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NASA DIAGONAL-BRAKED TEST VEHICLE EVALUATION
OF TRACTION CHARACTERISTICS OF GROOVED
AND UNGROOVED RUNWAY SURFACES AT
MIAMI INTERNATIONAL AIRPORT,

MIAMI, FLORIDA, MAY 8-9, 1973

1.0 INTRODUCTION

The National Transportation Safety Board, in a letter to the Federal
Aviation Administration (FAA) dated February 9, 1973, requested FAA Flight
Standards Service and the National Aeronautics and Space Administration (NASA)
to "evaluate the wet runway stopping characteristics of Runways 27L and 27R at
Miami International Airport." This request was initiated in connection with an
accident investigation involving a Northwest Airlines B-TWT which went cff the
end of the wet Runway 27L after an engine-out landing on December 15, 1972.

1.1 A FAA/NASA team conducted the requested evaluation on March 1L-15, 1973.
The preliminary resul!s of this evaluation were reported in Langley Working
Paper-1107, April 26, 1973. The Dade County Port Authority decided to groove
Runways 27L and 27TR after the March 14-15 traction evaluation. A1 1/2 x 1/b4 x
1/4=inch groove pattern was selected. Grooving of Runway 27L commenced on April
9 and was completed on May 2, 1973. Grooving of Runway 27R was started on May
T and completed on May 23, 1973. A rubber removal program for Runways 27L and
27R was initiated by the Dade County Port Authority and timed to take place
along with grooving operations such that the grooving machine always operated
on freshly cleaned asphalt. The rubber removal program employed equipment
using high pressure (6000 psi) water Jets.

1.2 The Dade County Port Authority, in a letter dated May 3, 1973, requested
NASA to re-evaluate Runweys 27L and 27R at Miami International Airport so that
the improvement in traction characteristics of the runway surfaces after groov-
ing could be established. A NASA/FAA team conducted the requested evaluation
on May 8-9, 1973.

2.0 TEST EQUIPMENT

The equipment used to evaluate the Miami runways consisted of the NASA
Diagonal-Braked Vehicle (DBV), ASTM smooth tread test tires, portable wind and
temperature measuring instruments, three portable transceivers for communica-
tions, a NASA grease kit to obtain a measure of runway surface texture depth,
two NASA water depth gages, water tank trucks furnished by the Dade County Port
Authority, and a radio equipped operations car.

3.0 RUNWAYS

Tests were conducted in March on Runways 9R/27L, 9L/27TR, and 12/30; and
in May on Runways 9R/27TL and 9L/27R. The two east-west runways had been
resurfaced in November 1972 with a 6-inch asphalt overlay using local limestone
aggregate. Before the 1972 overlay, some portions of Runway 9R/2TL consisted
of 30-year-0ld asphalt as was also the case for the middle portion of Runway
12/30. The oldest portions of Runway 9L/2TR before the 1972 overlay
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consisted of 20-year-old asphalt. The aggregate for the o0ld asphalt surfaces
was also local limestone.

3.1 The 1972 asphalt overlays at Miami International Airport were con-
structed according to the latest FAA standard specification which incorporated
Corps of Engineers requirements, including a field asrhalt density of no less
than 98 percent or more than 100 percent of a lsboratory density. In order to
meet this density requirement, heavy vibratory rollers had to be used at Miami.
The previous FAA asphalt density requirement (used up to 1968) was 92 percent
of a theoretical density (equivalent to 95-97 percent of a laboratory demsity).
For this older requirement, satisfactory compaction (asvhalt density) was
obtained by use of conventional non-vibratory rollers.

3.2 The use of heavy vibratory rollers durirg compaction of the asphalt
overlays on Rumways 9R/27TL and 9L/2TR tended to depress the limestone sggregate
in the pavement surface leaving these runways with a smooth surface finish.
These surfaces tended to be planar with random shallow holes rather than
planar with asperities projecting above the surface (aggregate partially
exposed). This type of surface finish for the new asphalt overlays was in
sharp contrast to the 30-year-old asphalt surface in the middle of Runway 12/30.
Here, the combination of a lower asphalt density requirement (conventional non-
vibratory rollers used) and the effects of 30 years of weathering and aircraft
traffic left this asphalt surface with a substantial macrotexture and partiel
exposure of the limerock aggregate. The aircraft touchdown areas on the run-
vays at Miami International Airport were heavily coated with rubber deposits
resulting from aircraft tire spin-up at touchdown during landings under dry
pavement conditions.

3.3 The new asphalt overlays at Miami were constructed with a substantial
crown to improve water drainege during times of precipitation. On either side
of the runway centerline, the transverse gradient of the pavement was 1 percent
for the first 25 feet of run. From this point to the runway edge (75 feet),
the transverse gradient vaeried between 1 1/2 - 2 percent.

3.k Grooving of Runways 9R/27L and 9L/2TR at Miami was started on April 9
and completed on May 23, 1973. The runways were transversely grooved from end
to end and to within 10 feet of the edges of the 200 feet wide runways using a
11/2 x 1/4 x 1/bk=inch groove pattern. Two Aiamond-saw type grooving machines
(= six foot arbor) were used to groove the rumways. Grooving operations were
conducted at night during low traffic periods with the runway closed. The run-
way being grooved was re-opened to airport traffic after the newly grooved run-
way section was water flushed of the slurry created by grooving at approximately
11:00 a.m. each day. High pressure water Jet equipment was used to remove
rubber deposits from the runway surface before each night's grooving operation
took place,

4.0 TEST PROCEDURE

The evaluation consisted of surveying the runway for rubber deposits,
determining the pavement surface texture, and conducting DBV braking stops
from 60 m.p.h. under wet and dry conditions to establish the traction charac-
teristics of the runway surfaces.
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L1 Runways 9R/27L and 9L/27R were traversed end to end, and the areas
wvhich were contaminated with rubber deposits were established. This survey was
conducted during the March DBV tests and represents the rubber accumulation on
the runways since November 1972. Figures 1 and 2 show the results of this
survey and the layout of the DBV test zones for Runways 9R/27L and 9L/27TR,
respectively. The runways were not re-surveyed for rubber deposits during the
Mey DBV tests because the runways had just been subjected to a rubber removal
program, and the rubber-coated areas on the runway had not stabilized in length.
Typical phctographs of the pavement surface in each test zone (before grooving)
are shown in figure 3. Typical photographs of the pavement surface after
grooving (May tests) are shown in figure 4.

