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Modified Reflex-Percussive Grooves for Runways 

SATISH K. AGRAWAL and HECTOR DAIUTOLO 

ABSTRACT 

Runway surface treatments, such as grooving, can m1n1m1ze the danger of air
craft hydroplaning by reducing the water buildup on the runway and by facili
tating forced water escape from the tire-runway interface. Square saw-cut 1/4-
in. grooves spaced between 1 and 2 1/2 in. have been widely used i the former 
provide a higher resistance to hydroplaning. Other surface treatments that have 
been reported as being effective in minimizing aircraft hydroplaning include 
porous friction overlay and reflex-percussive groovesi the latter are offered 
as a cost-effective alternative to square saw-cut grooves. As the title of this 
paper suggests, the modified reflex-percussive grooves are a derivative of 
reflex-percussive grooves in that the cutting heads for the latter were modi
fied to produce smoother groove edges, which tend to improve water flow through 
the groove channels. Comparative dynamic tests showed that the braking action 
of an aircraft tire on modified reflex-percussive grooves is equivalent to that 
on square saw-cut grooves spaced between 1 1/4 and 2 in. Results also showed 
that hydroplaning was not initiated at speeds of up to 150 knots. The lower 
cost of the modified grooves makes them a viable cost-competitive methodi how
ever, realistic cost estimates and full savings potential can only be affirmed 
after application of these grooves in an operational environment. 

A rain-soaked runway poses a problem unique to a 
landing aircraft: if sufficient water is accumulated 
on the runway as a result of rainfall, the aircraft 
may hydroplane. In hydroplaning, a th in layer of 
water separates the aircraft tire from the runway 
surface. The net result is a severe degradation of 
the braking action of the aircraft and of the abil
ity to bring the aircraft to a stop. Adequate slope 
and proper runway surface treatments help reduce the 
accumulation of large amounts of water. Commonly 
used surface treatments include grooving and porous 
friction overlays. Although grooves can be installed 
on both portland cement concrete (PCC) and asphaltic 
concrete surfaces, the porous friction over lays are 
limited to the latter. 

In its efforts to determine low-cost surface 
treatments that provide adequate braking action to 
aircraft, the Federal Aviation Administration (FAA) 
has identified (1) a reflex-percussive grooving 
process as a viable cost-effective alternative to 
square saw-cut grooves. The process, which is based 
on the principle of controlled removal of concrete, 
was first developed in Great Britain to provide a 
rough finish on the pavement. The great advantage of 
the cutting process is its ability to not loosen the 
aggregate particles within the matrix and not create 
microfractures in the surrounding concrete. When the 
cutting head strikes the surface of the concrete it 
causes the material directly under the area of im
pact to deflect downward, thus creating momentary 
and localized compression. The compressive strain is 
mainly elastic and is almost immediately given up in 
generating a rebound that causes the concrete to 
attempt to pass through its relaxed state into one 
of tension nearly equal to the initial compression. 
However, because it is very weak in tension, the 
concrete fractures, and elastic energy is given up 
as kinetic energy of the flying fragments. 

Klarcrete Limited of Canada demonstrated that the 
reflex-percussive process can be readily adapted for 
grooving in PCC surfaces. However, the cutting heads 
that performed successfully in PCC <!l were unsatis
factory in cutting smooth grooves in asphaltic con-

crete surfaces (~) i the primary reason is the de
crease in the reflex action of the percussive 
process in viscoelastic asphaltic concrete. The 
developer of the cutting heads, therefore, designed 
new heads that produced significantly improved 
grooves in asphaltic concrete surfaces. Conse
quently, the research described herein was under
taken to determine if the grooves produced by these 
modified cutting heads will provide "acceptable 
braking action" to an aircraft tire and be cost com
petitive with the square saw-cut grooves. 

