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SECTION I
INTRODUCT ION

1. BOMB DAMAGE REPAIR (BOR)

The increase in technology for weapons designed specifically to interdict
airfield pavement surfaces has increased the demand for research and development
(R&D) in repair techniques. This area of RED is calied Bowb Damage Repair (BDR),
or Rapid Runway Repair (RRR), and has been centered for the last 4 years at the
Air Force Weapons Laboratory (AFWL). Work has included development of techniques
for the prediction of damage to varinus airfield pavement systems from any type
of weapon (refs. 1 to 6), the upgrading of the currently recognized USAF BDR
procedure outlined in AFR 93-2 (ref. 7), and the development of new repair
techniques designed to counter specific damage threats (refs. 8 to 12). During
these research programs, it was found that the time and effort required to
complete a repair are dependent cn two factors: the allowable initial roughness
of the repair surface and the allowable deflections which result from the
repair backfill consolidations.

2. LACK OF CRITERIA

The BDR roughness problem is relatively new, and criteria for the roughness
which &n aircraft can tolerate have not been developed. This has compounded the
problems associated with design of repair procedures, since optimization of any
repair precedure requ. res knowledge of the acceptable amount of roughness.

This roughness is composed of two factors. The first is the roughness built
into the patch due to the expediency of the rep2ir. The second consists of
roughness which is added to the repair as the crater backfill materials
consolidate under load or due to moisture. The lack of criteria is especially
troublesome in that the required quality of backfill and the required backfill
compaction effort are a function of the concclidation which can be tolerated;
this in turn is a function of the «cceptable roughness. Some criteria have been
established for human tolerance to shock and vibration (ref. 13), but the
criteria pertaining to the one-time-operation roughness which is acceptable
without jeopardizing the capability of an atrcraft to perform its mission

remains to be defined.
Preceding page blank
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3. TAXI, A TOOL FOR DETERMINING ROUGHNESS EFFECT ON AIRCRAFT

Recent work at the Air Ferce Flight Dynamic Laboratory (AFFDL), sponscred
by AFWL, allows determination of the dynamic response of an ajrcraft to rumway
roughness profiles. This work, documented in AFWL-TR-73-109, Volumes I and 1]
(ref. 14), represents the first readily available tool for analyzing aircraft
response 0 roughness. A general airplane/rummay mathesmatical model capable
of accurately simulating any airplabe traversinga rigid runway profile was
developed and programmed for a digital computer. The input data consist of
aircraft characteristics and a profile of the rumway section. The output
consists of (1) forces and strut displacements in the nose and main gears and
(2) accelerations at points along the centerline of the aircraft, such as the
pilot station, aircraft center of gravity, and the tail of the aircraft. The
program is particularly valuable in its ability to incorporate the following:

a. Up to 15 structural modes of vibration

b. Nonlinear strut characteristics

c. Single or double air-chambered landing gear struts
d. Articulated and nonarticulated landing gear struts
e. Multiple landing gear struts

f. Landing gear struts having conventional melering pins, metering tubes,
or 7luted metering pins

TAXI has been used for analyzing rumways where significant nilot discomfort
has been reported, and has been successful in locating runway areas requiring
smoothing or other alteration to reduce undersirable aircraft response. These
areas are often not apparent without an analytical tool of this type.

The BOR roughness problem is obvious, but the question of how adversely the
roughness will affect the aircraft and crew must be answered. To test TAXI's
reported aircraft response to BOR type roughness, instrumentation was placed
aboard an F-4C aircraft by AFFDL, and runs at various speeds were made over a
simulated AM-2 patch. The results were compared with the output of the TAXI
code run under the same conditions. Excellent correlation between the actual
test and code results were obtained (ref. 15).

4. FY73 AND FY74 BDR TESTING
As a part of the AFWL effort to upgrade the BOR procedure contained in
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AFR 93-2, tests under field conditions utilizing actual bomb damage to pavements
were directed by AFWL and conducted by the Air Force Civil Engineering Center
(AFCEC). These tests were conducted during the summers of 1973 and 1974 on
specially constructed pavement sections at Tyndall AFB, FL (refs. 10, 11). The
tests involved repairs made strictly in accordance with AFR 93-2 (ref. 7).
Following placeaent of the AM-2 patches over the repair area, F-4 load cart
obtained from the U.S. Army Engineer Waterways Experiment Station (WES) was
used with a 30K load resting on a single wheel of an F-4 main gear. Traf-
ficking of the repair patch was accomplished with up to 50 passes of this
single wheel loading. Careful records of the elevations before, during, and
after selected passes were kept. These form the basis for profiles used for
determining aircraft response to BDR roughness. They also serve as a starting
point to determine the effect of further consolidation within the debris back-
fin.

