow vehicle wake on the water condition at the test wheel is unknown, so
these tests can only be interpreted qualitatively in regards to water depths.

The data were not highly reproducible because of some water loss or
redistribution following a run, and possibly because of the short duration of
the interaction. The tire used was the FR 78-14 radial, with 2/32 and 11/32 in
(1.6 and 8.7 mm) tread depths and 24 psi (165 kPa) inflation pressure.

Some spindown began between 40 and 49 mph (64 and 79 km/h) in all cases.

Peak longitudinal drag forces were as high as 300 lbf (1.3 kN) on the
test wheel. If this force were applied to one vehicle front wheel only, it
could have a significant vehicle destabilizing effect. Such an event might
occur in a situation in which water collects along a curb due to cross slope
and/or poor drainage.

To obtain a rough estimate of the potential real-world effect, some
simple computations were made using a hypothetical vehicle weighing about
3400 lbs (1.5 Mg), with a wheel base of 112 in (2.84 m) and track width of
60 in (1.52 m). A conventional American automobile of this size would have a
vertical load on each front wheel of about 1000 lbs (454 kg). If we neglect
inertial effects and compute the produced torque about the center of gravity
(not necessarily where it should be computed), then it would take a corres­
ponding opposing torque to counteract it to maintain directional stability.

Now if we assume that the opposite front wheel were on pavement that is
only wetted, with no standing water, this opposing torque could be applied by
developing a cornering slip angle by steering. Data for a typical tire on
wetted pavement indicate that a front wheel slip angle of about 2 degrees
would be required. For a typical steer ratio of about twenty-to-one, this
would require a steering wheel correction of about 40 degrees. If such a
correction were made, and full pavement contact were suddenly regained, it
could cause a divergence toward the opposing traffic lane before appropriate
steering recorrection is possible.

In this case in which both front wheels are fully hydroplaning, but
unequal water depths exist laterally, the unequal drag forces would cause
yaw instability with little or no corrective steering capability available
to the driver.

Irrespective of the accuracy or validity of the example computation,
there is little doubt that the kind of drag forces generated by positive
water depths distributed unevenly would pose a hazard to unwary- drivers.

General Observations

The following observations were based on results of the tests described
in this chapter. Obviously, sweeping generalizations cannot be made based on
a small fraction of the possible real-world conditions. However, valuable
insights can be obtained, and areas that seem to be worthy of further consid­
eration can be identified from tests under controlled conditions.

1. Under all test conditions, the open-graded pavement provided as
much, and usually more, traction than the asphalt slurry seal
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except at full hydroplaning where they are about equal. The
open-graded surface has the added advantage of reducing the
probability of positive water depths in the field.

2. With externally applied water, the difference in traction between
the two pavements was more dependent on test conditions (water
depth, tire pressure and tread depth) for the radial tire than for
the ASTM E501 tire. That is, the ASTM tire produced a more con­
sistent "ranking" of the pavements with various combinations of
tire parameters and water depths.

3. With positive water depths, traction becomes less than that for
ASTM E274 skid numbers as low as 20 mph (32 km/h). It continues
to decrease, usually smoothly, until full loss of contact with the
pavement occurs, at which speed it becomes equal to the freewheeling
hydrodynamic drag.

4. Within the boundaries of the test matrix, tread depth has a greater
influence on traction and hydroplaning speed than either tire infla­
tion pressure or positive water depth.

5. Spinup after unlocking the test wheel may be a more positive and
precise indicator of full hydroplaning speed than spindown. Com­
plex hydrodynamic forces are involved, with subtle interactions of
tire, tread, inflation pressure, water depth, pavement and speed.

6. No consistent difference in skid numbers was observed whether
accelerating slowly, decelerating slowly or at constant speed.
This permits data points to be taken at several speeds during
one variable-speed run, which in turn results in savings of time
and cost.

7. Loss of contact can occur between 40 and 45 mph (64 and 72 km/h)
in "puddles" of about 1 in (25 mm) maximum depth and about 30 ft
(9 m) in length. In addition, horizontal drag forces up to
300 1bs (1. 3 kN) were observed. Three-eighths inch (9.5 mm) of water
can produce about 90 lbf (400 kN) of drag. If unevenly distributed
laterally by pooling against a curb or raised shoulder on a cross
slope, these forces could cause hazardous directional instabiljty.
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CHAPTER III

MINIMIZING HYDROPLANING CONDITIONS ON PORTLAND
CEMENT CONCRETE SURFACES

The parameters involved in this study which influence hydroplaning of
portland cement concrete (peC) surfaces fall into two groups: those asso­
ciated with the pavement surface and those associated with the vehicle.
These parameters. together with their abbreviations as used in this report.
are summarized elsewhere.

-
This phase of the study involved two separate investigations. The first

was to determine the validity of the predicted water depth for drainage
lengths to 48 ft (15 m) (simulating multilane facilities now in use). and
the other was to examine skid resistance and cornering slip on textured pce
surfaces. In the following paragraphs. the results from each investigation
are presented.

To determine the applicability of predictive equations for water depth
as a function of relatively long drainage lengths. water depths were deter­
mined for a number of different textures for drainage lengths. L. up to
48 ft (15 m) under rainfall intensities up to 2 in/h (51 mm/h) and slopes up
to 8 percent. All measurements were statistically analyzed in the computer
using a two-step regression technique to develop the best fit equations for
the data. By combining all previously obtained data (11) with the data
gathered on this study. the following equation was developed (using 1059 data
values) for drainage lengths. L. up to at least 48 ft (15 m):

WD = 3.73 x 10-3[TXDO. 13 LO. 52 10. 56 (1/S)0.36] - TXD Eq. (8)

where WD = Water depth above asperities in inches (mm/25.4)
TXD = Pavement texture depth in inches (mm/25.4) (putty test)

L = Length of flow in feet (m/O.305)
I = Rainfall intensity in inches per hour (~/h)
S = Slope of drainage path. .

Equation 8 was an independent derivation of the equation reported pre­
viously (see Eq~ation 9). The new coefficients of Equation 8 are not signif­
icantly different. Equation 8 is considered simply a verification of Equa­
tion 9. The use of Equation 9 is recommended in all computations of water
depth.

WD = 3.38 x lO-3 rTXDO.ll LO. 43 10.59 (1/S}0.42] - TXD. Eq. (9)

Furthermore. it was shown that neither texture direction (longitudinal or
transverse) nor texture type (brush. broom. burlap drag or tines) affected
the resulting water depth to any significant degree.

No analysis of hydroplaning would be complete without investigating both
skid resistance and cornering slip of wetted pavements. To accomplish this.
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the standard ASTM skid trailer was used to measure skid resistance, and the
HSRI Mobile Tire Tester was utilized with a number of tires to measure cor­
nering slip at various vehicle speeds and tire slip angles.

Results from a previous study (lQ) in which seventeen test sections were
subjected to standard skid testing under simulated rainfall are fully reported
in our earlier hydroplaning report (11). Analysis of the data using statis­
tical correlation techniques reveal that, even for the very deep textured
pavement (0.060 in or 1.5 mm in this example), transverse texturing results
in significantly higher skid numbers at higher speeds where hydroplaning is
most likely. Furthermore, deeper transverse textures do result in higher
skid values at every speed.

The obvious question is, do these findings hold true for cornering slip?
To answer this question a total of 504 observations was made on seven pee
test sections under conditions of both artificial and natural rainfall. These
measurements were made with the HSRI Mobile Tire Tester, which consists of a
retractable test wheel mounted on the rear of a modified tandem-axle commer­
cial tractor which serves as the test bed. To analyze the data, statistical
regresssion computations were performed with the aid of the computer, and the
following variables had no significant influence on cornering slip (CS):

Cross slope ( S) (about 2 percent) (only varied in these tests)

Tire inflation pressure ( P) (between 18 and 24 psi (124 and 165 kPa))

While the other values overshadowed the influence of these two variables, it
should not be construed that these variables are not important in hydroplaning.
Rather, it means that only under the conditions of the experiment reported
were these variations undefined. To illustrate the meaning and import of the
statistical equations (developed from the data) certain assumed conditions
were taken, and the cornering slip (CS) numbers were calculated from the
equations.

The combined effects of water depth and texture direction are shown in
Figure 11. Here, for the 16 degree slip angle, the calculated CS numbers for
longitudinal and transverse textures as a function of texture depth are
compared with the three pieces of data obtained under more nearly hydroplaning
conditions. The data under the more nearly hydroplaning conditions (flooded
pavement with shallow tread depths) are frighteningly lower than the calcu­
lated values from data obtained under natural rainfall conditions in which the
pavement did not have positive water depths and using deeper tread depths.
Note that the~ansverse textures, under both conditions, exhibited higher
CS numbers. This is in agreement with the ASTM E274 SN40 numbers obtained
under simulated rainfall and other CS data. The dotted curves through the
three data points obtained for positive water depths are only suggestive of
what might be the shapes of the curves based on all the other data obtained.
Once again, however, the extremely reduced CS values on flooded pavements
using reduced tread depths point up the dangers of hydroplaning under these
conditions.

A large amount of data was gathered and analyzed in this phase of the
investigation. In some cases questionable results were obtained. The
phenomenon of hydroplaning on highway surfaces is exceedingly complex and
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involves many variables. Although most of the data obtained were for condi­
tions which did not approach full dynamic hydroplaning, the findings are
extremely important because they relate to frequently occurring conditions in
which the pavement is completely wetted and thus potentially hazardous to the
motorist. Those data obtained under hydroplaning conditions verify the types
of relationships developed between CS, speed, tread depth and texture direc­
tion.

From the data the following conclusions have been drawn:

1. Water depth as a function of cross slope, texture depth and rainfall
intensity can be reliably predicted for drainage lengths up to
48 ft (15 m), and probably considerably beyond. The direction of
the texturing does not appreciably influence the resulting water
depth.