MODIFIED REFLEX-PERCUSSIVE GROOVES AND SQUARE 
SAW-CUT GROOVES 

The cutting heads for the original and modified 
reflex-percussive grooves are shown in Figure 1. 
When installed on the machine shown in Figure 2, the 
cutting head rotates about its axis in a random man
ner as it strikes the concrete surface. The speeds 
of forward motion and cutting stroke are pneumati
cally controlled. It is believed that the continuous 
cutting edge of the modified head provides overlap
ping strokes that tend to produce a smooth groove 
channel. The square saw-cut grooves are installed by 
a rotai:y saw equipped with diamond-tipped blades. 
The rotary saw, shown in Figure 3, is also pneumati
cally powered. 

Figures 4 and 5 show the asphaltic concrete test 
sections and groove dimensions. The program included 
square saw-cut grooves at spacings of 1 1/4 and 2 
in.1 the former spacing provides higher resistance 
to hydroplaning (!r_l). 

HYDROPLANING 

When an aircraft lands on a water-covered runway, 
the tires first contact the top of the water layer 
and then descend through this layer. The descent is 
relatively simple until the aircraft weight is 
transferred to the tires. During this transfer, a 
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FIGURE 1 Original and modified cutting heads for installing 
reflex-percussive grooves. 

FIGURE 2 Machine for installing reflex-percussive grooves in the 
test sections. 

FIGURE 3 Machine for installing saw-cut grooves in the test 
sections. 

REFLEX-PERCUSSIVE 
GROOVES 
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FIGURE 4 Various test sections of asphaltic concrete test bed 
(each section is 40 ft long). 
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FIGURE 5 Dimensions of reflex-percussive grooves and saw-cut 
grooves. 

complex water flow exists in the space bounded by 
the tire at the upper end and the runway at the 
lower end, Water enclosed in the bounded space 
undergoes rapid change of momentum and generates 
large forces. These forces act on the tire surface 
and deform it radially; if the forces exceed air
craft weight, the tire surface will be lifted and 
supported entirely by the water layer. This condi
tion is called hydroplaning. Friction forces in the 
tire-runway contact area approach zero during hydro
planing and aircraft braking and directional con
trol are essentially nil. It is important to note 
that the time elapsed between the initial contact of 
the tire with the top of the water layer and even
tual hydroplaning (should the conditions be suffi
cient to induce hydroplaning) is on the order of a 
fraction of a second <!>· 

Hydroplaning is not always inuninent; operational 
and environmental conditions determine the nature of 
water flow under the tire. Water depth on the runway 
and aircraft speed are the two important parameters 
that share the most responsibility for inducing 
hydroplaning. However, because aircraft landing 
speeds are limited by aerodynamic considerations and 
cannot be varied much beyond those limits, water 
accumulation alone becomes the critical parameter 
for inducing hydroplaning. Efforts are therefore 
expended in reducing water accumulation on the run
way, 

Near elimination of aircraft hydroplaning on a 
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grooved runway is believed to be the result of a 
dual process of water removal from the tire-runway 
contact area. First, the grooves facilitate free 
flow of water through the channels during rainfall; 
except in cases of continuous rainfall of high in
tensity, this channel flow reduces average water 
depth compared to that on a nongrooved runway under 
similar rainfall condit ions. Second, water is forced 
out from under the tire when the aircraft travels on 
a water-covered grooved runway. In contrast, the 
forced water escape is much more difficult on a non
grooved runway. 

MEASUREMENT OF BRAKING ACTION 

The braking action of an aircraft tire is a function 
of the frictional forces developed in the tire-run
way contact area. These forces are developed as a 
result of relative motion between the tire surface 
and the runway. The braking action can be repre
sented by a coefficient of friction that is the 
ratio of the friction forces developed in the con
tact area to the vertical load on the tire. As the 
coefficient of friction decreases, so does the brak
ing action. 