5. OBJECTIVES

The objective of this study is to determine what adverse effects can be
expected as a result of increasing the deflection at the center of the repair.
This in turn will give researchers on the BDR problem an indication of the
compactive effort and material properties which will be required for the crater
backfill materials.



SECTION II
DETERMINING F-4 RESPONSE TO BDR ROUGHNESS

1. PROFILE SELECTION

a. Figure 1A shows the basic profile used in this study. Similar profiles
from the 1973 and 1974 tests are shown in figures 1B, 1C, and 10 for comparative
purposes. The completed AM-2 repair is shown in figure 2, and the load cart
utilized for testing is shown in figure 3. The profile used represents the
statically loaded profile with readings taken at 2 foot inteirvals on the final
pass of the load cart. The condition of the repaired area afier 38 passes (the
total number made on this repair) represents the worst condition tre aircraft
would see if the gross weight of the aircraft were applied to the repair. As
a result of the dynamic loading presented by the aircraft, strut forces can
exceed the static gear load, and the force the repair sees is often greater
than the static weight. No practical way of applying this dynamic loading to
the repair existed, and the static condition was accepted as representative.

b. Fiqure 4 shows the imposition of additional deflection to the AM-2
repair. Total additional deflections of 0.1, 0.2, 0.3 and 0.4 font were added
to the repair at Ground Zero (GZ), or center poinc, of the repair. This deflec-
tion was added to the original profile by assuming a linear increase in addi-
tional deflection from 0.0 feet at the edge of the apparent crater to the
specified maximum at the GZ.

2. RUNNING THE TAXI CODE

a. Aircraft Properties: Standard F-4 aircraft input data, as detailed in
AFWL-TR-73-109, Vol. II (ref. 14), were used for an F-4 at a gross weight of
58,000 pounds. These data are contained in appendix A.

b. Selection of Critical Speed: To determine critical speed, several runs
were made on the original profile with 0.0 feet additional deflection. Exam-
ination of the responses to this profile at taxi speeds in the range of 20 to
60 fps indicated a critical speed existed somewhere in the range of 40 to 50.7
fps, and this range was therefore selected for closer examination. Results are
shown in table 1 for runs of 20, 25, 30, 35, 40, 45, and 50.7, 55, and 60 fps.
(50.7 fps corresponds to 30 knots.) The repair surface did not produce peak
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values in all calculated responses at the same speed. For example, pvak
positive azcelerations (g forces) at the taii station occurred at 40 fps, peak
positive accelerations at the center of gravity (CG) of the aircraft occurred
at 45 fps, and peak positive accelerations at the pilot station occurred at
50.7 fps. Table 2 shows the speeds at which peak values occurred, not only
for 0.0 feet deflection but aiso for deflections of 0.1, 0.2, 0.3, and 0.4

foot.

It was concluded that the speed at which the peak values for all responses
was obtained fluctuated but that a mean value of 45 fps was rez-onable. To
bracket the critical speed, the response to all deflected profiles at speeds
of 40, 45, and 50.7 fps were examined.

c. Tabulation of Results

Tables 1 and 3 to 6 report the peak values, both positive and negative, if
significant, for all five conditions of the repair: 0.0, 0.1, 0.2, 0.3, and
0.4 foot additional deflection. In each case the maximum is noted, and responses
at the other two speeds are shown in the proper engineering units and as a
percent of the maximum value.

Tables 7 to 9 were composed from the information in tables 1 and 3 to 6 by
combining results at each speed for all profile cases. Table 2 further breaks
out the data by detailing the speeds at which maximum values of each response
were attained for each profile.