2. Under both skid number measurements and cornering slip measurements
on wetted surfaces. transverse textures yield higher values than do
longitudinal textures. Thus the logical recommendation would seem
to be to require transverse textures for both tangent and horizon­
tally curved sections of the roadway. But, it should be pointed
out that this reserach, as detailed as it was, did not investigate
the potentially hazardous maneuver of full dynamic hydroplaning of
an automobile around a horizontal curve~ Here the conditions are
not approximated by either skid numbers or cornering slip numbers.
Logic would 'strongly suggest that vehicle tracking could be very
influenti~l in keeping the vehicle in its respective lane. This
tracking could best be obtained by providing longitudinal texturing,
rather than transverse, throughout the horizontal curves. Certainly
the dramatic decreases in accident rates documented (1£) in Califor­
nia (and elsewhere) after longitudinal grooving attest~ to the
validity of this approach. What is not known is whether or not
transverse grooving would have been as good as, worse or better than
longitudinal grooving in terms of accident reduction on horizontal
curves.
California DOT (lfJ uses longitudinal grooves on horizontal curves,
and they report 90 to 95 percent reduction of spinout type of
accidents. California has one installation which utilizes trans­
verse grooves on horizontal curves and one installation with "dia­
mond" grooves. Accident records are not currently available on these.

Recently California DOT has used transverse texturing of plastic
concrete. Accident data on these installations are being collected,
but a conclusion at this time is premature.
Skid number and cornering slip data clearly establish the validity
of requiring transverse textures on tangent sections; but on hori­
zontal curves the jury is still out~

3. Increasing texture depth provides the greatest increase in either
skid number or cornering slip values. Thus adequate textures should
always be constructed. From a construction viewpoint, texture
depths of 0.060 in (1.5 mm) can be easily constructed utilizing
tines spaced 1/4 in (6 mm) clear distance (11). Therefore,initial
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texture depths of 0.060 in (1.5 mm) should be required as an average
minimum and in no case should the construction of texture depths
below 0.050 in (1.3 mm) be permitted (as measured by the silicone
putty or sand patch method).

4. The type of tire and tread depth significantly influence cornering
slip values. At elevated speeds and relatively high slip angles
the wide oval tire developed the lowest cornering slip values while
the radial developed the highest cornering slip values. Shallow
tread depths produced significantly lower cornering slip values
than did deeper tread depths.
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CHAPTER IV

DETERMINING THE PROBABILITY OF SELECTED RAINFALL INTENSITIES

General

The development of design criteria that will preclude hydroplaning under
most wet weather conditions necessitates an understanding of those factors
related to hydroplaning, the interdependence of those factors and the occur­
rence probability of certain critical combinations of those factors. This
probability is, in turn, a function of the probability of the existence of
each individual factor. The purpose of this section is to develop guidelines
that will determine the incident chance of influential environmental factors.

It has been shown by Gallaway (13), Yeager (3 ) and Horne (14) that the
amount of water on the pavement (or water depth) is primarily a fUnction of
the rainfall intensity and wind velocity, neglecting transient conditions.
It has also been shown that a significant positive water depth (above the
asperities) is necessary before hydroplaning can occur. Therefore, the
selection of highway surface characteristics that would disallow positive
water depths in all but the more extreme conditions of heavy rainfall would
prevent most cases of hydroplaning. "Most" must be defined in probabilistic
terms for particular rainfall intensities that occur in conjunction with
specific wind velocities; but is wind velocity really needed to develop
antihydroplaning criteria? Horne (l!) has shown that as long as the water
depth is not above the asperity tops "there seems to be little wind effect on
the flow path and speed of draining water. Therefore, if a criterion of
zero water depth is preselected, the influence of wind becomes largely aca­
demic, although it is difficult to ignore some influence even on intra­
asperity flow if the direction of the falling raindrops is not nearly
vertical. The neglect of wind speed and direction seems sound when their
effect on surface flow is so slight although it may be argued that wind
could make the difference in some cases between a water depth of height
coincident with the tops of the pavement asperities and water depths that
are very slightly higher than the asperities. The critical environmental
factor, and possibly the only important one, is the intensity of rainfall.
The remainder of this chapter will be dedicated to defining the probability
of specific intensities.

It would be of little value to determine the average relationship
between rainfall intensity and its probability for the U.S. as a whole as
rainfall is so highly variable over this vast continent; a comparison
between Yuma, Arizona and New Orleans, Louisiana, shows great contrast.
The other extreme would be to determine this relationship for every part
of the proposed roadway with antihydroplaning surface characteristics
changing from milepost to milepost, an extreme that is obviously not justi­
fied even if such extensive rainfall data were available.

The National Climatic Center in Asheville, North Carolina, the focal
point for all climatic data developed by the National Oceanic and Atmos­
pheric Administration (NOAA), has extensive data from over 300 weather
stations throughout the country. In general, the number of weather stations
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is a function of the geographic size of the state, although there are some
exceptions. In many of the larger states wide intrastate variations in
rainfall may indicate the need for several zones of rainfall intensity/
probability; whereas, in many states a single statewide relationship may be
quite sufficient.

The States of Alabama and Illinois were selected for the purposes of
this study for several reasons. Extensive current and historical climatic
data were available from a number of stations in each of these states. The
State of Illinois was seen to be representative of the average moderate con­
ditions across the continental United States. Alabama was chosen for study
because the state is located in an area which experiences hurricanes and
rainfall of very high intensity and was considered to be one of the most
critical states with respect to the need for road surface design criteria
to prevent flooding. Rainfall data from Texas stations in Austin and Fort
Worth had been acquired on a previous study and pUblished (~). The reduced
data have been included later in this report for purposes of comparison.

The outline shown in Table 2 gives the sequence of operations used to
arrive at an appropriate relationship between rainfall intensity and the
probability of the event for a specific state or geographic area. The full
report details the procedures used to derive the desired relationship for
the State of Illinois.

Table 2. Sequence of operations.

I. Determination of Rainfall Data for a State
II. Selection of Representative Stations

III. Selection of Representative Years
IV. Confirmation of Availability and Acquisition of

Detailed Rainfall Data
V. Analysis of Detailed Rainfall Data

Determination of Rainfall Characteristics

A listing from the U.S. Department of Commerce showed seven recording
stations in Illinois. Figure 12 shows the variation in annual rainfall
across the state is relatively small, leading to the conclusion that the
state need not be subdivided into different regions for purposes of rainfall
analysis.

A definite criterion for acceptable variation is given in Figure 13.
This curve of acceptable percentage and absolute variation was developed from
an understanding of different regional extremes in Texas. Study of the
isohyetal map of Texas, Figure 14, indicated that the state should be
divided into at least four zones to prevent the necessity of large data
extrapolations. The variations of these four zones were plotted on Figure 13.
The line of definition between acceptable and unacceptable variations was
then pl~ced to include these points in the acceptable zone. These points
are defined by determining from the isohyetal map the absolute variation in
annual rainfall in a region and the percentage variation in annual rainfall
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in the same region, as can be seen in Figure 13. The variation in the entire
State of Illinois does not represent as critical a variation as is seen in
each of the four subdivisions of Texas.

Selection of Representative Stations

Once the operating weather stations have been shown on isohyetal maps,
it is possible to select the most representative stations for more detailed
data analysis. Such geographic characteristics as mountain ranges, valleys
or relatively large differences in elevations should be considered in
selecting typical stations. The stations at Rockford, Springfield and Cairo
were selected from the isohyetal map in Figure 12 to represent the high and
low rainfall conditions that are geographically representative of the state.
A similar process was used in selecting the Alabama stations of Birmingham,
Mobile and Montgomery.

Based on the detailed analyses of nine station-years of rainfall data
in Illinois and nine station-years in Alabama, the data presented in
Tables 3 and 4. were acquired. Traces of total rainfall versus time were
analyzed in increments of time from two to fifteen minutes depending on the
variability of the trace. The resulting data shown in these tables can be
plotted as shown in Figure 15. This figure contrasts the data from Alabama
and Illinois and gives the probability of occurrence of a specific intensity
of rainfall during a period of rainfall.

These probability curves for Illinois and Alabama appear similar, but
this graph may be somewhat misleading since it is a normalized curve which
does not account for the total amount of rainfall or for the total amount
of exposure time. Figure 15 contrasts two states which are quite different
in terms of annual rainfall. The nine station-years analyzed for Alabama
averaged 57.3 in/year (145 em/year), one of the highest rainfall areas on
a statewide basis in the U.S.; and one where tropical storms, and their
associated high intensities, play an important part in the rainfall environ­
ment. In contrast, Illinois has an annual rainfall of slightly less than
40 in (101 cm) \~ith a fairly low variation across the state, thus more
closely representing the national average.

It is seen that the curves cross at the 0.20 in/h (5 mm/h) intensity
level. For any intensity greater than 0.20 in/h (5 mm/h) the probability of
its occurrence is higher in Alabama than in Illinois, perhaps a somewhat
less than startling conclusion to Mobile residents. The converse is also
true. The probability is higher, that intensities less than 0.20 in/h
(5 mm/h) will occur during a given rainfall period in Illinois than in
Alabama.

A different perspective can be achieved by comparing the percentage of
total time (both dry and wet) that a rainfall of a given intensity or greater
is falling. Table 5 gives thesedata for Texas, Illinois and Alabama. The
data from Texas were developed in a previous study (12). Of some importance
is the fact that all three states are subjected to rainfall intensities of
0.5 in/h (12.7 mm/h) or more for approximately 1/4 of 1 percent of the time.
This is approximately 24 h/year.' Intensities greater than 1 in/h
(25.4 mm/h) occur more on the order of 10 h/year.
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Tab1e 5 summari zes the exposure percentages for four regi ons of the
country, varying from the extremely arid climate of the southern Arizona
desert to the subtropical conditions of Alabama. It should be noted that
the detailed data used to arrive at the Illinois and Alabama exposure time
were not used for Central Texas (15), and that the southern Arizona desert
data point of approximately 1 percent exposure was adjusted upward by a
1 hour drying time for most rainfall events. The exposure time for the
Arizona desert directly comparable to the Illinois and Alabama data would be
less than the 1 percent presented by Burns (16). These data are plotted in
Figure 16. Although four data points must not be considered definitive, they
do appear to produce a reasonable trend, a curve with decreasing positive
slope.

It is demonstrated that analysis of NOAA rainfall data can yield both
the total exposure time and the occurrence probability of any specific inten­
sity level. Although these two factors are highly pertinent to the deter­
mination of whether a specific pavement surface will be flooded, they do not
constitute enough information to specify the exact probability of flooding.
To do this it would be necessary to determine the short-term (a matter of
minutes) intraevent history probability of rainfall intensities. This
apparent requirement, and the possible errors resulting from neglecting
it, are discussed in detail in the full report (9 ).