In theory, the coefficient of friction approaches 
zero at the onset of hydroplaning; however, small 
viscous and mechanical drags are always present. For 
a direct measure of hydroplaning speed, various drag 
forces must be separated. This is generally diffi
cult if only because of the need for highly sensi
tive instrumentation for measuring small quantities. 
Various indirect methods have been used in the past 
(5) to identify the onset of hydroplaning. In the 
present s tudy, incipien t hydroplaning is indicated 
when the computed coeff icient of friction is a.as or 
low~r. In comparison, the average coefficient of 
friction between an aircraft tire and a dry runway 
is approximately a.1a during landing. 

There are two methods by which a meaningful com
parison of the braking action of an aircraft tire on 
various surface treatments can be accomplished: (a) 
measurement of coefficient of friction when the tire 
is locked and slides over the test surfaces or (b) 
measurement of maximum value of the available coef
ficient of friction on each test surface. This study 
employs the second method. 

The maximum value of the available friction coef
ficient can be obtained by conducting a series of 
tests in which a pplied br a king effort is g r a dually 
increased, o ther operationa l conditions of the tire 
and runway being identical during the series. Be
cause precise duplication of operational conditions 
is difficult, care s hould be taken in controlling 
and monitoring the test conditions. Under ideal con
ditions, the friction coeffic ien t will initially in
crease, then reach a maximum value, and finally drop 
as the braking effort is gradually increased. 

Clearly, this method of comparing braking action 
of an aircraft tire on various surfaces involves a 
large number of tests. However, it represents a 
realistic reproduction of the aircraft braking pro
cess. The disadvantage of the first method is accel
erated treadwear of the tire, which may require fre
quent tire changes; danger of tire blowout is also 
present in the first method. 

EXPERIMENTAL PROGRAM 

The experimental program was conducted at Track 3 of 
the Naval Air Engineering Center, Lakehurst, New 
Jersey. The track is l 1/ 4 mi long a nd has guide 
rails spa c ed 52 1/4 in . apa r t and runn ing parallel 
to the track centerline. Reinforc ed concr e te strips 
extending beyond the guide rails to a width of 28 ft 
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also run parallel to the track. The last 144 ft of 
the track contained the test bed. The test bed was 2 
1/2 in. thick and 3a in. wide and was made of as
phaltic concrete. 

The major components of the test equipment are 
(a) a four-wheeled jet car, (b) a dead-loaded car
riage that supports the dynamometer and wheel assem
bly, and (c) the measurement system. The jet car 
(Figure 6) is powered with four J48-P-8 aircraft 
engines that develop a total thrust of 24,aaa lb. 
The jet car is used to propel the dynamometer, the 
wheel assembly, and the carriage from the launch end 
at a preselected speed. The car is disengaged after 
the test speed is attained, and the dynamometer as
sembly and the carriage are allowed to coast at this 
speed into the test bed. 

F1GURE 6 Jet-powered pusher car for providing preselected 
speeds to test equipment. 

The d ynamometer and wheel asse mbly were designed 
and fabricat e d by the FAA and have the capability of 
simulating a jet transport tire- wheel assembly under 
touchdown and rollout conditions . The dynamometer is 
similar in design to one developed by the National 
Aeronautics and Space Administration (NASA) for the 
Langley Test Facility (6). Figure 7 shows the dyna
mometer and wheel assei;;°bly and the details of the 
instrumentation for measuring vertical and hori
zontal loads at the axle. The assembly is pivoted 
about an axis contained in the dead-load carriage. 

Test Section 

The 144-ft test bed was divided into four 36-ft sec
tions (Figur e 8 ) . The d imensional t olerance o f the 
a s phalti c t est bed wa s held with in ±3/32 Ln . f r om 
horizon tal. The first t wo sec t ions c o ntained the 
re flex-pe r cuss ive grooves produc ed by the modified 
cu tting head s ; t he othe r two contained 1/4-in. 
square g rooves at s pacings of l 1/4 a nd 2 i n. 

Test Parameters 

The operational parameters were selected to repre
sent main landing gear assembly values typical of 
heavy jet aircraft during landing and rollout. The 
environmental parameters included water accumulation 
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F1GURE 7 Dynamomcler and wheel assembly showing vertical 
and horizontal load links. 