Output graphs from TAXI are shown in appendix B for all responses of the
F-4 at 45 fps traversing the AM-2 profile with 0.4 ft additional deflection,

14
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SECTION III

ANALYSIS

1. EFFECTS OF VELCCITY VARIATION O% AIRCRAFT RESPONSE

a. Nose Gear Maximum Force and Strut Displacements: As mentioned earlier,
the speed to be investigated was selected as 40 to 50.7 fps. While this speed
was correct for maximum aircraft accelerations and maximum force and strut
displacements of the main gear, it was found that the maximum force in the
nose gear occurs at a somewhat Tlower speed. For the case of 0.0 feet
additional deflection, this maximum force occurs at 30 fps. The strut displace-
ment response is not as specific in defining a speed at which the maximum
occurs (figure 5); however, table 2 indicates that a speed less than 40 fps
causes the maximumresponse, regardless of additional deflection.

b. Main Gear Maximum Force and Strut Dispacements

The maximum displacements and force for the main gear occur consistently
at 45 fps, regardless of the additional deflection, (figure 6 and table 2).

c. Accelerations
(1) Aircraft Tail Station

Figure 7 shows that the maximum accelerations, both positive and
negative, on the tail of the aircraft occur in the lower portion of the
selected 40 to 50.7 fps range. In general, the maximum negative acceleration
is less selective in the speed at which it occurs than is the maximum positive
acceleration, as indicated by the relatively slow reversal of the broad cusp
of the convex upward curve on fiqure 7. This particular feature is noted for
accelerations at the aircraft CG and at the pilot station as well. Table 2
indicates that the ma..imum positive acceleration in all deflection cases was
obtained at a speed of 40 fps or less, while the maximum negative acceleration
occurred in a random fashion, but definitely within the 40 to 50.7 fps range.

(2) Aircraft CG Station

At this point, as seen in figure 8, the maximum positive acceleration
and the maximum negative acceleration both occur near 45 fps. Table 2 shows
that this is true regardless of the additional deflection of the repair surface.
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(3) Pilot Station

The pilot station presents an anomoaly in that the maximum positive
acceleration and the maximum negative accelerations do not occur at similar
points (figure 9); however, this is true at all deflections, (table 2).

2. EFFECTS OF INCREASED DEFLECTION
a. Nose Gear Maximum Force and Strut Displacements

It is apparent from table 10 that the maximum response of the nose gear is
obtained at large deflections. This is particularly true in the selected speed

range of 40 to 50.7 fps.
b. Main Gear Maximum Force and Strut Displacemerts

Force in the main gear is independent of the additional deflections, as
seen in table 10. However, the displacements, both maximum and minimum,
increase with increasing deflection and speed.

c. Accelerations
(1) Aircraft Tail Station

The maximum negative acceleration at this point is random and indicates
that no simple conclusion can be made regarding the effect of the increased
deflection. The maximum positive acceleration increases with increasing
deflection and increasing speed within the 40 to 50.7 fps range.

(2) Aircraft CG Station

The maximum negative acceleration is strongly affected by the increase
in deflection, table 10. The maximum positive acceleration does not show this

same characteristic.
(3) Pilot Station

The maximum pilot station acceleration is not dependent on the
additional deflection. The maximum negati.> acceleration may be increased by
the introduction of deflections.

3. HIGH SPEED RUNS

Other runs of TAXI were performed at higher speeds, but all responses
decreased due to the increase in 1ift of the airfoil (table 1). For cases
where the angle of attack for maximum coefficient of 1ift is not maintained
by the aircraft crew during the takeoff roll, higher speeds may be more critical.
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4. GENERAL DISCUSSION

Other than the testing at AFFDL (ref. 15), very few data pertaining to
fighter aircraft operating over extreme roughness are available. It was found
that short sections ot AM-2 mat hadbeen used at Ubon RTAFB, Thailand, during
repair of a barrier cable. A questionnaire completed by pilots who had passed
over this patch indicated that only a small bump was felt. The patch consisted
of three sections of AM-2 (6 feet) with the standard 4 foot ramp on each end.
The patch was located some 1500 feet from the end of the runway, and operations
over it included takeoff, landing, and taxi maneuvers resulting from aborted
takeoffs (ref. 16). Tests are currently being run to determine the adverse
effect of multiple patch systems; however, the model for these mats is idealized
as being smooth except for the end ramps.
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS

a. The addition to the center position of an actual AM-2 repair of
deflections measuring from 0.1 to 0.4 foot added no significant increases in
the calculated F-4 aircraft responses. The roughness of the original patch,
prior to addition of daflections, accounted for the majority of forces and
strut deflections observad for the F-4.

b. At no time did the pilot station of the F-4 experience accelerations in
excess of 0.942 g. The acceleration of the CG of the aircraft was a maximum of
1.872 g at a speed of 45 fps with 0.1 foot additional deflection. The maximum
acceleratior experienced by the tail section was 4.927 g at 40 fps on 0.2 foot
additional deflection.

c. For a single repair case and the F-4 aircraft, the roughness created
by increased compression or consolidation of the debris backfill is not signif-
icant in comparison to the original roughness built into BDR profiles during
the repair process.