The conclusion reached, after all probable effects of rainfall pre-event
histories have been considered, is that the water depth should be assumed
to have reached its steady state condition for all times of exposure to a
specific rainfall intensity. Based on that assumption it is now possible to
conservatively estimate the probability of driving in a specific intensity
rainfall or greater and/or on the water depths produced by that intensity,
i . e. ,

P .
rl

T =w

where

and

P . = T (P.)
rl w 1

= the resultant probability of driving in a
specific intensity rainfall or greater as
desi gnated by the subscri pt i ;
the decimal portion of the time that rainfalls
of intensity greater than 0.01 in/h (0.254 mm/h)
are fall i ng ;

P. = the probability of an intensity equal to or
1 greater than i occurring during any period

of rainfall.

Eq. (10)

A state may determine Tw and Pi in the way presented in this chapter, or
reasonable estimates can be made based on Figure 16 (to determine Tw) and
Figure 15 (to determine Pi). The latter approach should be used with
caution, especially in those areas of the country where rainfall patterns
are atypical such as areas adjacent to mountainous regions.
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CHAPTER V

PAVEMENT DRAINAGE

Investigations of Puddle and Texture Depth

Measurements were made at 314 sites in Texas to determine (1) occurrence
of significant puddling on traffic lanes and (2) amount of texture depth at
the puddling areas. The location of these sites and highway category are
shown in Table 6.

Test Procedures

Three types of measurements were taken to investigate puddle depths and
texture depths on typical highways, Interstate, U.S. and state routes.

1. A rod and level were used to measure cross-section
elevations on the pavement.

2. A 6 ft (1.83 m) steel bar and a calibrated step
gauge were used to measure rut depths at these cross
sections.

3. The Silicone Putty Method was employed to measure
texture depths in wheel paths.

The first two measurements provided information to calculate puddle
depths. The elevations were used to determine the cross slope of the pave­
ment. Readings were taken at the centerline, edge of pavement and at an
intermediate point on the traveled way. A 6 ft (1.83 m) steel bar was
placed on the traveled way, and rut depths were measured by using a calibrated
step gauge. The step gauge was fabricated from 17-4 PH stainless steel heat
treated to H-900 condition. Previous research indicated 2.5 ft (0.76 m) for
the wheel path width. This width was checked at more than 200 sites. The
average width was approximately 2.5 ft (0.76 m).

Cross sections were plotted, cross slopes were determined and puddle
depths were computed.

Computation methods:
PO = /::,

(see

w
- ---.£. tan 8

2

Fi gure 17)

Eq. (11)

where _ C (tan 8 - WL see Figure 19).

Positive or negative puddle depths may exist. Positive puddle depths,
as shown in Figure 17, represent measurable depths in the wheel path where
puddling may occur. As shown in Figure 18, negative puddle depths indicate
the slope of the road was adequate to permit water flow to the edge of the
pavement.

Average texture depths were determined at each cross section by
employing the equation:
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Edge of
pavement

o

Centerline

\'IL

Edge of
pavement

Left 1ane Right lane

\I1L = Width of the traffic lane

C = Change in height throughout ~JL

PO = Puddle depth

w = ~Jhee1 paths = 2.5 ft (0.762 m)p
6, = Largest rut depth that existed withi n ~JL

Figure 19. Cross section of traveled way.
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Table 6. Locations of test sites in Texas.

District
Highway Category

No. IH US SH FM Total

2 8 34 14 56

10 46 46

11 11 17 28

12 3 3

14 I 22 22

15 18 4 8 6 36

16 11 11

18 14 50 10 74

19 13 13

20 16 9 25

Total 18 99 167 30 314
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where

TXD - 1 0.0625- [)2 -
d

Dd = Average of four diameter measurements taken on the putty
TXD = Average texture depth

Eq. (12)

Note: To measure 0d in the metric system. the putty impression device would
need to be calibrated with an appropriate metric weight.

Water Depths on Multilane Highways with Different Cross Slopes

Based on experimental studies of water filtn depths on pavements at Texas
A&M University. the following empirical expression for water film depths was
determined by regression analysis (ll).

WD = (3.38 x 10-3)(TXOO.ll)(LO.43)(Io.59)(-t-)0.42 - TXD Eq. (9)

where
WD = Water depth above asperities in inches (mm/25.4)

____TXO = Pavement texture depth in inches (mm/25.4) (putty test)
\:. L = Length of flow in feet (m/O.305)

I = Rainfall intensity in inches per hour (~/h)
S = Slope of drainage path. .

The equation is applicable to laminar flow conditions. For laminar flow. an
expression for water depth may be derived. This expression is:

where

[~
IL 1/3

WD = 1-1
pS

WD = Water depth above the asperities. L
1-1 = Absolute viscosity of the liquid. FT/L 2
I = Rainfall intensity. LIT
L = Length of flow. L
p = Unit weight of liquid. F/L3
S = Slope of drainage path.

Eq. (13)

This theoretical Equation 13 may be compared with the empirical Equation
9 and with the results shown in Table 7. See also Figure 20.

Based on the selected theoretical analysis it is apparent that the
multiple cross slope pavement drains better than the single cross slope.
This analysis assumes a smooth surface.

When one examines water depths from the empirical data given in Table 7
at points C and D. the measured water depth is less for the multiple cross
slope pavement; however. this is not the case for points A and B. Indeed.
the reverse is true.
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Table 7. Comparison of theoretical water depths
with water depths from the empirical
equation at several points along the
slope.

Case 1 Case 2
Point **

dt dB dT dt dB dT

A 0.029 0.035 0.000 0.046 0.063 0.028*

B 0.036 0.047 0.012 0.040 0.053 0.018

C 0.041 0.056 0.021 0.038 0.051 0.016

0 0.046 0.064 0.029*
I

0.038 0.050 0.015

*Maximum water depth
**See Figure 20 for points in question.

Note: All depths are listed in inches for dt = theoretical
depth, dT = empirical depth with respect to top of
asperities and dB = empirical depth with respect to
bottom of texture. The water depths listed are for
I = 1 in/h (25.4 mm/h), water temperature = 700 F
(21 0 C) and TXD = 0.035 in (0.9 mm).
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Case 1

12 ft 12 ft 12 ft 12 ft
(3.7 m) (3.7 m) (3.7 m) (3.7 m)

!
0.96 f

(0.29m)

~ 0

Case 2

12 ft 12 ft 12 ft 12 ft

(3.7m) (3.7 m) (3.7 m) (3.7 m)

vertical curve

0.24 ft 0.06 ft

(
0

.073 m)2:[__(_0_.0::18~m~~A~S:-~i%­
s = 0.5%

S = 1.5%
0.54 ft

(0.165m)
S "" '2.. 5%

~ Segments of parabolic

Given:

Rainfall intensity
Texture
Water temperature

= 1 in/h (25.4 mm/h)
= 0.835 in (0.9 mm)
= 70 F (21°C)

Figure 20. Example of comparative water depths on
multilane highways with different cross slopes.
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CHAPTER VI

TIRE-PAVEMENT INTERACTIONS ON OPEN-GRADED FRICTION
COURSES IN SIMULATED AND NATURAL RAINFALL

Introduction

An extensive review of the literature pertaining to this specific area of
study is contained in the full report. This review covers several national
and international conferences which deal with tire-pavement interactions, geo­
metrics, skid maintenance routines and design and construction of open-graded
friction courses, OGFC.

This technical summary covers in brief form the research findings by the
Texas Transportation Institute (TTl). The results include studies of four
full-scale sections of OGFC, each designed for a different percentage of voids.
A variable intensity rain simulator was substituted for natural rain. The
variables studied included vehicle speed, water depth, tire type, tire infla­
tion pressure and tire tread depth. Tests were made at different positions
across the dual lane pavement, and the effect of sealing the adjoining shoul­
der of the outside lane on water buildup was measured.

The comparative effect of natural rain on the performance of an array of
OGFC constructed under contract at four other locations in Texas was studied,
and the results are presented in the form of hard data and in a series of
photographs.

Field Experiments by TTL

In a total array of pavement construction and maintenance techniques,
there exists a limited number of economically practical measures that may be
taken to assure long lasting, high performance surfaces for medium-to-heavy
traffic.

Efforts to develop new techniques to be used as partial or complete
solutions to the problem have been reasonably successful. Among the several
methods now in use, OGFC offer considerable promise.

Since the introduction of OGFC in the United States several years ago,
a large number of states has developed mixture designs suited to their indi­
vidual materials, traffic and environment. This has resulted in some cross
pollenization, some of which has resulted in improved performance and some of
which has caused unanticipated problems.

Theoretical mixture designs have been developed to allow control of air
voids which in turn control, to a reasonable degree, the permeability of the
in-place surface layer. However, the variables encountered have, in many
instances, raised questions about the total drainage capability of OGFC,
particularly under medium-to-heavy traffic.

Generally speaking, after about one to three million vehicle passages
(applied at a rate of one million passages per year or greater), the
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friction, drainage, and splash and spray characteristics of OGFC stabi-
lize. This assumes that the thickness of the layer placed is in the approxi­
mate range of 20 to 30 mm and the aggregate is nonpo1ishing.

Field measurements made in Texas indicate that OGFC offer a positive
means to control macrotexture at a generally higher level than current dense­
graded asphalt concrete designs permit. This controlled, greater macrotexture
allows better drainage at the tire-pavement interface, irrespective of any
internal drainage. Internal drainage in the dynamic sense is appreciably
reduced after the surface layer stabilizes.

An extensive testing program was therefore initiated to assist in the
classification of the performance of the OGFC. Each of the four subsections
of the OGFC consists of dual lanes about 500 ft (152 m) long, and all sections
are cross sloped at 1 percent toward the paved shoulder. When constructed,
the voids in the four sections varied from more than 25 percent in Section 1
to about 15 percent in Section 4. Mat thickness was controlled at 1 in (25 mm).

Water on these sections was supplied by use of a rain simulator shown in
Figure 21. In the operation of the rain simulator the correct rainfall
intensity was controlled by pump discharge pressure and carefully monitored
by actual "ra infall" measurements made under the simulator.