FIGURE 8 Test bed at the end of the test track. 

representative of light to moderate rain. A summary 
of the test parameters follows. 

Operational Parameters 

Tire 
Vertical load 
Inflation pressure 
Tread design 
Size/type 

Pavement 
Type 
Texture 
Surface treatments 

Aircraft 
Speed 
Wheel operation 
Brake pressure 

(braking effort) 

35,000 lb 
140 lb per square inch 
Worn 
49 x 17, 26-ply, Type VII 

Asphaltic concrete 
0.015 (nongrooved) 
Reflex-percussive grooves 

with 20-degree groove 
angle and 3-in. spacing 

Square saw-cut grooves, 1/4-
in. size at 1 1/4- and 2-
in. spacings 

70 to 150 knots 
Rol ling to locked wheel 
200 to 2,200 lb per square 

inch 

Transportation Research Record 1048 

Environmental Parameters 

Light rain 

Moderate rain 

Wet: water depth less than 
0.01 in. 

Puddled: water depth of 0.10 
in. or more 

This investigation included the rainfall conditions 
that will represent "wet" and "puddled" water condi
tions on the runway. Wet conditions are normally en
countered during or after a light rain. The surfaces 
may be saturated with water but do not have measur
able water depth present on them. The puddled sur
faces are representative of conditions that can be 
expected immediately after heavy rains of short du
ration. 

Test Procedure 

The dynamometer assembly, with mounted tire, was 
positioned at the launch end of the track for the 
test. A complete braking test consisted of the fol
lowing steps: 

1. Water depth was set on the test sections at 
the recovery end. 

2. Jet engines were started at the launch end 
and set at a performance level to provide the pre
selected speed in the test section. 

3. The jet car was released to propel the test 
equipment (dead-load carriage and dynamometer assem
bly). The test tire remained in free-rolling mode. 

4. The jec car was braked and separated from the 
test equipment several hundred feet ahead of the 
test bed. This allowed the dead-load carriage and 
dynamometer assembly to enter the first test section 
at the preselected speed. The speed decayed by 1 to 
2 knots in the remaining sections. 

5. Before the dynamometer assembly entered the 
first section, the hydraulic systems were activated 
to apply the vertical load and brake pressure on the 
tire. 

6. The wheel entered the test sections under 
preselected test conditions. The instrumentation was 
activated and the data were recorded. 

7. As the wheel left the test bed, unloading and 
brake release were initiated and the test equipment 
was recovered by the use of arresting cables. 

The automatic data handling system is a multi
channel analog recording system. It uses standard 
FM/FM telemetry for transmission of data from the 
mobile dead load. Both low- and high-level signals 
are frequency multiplexed for recording on a single 
magnetic tape. Recovery of these data in analog form 
permits early validation and review of the data for 
further testing purposes. 

Tables 1 and 2 give the results on the asphaltic 
concrete sections. The coefficients of friction in 
these tables are the maximum developed under each 
set of operating conditions: many more tests were 
conducted to obtain the maximums. A least squares 
fit was obtained between speed and coefficient of 
friction. 

DISCUSSION 

The relevant figur es show the results of the braking 
tests. The curves show the variation of the maximum 
friction coefficient with speed under wet or puddled 
water conditions. The data show the well-established 
trend tha t friction coefficient decreases with in
creasing speed. 

Under wet water conditions, the friction coeffi-
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TABLE 1 Least Squares Problem-Worn Tire on Wet Surface 