L.2 A measurement of the surface texture depth was made for each of the
runvay test zones evaluated during the March DBV tests. This was accomplished
by mesns of the NASA greese test which entailed spreading & known volume of
grease -between parallel tapes spaced 4 inches apart on the test zone surface.
The length of the surfuce between the tapes required for the grease to fill
all the asperities, giv_ued into the known volume of grease used, yielded the
average texture deptl. of the pavement surface. The results of these measure-
ments are shown in teble I.

4.3 During the March DBV tests, a single 2000 gallon water truck equipped
with a gravity reed spreader bar (see figure 5) wetted a path approximately
10-feet wide and 1000-1500 feet long, depending upon the rubber contamination,
by meking two and sometimes three passes over the test zone. More than one
pass with this water truck was necessary since the gravity water flow system
employed could not put out sufficient water in one pass to adequately wet the
test surface. Aversge water depths on the pavement surface at time of DBV
run resulting from this wetting technique ranged between 0.006 inches and
0.045 inches for the March DBV tests as shown in tables II and III. In the
May DBV tests, the stme water truck and wetting technique used in the March
tests was employed to wet ungrooved test zone D of Runway 9L/27R. This
resulted in average water depths at the time of DBV runs of between 0.035 and
0.045 as shown in table IV. All other DBV wet runs conducted during the May
tests employed multiple water truck wetting (see figure 6) where additional
water trucks (up to three) obtained from the grooving contractor were used in
trail to increase the water coverage in the runway test zones. The increased
weater volume was required to provide sufficient wetness on the surfaces of the
grooved runway test zones. As shown in tables V and VI, this technique
resulted in a damp to puddled wetness condition on the grooved runway test
sections. The increased water volume from this wetting technique substantially
increased the water depths present at time of DBV test in the ungrooved test
areas of zone B, Runway 9L/2TR to 0.05-0.06 inches (see table VI). The single
water truck wetting performed in this test zone during the March 15 tests
yielded water depths of 0.006-0.019 inches. It should be noted that the wetted
strip in & test zone was always placed on the "up-wind" side of the runway
center line during both the March and May DBV tests to insure maximum runway
wetness at time of test run.

L.k As soon as the water truck(s) made the final wetting pass and cleared

the test area, the DBV was accelerated to a speed slightly above or near 60
m.p.h. Just before entering the test zone, the transmission was placed in
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neutral gear. The DBV then coasted into the wetted test zone where upon the
driver sharply applied brakes, locking the diagonal pair of wheels equipped
with smooth tread ASTM test tires. At approximateiy 50 1b/inch pressure in
the vheel brakes, circuits to the digital speed meter and the digital stopping
distance counter were energized. These circuits held the DBV speed at brake
application constant in the speedmeter and started the stopping distance
counter to measure stopping distance from the brake application point. The
speed at brake application and the stopping distance from this brake applica-
tion speed were visually read from these instruments by the driver/observer
when the DBV came to a complete stop in the test section. Other instrumentation
on board the DBV measured the angular velocity of each DBV main wheel, the
angular velocity of the trailing test (fifth) wheel, and the longitudinal
acceleration of the DBV. These parameters were recorded on a direct writing
recorder equipped with an accurate timer in the DBV so that a permanent record
and time history of the variation of these parameters during a test run could
be obtained. Other parameters manually recorded during a test run included
time of day, wind speed and direction, pavement water depth, DBV test heading,
and ambient air temperature (see tables II-VI).

5.0 DATA ANALYSIS AND RESULTS.

The data obtained from the DBV tests conducted in March (before
grooving) and May 1973 (after grooving), at Miami International Airport were
analyzed from pavement drainage, ASTM smooth tread tire braking friction
us 1q° and DBV stopping distance ratio points of view. Details of these
an%iyses and the results obtained are presented in this section of the paper.

5.1 Ungrooved Pavement Drainage.- A very comprehensive study on the effects
of rainfall intensity, pavement cross-slope, surface texture, and drainage
length was recently performed at the Texas Transportation Institute of the
Texas AMM University under laboratory conditions (still air) using simulated
rain making equipment (reference 1). In this research, the following equation
was developed to predict water depths on ungrooved highway pavements.

a -[3.38 x 10 ° (-%,-)"‘“ (L)"*? (1)°%° (-é—)‘”] -T (equation 1)

vhere water depth standing above top of texture, in.
average texture depth, in.

drainage path length, ft.

rainfall intensity, in./hour

d
T
L
I
S = cross-slope, ft./ft.

Equation 1 was based on water depth measurements obtained on the nine different
pavement surfaces described in table VII.

