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PREFACE

The work reported herein was conducted by the personnel of the .5

Soils and Pavement s Laboratory (S&PL), U. S. Army Engineer Waterways

Experiment Station (WEB), by the authority of the Office, Chief of
Engineers, in support of Project l4A762719AT~O, “Pavement Structural
Capabilities and Functional Requirements Analysis, Smoothness Analysis.”

The study was conducted under the general supervision of
Messrs. James P. Sale , Chief of the S&PL, Ronald L. Hutchinson,
Pavement Program Manager , and Harry H . Ulery , Jr . ,  Chief of’ the
Pavement Design Division (PDD). Dr. Walter J. Horn of the PDD
conducted the investigation and prepared the report.

Acknowledgment is made to the personnel of the Air Force Weapons
Laboratory for conducting the instrumented B—52 field tests. Dr. Frazier
Parker was responsible for the interpretation of the straightedge mea-

surements related to slip—form payers. Messrs. Robert C. Gunkel and

Harry G. Brown assisted during the reduction of data and the prepara-

tion of the figures and graphs contained in the report . Co~~uter
progra~mning assistance was provided by Mr. Harry R. Austin.

Directors of WES during this program and the preparation and
publication of’ this report were BG E. D. Peixotto , CE; COL 0. H. Hilt ,
CE, and COL J. L. Cannon, CE. The Technical Director during this

period was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

.5 U. S. customary units of measurement used in this report can be converted
to metric (SI) units as follows:

Multiply By To Obtain
inches 25.4 millimetres

feet 0.30148 metres

pounds (mass) 0.4535924 kilograms

inches per second 25.4 millimetres per second
feet per second 0.3048 metres per second

knots (international) 0.5144444 metres per second

ounces 0.2834952 kilograms

Fahrenheit degrees 5/9 Celsius degrees*

* To obtain Celsius (C) temperature readings from Fahrenheit (F)
readings, use the following formula: .5

C = 5/9(F — 32)
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AIRFIELD PAVEMENT SMOOTHNESS REQUIREMENTS

PART I: INTRODU CTION

Background

1. The failure to employ meaningful surface smoothness criteria
.5 during the construction of’ airfield pavements can manifest itself’ in

either of’ two ways. The safety and comfort of the crew of an aircraft

might be seriously jeopardized during ground operations on an airfield

pavement which had been constructed according to surface smoothness
requirements which did. not prevent an excessive level of roughness.

On the other hand , smoothness requirements which are inordinately
restrictive would result in unwarranted excessive pavement construction

costs.

2. Current U. S. Army Corps of’ Engineers (CE) criteria governing

the construction of’ airfield pavements contain stringent surface smooth-

ness and. gradient req.uirements
1’2’3 (see Table 1) which have a vague

basis. These requirements impose such restrictions on the pavement con—

tractor that new construction methods, such as slipform payers, have
been limited in use in the construction of military airfield pavements.

This may represent significant additional cost for the construction of’

military airfield pavements. Construction smoothness criteria are
desirable which provide guidelines for the construction of’ an airfield

pavement with a surface sufficiently smooth for aircraft operations

but which does not place undue restrictions on the pavement contractor.

3. Previ ous research in the area of runway smoothness has been

primarily confined to statistical analyses of’ runway profile data,
generally power spectral density analyses, correlated with qualitative
assessments of the runways into categories such as rough , medium , and
smooth. For those cases in which runway profiles were correlated with

measured aircraft responses, no definitive relationship between runway 
.5

unevenness and aircraft response was established.. A need exists for

~ 
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Table 1

Corps of Engineers Criteria for Airfield. Pavements

Surface smoothness :*

The finished surfaces of’ airfield. and heliport pavements shall not
deviate from the testing edge of an approved 12—ft straightedge more
than the tolerances shown for the respective pavement categories below:

Tolerances, in.
Item Direction Flexible Rigid
No. Pavement Category of Testing Pavement Pavement

1 Runways and taxiways having Longitudinal 1/8 1/8
cross slopes of’ 1% or less Transverse 3/16 i/4

2 Runways and taxiways having Longitudinal 1/8 1/8
cross slopes greater than 1% Transverse 1/4 1/14

3 Calibration hardstands and Longitudinal —-— 1/8
compass swinging bases Transverse --— 1/8

14 Hangar access, loading
operational maintenance,
stub parking, transient and Longitudinal 3/16 1/14
base flight aprons; dispersed
parking hardstands including
taxilanes; helicopter, power—
check , warmup, holding, and
launching pads having grades Transverse 3/16 1/14
of 1% or less in all
directions

5 Same pavement categories Longitudinal 1/4 i/4
listed in item 14 above but Transverse 1/4 1/14
with grades greater than 1%
in all directions

6 Nonaircraft traffic paved Longitudinal 1/14 1/14
areas , such as blast pads Transverse i/4 i/4
and shoulders

The finished surface of airfield. and heliport rigid pavements shall have
no abrupt change of 1/8 in. or more.