NO, OBSERVATIONS 1 4 
POLY, DEGREE 2 

TREATMENTS: 
COEFFICIENTS A - 1 1/4 INCH SPACING 

0 
1 
2 

0.36l80E 02 
0, ~i3487E-01 

-0,76476E-03 

B - 2 INCH SPACING 

C - MODIFIED REFLEX 
PERCUSSIVE GROOVES 

COEFFICIENT OF FRICTION x 100 

POINT SPEED, KNOTS MEASURED CALCULATED DIFFERENCE TREATMENT 
j 0.70000E 02 0. 3;·10001:: 02 0. 36'7'771:: o·:• -0, 37'76'rE 01 c 
2 0.70000E Q".> 0,35000E 02 0,3677lE 0" - 0, :l 7l6'rE 01 c 
3 0.70000E 0"' 0,3?000E 02 0,367l7E 02 0.22231E OJ B 
4 0.70000E 0') 0. 40000[ 02 0.36777E 02 0 • J;~:~:l1E O:I A 
5 0, 10'100E 03 0,34000E 02 0, 33~'.'i24E 02 O, 4 7:JB'1E 00 A 
6 0, 10900E 03 0,34000E 02 0, 33~;:!4E 02 o, 47:5fl'1E 00 B 
7 Q,J0900E 03 0, :16000E O':> 0, ;3:1~;:•4E o·:> 0. 2475'.?E OJ B 
B O.:L1100E 03 O.:lOOOOE 02 0. 3:329~'.'iF 02 - 0. J~'946[ 0:1 c 
9 Q, Ll900E 03 0,29000E 02 0, 294:19E 0 :! -0, 4 :rn<JOE 00 B 

JO O.:l4000E 03 0, :!llOOOc~ Q':> 0. :..!9:!7'?!0 02 - 0, :I 2790E 01 A 
11 0.14100E 03 0.29000E O':> 0. :•9J. J BE o··i - 0.11761E 00 c 
j':> 0, l 41 OOE OJ 0, 29000E 02 (),291:111[ 02 --0, 1 .1761E 00 c 
j 3 o. :141.00E o:i () .3000()[ O':> o.29Ul:Jf:: o:! (),IJB239E 00 B 
14 0.14200E 03 0.30000E: o::.! (), 2G9:~i~:iE 02 0, :I 04~i3E ()j c 

ERl~**2 0, 5391BE 02 GTD-· ERF~ .... 0, 2:!:140E O:l 

TABLE 2 Least Squares Problem-Worn Tire on Puddled Surface 

NO, OBSERVAlIONS 16 
POLY. DEGREE 2 

TREATMENTS: 
CDEFFICIENrn A - 1 1/4 INCH SPACING 

0 
1 
2 

0, '13076E 02 
-0,12521E OJ 
0.47055E-02 

B - 2 INCH SPACING 

C - MODIFIED REFLEX 
PERCUSSIVE GROOVES 

COEFFICIENT OF FRICTION X 100 

PCIINT SPEED, KNOTS MEASURED 
l o. 1oooor: o;~ 0, 2~i000E ()C> 

2 0.71000E 02 0.:1:1500!': O':> 
3 0. 72000[ 02 0, 2~5000E 0') 
4 o.noooE 02 o. :1:rnooE 02 
5 0.74000E 02 O, 24000F: 02 
6 O.B9000E 02 0, 18000E 02 
7 0.89000E 02 0,17000E 0:1 
fl 0 • J,()UOOE 03 0.1Z500E o:! 
9 0.10900[ 03 0, 11000E 02 

1.0 0.11000E 0:1 (), J.45()()[ Q':> 
11 O .11l.OOE 03 0 .13000E o··> 
12 0 .1;.!900E 03 0, U.OOOE 0:1 
l3 0.13400E 0:1 0.1000()[ O':> 
:L4 0. 13600F.: 03 0, 11000E 02 
15 0.13BOOE 03 0. ll~'iOOOE O:I 
16 0.14000E 03 0.9()0()()£ 01 

ERF(**2 O.B5866E 02 

cients are "relatively high" throughout the speed 
range (Figure 9). A s ingle curve can a dequa tely rep
resent the braking act ion of an aircra f t tire on 
both the square saw-cut grooves and the modified 
reflex-percuss ive grooves. 