5.1.1 The British Road Research Laboratory conducted a similar study
(reference 2) on two extremely course textured pavement surfaces: a brushed
concrete surface (texture depth = 0.072) and a rolled asphalt with chippings
surface (texture depth = 0.095). The British found no effect of texture depth
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for these surfaces and developed the following equation for predicting water
depths on pavements in still air:

0.47

_ 0.005 (L1)

S0.20

d {equation 2)

water depth (in.)

rainfall intensity (in./hour)
dreinage path length (ft.)
slcpe (ft./ft.)

where d

Qe HH

5.1.2 Figure 7 shows the comparison between the water depths predicted from
equations 1 and 2 and the actual water depths obtained during natural rain on
two concrete runways having & cross-slope of 1 éﬁg; and an average texture
100 (ft
depth (NASA grease test) = 0.004 for rainfall intensities ranging from 0.005
to 1.5 inches/hour. It should be noted that the naturzl rain on the runways
wes accompanied by surface winds while the predictions of equations 1 and 2
are for laboratory (still air) conditions. Figure 7 coumpares the experimental
water depth data with predicted water depths for a drainage path length of 10
feet which was the avnproximate distance from the runway oenterline to the
water depth measuring points. This distance (10 feet) also corresponds to the
approximate main landing gear wheel position for several jet transports (see
table VIII} if the aircraft are rolling alined with the runway centerline. It
will be noticed that the predicted water depths tend to be considerably less
than the actual water depths measured for this drainage path length condition
which ignores the effect of winds. Using a drainage path length of 200 feet
(figure T) gives much better correspondence between predicted and experimental
water deptn values. The actual drainage path directicns occurring during
natural reinfalls are determined by the vector sum of the wind and gravita-
tional forces acting on the water-covered surface, and a 200 feet drainage
path length may not be unreasonable for certain cross slope, longitudinal
slope, and wind direction/speed conditions.

5.1.3 A large effect of surface winds on ungrooved pavement drainage was
also noted in the May 9 tests on Runway 9L/2TR, zone B. In these tests,
multirle water trucks were used to wet the upwind side of the runway in the
presence of a quartering wind (10 knots/165 degrees). This cross wind was
strong enough to prevent water drainage against the wind down the cross slcpe
of the runway, and the water depths in the wetted ungrooved test zone remained
constant from approximately 0.05 to 0.06 inches during the DBV test period

(4 to 5 minutes) after wetting.

5.1.4 it is concluded from these observations (5.1 to 5.1.3) that wind
effects can strongly affect the drainage of water from ungrooved pavements,
and that the Texas Transportation Institute and British Road Research Labora-
tory equations for predicting water depths on ungrooved pavements are valid
only for still air conditionms.
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5.2 Grooved Pavement Drainage.-~ Grocving pavements increases the average
texture depth of the surface as shown in figure 8(b). If the ungrooved texture
depth of the pavement is known, then the grooved texture depth of the pavement
mey be estimated from the equation (derived in figure 8(b)).

T (P=2 W) + WD

Tg = 5 (equation 3)
vhere TG = grooved pavement texture depth, in.
T = ungrooved pavement texture depth, in.
P = groove pitch, in.
W = groove width, in.
D =

groove depth, in.

Using the TTI water depth equation (equation 1), still air water depths were
calculated for a cross slope 1/100 (Miami runway design), drainage path length
= 10 feet, pavement texture depths ranging from .005 to .100 inches, and for
rainfall intensities ranging from 0-6 inches/hour. These results are plotted
in figure 8(a). Figure 8(a) may be used with figure 8(b) to demonstrate the
improved water drainage resulting from pavement grooving. For example, these
plots indicate that standing water will develop on a ungrooved pavement having
a average texture depth = 0.02 in. when the rainfall intepsity reaches 0.32
inches/hour. Grooving this pavement to a 1 1/2 x 1/4 x 1/b-inch groove con-
figuration increases this pavement's average texture depth to 0.0545 inches,
and standing water develops at a rainfall intensity of approximately 1 inch/
hour, thus showing a considerable improvement in pavement drainage from
grooving.

5.2.1 Actually, the TTI equation considerably underestimates the improved
pavement dreinsge from grooving as the following arguments illustrate.
CGrooving the pavement with machines using diamond equipped cutting blades
produces polished groove channels which considerably decreases fluid flow
resistance in the grooves as compared with the flow resistance through the
pavement texture. In addition, as soon as water depths develop in the groove
channels, a small pressure head from the water depth present tends to accel-
erate water escape through the channel increasing pavement drainsge. Finally,
water flow in the pavement grooves is not disturbed by surface wind effects

as is water draining through or on top of the ungrooved pavement texture.

The total result of these grooving effects on water drainage is to dramati-
cally improve the drainage characteristics of the pavement as shown in figure
6. This figure shows that the grooved wetted test section was completely
drained of standing water 25 seconds after wetting, whereas the same pavement
ungrooved still retained 0.05 - 0.06 inches of standing wa:er L4~5 miautes after
wetting (see paragraph S5.1.3). This is an improvement in drainage time of at
least 12 fold.

5.2.2 It is concluded that grooving the Miami runways to a 1 1/2 x 1/h x 1/4
inch pattern has greatly improved runwsy pavement drainage, especially under
rainfall conditions accompanied with wind. Chiefly responsible for this
improvement is the fact that as long as the grooves are not flowing full, the
grooves force the draining water to take a minimum drainage path length
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(the groove channeis). Water drainage in the groove channels is shielded from
the surface winds, and water flow is accelerated {over water flow through or
on top of the pavement surface texture) bty increased flow depths and decreased
flow resistance. It is estimated that the groove channels will not choke
(develop standing water on the pavement surface) until natural rainfall inten-
sities of st least 2-3 inches/hour are reached. Thus, aircraft operating pro=-
blems resuiting from spray ingestion and dynamic hydroplaning on flooded
runways at Miami will be great.y reduced because such high rainfall intensities
required to flood the grooved pavement are infreguently encountered during
most rainstorms.

5.3 ASTM smocth tread tire braking friction coefficient, U a As
mentioned in paragraph 4.4, permanent record time histories were obtained for
the DBV ground speed (from the trailing bicycle wheel instrumentation) from
the point of brake application to the vehicle stopping point for each DBV run.
Typical velocity time histories obtained from the test records are presented
in figures 9-11 for wet runway tests and figure 12 for dry runway tests. The
time history deta presented in these figures has been normalized to a velocity
zero/time zero base for each test run by subtracting the record time at each
velocity reading from the total time required to bring the DBV from brake
application speed (immediately after diagonal-wheel lockup) to a complete stop
(velocity zero).