Since the depth of water on the test surface was a critical parameter,
this was measured at designated points on the pavement with a point gage.
When water depth stability was attained, testing began. The rainfall inten­
sities investigated were in the approximate range of 0.2 to 2 in/h (5.1 to
50.8 mm/h). A typical testing situation is shown in Figure 21.

Field Test Results on OGFC

Results of about 4,000 tire-pavement interaction tests on the four pave­
ment sections are presented in 31 graphs in the full report. This technical
summary will present selected graphs from this extensive array of data which
was grouped into nine categories in the full report.

Figure 22 presents the skid number versus speed for all four sections of
the OGFC. Testing was performed in accordance with procedures outlined in
ASTM E274. The information presented in Figure 22 was collected approximately
midway in the overall test program, and check tests were made at the end of
the simulated rain studies to determine whether or not significant changes as
measured by ASTM E274 procedure had occurred. These check tests revealed no
significant change in measurements obtained.

It is apparent from Figure 22 that all four surfaces have high skid
numbers and are not very sensitive to speed.

The data presented in Figure 23 indicate a radical drop in skid number
for the G-60-14 glass-belted bias-ply tire with 2/32 in (1.6 mm) tread, a
positive water depth of 0.05 in (1.3 mm) and a speed of 55 mph .(88 km/h).
These data were gathered in Section 2 of the OGFC (voids about 25 percent).
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Figure 21. Testing OGFC at 40 mph (64 km/h)
on SH 21 Brazos County.
(Rainfall intensity about 2 in/h
(51 mm/h))
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Since the normal tire population contains among the other variables a
mixture of tire tread depths, a limited series of tests was performed using
two tires, one a glass-belted bias-ply (F-78-14) and the other a steel-belted
radial (FR-78-14) at tread depths of 11/32 in (8.7 mm), 5/32 in (4.0 mm) and
2/32 in (1.6 mm). A tire inflation pressure of 24 psi (165 pKa) was used
during these tests. The relative performance of Section 2 of the OGFC mea­
sured by these two tires of different tread depths is shown in Figure 24.
Attention is directed to two indicated findings; namely, the steel-belted
radial definitely delivers higher skid numbers for all tread depths, the
difference being about 10 skid numbers for the 5/32 in (4.0 mm) tread depth
and 55 mph (88 km/h) speed. This comparison of the effect of tread depth for
the glass-belted bias-ply tire (F-78-14) is extended to include the 2/32 in
(1.6 mm) tread depth in Figure 25. A marked sensitivity reduction in tread
depth is evident. The tread depth is reduced from 5/32 in (4.0 mm) to 2/32 in
(1.6 mm). However, it may be noted that the OGFC delivers adequate friction
at 55 mph (88 km/h) and a water depth of 0.05 in. (1.3 mm). .

For a 12 ft (3.7 m) traffic lane the approximate center of the wheel path
is 30 in (0.76 m) from the edge of the lane. This lateral position was there­
fore chosen as the position for wheel lockup on the various sections and
lanes through the described test program. When it was observed that the skid
numbers for Section 2 with the shoulder sealed were somewhat higher than
measurements made earlier, an effort was made to determine whether or not
there was an ~ppreciable variation in skid number across the pavement. The
results presented in Figure 26 were taken at three different points in real
time with a considerable delay between the time the measurements were taken
on Section 2 with and without the shoulder sealed and a very short delay
between the times data on the sealed shoulder and the position across the pave­
ment were taken.

Figures 27, 28 and 29 are plots of skid number vs. speed, not skid number
vs. water depth as has been the case in past discussions. The three primary
variables are rainfall intensity, vehicle speed and test section or pavement
voids. This complete series of tests was performed in the outside wheel path
of the outside lane in each of the sections. Similarly, this series of tests
might be considered to correspond to the procedures and equipment in ASTM E274
with water depth and speed as variables. This, of course, means that for a
fixed rainfall intensity of, say, 0.5 in/h (13 mm/h) the water depth increased
with decreasing voids. It should be noted, however, that the effect on water
depth of a given rainfall intensity is also a function of mat thickness as
well as the average void content of the OGFC. In spite of small differences
in mat thickness, the general trend of the data is an increase in the slope
of the SN vs. speed curves and a lowering of skid numbers.

In Figures 28 and 29, skid number vs. speed data for all tires except
the ASTM E501 are presented. Tire tread depth and tire inflation pressure
were fixed at 2/32 in (1.6 mm) and 24 psi (165 kPa), respectively, Again. all
four sections of pavement were examined for their performance characteristics
during simulated rainfall. Rates in the range of about 0.2 in/h to 2 in/h
(5 mm/h and 51 mm/h) were included.
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This overall analysis clearly indicates that the OGFC provided adequate
friction in all cases except at 55 mph (88 km/h) on Section 4 where the as­
constructed voids were in the range of 15 percent.

The slope of SN vs. speed curve for Section 4 is quite steep indicating
a rapid approach to dynamic hydroplaning in the 55 to 60 mph (88 to 97 km/h)
speed range with the associated potential dangers of this phenomenon. In a
general comparison of the effect of the two rainfall intensities it is evi­
dent that the greater water depths, associated with the higher rainfall,
caused a general downward, lower SN's, shift of the curves.

It should be noted that overall average macrotexture including all
texture measurements made after all simulated rain testing was done was
0.107 in (2.7 mm). The range of values was from 0.084 to 0.134 in (2.1 to
3.4 mm).

A falling head water outflow meter was used to evaluate the permea­
bility of these surfaces after all testing had been completed. These measure­
ments indicate a redu:tion in permeable voids from Section 1 to Section 4
with outflow time measurements of 5.9, 8.2, 9.7 and 17.6 seconds for Sec­
tions 1, 2, 3 and 4, respectively. Voids were generally reduced 20 to 25
percent after two years of traffic.

Performance of OGFC under Natural Rainfall

The question of the comparative performance of OGFC under simulated and
natural rainfall was raised during the Phase I effort. To shed some light on
this question, five field sites were established in Texas to gather data on
existing open-graded surfaces that have been in service for time intervals of
two to five years. Traffic on these sections varies from light to very heavy.

The five selected test sites included Austin, Fort Worth, Lufkin, Beaumont
and Bryan, Texas. Operators at each site were instructed to place primary
emphasis on collecting data at 40 mph (64 km/h) with the full tread E501 tire
in natural rain in the general intensity range of 0.01 to 0.5 in/h (0.3 to
13 mm/h) on their typical open-graded surfaces. Following this they were
instructed to collect data at 55 mph (88 km/h) then change to the minimal
tread tire and repeat the data collection at the two stated speeds.

Normally, the crews were available during the regular work week~ also, it
was difficult to estimate when a given rain shower would be at a given site.
Further, a rain of uniform intensity covering an area of sufficient size to
include a reasonable sized test occurred with great rarity.

Measurements made on SH 21 in Brazos County, Texas, showed a wide varia­
tion-in intensity and duration within the 2200 ft (671 m) test site. Varia­
tions in intensity of 100 percent or more were not uncommon, with such
variations taking place in a distance of 1000 ft (305 m) or less. These
observations were most particularly true for rainfall intensities in the 0.1
to 0.5 in/h (2.5 to 13 mm/h) range. It was noted that light rain in the 0.01
to 0.1 in/h (0.3 to 2.5 mm/h) range were much more nearly uniform in intensity
and usually extended over longer periods of time. The impact of this observa­
tion on the probability of wet weather accidents is important.
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Given the observed facts regarding the measured variations in rainfall
intensity and duration, it was considered advisable to look at recession
curves for various flow lengths, particularly for open-graded friction courses.

To this end and in keeping with the work plan, a pavement surface drain­
age study was made utilizing a 4 by 28 ft (1.2 by 8.5 m) segment of open
mixture placed 1 in (25.4 mm) thick on a double tee beam as shown in
Figure 30. By using simulated rain and different cross slopes, recession
curves were developed for different flow lengths. A typical plot is shown in
Figure 31. It is evident that the relationship is linear after about 6 min­
utes.

Returning now to skid data taken during natural rainfall, Table 8 is a
summary of the data,collected, for the most part, over a period of eight
months on SH 21 in Brazos County.

The data collection system consisted of the standard TTl locked-wheel
trailer which utilized the ASTM E501 full tread tire inflated to 24 psi (165
kPa). The first column of data includes SN's obtained using the internal
watering systems as per ASTM E274. These data indicate no significant dif­
ference among the four test sections.

The next six columns of data represent information collected during
natural rain, the intensity of which varied from near 0 to 0.57 in/h (14.5
mm/h). An examination of these data indicates that all four sections of the
OGFC performed in a highly acceptable manner as determined by procedures of
ASTM E274, excepting water depth. To picture this conclusion more clearly,
the more than 260 data points at SN40 and SN55 were averaged for each lane of
each section at the two test speeds; and these were plotted and are shown in
Figure 32. A spread in the SN40 of eight skid numbers (from 51 to 59) is
apparent; whereas, the SN55 ranged from 49 to 51, a remarkably small varia­
tion. If all these data averaged for both lanes and all sections, the SN40
is found to be 55 and the SN55 is found to be 50, a drop of only five skid
numbers for a speed increase of 15 mph (24 km/h).

In columns 7, 8 and 9 limited data are presented depicting skid numbers
in natural rain on these same test sections wherein a G-78-15 custom belted
poly-glass tire with 2/32 in (1.6 mm) tread was substituted for the full tread
ASTM E501. The test speed was 40 mph (64 km/h). The skid numbers ranged
from 43 to 53 with no particular pattern.

It is generally evident from the information presented that OGFC of ade­
quate thickness and void content provide ample friction except under extreme
conditions of flooding, provided the tires being used have a tread depth of
about 0.2 in (5 mm) or greater.
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Figure 30. Model surface used to examine runoff
from multilane pavements.
(Note water input at left (upper) end
of pavement segment and simulated rain
capability on two outer lines.)
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CHAPTER VII

PAVEMENT CROSS-SLOPE CRITERIA
AS RELATED TO VEHICLE CONTROL

Introduction

Presented in this section is a synopsis of an element of the overall
study which was conducted during Phase I. Reference should be made to the
Phase I report for a more comprehensive presentation of the subject matter
including referenced materials.