* Taken from CE 807.22 and CE 02611.

6
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Table 1 (Continued)

Gradients :*

Finished airfield pavement surfaces will have gradients conforming
with the following criteria

a. Runway and Taxiway Transverse Gradient s.

Type of Transverse Gradient
Pavement Minimum Maximum Remarks

Ri gid 1.0% 1.5% New runway pavement s should ‘be
center line crowned. Existing runway
and t axiway pavement s with insuffi-
cient transverse gradients for rapid
drainage should provide for increased
gradient s when the pavements are
overlai d or reconstructed.

Flexible 1.0% 1.5%

NOTE : The above transvers” gradient requirements for runways and
taxiways are not applicable at or adj acent to intersections
where pavement surfaces must be warped to match abutting
pavements.

b . Runway Longitudinal Gradient.

(1) Where economically feasible, runways will have a constant
center line gradient from end to end. The 1.0% maximum specified by
AFM 86—8 will not be exceeded.

(2 )  Where terrain dictates the need for center line grade
changes , changes will be at intervals of not less than 1000 ft , but
in no case will a grade change occur less than 3000 ft from a runway
end.

(3) The first 300 ft of the overrun area (measured from the
runway end) will have the same center line gradient as the adjoining end
3000 ft of’ runway. Thi s provision does not change the point from
which the glide angle is measured.

c. Ta.xiway Longitudinal Gradient. At multimission bases , taxiway
longitudinal gradients will not exceed 1.5%. At other than multimission
bases the maximum gradient will not exceed 3.0% except that a gradient

* Taken from TM 5—824—1.

I
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Table 1 ( Concluded)

of’ 5.0% is permitted for a distance of not more than 1400 ft .  This
exception does not apply within 60o ft of a runway entrance. Here ,
the 3% maximum will not be exceeded.

d. Aprons and Hardstands. Gradient s in the direction of drainage
will be not less than 0.5% and not more than 1.5%.

e. Engine—Power—Check Pads. Transverse gradient will be i.o%
usually with ridge at center , draining toward two edges . Longitudinal
gradient will be level .

~1

Ii
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information to quantify the influence of’ runway roughness on aircraft
and aircraft crews during ground operations. With such information ,
realistic smoothness criteria might be developed.

Purpose

4 . The purpose of this study was to determine the influence of
runway roughness on aircraft operations and to develop improved airfield
pavement surface smoothness criteria for the construction of new air-

fields based upon aircraft and aircraft crew operational requirements.

Scqpe

5. The study consisted of three phases. First , a literature
review was conducted to determine the state of the art of research

relat ed to runway roughness and aircraft response to runway roughness .
The primary objective of thi s review was to determine previous
investigators’ result s , conclusions , and opinions concerning the
procedure of’ defining a smooth (rough ) airfield pavement . Associated
with this review was another literature review of the topic of’ huma~x
response to vibration , since it was hypothesized that the most likely
critical response of the aircraft/crew system would be that of the
human element . That is , the adequacy of the airfield pavement surface
would be judged with respect to the ability of aircraft crews to
perform satisfactorily during aircraft ground operations .

6. The second phase of the study consisted of field tests to mea—
sure aircraft response to runway roughness. Aircraft were instrumented
with accelerometers at three locations within the fuselage along with
the supporting signal conditioning and recording systems. Aircraft

response was measured during a series of’ ground operations on several
runways. Ground operations considered during the field tests included
takeoffs , landings , and taxies over a range of speeds . Three track
prof iles were measured at each of the runway test sites to define the
pavement surface corresponding to the measured aircraft response data.

9
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The results of this phase of’ the study were to be used to verify the

aircraft simulation computer code of’ a subsequent phase of the program

as well as to give a direct measure of the influence of a known runway
surface on the aircraft system.

7. Runway surface measurements were also made at a number of civil 
.5

airports where slipform payers had been used during the construction of
the pavement systems. These measurements were used to evaluate the

level of’ roughness that might be anticipated when slipform payers are

used.

8. The third phase of the study was an analytical investigation

of runway roughness. The success of this phase of the study was depend-
ent upon the ability to accurately model the complex aircraft system in
order to compute aircraft responses to runway profile input. Therefore,
considerable effort was directed toward the verification of an aircraft

simulation computer code developed by the Air Force Flight Dynamics
Laboratory (AFFDL) .4 ’~ Air .~raft accelerat ion response at three locations
on the aircraft was computed using the simulation code with the runway
profiles measured during the field tests. It was proposed that the
computed response data be compared with corresponding measured response

data to ensure accurate modeling of the aircraft system. Once the com-

puter program had been verified , a parametric study was to be conducted
using the simulation code with hypothetical runway profiles as the input
forcing function . Profiles were varied in both amplitude and frequency
as well as form.