5.3.1 The deceleration encountered by the DBV during a diagonal-braking stop

is obtained by measuring the slope (Qx) of the velocity-time curves
dt'vehicle

shown in figures 9-12 between adlacent velocity readings. The ASTM smooth

tread tire braking friction coefficient uskid may be obtained from these slope

measurements bty means of the equation

co ] av |
Mexia = 2 L(dt)vehicle - (& tare - X] (equation L)
where (&) DBV breking deceleration, g
dt‘vehicle B >

dv \

(dt tare DBV unbraked deceleration, g

X incremental DBV deceleration due to
longitudinal runway gradient, g

uskid locked-wheel braking friction coefficient

The DBV unbraked deceleration, (%%) variation with speed is shown in

tare,



-8-

figure 13(a) and is attributed to air resistance, unbraked tire rolling
resistance, and transmission drag effects. Figure 13(b) shows the calculated
effect of head or tail winds on the DBV unbraked deceleration with speed. At
60 m.p.h. the curves indicate that & 10 knot head/tail wind increases/
decreases the DBV unbraked deceleration by approximately 0.007g. The incre-
mental DBV deceleration due to longitudinal uphill runway gradients increases
approximately 0.0lg for each 1 percent increase in longitudinal gradient. For
longitudinal downhill gradients, the sign of Y must be reversed because the
gravitationel compo .ent now imposes an acceleration to the DBV. For the pur=-
poses of this analysis (Miemi longitudinal gradient = 0), wind and runway
longitudinal gradient effects can be ignored with little loss in accuracy,
thus simplifying the calculation of uskid'

5.3.2 Using the procedure described in paragraph 5.3.1, values of ASTM
smooth tread tire braking friction coefficient Moysgq Vere calculated from the
DBV normalized time histories given in figures 9—§§ and are plotted against

~peed in figures 14-16.

5.4 Pavement skid resistance.- Research performed at NASA and elsewhere
concur in that pavement wet skid resistance is highly dependent upon the
macrotexture and microtexture of a pavement surface. Tire/ground friction
losses that occur on wet pavements result from the development of viscous

and dynamic water pressures under the rolling or sliding tire footprint as
vehicle or aircraft speeds increase. Only very thin unbroken water films
neel to be present or a smooth pavement surface for viscous hydroplaning to
occur at the higher speeds. A good sharp pavement surface microtexture (1like
gritty sand paper) can puncture and displace the thin water film trapped in
the tire footprint and thus prevent or greatly alleviate the buildup of viscous
water pressures with speed that create this type of friction loss. ©Standing
water on the pavement must be present for dynamic water pressures to be
developed under the tire footprint. This type water pressure develops with
the square of the vehicle speed and creates the well known phenomenon called
tire dynamic hydroplaning unless alleviated by the pavement macrotexture. A
good pavement macrotexture has hills and valleys produced by the protruding
aggregate exyr-~.d in the pavement surface over which the tire drapes during
the rolling or sliding process. Drainage channels are thus formed in the
valleys of the pavement macrotexture which allows bulk water trapped in the
tire footprint to escape and thus alleviate the development of dynamic water
pressures with increasing vehicle speed and reduce this type of friction loss.,

5.5 Skid resistance-Runway 9L/27R.- The clean ungrooved asphalt surface
of Runway 9L/27R (zone B) had an average texture depth of 0.017 inches (see
table I) from the NASA grease test. This surface is ccmparable in texture
depth to surface four of the TTI drainage study (reference 1) described in
table VII. This relatively low value of average texture depth indicetes that
the zone B pavement surface has a small macrotexture and possible poor tire/
pavement drainage under standiug water conditions. This point of view is
supported by the u K3 data obtained on this surface shown in figure 16.

These data indicat® %gat the ungrooved pavement skid resistance decreases with
increasing water depth and speed. Aircraft and ground vehicles operating on
this surface at high speeds will therefore encounter dynamic hydroplaning when
standing water develops ¢n this surface during rainstorms. Grooving this
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pavement to an 1 1/2 x 1/4 x 1/k-inch pattern considerably reduces the 1
speed gradient as shown in figure 16, indicating that the pavement groovgg d
have greatly alleviated the susceptability of this surface to dynamic hydro-
planing effects.

5.5.1 Rubber deposits on Runway 9L/2TR tend to reduce both the ungrooved
pavement macrotexture and microtexture. The macrotexture loss is shown
clearly in tab.e I where the average texture depth decreases from 0.017 inch
(clean asphalt) to 0.006 inch in the heavy-rubber-coated touchdown area.

This reduction in macrotexture makes the rubber-coated ungrooved surface more
susceptible to dynamic hydroplaning effects as reflected by the lower high
speed friction coefficients (figure 1k4) developed on this surface compared

to the high speed friction coefficients of the ungrooved clean surface

(figure 16). The loss in pavement microtexture from rubber deposits cannot be
ascertained from the NASA grease test, but (according to the discussion of
paragréph 5.4) may be inferred from pavement skid resistance losses that occur
at low vehicle speeds where dynamic hydroplaning (V? 1aw) effects are small

or negligible. Comparison of the y_. .. values at low speeds for the clean
ungrooved surface (figurc 15) with %gédlow speed U . .. values for the ungrooved
rubber coated surface (figure 1L) clearly shows a ig%ge drop in skid resistance
for the rubber-coated surface. This loss is increased with increased amounts
of rubber deposits as shown in figure 1lh. It is evident from these data that
rubber contamination of the pavement tends to reduce the surface microtexture
and makes the pavement more susceptible to viscous hydroplaning effects.