The 1965 edition of the AASHO (now AASHTO) Blue Book states, IIImpor­
tant characteristics of pavement surface types in relation to geometric
design are the abil~ty of a surface to retain its shape and dimensions, the
ability to drain, and the effect on the driver behavior. 1I Drainage can be
improved by increasing the cross slope, but the effect of relatively steep
cross slopes on driver behavior and vehicle control may be unacceptable.
The Blue Book states that IIcross slopes of 2 percent to 8 percent are no­
ticeable in steering. The latter rate requires a conscious effort in steer­
ing and would increase the proneness to lateral skidding when vehicles brake
on icy or wet pavements, and even on dry pavements when stops are made under
emergency conditions. 1I A survey of state practices conducted in 1972 showed
that the maximum cross slope used for either flexible or rigid pavement was
2 percent. The survey included rural highways and urban freeways, but not
city streets.

In the opinion of the researchers, further studies were needed and war­
ranted to substantiate the AASHO guidelines regarding cross slopes, especial­
ly in light of recent technological advances concerning methods of studying
vehicle handling. In particular, the researchers refer to the Highway-Vehicle­
Object Simulation Model (HVOSM), a computer program which simulates the dyna­
mic interaction between the automobile and the roadway. Thus, the object of
this phase of the study was to conduct a preliminary investigation with HVOSM
to determine the effects of cross slopes on both driver demands and vehicle
control.

Research Approach and Evaluation Criteria

The HVOSM was used to simulate an automobile performing two common types
of maneuvers. These were (1) travel with constant velocity along a tangent
section and (2) a lane change maneuver at 60 mph (97 km/h) involving the
traversal of a crown.

Certain factors, which are available through the HVOSM output, were
used as indicators of the demand on both the driver and on the automobile
during these maneuvers. Aligning torque on the front wheels of the automo­
bile provided a measure of driver demands, and the required tire-pavement
friction coefficient provided a measure of vehicle demands.

Aligning torques, which '~esult from tire-pavement interaction forces,
are dependent on properties of the tire, the vehicle, and the pavement.
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However, it must be pointed out that in HVOSM aligning torques are simulated
by means of a constant "pneuP.1atic trail" dimension only, i.e., the al igning
torque is computed by simply multiplying the side force by the constant pneu­
matic trail dimension (an input variable). A correction is also made for
gyroscopic precession. The degree to which HVOSM simulates actual aligning
torque is, therefore, subject to some question, although qualitative com­
parisons between the torques produced on different cross slopes can still be
made.

An automobile traveling along a tangent section with a cross slope tends
to turn down the slope, and front wheel torques must De applied through the
steering wheel to maintain a tangent path. The aligning torque to maintain
a tangent path increases as the cross slope increases.

Aligning torques on the front wheels provide an indication of what is
required of the driver as he performs a given steering maneuver. The aligning
torque is a moment created at the tire-pavement intenface which tends to rea­
lign the wheel in the direction of motion. The relationship between aligning
torques on the front wheels and the corresponding torque which must be applied
at the steering wheel is dependent on a number of variables, such as type and
condition of vehicle and type of power steering (if any). A review of the
literature revealed very little information which identified this relation­
ship. especially for automobiles with power steering. To gain insight into
this area, the researchers performed limited static tests on two automobiles,
one without power steering and one with power steering. For the auto with
power steering, it appeared that the steering wheel torque was practically con­
stant and independent of the aligning torque. The power steering unit appar­
ently had a compensating feature which adjusted the applied steering torque as
a function of the aligning torque. On the car with no power steering, steering
wheel torques were found to be proportional to the aligning torques. The
steering wheel torque to aligning torque ratio was found to be approximately
equal to the ratio of the wheel steer angle to the steering wheel angle.

To determine the tire-pavement friction coefficient necessary to perform
the simulated maneuvers. The resultant of the tire side and circumferential
forces developed during the maneuver was divided by the vertical tire force.
This was done for each of the four tires, and then the one requiring the
largest coefficient was selected. It is assumed that friction demands on any
tire which exceeds available friction constitutes an unacceptable condition.

Parameters Investigated

It was necessary to limit the number of parameters investigated in the
HVOSM studies as follows:

1. All runs were made with a standard size automobile, with a set
of typical tires.

2. Only one type of pavement surface was studied (as characterized
by a tire-pavement friction coefficient).
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3. It was assumed that the cross slope was not interrupted by geo­
metric irregularities such as ruts or local indentation or bumps.
The problems associated with the retention of pavement shape and
dimension are addressed elsewhere in this report.

The parametric study consisted of 16 HVOSM simulations. Eight cross
slopes were investigated, beginning at 1 percent to 8 percent in 1/8 in

"(3 mm) increments. For each of these eight cross slopes, two basic vehicle
maneuvers were investigated. These consisted of a 60 mph (97 km/h) constant
velocity path along a tangent section and a 12 ft (3.66 m) lane change
maneuver at 60 mph (97 km/h) across a crown (cross slope on each side of
crown equal in magnitude but in opposite directions). The maneuvers and the
cross slope geometry are illustrated in Figure 31. The runs and the corres­
ponding cross slope geometry are summarized in Table 9.

Tangent Path Results

A summary of the required aligning torques for the eight tangent path
runs is shown in Table 10. As an illustration of how the aligning torque
could be related to driver requirements, assume that one is driving along a
tangent on a 3 percent cross slope at 60 mph (97 km/h) without power steering,
and the automobile has a 25-to-l steering wheel to steer angle ratio. If the
steering wheel torque, TSW, is 1/25 of the aligning torque (see Table 10),
then

TSW = is (96) = 3.84 lbf·in (0.43 Nm)

For an 18 in (457 mm) diameter steering wheel, the driver would have to apply
a total tangential force, FSW' to the steering wheel, computed as follows:

F
SW

- 3.84 - 0.2 lbf (0.89 N)- 18.0 -

For a 6 percent cross slope, FSW would equal 0.5 lbf (2.22 N), and for a
1 percent cross slope it would be 0.06 lbf (0.27 N); or the 6 percent cross
slope would require 733 percent more "effort". The extent to which these
driver "requirements" approach, or exceed, driver "limits" remains to be
determined.

Also shown in Table 10 is the required friction coefficient to maintain
a tangent path at 60 mph (97 km/h) for the eight cross slopes. It is inter­
esting that in each case the rear tires demanded the qreatest friction to
maintain the tangent path. Also, the largest part of-the demand of the rear
tires is for traction, i.e., the circumferential tire force (approximately
100 lbf (445 N) per tire) necessary to maintain the 60 mph (97 km/h) speed.
Since the tractional demands did not increase appreciably with cross slope,
the required friction coefficient did not increase appreciably. Also shown
in Table 10 is the friction coefficient needed to keep a stationary vehicle
from sliding off the cross slope. The value of the coefficient in such a
case is simply the cross slope in radians.
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Table 9. Cross slope geometry.

Computer Cross Slope PathRun No in/ft, S*

1 1/8 (1%) Tangent

2 1/4 (2%) Tangent

3 3/8 (3%) Tangent

4 1/2 (4%) Tangent

5 5/8 (5%) Tangent

6 3/4 (6%) Tangent

7 7/8 (7%) Tangent

8 1 (8%) Tangent ,

9 1/8 (1%) Lane Change

10 1/4 (2%) Lane Change

11 3/8 (3%) Lane Change

12 1/2 (4%) Lane Change

13 5/8 (5%) Lane Change

14 "- 3/4 (6%) Lane Change

15 7/8 (7%) Lane Change

16 1 (8%) Lane Change

*See Figure 33.
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Information in Table 10 is shown plotted in Figure 33. The results
of these simulations indicate that increases in cross slope do not ap­
preciably increase frictional demands of the automobile for travel along a
tangent path. However, demands of the driver increase considerably as the
cross slope increases.

Lane Change Results

Three quantities were evaluated for each of the lane change runs,
namely, the required friction coefficient, the vehicle's path and the
aligning torque. Maximum values of the required friction coefficient and
the aligning torque are shown in Table 11 and are plotted in Figure 34.

In general, the maximum friction demand during the lane change appears
to be proportional to the magnitude of the side slope. There are interme­
diate peak values of the friction demand, which occur at cross slopes of
3 percent and at 6 percent. It is not known if these cross slopes do in
fact require more friction to negotiate than steeper slopes, as shown in
Figure 35, or if the results for these cross slopes represent "sca tter" in
the HVOSM data. It should be noted that the controller routines which steer
the vehicle and which apply traction for speed control continually sense
deviations in the desired path and vehicle speed. However, deviations do
occur which require corrections. Although attempts are made in the control
routines to minimize the number and magnitude of these corrections, oscil­
lations in the desired path and speed sometimes occur. The degree to which
corrections are necessary is a function of the initial conditions of the
vehicle (speed and orientation), the vehicle's characteristics, the roadway
geometry and the controller algorithms themselves.

A comparison of Figures 34 and 35 shows that for a given cross slope
the lane change maneuver requires a significantly greater driver effort
(aligning torque) than does driving a tangent path. Vehicle demands (tire­
friction coefficient) of the lane change are also considerably greater than
those for the tangent path. However, with regard to driver effor~ since
most travel time is spent driving tangents, it seems reasonable to assume
that considerably larger driver efforts would be tolerable for short periods
of time, such as that needed to make the lane change. An analogous situa­
tion cannot be made with regard to friction demands. A very undesirable
condition exists any time the required friction exceeds the available fric­
tion. In other words, the friction demands of the lane change maneuver
must be met.

Friction demands for a constant speed tangent path appear practically
independent of the magnitude of the cross slope. The largest demand comes
from the rear tires due to the combined tractional force and side force re­
quirements. However, increases in cross slope require increases in the
steer angle of the front wheels which would undoubtedly increase tire wear.
Studies are needed to quantify the wearas a function of cross slope.

In both the tangent path and the lane change maneuver, the vehicle re­
mained stable and there were no indications that loss of control was
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impending. However, for the larger cross slopes, some erratic responses
occurred. As can be observed in the plotted results, the required fric­
tion and aligning torques did not reach a steady state condition for either
the tangent path or the lane change (after the lane change was completed).