9. The results of the field tests and the analytical parametric
study were to be analyzed with respect to the vibration tolerance level
of’ humans obtained in the literature review to determine the runway
smoothness criteria for the construction of’ new runway pavements.

10
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PART II: TEST PLA1’~

10. The pavement smoothness research program consisted of two

separately funded studies. The first study was funded under the Short

Range Airfield Pavements Research Program with the principal objective
of developing runway smoothness requirements for the construction of
airfield pavements , based upon actual aircraft operational requirements.
Particular emphasis was placed upon B—52 operational requirements to

quickly obtain requirements for a major program of construction of B—52

bases. The second study, funded under Project ATO4: Pavements, Soils

and Foundations , was a natural extension of the first study to refine
the surface smoothness requirements for the construction of airfield

pavements.

U. The two studies have been combined into one program with the

basic elements presented in Figure 1. Figure 2 is a further breakdown

of the program into specific tasks . The milestones necessary for the

accomplishment of the pavement smoothness research program were as
follows:

a. Questionnaires such as the one shown in Figure 3 were
distributed to B—52 and KC—l35 pilots during the condi-
tion survey program conducted by WES during 1972. Based
on the results of these questionnaires , the runways at
Grand Forks APE, Minot AlE , Ellsworth AlE , and Al’ Plant 42
PaJ.mdale were judged to be rougher and were selected for
instrumented B—52 studies.

b. Roughness measurement s were made at several civil airports
which had runways constructed by slipf’orm paving methods to

- 
determine the degree of surface unevenness associated with
these paving methods . Runway evaluation studies were con-
ducted for these civil runways to determine the feasibility
of operating an instrumented B—52 from these runways for
the purpose of evaluating the actual influence of slipform
paving type roughness on B—52 operations . Tests with an
Instrumented B—52 on civil airport runways were subse—
quent ly canceled because of the insurmountable logistics
problems associated with supporting B—52 operations at
civil airport s , but the straightedge measurements of the
surface unevenness were analyzed. to evaluate the possi-
bility of meeting CE construction cri~ ‘n a  with these
paving methods .

1].
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c. A literature review of’ previous pavement smoothness studies
was conducted to determine the state of the art of pavement
smoothness research. For the most part , previous investi-
gat ors of the subject have concentrated their efforts into
statistical analyses of’ the runway profile in an effort
to correlat e profile statistical Info rmation and qualita-
tive evaluations of the level of roughness of the particu-
lar pavements by aircraft crews . Some aircraft response
data have been measured and correlated with the pavement
profile data but no definitive conclusions were found
which defined the magnitude and frequencies of pavement
roughness that are responsible for objectionable aircraft
response during ground operations. A further literature
search was conducted to obtain information concerning
human response to whole body vibration . A great number .5
of studies have been conducted in this area and general
guidelines of human tolerance levels of response to whole
body vibration have been established. This information
has been used to select aircraft vibration levels, re-
sulting from runway roughness , which are not acceptable
for safe operations of aircraft fl ight crews .

d. Field test s were conducted at the National Aviation
Facilities Experimental Center ( NAFEC ) , Atlantic City,
New Jersey, during the months of November and December
1972. This program was conducted in conjunction with the
Federal Aviation Administration ( FAA)—sponsored Dynamic
Load Effects Study . A Boeing 727 aircraft was instrumented
to measure the acceleration response of the aircraft
during a schedule of ground operations representative of .5

the modes of’ operation the aircraft routinely encountered.

e. The U. S. Air Force provi ded a B—52H for the instrumented
aircraft studies conducted during the months of’ May and

* June 1973 at the following test sites: Grand Forks AlE ,
Nort h Dakota; Ellsworth APE , South Dakota; Minot AYE ,
Nort h Dakota; and Al’ Plant 42 , Palmdal e , Call forni a. The
tests were conducted at the test sites mentioned above with
the cooperation of the Air Force Weapons Laboratory , which
provided the inst rument ation and personnel for the collec-
tion and reduction of measured aircraft response data.

f. Runway profiles were measured along the center line of the
runway and approximately ~ on each side of the center
line at each test site runway .

* A table of factors for converting U. S. customary units of measure-
ment to metric (SI ) units is presented on page 4 .

-.5--- 55.5 ~~~~~~~~ -



£• An aircraft simulation computer code developed by the
Flight Dynamics Laboratory , Wright-Patterson AYE , was
modified and used to comput e aircraft accelerat ion response
data from input data of aircraft characteristics and. run-
way profiles.

Ii. The computed. aircraft responses in the form of accelera-
tion was to be compared with the measured aircraft
responses and if necessary the computer program was to
be modified . Once the simulation computer code was
verified , aircraft responses to a variety of hypothetical
runway profiles were calculated to determine the effects
of various forms and magnitudes of pavement unevenness
on aircraft operations .