5.6 Skid resistance~Runway 9R/27L.- Figure 15 shows the variation of

U ... with speed for the four clean and rubber conteminated areas of Runwsy
9§§é§L tested by the DBV before and after grooving under wet and dry con-
ditions. These data for the ungrooved surfaces show the same trends with
regard to macrotexture and micretexture effects as just described (paragraph
5.5) for Runway 9L/2TR. The increase in skid resistance for the grooved
clean asphalt surface as compared with ungrooved surface (figure 15¢) also
shows the same trends as found for the clean asphalt grooved and ungrooved
surfaces of Runway 9L/2TR (figure 16). The main point to be discussed with
figure 15 is the effect of rubber contamination on the wet id resistance of
the grooved pavement. Figure 4 shows that the lands between the grooves of
the grooved pavement in zone D are heavily-coasted with rubber and the micro-
texture of the lands is very smooth. The grooved pavement p_, .. curve on
heavy rubber (figure 15A) shows considerably less skid resistifide with speed
than that found for the clean grooved surface (figure 15(c)), although a sub-
stential improvement is indicated over the ungrooved rubber-coated surface.
This result suggests that the 1 1/2 x 1/4 x 1/4-inch groove pattern cannot
completely restorc or take the place of pavement microtexture. As a result,
frietion losses due to viscous hydroplaning effects must be expected on
grooved pavements having no appreciable microtexture on the lands between tie
grooves. It is not expected that the wet skid resistance of the grooved sur-
face of zone D of Runway IR/2TL will decrease much more than that shown in
figure 15(A). However, it is expected that the other rubber-contaminated
areas of Runway 9R/27L (zones B & D) will decrease to the skid resistance
level ofzone D ypon further rubber deposit accumulation. This observation
suggests that periodic rubber removal programs may be required on the touch-
down areas of thegrooved runways at Miami to restore the pavement microtexture
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vhen the rubber-coated areas become extensive in length.

5.7 The comparison of the skid resistance of clean grooved and porous
pavement surface treatments obtained under wet and dry conditions by the DBV
is shown in figure 17. This comparison indicates that L 1/2 x 1/4 x 1/b=inch
groove pattern used at Miami International Airport compares favorably with
both the 1 x 1/k x 1/4-inch groove pattern used at Beale AFB, and the porous
asphalt surface used at Marham RAFB, England. On these latter two surfaces, &
C-1k1 jet transport developed near dry stopping performince when tested under
the same wet runway braking conditions of the DBV test.

5.8 DBV stopping distance ratio (SDR).- The NASA developed DBV SDR
method for estimating the slipperiness of airport runways is extremely simple
in concept and easily obtainable from DBV wet and dry paivement stopping
distance measuremer’ ;. Correlation tests performed with several jet transport
type aircraft indicate that the DBV 3DR reasonably predicts the aircraft SDR
up to DBV SDR's of approximately 2.0 for many wet runway surfaces. The NASA
method is based on a DBV brake application speed of 60 m.p.h. Usually, the
DBV will not be at exactly 60 m.p.h. when brakes are applicd, and the test
stopping distance obtained is corrected to the 60 m.p.h. base by means of the
equation

_ 3600 :
Sy = ;;_-————-. Sg (rav) (equation 5)
B (test)
where
Sy - DBV stopping distance (VB = 60 m.p.h), ft
SB (raw) = DBV stopping distance at VB (test), ft
VB (test) DBV test brake application speed, m.p.h.

The DBV SDR is obtained from the equation

S
SDR = :E—LLEEL (equation 6)

“B (dry)
where
SB (wet) = DBV wet pavement stopping Jistance corrected to
- 60 m.p.h. base (equation 5), ft
SB (dry) - DBV dry pavement stopping distance corrected to

60 m.p.h. base (equation 5), ft

Tables II-VI list the raw stopping distances and brake applicu.tion speeds
obtained for the DBV runs made during the March (before grooving) and May
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(after grooving) tests at Miami International Airport. Also shown in tables
II-VI are the corrected DBV stopping distances (equation 5) and the SDR values
obtained from equation 6.

5.8.1 Reference 3 developed a method for estimating the average DBV SDR for
a given aircraft landing condition on a wet runway. This method is illustra-
ted in figure 18 (obtained from reference 3). At the present time no federal
standards for acceptable or uvnacceptable levels of runway slipperiness exist
for civil airports in this country. However, the present Federal Aviation
Regulations for aircraft landing certification {FAR-25.125), and aircraft land-

ing operation (FAR-121.195) may be used to obtain a reference runway slipperi-
ness level.

5.8.1.1 Using the aircraft landing terminology shown in figure 18, the air-
craft dry landing distance, S., is determined from dry landing certification
tests (without use of reverse thrust) in accordance with Federal Aviation
Regulation (FAR-25.105). The Federal Aviation Regulation landing operational
rule (FAR-121.195) increases this dry landing distence, S,, by the factor
1.667 to arrive at the aircraft dry landing field length, S . For let trans-
pcitt operation on wet runways, FAR-121.195 arbitrarily increases S by &an
additionael 15 percent or by a factor of 1.15. Thus, the aircraft certifica-
tion dry landing distance S. is increased by the factors 1.667 x 1.15 = 1.92
to obtain the jet transport wet runway field length, S Using the
terminology of rigure 18, each segment comprising the cht£¥1cgt10n dry land-
ing distance S, may be individually increased by the factor 1.92 to obtain
the wet landing fielcd length SFAR (vet)

8

FAR (wet) = 1.92 S, *+1.92 8, + 1.92 Sg (equation T)

Since S_ in equation T is the aircraft cer.ification dry runway braking dis-
tance, § 92 S_ is the equivalent of an aircraft SDR = 1.92. Thus, the present
Federal Aviation Regulation (FAR-121.195) governing jet transport landings on
wet runways makes allowance for a runway slipperiness level equivalent to SDR
= 1.92.