Conclusions

It is concluded that the HVOSM computer program can be used to quan­
tify the effects of cross slope on both driver demands and vehicle control.
However, before further investigations with the HVOSM are made, modifica­
tions are needed with regard to the vehicle controller routines. Such
changes would result in a better simulation of a typical driver's response
in performing various functions, such as the lane change maneuver and in
maintaining a constant vehicle speed. Modifications may also be warranted
to the HVOSM with regard to the simulation of ali.gning torques on the tires.

Tentative conclusions which can be drawn from the limited parametric
study are as follows:

1. An automobile can maintain a tangent path on cross slopes up
to 6 percent without significant friction demands (as measu~ed

by tire-pavement friction coefficient) or driver effort (as
measured by aligning torques). For greater cross slopes, the
simulation exhibits an erratic response which is probably a
numerical problem related to control inputs.

2. The lane change maneuver (including crossing a crown) requires
considerably larger friction demands and driver effort than
does driving a tangent path. While the larger driver effort
may be tolerable for the lane change (since it occurs over a
relatively short period of time), the friction demands must
be met, or unacceptable consequences will result.

3. Friction demands of approximately 0.10 for a constant speed tan­
gent path appear practically independent of the magnitude of the
cross slopes. The largest demand comes from the rear tires due
to the combined tractional force and side force requirements.
However, increases in cross slope require increases in the steer
angle of the front wheels which would undoubtedly increase tire
wear.

4. Required driver effort has been quantified in terms of aligning
torques on the front wheels. More study is needed to (a) relate
aligning torques to actual driver requirements (steering wheel
torque) and (b) to determine human tolerance "limits" in terms
of steering wheel torques.

5. Cross slope values up to 2 percent show no significant detrimen­
tal effects with regard to either friction demand or driver
effort.
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CHAPTER VIII

DESIGN CRITERIA FOR DRAINAGE OF
SAG VERTICAL CURVES

Introduction

In order to examine the present practices with regard to sag vertical
curve design to minimize hydroplaning, a questionnaire was sent to nine state
design engineers. A summary of the significant findings of this survey is
listed below:

1. No wet weather speed limits are currently in use.
2. Surface drainage is a significant design consideration in most

states.

3. No special drainage considerations are given to sag vertical
curves.

4. A storm recurrence interval of 8-15 years is commonly used.

5. A maximum water-film depth criterion is not currently being
applied in the design process.

6. Maximum flow path length is used as a design criteria by about
20 percent of the states.

7. A 36 ft (11 m) maximum width of drainage in one direction is
common.

8. Cross-slope criteria for sag vertical curves were also typical
of standard criteria for tangent sections.

9. Few attempts have been made to incorporate experimental drainage
features at critical drainage locations, i.e., sag vertical curves.
Those states whose policy prescribes the use of storm recurrence
design interval also encourage increasing the design interval for
underpasses and intersection design for sag vertical curves.

Based on a'review of the AASHTO standards, the input from state design engi­
neers and engineering judgment, tentative design criteria for sag vertical
curves have been prepared. These criteria are presented in Table 12, and
many of the criteria are based on judgment. These must be applied and eval­
uated to confirm their utility in the design process.

Innovative Surface Drainage Techniques

The removal of water from the pavement surface can be accomplished in
two ways: (1) over-the-surface drainage and/or (2) through-the-pavement
drainage. Through-the-pavement drainage can be accomplished by drainage
through an open-graded asphaltic friction course or'by intercepting the
water runoff through drop inlets on the surface of the pavement. These two
basic concepts were incorporated into seven innovation drainage concepts
which were evaluated with respect to the following criteria:
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Table 12. Tentative sag vertical curve drainage design
criteria based on a survey of existing practice.

Design Element

Maximum pavement width for
one-way drainage

Maximum inlet spacing

Stonn recurrence des i gn interval
with crossroad intersection
with underpass structure

Channelized curb flow
encroachment

Increase in roughness
Coefficient (Manning's N)
for various materials due
to small gutter slopes

Pavement cross slope for sag
vertical curve section

Desirable Design

36 ft
(11 m)

50-200 ft
(15-61 m)

25 years
25-50 years
25-50 years

Containing
ponding on the
shoulder

0.0005

Slight increase
in cross slope
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Minimum Design

36-48 ft
(11-14.6 m)

300-500 ft
(91-152 m)

10 years
10-25 years
25 years

Containing
ponding on the
shoulder and
half of the
extreme right
1ane

0.002

No increase in
cross slope



1. Adaptability to wheel-path depression,

2. Susceptibility to ponding,

3. Susceptibility to clogging,
4. Difficulty in construction,
5. Difficulty in overlaying,
6. Expected degree of compaction,
7. Maintenance cost and
8. Difficulty in adapting to PCC pavement.

Based on this subjective analysis, the systems involving open-graded
asphaltic concrete as the surface course were judged to be substantially
better than drop inlet or slotted pipe drain systems. For this reason, a
detailed examination of the drainage capability of the open-graded asphaltic
mix was undertaken.

Open-Graded Asphaltic Mix Drainage Capacity

Based on experimentally determined values, a pavement with a 2 percent
cross slope and a 0 grade shows flooding occurs on an open-graded paving
mixture 1 in (25.4 mm) thick, 12 ft (3.7 m) wide, composed of a 0.3 in
(7.6 mm) aggregate if the rainfall intensity i? dn the range of 0.3 to 0.5
i n/ h (8 to 13 mm/ h) (l.U.

The drainage capacity of the permeable pavements and the water flow
velocity through them has been estimated based on the data above. The re­
sulting average velocity was 0.0078 ft/s (2.4 mm/s). Moynahan, et al., (17)
reported a velocity of 0.002 ft/s (0.6 mm/s) for dense-graded aggregate. -­
Thus, the velocity estimate appears to be of the right orde~ of magnitude.

The thickness of the open-graded mixture needed to facilitate drainage
can be estimated for a horizontal velocity of 0.0078 ft/s (2.4 mm/s). The
thickness required continuously increases with drainage path length to a
maximum of t l at the pavement edge as indicated in Figure 36.

Therefore

Q = VA = IP
for

V = 0.0078ft/s= 28 ft/h (8.54 m/h)
A = 0.15 t1y

P = Ly
where

Q = flow quantity through the pavement units
t l = open-graded layer thickness, inches (mm/25.4)
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y = longitudinal length of the pavement section in ft (m/0.305)

I = rainfall intensity, in/h (2~4/h)

L = drainage path length in ft (m/0.305)

Solving Equation 14 for t l
, the resulting equation is

t l = --.l1­4.21 Eq. (15)

Calculations from Equation 15 are shown in Table 13.

It is apparent frol]l Table 13 that for design rainfalls exceeding
about 1 in/h (25.4 mm/h) and drainage lengths exceeding 24 ft (7.3 m) the
required thickness becomes excessive. Thus, open-graded mix cannot be
expected to drain the pavement for typical design rainfalls. The pavement
cross slope must serve this function. Open-graded pavement surfaces pro­
vide pavement macrotexture which is-necessary.

Effect of Wheel Path Depression on the Critical Drainage Path Length

Drainage across the pavement can be interrupted by depressions of the
pavement surface. The most common of these depressions is the wheel path
depression created by material compaction and/or wear. Amathematical ap­
proach was used to evaluate the effect of wheel path depression on drainage
pa th 1ength.

Basic Assumptions:

1. Minimum cross slope to maintain drainage is 0.5 percent.
2. The wheel path depression is 2 ft (0.6 m) wide.

The basic geometry of the wheel path depression is presented in Fig­
ure 37. This analysis resulted in the equation:

where

WPD = (S - 0.005) W
-2-

WPD = wheel path depression
S = pavement cross slope

Eq. (16)

Observed wheel path depressions measured in the field revealed that
the 85th percentile depression was approximately 0.3 in (7.6 mm). Using
this value the maximum wheel path depression to prevent ponding can be
determined. Table 14 presents the results of this analysis.

Critical Drainage Path Length

Gallaway, et al. (13) reported that water depth on the pavement can be
estimated by the equation:
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Table 13. Required thickness of open-graded pavement
for selected rainfalls, inches (mm)

Drainage Path Rainfall Intensity
Length, L, in/h (mm/h)

feet metres 0.2 (5 ) 0.5 1.0 (25) 1.5 (38) 2.0

12 3.7 0.6 (15 ) 1.4 (74)

24 7.3 1.1 (28)

36 11.0 1.7 (43)

48 14.6 2.3 (58)

60 18.3 2.9 (74)

Table 14. Allowable wheel path depressions
to provide surface drainage

Cross Slope Maximum Wheel Path
Depression

% inches mi 11 imetres

1 0.06 1.5

2 0.18 4.6

3 0·.30 7.6
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where

ITXDO. ll LO. 43 10. 591
WD = 0.00338 L SO.42 J -TXD

WD = water depth in inches (mm/25.4)
TXD = texture depth in inches (mm/25.4)

S = pavement cross slope
L = drainage path length (feet) (m/0.305)

I = rainfall intensity (inches/hour) (2~~4/h)

Eq. (9)

Solving this equation for the drainage path length, the results are

[ °42 2.33
L = (WD + TXD)S .

0.00338 TXDO. 11 10. 59 '
Eq. (17)

Combining the length of drainage path with the pavement grade, the
necessary to produce water buildup on the pavement (i.e., critical
path length) can be determined. The relationship is presented in
Equation 18.

grade
drainage

Eq. (18)

where gc = critical grade
S = pavement cross slope
L = length of the drainage path in feet (m/0.305)
W= width of the pavement being drained in feet (m/0.305)

Figures 38 to 40 present these relationships in graphical form. Review
of the graphs reveals that substantial water accumulation is not likely for
the commonly used grades and cross slopes. While some accumulation does
occur, it is not generally sufficient to produce a substantial hydroplaning
problem.

Recommended Treatments for Sag Vertical Curves

The recommendations for minimizing hydroplaning in sag vertical curves
are presented in Tables 15, 16 and 17.
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Table 15. Recommended treatment for sag-vertical
curves in new construction.

PCC AC
Cross Slope Pavements Pavements

2% 2%

Surface Texture High texture surface One i n'ch (25 mm)
using transverse grooving of open-graded
of fresh concrete by metal AC mix or a course
tines. Space tines at surface treatment
0.5 inches (13 mm) (maximum size
maximum, 0.2 inches (5 mm) aggregate 0.5
maximum depth and 0.08 inches (13 mm)).
inches (2 mm) ~inimum
depth.