1. Based upon the results of the pilot ’s evaluations, mea-
sured profiles, measured aircraft responses , and computed
aircraft responses , maximum pavement roughness levels
which allow safe aircraft operations were established.
Having achieved this goal , realistic runway pavement .5
construction criteria and permissible differential heave
were determined.

.5.5 ~~
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PART III : NSTRU?€NT~~) AIRC RAF2 TESTS

12. Aircraft response data were measured during field tests with

two instrumented aircraft. The first series of field tests was con—

ducted during November—December 1972 at NAFEC using an instrumented

Boeing 727—100 aircraft leased from United Airlines. This test series

was conducted in conjunction with a study of the effects of aircraft

dynamic wheel loads and was originally intended primarily as an

educational exercise for the future B—52 tests. The second series

of fi eld tests was conducted at four USAF bases during the period

May—June 1974, using an instrumented B—52H obtained from the 319th

Bomber Wing, Grand Forks AYE, North Dakota. The objective of this

series of tests was to obtain measured aircraft response data for

ground operations on runways previously judged to be rougher than the

other runways of the U. S. Air Force. These data were to provide

insight into the aircraft response that was considered objectionably

rough and, when compared with the computed aircraft response using the

measured profile data from the test site runways , to provide a means

of verifying the aircraft simulation computer code selected for the
analytical phase of this study .

Aircraft Instrumentation Systems

13. Aircraft response during ground operat ions was measured in

the form of accelerations at three locat ions within the fuselage of the

aircraft . Instrumentation systems installed on board both the Boeing

727 and the B—52H aircraft were similar with the exception that the

main gear of the Boeing 727 was instrumented with strain gages to
measure the aircraft dynamic loads transmitted to the pavement system.

Boeing 727 instrumentation system

14. The instrumentation systems installed on board the United

Airlines B—727 for the dynamic wheel load study consisted of full
temperature—compensated strain gage bridge networks to measure
vertical , side , and drag wheel loading of the main landing gear.

1k

_

~
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Vertical wheel loads were measured by strain gages installed on the

axles of the main gear, side loads were measured by strain gages

installed on the side struts , and longitudinal (drag ) forces were

measured by strain gages on the drag struts. The calculation of the

side and drag wheel loads required measurement of the main oleo strut

cylinder extension. This extension was sensed by a potentiometer—type

linear—displacement transducer installed on the torsion links . A full

set of primary arid secondary ( duplicate) strain gages was installed
on both the port and the starboard main landing gears .

15. Signal—conditioning and recording equipment for the landing
gear instrumentation were provided by United Airlines. Each gage was

separat ely excited, and each output signal was conditioned, amplified,
and recorded on a 14—track tape recorder. Additional information

recorded for each test run included a voice signal arid a t ime code
signal .

16. In addition to the instrumentation associated with the measure—

ment of the aircraft gear loads, accelerometers were installed on board
the B.-727 aircraft to measure the aircraft acceleration response during
ground operations. Vertical translational accelerometers were mounted
at the pilot ’s station , the aircraft center of gravity (CG ) and the tail
of the aircraft . Furthermore , longitudinal and transverse translational
accelerometers, as well as pitch and roll angular accelerometers , were
installed at the CG of the aircraft. Supporting instrumentation, such
as signal—conditioning equipment and tape recorders , was also installed
on board the aircraft. Voice and time code signals were recorded along

with the acceleration response data.

17. The installation and calibration of’ all aircraft wheel load
instrumentation on board the United B—727 were provided by United

Airlines with assistance from the Boeing Company .
18. Personnel of the Boeing Flight Test Center Calibration

Laboratory at Boeing Field, Seattle, were responsible for the installa-
tion and calibration of strain gages on the side and drag struts of the
main gear . Calibration of the gages consisted essentially of applying

1~
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known axial loads to the strut in both compression and tension and mea—

suring the resulting output voltages of the strain gages.

19. Personnel at the United Airlines Maintenance Base were

responsible for the installation and calibration of’ the strain gages

on the main gear axle and the potentiometer for the measurements of’ the

oleo strut extension . After installation of the axle strain gages and

the potentiometers was completed, calibration of the gages was initiated

by raising the aircraft by jacks at the wing spar and tail locations ,
and measuring the output voltages of the gages.

20. Calibration curves for each gage installed on the aircraft
main gears were determined using the least-squares method to obtain the

best—fit straight line for the measured dat a points.
21. WES provided all instrumentation associated with the measure-

ment of aircraft acceleration response data as well as all personnel
responsible for the installation and operation of the equipment.