When the we tness on the surface is representative 
of pudd l ed cond itions , the spac ing of the saw-cut 
grooves s tarts to inf luence the max i mum friction 
coe f fic ient (Fig ur e 10) a va ilable in the tire-runway 
contact area. The separation of the two solid lines 
in Figure 10 is not l arge ; however, the grooves 
spaced at 1 1/4 in. prov i de higher friction coeffi
cients than do the grooves spaced at 2 in. The per
formance of modified reflex-percussive grooves falls 
between the curves for saw-cut grooves spaced at 
1 1/4 and 2 in. for speeds above 90 knots. 

CALCULATED DIFFERENCE TREATMENT 

0, 2B413bE 02 -0. 340611:: 01 c 
0. :.!7f/'70E 02 0. 3602~)E 01 A 
o .:!7 :~:11:w 02 -0, n:l ll3E ()j c 
0, ~!l:lHJE Q':) 0, ~36817E 01 B 
o.:u.:1nm: 02 - 0, ::!:I Dll:LE:: 01 c 
O. JD912E 02 -0, 'r:/ :l. ~i'lE 00 c 
0, 1 B9l :1E 02 -o , :19:1:I6E 01 c 
0 .1 ::.!/:l 41:: 02 -o. ;•344c;i::: 00 c 
0, 1 2~H>:IE 02 -0.15035E 01 B 
0. :1.2::.~ 82E 02 o,::.!:11!31E () 1 A 
0 .1::!070E 02 0. •;303::![ 00 c 
0, <JEJ:'i9/E: 0:1. 0, :I :I 403E 01 A 
0,9lll70E () 1 0, 2:1 :-JOOE ()() c 
o. •;o~·:rnE 01 0.11l62E 01 A 
o, 'lli9112E 01. -0.13982[ 01 c 
O,JOOlOE 02 - (), :IO:J03E O:l B 

STD-EF;;i:;: 0.25700E OJ 

The improvement provided by the modified cutting 
heads (Figure 1) over the standard cutting heads 
(Figure 1) can be best evaluated by comparing the 
results obtained with both heads. Figure 11 shows 
the data [from Agrawal (2) I using the standard cut
ting heads for reflex-percussive grooves; the data 
for square saw-cut grooves are also included. The 
most distinct feature in Figures 10 and 11 is the 
shift in the coefficient-of-friction curve for the 
reflex-percussive grooves: the coefficient curve 
resulting from the use of modified cutting head lies 
above the curve for saw-cut grooves spaced at 2 in.; 
the coefficient curve resulting from the use of 
standard cutting heads lies below the curve for saw
cut grooves spaced at 2 in. 

Though the data on the puddled surface are repre-
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FIGURE 9 Braking performance of a worn tire on wet surfaces. 
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FIGURE 10 Braking performance of a worn tire on puddled surfaces. 
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FIGURE 11 Braking performance of a worn tire on puddled surfaces (2). 
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FIGURE 12 Combined braking performance of a worn tire on puddled 
surfaces. 

sented by individual curves for various surface 
treatment (Figure 10), it may be reasonable to draw 
a single curve (Figure 12) to show the performance 
on the two types of grooves, particularly because 
the data scatter is small in the high-speed range. 
It can also be observed that in both wetness condi
tions (Figures 9 and 12) the friction coefficients 
are above the hydroplaning level (coefficient 
0.05). 

A previous study (_!) has concluded from cost 
analysis of various grooving methods that the cost 
of installing reflex-percussive grooves could be as 
low as half the cost of saw-cut grooves spaced at 
1-1/4 in. This study has shown that with the use of 
the modified cutting heads, the performance trade
off is minimized: modified reflex-percussive grooves 
provide braking action nearly equivalent to that 
provided by saw-cut grooves spaced between 1 1/4 and 
2 in. 

CONCLUSION 

It can be concluded from the findings of this re
search that the modified reflex-percussive grooves 
are a viable cost-effective alternative to square 
saw-cut grooves. However, realistic cost estimates 
and full savings potential can only be affirmed 
after these grooves have been applied in an opera
tional environment. 
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