Table 16. Recommended remedial treatment for sag­
vertical curves subject to flooding.

Cross Slope
Min.

1%

PCC
Pavements
Max. Desirable

2% 2%
Min.

1%

AC
Pavements
Max. Desirable

2% 2%

Surface Treatment

WheJl Path
Depression Main­
tenance

Longitudinal grooving 0.1
inch (2.5 mm) grooves
at 0.8 inch (20 mm) centers
to a maximum depth of 0.2
inch (5 mm).

Maximum wheel path depres­
sion 0.20 inch (5 mm)das
measured from the normal
cross slope of the pave­
ment.

79

One inch (25 mm) of
open-graded AC mix or
a course surface treat­
ment (maximum aggregate
size of 0.4 inch (10 mm)).

Maximum wheel path depres­
sion 0.20 inch (5 mm) as
measured from the normal
curve slope of the pave­
ment.



Table 17. Recommended remedial treatment for sag­
vertical curves with curbs ..

PCC and AC
Pavements

Curb

Treatment

Remove

Use slotted shoulder subdrain on a
paved shoulder. Subdrain to be
located a minimum of 2 ft (0.6 m)
from the through-lane pavement edge,

or

reshape and pave shoulder to provide
a drainage channel on the shoulder,

and

resurface with open-graded AC mix to
a 2 percent effective cross slope
when the cross slope is less than
1.5 percent or wheel path depressions
exceed 0.2 in (5 mm).

Note: Grooving may be necessary to
provide sufficient pavement
macrotexture.
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Summary of Major Findings

1. Of the innovative surface drainage systems considered, those
featuring a permeable surface course or a high macrotexture
surface course appear to have the highest potential for
reducing hydroplaning accidents.

2. Based on the observed flow rates through the open-graded mix­
ture, the thickness required to accommodate drainage through
the pavement for 'high intensity rainfalls is too great to be
economically feasible. Excessive compaction of the overlay
combined with high rainfall intensities are the primary
reasons.

3. Pavement cross slope is the dominant factor in removing water
from the pavement surface. A minimum cross slope of 2 percent
is recommended.

4. As a guideline, a wheel path depression in excess of 0.2 in
(5 mm) should be used as a criterion for resurfacing to re­

"duce the pavement drainage problem when dense AC or PCC pave­
ments are used.

5. The most serviceable innovative surface drainage systems are
those that involve open-graded AC surface courses without a
subdrain system.

6. Surface drains located parallel to the lane lines will probably
not solve the drainage problem due to the wheel path depres­
sions.

7. Transverse surface drains located on the pavement surface would
probably result in a rough pavement, increase maintenance costs,
and increase potential for ponding water. For these reasons,
such systems are not recommended for general use.
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CHAPTER IX

CRITERIA TO REDUCE HYDROPLANING

Based on the information developed in preceding chapters, a clear
definition has evolved concerning the influence of different factors on the
full loss of control forces (dynamic hydroplaning). It is of interest now
to estimate the range and distribution of these factors on the highway.
Approximate distributions of these factors are given in the full report.
The approximate 50 percentile values of these obviously skewed distributions
are

TO = 7/32 in (5.6 mm)
P = 27 psi (186 kPa)

TXD = 0.038 in (0.96 mm) •
The lower seven percentile level of the three groups is approximately:

TO = 2/32 in (1.6 mm)
P = 18 psi (124 kPa)

TXD = 0.01 in (0.25 mm);

Two plots showing the distribution of texture depth in 1967 and in 1977
are given in Figure 41. The difference between these two plots would seem
to show a remarkable (and certainly appropriate) increase in texture depths
in one state over the past ten years.

_Note that the plot of texture depth in terms of roadway distance is not
the same as exposure rate to traffic since the more highly traveled, and thus
more highly polished, roads are probably biased toward the lower texture
range. Therefore the plot given is probably more optimistic than warranted
in terms of actual exposure to the lower texture values. The obvious conclu­
sion is that significant numbers of automobiles are traveling under conditions
which could produce hydroplaning at speeds less than the current speed limits
of 55 mph (88 km/h).

However, there is one factor that makes the situation less critical than
our initial considerations would seem to indicate; that is, the comparative
rarity of rainfalls intense enough to sustain significant positive water
depths on the road surfaces.

The full report (2) gives the overall percentage of time that highways
are exposed to rainfall of different intensities for Texas, Illinois and
Alabama. The surprising conclusion from these data is that the exposures
in these states are so similar. These data can also be estimated for other
states and regions by use of two equations which fit Figures 15 and 16
reasonably well.
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These equations are

Tw = 0.041

(1 in/y =

where

(Rr - 60)2

87,500

25.4 mm/y)

Eq. (19)

Rr is the total annual rainfall in a specific region, r;

and
Tw is the proportion of time a region is subjected to an

intensity of rainfall greater than 0.01 in/h (0.25 mm/h)

and

0.0324'P. = --::----
1 I .

1

(1 in/h = 25.4 mm/h)

where

o

Eq. (20)

P. is the probability of the occurrence of an intensity, I.,
1 during a period of rainfall. 1

The first produces an estimate of the proportion of time a region is
subjected to rainfall equal to or greater than 0.01 in/h (0.25 mm/h)
based on the total annual rainfall. The second is what appears at this
stage to be a conservative estimate of the probability of observing a spe­
cific or greater intensity during a period of rainfall. These two equations
can be combined to produce an estimate of the proportion of time throughout
a year when a rainfall of specific or greater intensity may be expected,
Pri , i.e.,

P . = P. Tn 1 w

or'
0.0324 [ (Rr - 60)2]

Pri = Ii 0.041 - 87,500 I

(1 in/year = 25.4 mm/year, 1 in/h = 25.4 mm/h)

Eq. (21)

At this stage it is appropriate to discuss the selection of a "design"
rainfall intensity. The purpose of a "design" intensity is twofold. First,
as in the case of almost all highly variable natural phenomena, to recognize
it is not practical to design for all possible events. The precedent for
this position is well established in many engineering disciplines. Examples
are: (1) Traffic - the design of geometrics for the 85th or in some cases
the 95th percentile traffic speed; (2) Hydraulics - the design of facilities
based on a 25-year flood; and (3) Structures - the design for a 20-year wind,
a 50-year snowfall or a lOa-year earthquake.
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Second, without a "design ll rainfall intensity it is impossible to
"design" road surfaces to preclude hydroplaning. Through experience,
relatively standard practices have emerged which have reduced the hydro­
planing event to a fairly low probabil ity; but no comprehensive "design"
method has emerged to provide a real direction to the effort.

Considering ways in which "design" rainfalls could be established,
two approaches are given, with obvious preference given the latter.

Approach 1

Choose a reasonable "design" rainfall intensity and ask all states to
design and maintain highways in such a way that this intensity will be
accommodated. For example, this choice might be based on the average 95th
p~rcentile rainfall intensity throughout the nation, a value of approximately
0.5 in/h (13 mm/h). If two states are compared, one having a great deal more
rainfall than the other, and all other factors being approximately equal,
each state would be required to construct a~d maintain the same combinations
of texture, cross slope and drainage path length. This would result in the
lower rainfall state achieving a significantly lower probability of hydro­
planing, or a much lower cost effectiveness level for efforts to decrease
hydroplaning. A more versatile 'approach can be formulated by the "regional
equalization of probability" concept; that is, design standards which would
equalize the probability of a hydroplaning event between different regions,
e.g., between Nevada and Louisiana.

To do this, Table 18 illustrates the variables which must be considered
to reduce the probability. Note only three of these factors -- surface
texture, surface slope and drainage path length -- may be considered within
the engineer's control. The other factors must be treated from the stand­
point of probability as will be demonstrated in the following approach.

Approach 2

Choose a reasonable probability level of precluding hydroplaning and
compute a "des i gn" ra i nfa 11 i ntens ity for each state or geographi c area to
achieve that level.

As an example, consider choosing a probability level of one in one
hundred thousand. This means the highway surface would be constructed and
maintained in a particular area so that the probability of hydroplaning
would exist one chance in one hundred thousand. Select, for the "design"
tread depth, the minimum legal tire tread depth of 2/32 in (1.6 mm). (This
depth or lower occurs on 7 percent of all automobiles, a probability level
of 0.07.) For consistency, selecting a probability level of 0.07 for tire
pressure results in a design tire pressure of approximately 18 psi (124
kPa). The probability of vehicles driving speeds necesary to achieve hydro­
planing with these tire conditions is neglected on the grounds that the legal
speed of 55 mph (88 km/h) should be accommodated, and this speed is certain­
ly high enough to allow hydroplaning. At this combination of tire pressure
and tread depth, very small values of water depth can cause hydroplaning.
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Table 18. Variables influencing hydroplaning.

Factors Within Engineer's Control

Surface texture

Cross slope

Drainage path length

Factors Outside Engineer1s Control

Ra i nfall

Tire tread depths and pressures

Vehicle speeds*

*Although some degree of influence may be obtained there will remain a
relatively uncontrolled variation in individual vehicle speeds.
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Thus, a very conservative criterion to preclude such occurrence would be
the allowance of no positive water depth through management of texture,
cross slope and drainage path length when the highway is subjected to the
"design" rainfall intensity.

The "design" rainfall intensity may be computed as follows, based on
the one in one hundred thousand choice of probability for the hydroplaning
event.

Pe = Pt x Pp x Pri .

The probability of a specific combination
of events occurring is the product of the
probabilities of the individual events.*

Where

Pe = Probability of hydroplaning event -5
(Selected in this example as 1 x 10 )

Pt = Probability of the "design" tread depth
(Selected in this example as 0.07)

P = Probability of the "design" tire pressurep (Selected in this example as 0.07)

Pri = Probability of the "design" rainfall intensity.

Then, P . may be computed as
rl

Eq. (22)

P . = 2 x 10-3 .
rl

If the region we are considering has an annual rainfall, R., of 30 in
(76.2 mm), the "design" rainfall, Id' can be calculated fr6m Equation 21.
Thus computation shows a rainfall intensity that can be accommodated by
current technology.