22. A total of five Kistler translational nonpendulous servo—

accelerometers with a working range of ~5 g ’s and two Systron—Donner
angular accelerometers with a working range of’ ±15 rad/sec2 were

installed on board the aircraft at the locations indicated in Figure 4.
One translational accelerometer was installed at the pilot ’s station
and one was installed in the tail of the aircraft to measure vertical

accelerations. The remaining three translational accelerometers were

installed, as a unit at the CG of the aircraft to measure the vertical,
longitudinal, and transverse components of~ acceleration. The two

angular accelerometers were also installed at the CG to measure the

pitch and roll components of’ angular acceleration.
23. Calibration of the accelerometers consisted of taking an

output voltage measurement for the accelerometer in its normal upright
position and then inverting the accelerometer and taking another output
voltage measurement . This procedure yields the gage output for a known
acceleration (1 g) in the positive and negative vertical direction.

24 . FIgure 5 shows a block diagram of the supporting electronic
equipment associated with the aircraft main gear load measurements.
Strain and displacement gages were excited and the output signal s were

____________ - ~~~ - -~~~ t :



separat ely conditioned arid amplified within the signal—conditioning

equipment and then recorded on a Sangamo Model 3500 analog magnetic tape

recorder. The 24—v d—c power requirement for the signal—conditioning

equipment, as well as the l15—v, 400—Hz power requirement for the Sangamo
tape recorder , was supplied by the aircraft power unit . All dat a were

recorded at a tape speed of 7—1/2 ips with a carrier frequency of 135 Hz.

25. A time code generator was furnished by NAFEC and included in

the on—board electronic equipment. The time signal from this unit along
with voice annot ations was recorded on the magnetic tape along with the
measured signals from the main gear gages. An oscilloscope was installed
on board the aircraft in order to monitor selected signals from the

main gear gages.

26. The supporting instrumentation system installed on board the

Boeing 727 aircraft associated with the aircraft acceleration response
is presented in Figure 6. Basically , this system consisted of a
14—channel Madec signal—conditioning unit , designed and built by the

Mobility and Environmental Systems Laboratory of WES , which processed
the raw electrical output signal from the accelerometers of the system

for recording on a Pemco Model 110—A analog magnetic tape recorder.
An IrIg—B time code, furnished by a time code generator, was recorded
along with the acceleration data.

27. Power for both the signal—conditioning unit and the tape
recorder was obtained from the aircraft 110—v a—c source . The 110—v a—c
current was modified by a Lambda LCD 4-22 power supply to obtain the
required 30—v d—c power for the signal—conditioning system and as
likewise modified by another 8—amp 30—v d—c power supply to obtain the
30—v d—c power for the Pemco recorder.

B—52H instrumentation system

28. The instrumentation system installed on board the B—52H
aircraft consisted of a total of six accelerometers installed at three
locations within the fuselage of the aircraft along with a wheel rota-
tion counter installed on the forward landing gear ~?igure 7) . Tranala—
tio~al accelerometers were installed at the pilot ’s station, the
aircraft CG , and the tail of the aircraft to measure the vertical

17
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acceleration response of the aircraft. An angular accelerometer was

installed at the pilot’s station to measure the rotational acceleration

in the pitch mode . Two angular accelerometers were installed at the

aircraft CG to measure the rotational response in the pitch and roll

modes . In addition, a wheel rotation counter was installed on the

forward landing gear to determine the aircraft velocity and longitudinal

location on the runway. A magnetic tape recorder and other support

instrumentation, such as signal—conditioning units and power supplies ,
were installed on board the aircraft . A voice channel was provided to
mark on the data tape the instant that the aircraft was in alignment
with runway markers which were erected every 500 ft along each of the
four test site runways.

29. Figure 8 is a schematic diagram of the instrumentation syst em

installed on board the aircraft . All translational accelerometers were
model LSBE16-]. linear accelerometers manufactured by Schaevity Engi-

neering of Parinsauken , New Jer sey . Primary characteristics of’ the

accelerometers are given in Table 2. Basically , the linear acceler-

ometers were a solid state, d—c closed—loop force balance accelerometer.

They operated on a torque balance principle. Briefly,  linear accelera-
tion applied to the accelerometer , and thus to the unbalanced mass,
develops a torque and an infinitesimal di splacement of the pendulous

unbalanced mass. The motion of the mass develops an electrical signal
which is amplified and supplied to an electrical torque generator acting
on the mass which develops an equilibrating torque proportional to the
electrical signal and the applied linear acceleration. A voltage
proportional to the applied acceleration is produced by passing the
generated current through a stable resistor.