5.8.1.2 The DBV on a level runway under zero wind conditions requires approxi-
mately 3900 feet to coast to a stop from 60 m.p.h. in an unbraked condition

due to the relatively small decelerations acting on the DBV resulting from air
resistance, unbraked tire rolling resistance, and transmission drag (see

figure 12). This test condition is equivalent to a pavement skid resistance of
zero (u = 0) and results in a DBV SDRK = 12.7. Pavements with high skid
reaistaﬁce under wet conditions develop DBV SDR values near 1.0 while pave-
ments with low skid resistance in the wet tend to produce higher SDR values
that approach the zero friction boundary SLR = 12,7. The highest DBV SDR
values encountered in runwsy evaluations up to the time of the present tests
were ohtained on a wet asphalt surface and a hard packed snow-covered surface.
The wet asphalt surface studied was a heavily ruhber-coated tar seal coat with
granite chips (3/16 in-minus) rolled into hot tar and heavily broomed. Th-
average texture depth for this surface (NASA grease test) was 0.0039 in.



~12—

When artifically wetted (water depth =~ 0.02 in.) and tested with the DBV, an
SDR = 4.05 was obtained. The dry compacted snow-covered concrete ramp studied
wis tested by the DBV and a C-1L41 jet transport (reference 3). On this sur=
face, the DBV obtained an SDR = L4.16 and the C-141 aircraft an SDR = 3.71. It
thus can be seen that smooth runway surfaces when covered with small amounts

of water can be as slippery to aircraft and ground vehicles as runways
covered with compacted snow or ice.

5.8.2 DBV SDR evaluation of Miami International Airport runways before and
after 1972 asphalt overlay.- Table IX shows the comparison of DBV 3SDR measure-
ments obtained on Runways 9R/27L and 9L/2TR before and after the 1972 asphalt
overlays. These data indicate that the new asphalt overlay surfaces tended to
be more slippery when wet than the o0ld surfaces they replaced. Also shown in
table IX are Mu~Meter friction reading values obtained before and after the
1972 asphalt overlays. The Mu-Meter friction readings, especially on Runway
9L/2TR, does not show this trend and indicate a directly opposite trend--

that the new asphalt overlay surface on Runway 9L/2TR was a superior wet
friction surface to the old asphalt surface it replaced.

5.8.3 DBV SDR evaluation of Miami International Airport runways before and
after grooving.- Table X shows the DBV SDR comparison for Runways 9L/2TR and
9R/27L berore and after grooving. These data are in good agreement with the
trends shown from the ASTM braking friction coefficient, y_ .., analysis of
these surfaces performed in paragraphs 5.3-5.7. The DBV Sﬁﬁlgends to increese
with decreasing values of u . ... The improved skid resistance of the grooved
. i -

wet pavements noted in the ﬁ ., analysis over the ungrooved pavement U kid
values is reflected in tablesilgy correspondingly lower DBV SDR values. >

5.8.4 Average DBV SDR for Runway 9R/27L before and after grooving.~ The
runway survey, described in paragraph 4.1, indicateZ the following lengths for
the DBV test zones on Runway 9R/27L for March 1L, 1973:

Zone Length, ft
A 3000
B 3200
C 1150
D 2000

Using the highest DBV SDR values found for these test zones in table II
(before grooving) and table V (after grooving), the average DBV SDR for

Runway 9R/27L was computed according to the method described in figure 18.

The results obtained are shown in table XI. The data shown in this table
indicat ¢ that Runway 9R/2TL before grooving was more slippery then the refer-
ence wet runway developed in paragraph 5.8.1.1., while the runwey after groov-
ing was less slippery than the reference wet runway. It should be noted that
by using the zone lengths measured in March 1973, a very conservative everage
DBV SDR is obtained in table XI for the grooved runway. This results from the
fact that the rubber deposits on Runway 9R/27L were removed at the time of
grooving. The length of the rubber depousits observed but not measured during
the May DBV tests (after grooving) were much shorter than those found during
thie March survey, which represented an approximately L-month rubber accumulation
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period (since tne November 1972 overlay). Research at the NASA landing loads
track indicates a trend for aircraft tire spin-up at touchdown to occur in a
shorter time veriod for a grooved runway than for an ungrooved runway. Thus
rubber deposits from an aircraft touchdcwn on a grooved runway siould bYe at
least shorter in length than those found on an ungrooved runway for similar
landing conditions. It is anticipsted, therefore, that the average SIR of 1.T1
found for Runway 9L/27R in table XI will not be reached until September-October
1973 when the rubber deposits on the runway should then approximate the March
1k, 1973, survey condition.

5.8.5 Average DBV SDR for Runway 9L/27R before grooving.- The runway survey,
described in paragraph 4.1, indicated the following lengths for the DBV test
zones on Runway 9L/2TR for March 14, 1973.

Zone Le h, ft
A 1700

R 4800

C 1000

D 3000

Using the highest DBV SDR values found for these test zones in table III
(before grooving), the average DBV SDR for Runway 9L/27R yas computed accord-
ing to the method described in figure 18. The results obtained are shown in
table XI. The data shown in this table indicate that Runway 9L/27R before
grooving was more slippery than the reference wet runway developed ir para-
graph 5.8.1.1 when tested in an artifically wetted condition. An aversge DBV
SDR for Runway 9L/2TF (after grooving) could not be computed because grooving
of the runway had not been completed at the time of the May 8-9 DBV tests.

6.0 CONCLUDING REMARKS

Rurways 9R/27L and 9L/27R were evaluated under artifically wetted
conditions with the NASA DBV before and after grooving the runway surfaces to
a1l 1/2 x 1/4 x 1/4-inch groove pattern. Results of the evaluation which
inc..ed a pavement drainage analysis, a pavement skid resistance analysis,
and a DBv wet/dry stopping distance ratio (SDR) analysis yield the following
general otservations:

1. The construction techniques employed in laying tne
November 1972 asphalt overiays on runways 9R/ZTL and 9L/27TR
resulted in obtaining a smooth surface finish on these run-
ways with adequete microtexture, but rather small macrotexture.