*This assumes the individual factors are each randomly distributed
and vary independently from each other. Since the variation is neglected,
i.e., the probability of driving 55 mph (88 km/h) or greater is conser­
vatively assumed to be one, the actual probability of hydroplaning event
is even less than the amount stated here. This is considered most likely
since the rainfall event at design intensity levels reduces visibility
and results in many vehicles slowing down. Others slow in response to
the knowledge that wet pavements make vehicle control more difffcult.
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~' IR-6O l
2
]

*
I . = I = 0.0324 Eq. (21), d P . 0.041 - 87,500

rl
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Following the same computational method, the following design rainfall
intensities would be selected for regions of the country having the annual
rainfalls given. See Table 19.

Although it would be more precise for each state to analyze rainfall
records to develop a state or regional "design" rainfall intensity, it
appears that the equations developed will provide reasonable estimates.

Once the "design" rainfall intensity is selected, infonnation is avail­
able which will allow the prediction of water depth on the pavement as a
function of surface slope, runoff length and texture. For example:

WD = 3.38 x 10-3 [TXDO. ll LO. 43 IO. 59 5-0. 42 ] - TXD

where

WD = the water depth above the top of the surface
asperities in inches (mm/25.4)

L = runoff length in feet (m/0.305)
TXD = texture depth in inches (mm/25.4)

I = rainfall intensity in in/h (mm/25.4)

5 = slope of surface in ft/ft (m/m):

Eq. (9)

Curves developed using this equation showing acceptable combinations of
cross slope, drainage path length and texture depth for different rainfall
intensities are given in Figures 42 through 44. They represent combinations
of the critical parameters which will result in zero water depths on a road
surface. Curves of this type can be used to formulate criteria to accommo­
date specific "design" rainfall intensities.

*As noted in the full report (2) this equation should not be used for
regions where the annual rainfall is greater than 60 in (152 cm).
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Table 19. Example design rainfall intensities.

Annual Rainfall Design Rainfall
in/year in/hour

5 0.10
10 0.19
20 0.37
30 0.50
40 0.60
50 0.65
60 0.66

Metric Conversion: 1 in = 25.4 mm

Table 20. Example allowable combination
of pavement drainage parameters.

Drainage Path Allowable Combinations Nominal Texture
Lengths of Slope and Texture Value 10-3 in

percent inches

12 2.0 ~0.022 20
II 1.5 ~0.025 25
II 1.0 ~O. 031 30
II 0.5 ~0.043 45

24 2.0 ~0.031 30
II ,1.5 ~0.036 35
II 1.0 ~0.043 45
II 0.5 ~0.060 60

36 2.0 :::0.039 40
II 1.5 ~0.043 45
II 1.0 ::0.052 50
II 0.5 ~O. 072 70

Metric Conversion: 1 in = 25.4 mm
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For a state or region having an annual rainfall of 30 in/y (762 mm/y) ,
criteria could take the form shown in Table 20. This is based on a rainfall
intensity of 0.5 in/h (13 mm/h) as developed by "Approach 2" and on the
curves shown in Figure 43.

When drainage path lengths are extended by significant longitudinal
grade, it may not be practical to adhere to the zero water depth criteria.
It is still practical through appropriate selection of cross slope and tex­
ture level to prevent water levels from exceeding 0.06 in (1.5 mm). This
goal was explained in Chapter VIII as a somewhat more practical goal which
would not allow hydroplaning to occur over a significant length of highway
except where extremely poor tire conditions are allowed by a driver. Cri­
teria can be developed for any specified "design" rainfall from these curves
or from the equations used to derive them. The following criteria can be
stated for a "design" rainfall intensity of 0.5 in/h (13 mm/h):

1. Where longitudinal grades do not exceed 3 percent and
drainage is not over three 12-ft lanes (36 ft or 11 m)
a. Use values of cross slope not less than 1.5 percent.
b. Use texture levels that will not fall below about

O. 04 in (1. 0 mm).

2. Where longitudinal grades do not exceed 6 percent and
drainage is not over three 12-ft lanes (36 ft or 11 m)

a. Use values of cross slope not less than 2 percent.
b. Use texture levels that will not fall below about

o.04 i n (1 mm).

or

a. Use values of cross slope not less than 1.5 percent.
b. Use texture levels that will not fall below 0.06 in

(1.5 mm).
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CHAPTER X

SUMMARY AND CONCLUSIONS

The research findings contained in full reports (9,11) of this study,
relating to the pavement and geometric design criteria-for minimizing
hydroplaning of highway vehicles, are summarized briefly in this chapter.
Several variables such as vehicle speed, pavement surface texture, cross
slope, water depth, tire inflation pressure, tread depth, etc., were
thoroughly investigated using full-scale field tests. Traction tests
under controlled conditions included portland cement concrete pavements
of different surface textures and open-graded asphalt friction courses.
The torque effect of free-standing puddles was measured by continuous
recording of forces on the wheels of a specially instrumented full-scale
trailer. Dangerous levels of torque were measured when free-standing
puddles engaged only one side of the\~ehicle and thus presented a greater
danger potential than puddles wide enough to engage both sides.

Pavement surface water depth and vehicle speed are considered the most
critical elements for hydroplaning. As such, rainfall records of three
selected states (Alabama, Illinois and Texas) were carefully examined to
develop the methodology to arrive at the design rainfall intensity. Once
the rainfall intensity is selected, water depth can be computed for given
surface slope, runoff length and texture (Eq. 9). Curves were also developed
'relating rainfall intensity, cross slope, drainage path and texture depth
so as to produce no surface accumulation of water or zero water depth
(Figs. 42 to 44). Curves of this type can be used to formulate allowable
combinations of ~rainage parameters (Table 20).

The effects of cross slope on both driver demand a~d vehicle control in
passing and lane change maneuvers were critically examined utilizing the
Highway-Vehicle-Object Simulation Model (HVOSM). It was concluded from the
model study that cross-slope values up to 2 percent showed no significant
detrimental effects on friction demand or driver effort.

For given environmental conditions and pavement geometry, the water
depth on the pavement surface becomes a function of the drainage capacity of
the pavement. As open-graded friction courses (OGFC) offer the best currently
known method of assuring adequate and controlled surface macrotexture and
some internal drainage (tests on cores indicated these surfaces are not as
effective as originally hypothesized with respect to drainage), additional
research was conducted under controlled conditions. The variables included
speed, water depth, tire pressure, tread depth, and tread design. Pavements
having four percentages of internal voids (in the range of 15-25%) with
essentially the same surface macrotexture of about 0.10 in (2.5 mm) and all
having the same overlay thickness of 1.0 in (25mm) were tested. Performance
of these surfaces was thoroughly examined in simulated rain with intensities
in the range of 0.2 to 2.0 in/h (5 to 51 mm/h). It was found that even the
most open surface was flooded in the outside wheel path of the outside lane
(of a two-lane facility) having one percent cross slope at rainfall intensities
of 0.2 to 0.4 in/h (5 to 10 mm/h).
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For the mixture designs and aggregates used in these pavements, the
friction developed at 55 mph (88 km/h) was completely adequate for vehicle
control provided tire pressure was at or above 18 psi and the tread depth
was about 0.2 in (5 mm) or more. Of course, OGFC pavements have the additional
advantage of reduced splash and spray, and no surface water collects under
light rainfall or heavy rain of short duration. However, data presented
in Figures 18 and 19 for Section 4 indicate dangerously low skid numbers
at 55 mph (88 km/h) in rainfalls of 0.5 in/h (13 mm) and 2.0 in/h (51 mm/h)
and tread depths of 2/32 in (1.6 mm).

In the traction tests, OGFC pavements generally showed higher traction
than asphalt slurry-seal pavements under all test conditions.

Investigation of hydroplaning conditions of portland cement concrete
pavements was conducted in two parts. The first part was to determine the
validity of predicted water depth for drainage lengths to 48 ft (12 m),
and the other was to examine skid resistance and cornering slip on textured
surfaces. An equation was developed to determine the water depth from
various parameters (Eq. 9). Furthermore, it was shown that neither texture
direction (longitudinal or transverse) nor texture type (brush, broom,
burlap or tines) affected the resulting water depth to any significant degree.

Under both skid number measurements and cornering slip measurements on
wet surfaces, transverse textures yield higher values than do longitudinal
textures. However, this study did not investigate the potentially hazardous
maneuver of full dynamic hydroplaning of vehicles around a horizontal curve.
Experience in California indicated that longitudinal grooving was highly
effective in reducing accidents at horizontal curves.

Increasing texture depth provides the greatest increase in both skid
number and cornering sl ip values. From a construction viewpoint, texture
depths of 0.06 inches (1.5 mm) can be easily constructed using properly
selected tines. It must be recalled that surface texture created in plastic
concrete normally decreases from wear about 30 percent in the first few months
of service and then stabilizes. Therefore, one must construct a surface with
about 0.06 inches (1.5 mm) of texture and expect this to be reduced to about
0.04 inches (1 mm) when it stabilizes.

Sag-vertical curves offer areas of special consideration in any accident
reduction program.· Innovative concepts for improving wet-weather performance
of sag-vertical curves are presented in the report which includ~ special
surface drainage devices to intercept and divert surface flow and open-graded
friction courses to act as sub-surface drainage devices. Tentative sag­
vertical curve drainage criteria based on a survey of existing practice are
given in Table 12, and the recommendations for minimizing hydroplaning at
sag-vertical curves are indicated in Tables 15-17.

As a general statement the data show conclusively that a combination of
two percent cross slope and a properly designed and constructed open-graded
friction course coupled with appropriate geometric design furnish the
driving public the be~t currently known device for high pavement friction
during wet conditions.
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CLOSURE

Through use of the equations, curves and examples given in this technical
summary, a state or agency should be capable of formulating an antihydro­
planing road surface design policy, a policy as conservative or as liberal as
the particular entity prefers. Even without specific design policies related
directly to hydroplaning, states appear to be making significant progress in
achieving this goal. The precepts presented here do not require impractical
goals. although these goals obviously cannot be achieved in a short period of
time due to the vast area of highway surfaces in this country. However, by
establishing specific design goals and working toward them continuously, the
time will come when surfaces that allow hydroplaning, except in extreme rain­
fall or in the case of extremely substandard tire use, will no longer exist.

The implementation of these recommendations will require judgment and
dedication in the execution of master maintenance and reconstruction plans
over a period of years. The work presented in this study has been devoted to
the future realization of this goal.
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