30. All angular accelerometers installed on board the B—52 were
model ASM~ 40—20 angular acceleromet ers manufactured by Schaevity
Engineering. Basically , the principle of operation of the angular
accelerometers is similar to that of the linear accelerometer except
that a balanced mass system is utilized in the angular accelerometer .
Tabl e 3 contains the primary charact eristics of’ the AS~~ 40—20 angular
accelerometer .
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Table 2

Primary Characteristics of Translational Accelerometer
Installed on Instrumented B—52

Nominal Natural Output
Range • _g Frequency, Hz Impedance , K ohms

*0.25 40 15
~0 5  50 10
~10  100 5

~2 .0 - 110 5

~5.0 125 5
~l0.0 140 5

.5 

~2O.0 160 5
~50. 0 200 5

Linearity (best fitted straight line by least squares): ~0.O5% full scale

Hysteresis: 0.02% full scale

Resolution : 0.0005% full scale

Cross—axis sensitivity: ~0.002 g per g up to ~l0—g range inclusive;

~0.005 g per g over lO— g range

Thermal coefficient of’ sensitivity: 0.01% per °F

Shock survival: up to l/2—g range inclusive: 50 g — 11 ins;
over l/2—g range: 100 g — 11 ins

Acceleration survival:
Sinusoidal: up to l/2—g range inclusive : 10 g (20 to 2000 Hz) ;

over l/2—g range : 20 g (20 to 2000 Hz )

Constant : up to l—g range to 50 g; over l—g range to 100 g
.5 Options : telemetry output (28 v DC in, 0.2 to 4 .8 V DC out )

1 g (or any) bias
output to input isolat ion - .5 

.5

Weight : 3 oz

19
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Table 3

Primary Characteristics of Angular Accelerometer
Installed on Instrumented B—52

Cross—Axi s Nominal Output
Range 

2 
Sensitivity Natural Impedance

rad/sec rad/sec /g Frequency , Hz K , ohms

~50 0.2 30 20
±100 0.2 50 20

~5OO 1.0 100 10
2.0 120 5

~l5O0 3.0 130 5

Linearity (best fitted straight line by least squares): ~O.1% full scale

Hysteresis: 0.02% full scale
Resolution: 0.0005% full scale

Thermal coefficient of sensitivity: 0.01% per °F
2

Shock survival: up to 100—r&d/sec range inclusive: 50 g — 11 ma;
over 100—rad/sec 2 range : 100 g — 11 ma

Acceleration survival:

Sinusoidal: up to 100—rad/sec
2 range: 10 g (20 to 2000 Hz);

over lOO—rad/sec2 range: 20 g (20 to 2000 Hz)

Constant: up to 100—rad/sec
2 
range to 50 g;

over lOO—rad/sec2 range to 100 g

Weight : 2 oz
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31. The wheel rotation counter consisted of a proximity transducer

securely attached to the stationary portion of the aircraft wheel and

produced an electrical signal proportional to the distance between the
sensing element of the transducer and a metallic object . A series of

impulse signals were generated as the wheel rotat ed due to the presence
of holes in the rim of the wheel. Therefore, it was possible to measure

the rotation of the wheel as a function of time.

32. A 14—channel Genesco magnetic tape recorder was used to record

all data signals. Six channels of’ aircraft acceleration response were

recorded along with the signal from the wheel rotation counter and a

voice channel monitoring the aircraft intercom system. All signals

were recorded with a 57 .5—kllz center frequency and a recording rate
of 30 ips .

33. The power for all component s of the instrumentation system
was supplied by Gel—Cell rechargeable batteries.

Test Program

Boeing 727 field tests

34. The instrumented Boeing 727 tests were conducted at the NAFEC
Airport during the period 12 November—11 December 1972 . The primary
purpose of the NAYEC tests was the FAA—sponsored Aircraft Dynamic
Wheel Load Effects Study; however, additional instrumentation was

installed on board the aircraft for the purpose of measuring aircraft
response to pavement roughness. This was a particularly beneficial

situation in that aircraft response could be measured for a large number
of ground operations within the full range of aircraft ground operating .5

modes , on two runways . Aircraft response measurements were obtained
for the following modes of’ aircraft ground operation: -~ 

-

a. Creep—speed taxI (3 to 8 knots) .
‘b. Low—speed taxi (15 to 30 knots) .
e. Medium—speed taxi (45 to 80 knots).
d. High—speed taxi (8~ to 130 knots).
e. High—speed braking (130 to 45 knots) .

2].
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f .  Takeoff rot ation (85 to 130 knots) .

~. Touchdown .

h. High—speed braking with reverse thrust .

1. Turning (4 to 30 knots).
35. The instrumented B—727 arrived at NAFEC Airport on 11 November

1972. Checkout operations for the on—board gear load instrumentation

were initiated immediately upon arrival of the aircraft , and the system

of accelerometers and associated supporting instrumentation was installed

within the fuselage of the aircraft .
36. Tests on the flexible pavement of runway 13—31 were initiated

on 12 November with a thorough checkout of all instrumentation systems .
Dynamic tests on runway 13—31 were initiated on 20 November and complet ed
on 24 November. During this period , aircraft load and acceleration

measurements were recorded for approximately 146 aircraft operations

involving all nine of the above—listed dynamic modes of operation .