2. RECOMMENDATIONS

a. Determination of definite criteria for the amount of g loading, strut
force, and strut stroke which combat aircraft are capable of absorbing in
emergency conditions should be a priority task. Until these criteria are
established, BDR procedures cannot be optimized. Future BDR research is
dependent upon the establishment of such criteria.

b. Field tests should be designed to further establish the usefulness of
the TAXI code for short wave length roughness, such as that experienced in bomb
damage repair. This should validate the accuracy of the code for all aircraft
models which are expected to utiliie rapidly repaired runways in carrying out
combat missions.

c. Analyses of the type contained in this report should be completed for
other combat ajrcraft. Analyses for these aircraft and the F-4 should be
performed with variations in 1ift coefficient to account for pilot technique

K Y4
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effects on aircraft response. The failure to attain and maintain the proper
aircraft attitude for maximum coefficient of 1ift could induce increased loads
on the aircraft and may make higher aircraft groundspeeds wmore critical than
this report suggests.
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APPENDIX A
F-4C AIRCRAFT DATA

Preceding page blank
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AIRPLANE: F-4

(Data common to all gross weights)

GENERAL AIRPLANE DATA

MAIN

MAIN

NOSE

Fuselage station of pilot's station
Fuselage station of nose gear attachment point
Fuselage station of main gear attachment point
Fuselage station of tail location
Take-off thrust: Total airplane thrust
Without afterburner
With afterburner
Take-off speed (for 37,500-pound gross weiglt)
For take-off configuration: Lift coefficient

* See Table I Wing area
Drag coefficient

AND NOSE GEAR DATA

Unsprung weight of each main gear

Number of main gear struts

Number of main gear tires per strut
Unsprung weight of each nose gear

Number of tires on nose gear strut
Main gear tire spring constant per strut
Nose gear tire spring constant per strut

GEAR STRUT PARAMETERS

lHydraulic piston area
Pneumatic piston area* Primary
Secondary
Fully extended strut air volume: Primary
Secondary
Total strut stroke
Length from axle to waterline of CG
Orifice area

GEAR STRUT PARAMETERS

Hydraulic piston area

Pneumatic piston area

Fully extended strut air volume
Total strut stroke

Length from axle to CG waterline
Orifice area

38

129.0
85.5
364.75

600.0

21,000.
34,000.
232.0
.83
530.0
.11

440.0

2

1
109.0

2
13,530.0
15,600.0

13.74
15.92
13.74
294.0
31.58
15.88
65.0
1.223

10.23
15.904
416.0
24.0
65.0
1.361

in
in
in
in

1b
1b
fps

fr2

1bs

1lbs

1bs/in
1bs/in

:ln2

in
:ln2
1n3
in
in
1112
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AIRPLANE: P-4 Cont'd

MAIN GEAR METERING PIN DESCRIPTION (STROKE VS. NET ORIFICE AREA)

STROKE NET ORIFICE AREA
0.000 .895
2.300 .895
3.300 .859
4.300 .760
5.300 .670
6.300 .570
7.300 .520
8.300 478
9.300 .375

10.300 .309

11.300 <243

12.300 176

13.300 .115

14.260 .062

15.260 .022

15.880 .022

NOSE GEAR METERING PIN DESCRIPTION (STROKE VS. NET ORIFICE AREA)

STROKE NET ORIFICE AREA
0.000 1.110
2.200 1.000
4.200 .850
6.200 .715
9.200 .625

11.200 .550

14.200 495

16.200 432

19.200 .380

70.660 .334

22.300 . 229

23.200 .180
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Table A-1

DRAG COEFFICIENT VARIATION WITH GROSS WEIGHT
GROSS ROTATION
WE IGHT co SPEED
58,000 pounds 0.236 319 fps
46,000 pounds 0.18 300 fps
37,000 pounds 0.1 282 fps
31,000 pounds 0.09 252 fps

Changes of the CD with gross weight are due to parasitic
drag resulting from external stores.
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16.5 ft

Figure A-1. F-4C Aircraft
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Figure A-4. Take-0O1rf Speed vs Gross Weight
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APPENDLIR B
SELECTED TAXI OUTPUT
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