2. The drainage analysis indicated that the ungrooved run-
way surfaces were slow draining under wet conditions,

3specially Iin the presence of surface winds. In contrast,
the grooved pavements drained rapidly under wet conditions
even in the presence of surface winds.
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3. The pavement skid resistance analysis indicated the
following:

(a) The high speed skid resistance of the wet
ungrooved runway surfaces was low under wet
conditions indicating poor internal water drain-
age at the tire/pavement-surface-macrotexture.

(b) The low speed skid resistance of the wet
ungrooved runwvay surfaces was high in areas of the
runway uncontaminated with rubber deposits, and
low in the touchdown areas that were heavily con-
teaminated with rubber deposits.

(¢) Grooving the runways decreased the u , .

speed gradient at high speeds, and substa%%iglly
raised the high speed skid resistance of the runway
surfaces under wet conditions.

(d) Grooving the runways improved the low speed
skid resistance of the wet pavements in the heavy
rubber contaminated areas.

(e) Grooving the pavements did not change the skid
resistance of the surfaces under dry conditiomns.

L, The DBV SDR analysis indicated the following:

(a) Vehicle stopping performance was poor on wet
ungrooved runway surfaces that were heavily contam-
inated with rubber. The SDR values measured on such
surfaces were of the same order of magnitude as SDR
values measured on snow- and ice-covered runways.

(b) Vehicle stopping performance was greatly improved
on wet grooved clean asphalt runway surfaces and
approached the vehicle stopping performance obtained
under dry pavement conditions.

(c) Vehicle wet stopping performance was considerably
improved when the heavy rubber coated touchdown areas
of the runway were grooved (SDR = 2.5 grooved com-
pared with SDR = 4,62 ungrooved), but the reduced
slipperiness level from grooving still exceeded the
slipperiness level of the reference wet runway (SDR =
1.92). This result indicates periodic rubber removal
programs may be required to restore the pavement
microtexture when the rubber deposits on the runways
become extensive in area.
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TABLE I.- Ungrooved pavement average texture depths at Miami International
Airport March 14-15, 1973 (obtained from NASA grease test).

| . AVERAGE TEXTURE

, RUNWAY ZONE GREASE AREA " DEPTH, INCHES
9R/2TL A 9.25 x 4 = 37 IN? .013

B 6.75 x 4 = 27 IN? .018

c 7.5 x b = 30 IN? .016

D 16.75 x 4 = 6T IN? .007
9L/2TR A 11 x b = 44 IN? ’,011

B 7 x4 = 28 IN? .017

C 6.25 x 4 = 25 IN? .019

D 20.375 x b = 81.5 IN? .006
12/30 MIDDLE 2.75 x b = 11 IN? .ollL

VOLUME OF GREASE USED = 0.L486 IN?
TEXTURE DEPTH = VOLUME
AREA
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TABLE VII.- Déscription of pavement surfaces used in Texas Transportation Institute
study on pavement drainage (reference 1).

Aggregate Texas Nighway Average Texture
Raximum Size, Department Depth, #%
Surface Numbs: Surface Type in. Specifications in.
] Rounded Siliceous 374 Class A 0.035
Gravel Portland
Cement Concrete !
(Tronsverse drag)* ttem 364 [
1A Rounded $11iceous hY1) Class A 0.036
Grave! bortland
Cement Con:rete
{Long!tud’nal
drag)* Item 364
2 Clay Fl'led Tar 0.009
Emulsicn (Jennite) No Aggregate —_—
Seal
3 Crushed Limestone 1/2 Type O 0.003
Aggre jate Hot Mix
Asphalt Concrete
(Terrazzo Finish) Ttem 340
L) Crus'red Siliceous /4 Type F / 0.019
Gravel Hot Mix As-
phalt Concrete Item 340
3 Rounded Siliceous 5/8 Type C 0.039
Grave) Hot Mix As-
phalt Concrete Item 340 P
6 Rounded Sillceous 1/2 Grade & 0.141
Grave! Surface -
Treatment {Chip
Seal) item 320
7 Synthetic Light- V/2 Grade 4 0.164
welight Aggregate
Surface Treat-
ment (Chip Seal) item 320
8 Synthetic Light- V/2 Type L 0.020
welight Aggregate
Hot Mix Asphalt
Concrete Sp. ftem 2103

"With respect to direction of vehicular travel

#*0btained by Putty Impression Method (}1)



TABLE VIII.~ DISTANCE BETWEEN MAIN LANDING GEARS FOR SOME JET TRANSPORT
TYPE AIRCRAFT.

ATIRCRAFT TYPE mxnnﬁﬁggg gggg?nmm
BAC 1-11 14.25
DC-9 16.42
CARAVELLE SE~210 17.08
B-737 17.17
I 18.75
CV-880 18.83
£V-990 19.92
DC-8 20.83
B-707 22.08
B-ThT 36.08




TABLE IX.-

Comparison of traction measurements on Miami International Airport
Runways 9R/27L end 9L/2TR obtained before and after 1972 asphalt overlays.

RUNWAY ZONE DBV _SDR MU-METER FRICTION READING
*DEC_1971 | MARCH 1973 *DEC_1971 | **JAN 1973
9R/27L A 2.87 3.51 .52 .455
B 1.59 2.34 .63 .55
c -- 2,52 -- --
D 4,64 4,62 .30 435
OL/27R A 2.18 2.38 .58 .70
B 1.68 1.78 .58 . 665
c -- 2.29 -- --
D 2.73 3.16 .50 .58

* FROM TABLE II REPORT NO. FAA-RD-72-61
%% FROM MEASUREMENTS MADE BY PAVEMENT SAFETY CORP, FOR DADE COUNTY

PORT AUTHORITY. (SOURCE NTSB)
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RUNWAY 9R/2TL ZONE B.
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ZONE A.