37. Acceleration response data along with the three components of

main gear loading and oleo strut displacement for each of the main gears

were measured and recorded on magnetic tape . Aircraft configuration ,

location on the runway, and speed dat a were also measured and recorded

manually.

38. Dynamic test s on the NAFEC rigid pavement structure of
runway 04—22 began on 30 November 1972 , with a series of creep—speed
taxi runs. Aircraft load and acceleration response dat a were collected
for 148 aircraft operat ions during the period of dyn amic testing , which
continued until 11 December. Again , response dat a were measured during
all nine modes of aircraft ground operation used.

.5 
B—52H field tests

39. The B—52H field tests were conducted at the following sites
during the period 16 May—28 June 1973:

.5 
a. Grand Forks AFB, North Dakota.
b. Ellsvorth AFB , South Dakota.
c. Minot A1!B, North Dakota.

d. A? Plant 42 , Palmdale, California.

2~
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Thm selected aircraft and aircrew performed a series of t axi test s and

one heavyweight takeoff at each of the test bases. Training missions

were fl own during both deployment and redeployment to utilize these

missions to the maximum. The high—speed taxi restriction of AFM 66—1,
Vol II , SAC Supplement 2, was waived for this test.

4o. The B—52H arrived at Grand Forks AFB on 1 May 1973, and AWL

personnel from Kirtland AYE began instrumenting the aircraft . Instru-

mentation was installed and checked out by the starting test date of

15 May. AFWL coordinated requirements with the 319th Bomber Wing (LGM)

prior to arrival of the aircraft . The instrumentation process required
minimal SAC support and was scheduled so as not to interfere ‘with the
aircraft ’s normal flying and maintenance schedule .

41. An integral B— 52 crew was required for this test , and they
were given a detailed briefing covering test procedures with runway

roughness rating criteria and were required to rate the level of rough-

ness of each runway at the time of testing. After all tests were com-

plete , each crew member was asked to rank each test base relative to
each other • B~~~use of the rating requirement , it was import ant that

the same crew members conduct the full test program.
142. At each test base , two series of taxi tests and a heavyweight

takeoff and landing were required to obtain the necessary data. Both
series of’ taxi tests were identical except that the pilot performed the

first. series and the copilot the second. Prior to each series an opera—

tional checkout of the aircraft antiskid control circuit and brake system

was accomplished to ensure the integrity of these syst ems during the
unusual operation schedule of these tests.

43. Marking devices were erected along the full length of each
runway of each test site at 500—ft intervals to permit the identification
of the aircraft location on the runway during each test run . This was
accomplished by placing flags between the existing 1000—ft runway dis-
tance markers. .5

44 . The aircraft was refueled to 320 ,000 lb prior to each series
of tests. Brake ener~~r limits were computed at the end of each taxi
test run as a safety precaution . 

—
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14s . Each pilot , in turn , performed the following test cycle at

each test location. A pace vehicle was used so that the desired speed

could be consistently maintained throughout each taxi run. The aircraft

was accelerated to the designated speed as rapidly as possible , and
.5 

braking of the aircraft was initiated at the 2000—ft—remaining marker.

a. High—speed (45 knots) taxi run on the runway.

b. Exit runway and return heading in opposite direction .

C. Low-speed (20 knots) t axi run on runway.

d. Exit runway and return .

e. Low—speed (20 knots) taxi run on runway.
f.  Exit runway and return .

z.• High—speed ( 145 knots) taxi on runway.

h. Exit runway and return for takeoff.
1. Takeoff’, return , and land when gross weight was 270 ,000 lb.

The aircraft was then refueled back to 320 ,000 lb and the other pilot

performed the identical test cycle. At the completion of the t’wo test

cycles , the aircraft was refueled to 488 ,ooo lb in preparation for the

final test and redeployment the following day.

46. Maintenance and fire department vehicles (equipped with hot

brake cooling equipment ) were positioned at the end of’ the runway to
meet the aircraft upon completion of each taxi test run . Maintenance
personnel inspected the aircraft at thi s time to make certain that the

4 brakes were not too hot for safe operations of the aircraft .
47. In addition to the normal SAC aircrew preflight briefing , a

similarly detailed briefing was conducted by the project officer prior
to each day ’s test activity. The following personnel were required to
attend: 

.5

a. B—52 aircrew .

b. Participating AFWL personnel.
c. Pace vehicle driver and radio operator .
d. Fire chief and fire department personnel .
e. Maintenance t ower and base operations personnel .
f. Safety officer.

2k
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48. The briefing included the following items :

a. Radio frequencies and other communications requirements for
all participating radio-equipped vehicles and personnel .

b. Use of all special signals and instructions.
c. Coordination requirements between the pace vehicle driver ,

pace vehicle radio operator , and B—52 aircraft .
d. Coordination and communications requirement s between

maintenance ground crew/fire department personnel and
aircrew during the hot brakes check .

a. Procedure for hot brakes check after each t axi run to
include consideration of residual heat buildup and neces-
sary cooling.

f .  Fire department coverage and procedures for each taxi
test and hot brake check.