RUNWAY 9R/2T
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RUNWAY 9R/2TL 7oNE ® (OVERRUN).
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3. - PHOTOGRAPH OF PAVEMENT SURFACE IN RUNWAY TEST ZONE.
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7}  RUBBER-COATED GROOVED SURFACE (ZONE D).

FIGURE k.- SURFACE PHOTOGRAPHS AFLER GROOVING OF RUNWAY 9R/Z7L, MAY B, 1973.
GROOVE PATTERN 1 INCH x 1/4 INCH x 1/ INCH. MIAMI INTERNATIONAL AIRPORT




WATER TRUCK WETTIBG HUNWAY. WET RUNWAY PRICR T0 DBY TEST BUN.

¢} ODBY TEST RN
DY WET BUNWAY APTER DBY TEST RUN.

FISUPE 5.~ TYPICAL RUNWAY WETTING SEQUENCES (MARCH 1h-15 TESTS),
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PAVEMENT WATER DEPTH, 4, IN.

ACTUAL WATER DEPTHS IN NATURAL RAIN

AVERAGE CROSS-
AIRPORT TEXTURE SURFACE
SLOPE, ft
DEPTH, IN. Y
QO Pur 1
. 004 55 CONCRETE
[0 LAFB
PREDICTED WATER DEPTHS
[ — —— BRITISH ROAD RESEARCH (EQUATION 2)
. 20 r

e TEXAS TRANSPORTATION
INSTITUTE (EQUATION 1)

.16

.12

.08

.Oh

0 2 b .6 . .8 © 1.0 . 1.2

RAINFALL INTENSITY, I, IN./HOUR
FIGURE T.- EFFECTS OF RAINFALL INTENSITY AND DRAINAGE PATH LENGTH

ON UNGROOVED PAVEMENT WATER DEPTH.
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d= E.as x 1070 (2)7*31 (1)* (1) 8 (D%)‘"]; -T (equation 1)
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A) CALCULATED EFFECTS OF RAINFALL INTENSITY, AND
PAVEMENT AVERAGE
TEXTURE DEPTH ON PAVEMANT WATER DEPTH IN STILL AIR.
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B) CALCULATED INCREASE IN PAVEMENT AVERAGE TEXTUKE DEPTH FROM
RUNWAY GROOVES.

FIGURE 8.- CALCULATED EFFECTS OF PAVEMENT AVERAGE TEXTURE DEPTH AND RAINFALL INTENSITY
ON WATER DEPTHS DEVELOPED ON PAVWMENTS DURING RAINSTORMS IN STILL AIR.
PAVEMENT CROSS SLOPE, (S), _1 . DRAINAGE PATH LENGTH, (L), 10 feet.
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RUSWAY ZONE RUN GROOVED DATE
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FIGURE 12.- 'COMPARISON OF DBV NORMALIZED VELOCITY TIME HISTORIES OBTAINED
DURING 7 .3TS ONF DRY RUNWAYS AT MIAMI INTERNATIONAL AIRPORT.



é o6k ()  MIA RUNWAY 9R, MARCH 1k, 1973
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FIGURE 13.- UNBRAKED DECELERATION CHARACTERISTICS OF NASA DBV (TRANSMISSION IN NEUTRAL).
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1.0
DBY TEST HEADING 90 DEG (RUNWAY 9L)

MARCH 15, 1973, DBV TEST
(AVERAGE OF RUNS 1L & 16)

FRICTION
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INCREASED RUBBER
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MAY 8, 1973, DBV TEST

ASTH SMOUTH (AVERAGE OF RUKS L & 6)
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FIGURE 14.- EFFECT OF INCREASED RUBBER DEPOSITS (ACCRUED BETWEEN MARCH 15 AND MAY 8, 1973)
IN ZONE D OF RURWAY 9L/2TR OK ASTM TIRE BRAKING FHICTION COEFFICIENT, u SKID.
TESTS MADE WITH SINGLE WATER TRUCK WEITING.



WET GROOVED

A (MAY 8, RUN 8)

.2 = S
AST™ SMOOTH WET UNGRCOVED
TREAD TIRE (MARCH 14, run 13A) .
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FIGURE 15.- EFFECT OF RUBBER CONTAMINATION ON FRICTION CHARACTERISTICS OF RUNWAY
27L BEFORE AND AFTER GROOVING THE RUNWAY. DRV HEADING 270 DEGREES.
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FIGURE 15.- CONCLUDED.
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FIGURE 16.- SKID RESISTANCE OF MIA RUNWAY 9L/2TR ZONE B (CLEAN ASPHALT)
BEFORE AND AFTER GROOVING UNDER DRY AND WET CONDITIONS.



DRY PAVEMENT

\-———_____——
ASTM  SMOOTH ——-’“’Si’"

: MIA
TREAD TIRE | \ MARHAM
BRAKING FRICTION
COEFFICIENT,
L | i i L. 1. —4
Hsk1D
WET PAVEMENT
MIA 9L/27R ZONE B (1 1/2" x 1/4" x 1/4" GROQVES)
1.2 ~

CLEAN ASPHALT

BEALE (1" x 1/4" x 1/4" GROOVES)

| W et amte e omtn wm ey a—

CLEAN POROUS ASPHALT

‘ n ) 4 1 i
0 10 20 30 Lo 50 60

DBV SPEED, MPH

FIGURE 17.- COMPARISON OF SKID RESISTANCE OF GROOVED AND POROUS PAVEMENT SURFACE
TREATMENTS UNDER DRY AND WET CONDITIONS.
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