£• Procedures and parking of the aircraft should an emergency
occur ; e.g. , overheated brakes or wheel failures .

h. Weather (all taxi tests were conducted on dry runway) .

49. The B—52H field test program was coordinated with various

A? agencies as follows : AFWL provided the required engineering expertise

for each test , and complete instrumentation of the aircraft . SAC/LGWC

provided a bomb cluster rack for mounting bomb bay accelerometers .

SAC/LGMM monitored the test and prepared to take appropriate action
should any material or support problems develop . 15AF provided
scheduling assistance for the desired deployment and redeployment
missions, and ensured that all necessary material arid support arrange—

.5 ments were accomplished at A? Plant 42 Palmdale. All other support was
provided by the test site AYE. The 319th Bomber Wing supported thi s
test program with B—52H , serial number 61—040, and an aircrew dedicated
to the entire test program at all test sites .

Reduction of Dat a

50. Even though the results of’ the Boeing 727 field tests could be
considered a limited success the results of’ the B— 52 field tests must
be regarded as a disappointment . The Boeing 727 test s did provide the
WES personnel with experience with aircraft response measurements as 

.5
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well as a large amount of measured B—727 response data for a measured

runway profile. Both should be valuable during future runway smoothness

studies , but were of minor benefit for the present study due to the

limitations of the simulated aircraft computer code and the decision

not to use WES personnel for the subsequent instrumented B—52 field

tests. The measured B—52 response data have not been reduced to a
usable form as of the writing of this report , but ‘will be investigated
further if possible. Details of the reductions of the field test dat a

are presented in the remainder of’ this section .
B—7 27

51. The raw acceleration dat a from the B—72’1 aircraft were

returned to WES for reduction . As stated earlier , the primary purpose
for this series of test s , from a runway smoothness point of’ view , was

to develop a procedure for the subsequent field tests with the B—52

aircraft . From this point of view , this series of test s was a complete

success , since the WES Instrumentation Services personnel demonstrated

that they could instrument an aircraft quickly and inexpensively and

obtain the required aircraft response data.

52. The dat a thus collected were then played back on an oscillo—

graph to produce hard copies for visual inspection and analysis. The

measured response data agreed well with measured B—727 response data

collected by other invest igators.

53. During and immediately following the field tests with the
B—7 27, a quantity called absorbed power was considered a useful measure
of the ride quality of a vehicle from the viewpoint of the occupant s of
the vehicle. Therefore , the absorbed power associated with the aircraft
response at the pilot station was computed using the measured accelera—
tion response data at the pilot station and an analog computer network
operated by the WES Mobility and Environmental Systems Laboratory
(M&EsL) . Also , a digital computer code developed by M&ESL for the
computation of absorbed power ‘was modified and verified by the analog
results.

54. Briefly , the absorbed power associated with the acceleration
response at a point in a vehicle is the measure of the amount of ener~~

26
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that would be absorbed by a human undergoing the motion of that point .

Much research has been conducted by both the WES M&ESL and the U. S.

Army Tank and Automotive Command ( TACOM) in the area of ride quality

of off—road ‘vehicles. The concept of’ absorbed power has been accepted

by both of these organizations as a valuable measure of the severity of

the human response to whole body vibrations. Thus , it seemed that it

would be a useful tool in the pavement smoothness project .

55. However , the failure of the subsequent B—52 field tests to

produce any useful measured aircraft response data precluded any further

work in the area of absorbed power for the present smoothness study

oriented toward B—52 operations . That is , the absorbed power computer

code would not be verified for the B—52 response and therefore no con-

crete evaluation could be made based upon absorbed power results. Even

though no absorbed power analyses were performed using the B—52 response

data , the absorbed power concept is still considered to be a promising

measure of the severity of the aircraft response and will be investi-

gat ed further during future smoothness studies.

56. The AF?DL was contracted to compute B—727 response data for

the runways at the N.P,FEC airport for comparison with measured aircraft

response data. Qualitatively the measured and computed response dat a

agreed fairly well in that the rougher areas of the profile produced the

greater responses in both the measured and computed accelerat ion—time

histories. In addition , at the request of the FAA, the combination of’
4

the measured and computed B—727 aircraft responses was used to identify
the rough areas of a civilian airport runway on the East Coast that
had been rated as very rough by the aircrews operating on the runway.
Agreement between the two was very good.

57. Despite the qualitatively excellent agreement between measured
and computed aircraft response dat a , quantitative results were not nearly
so good . That is , the computed amplitude of’ the aircraft acceleration
response generally differed from the measured value by as much as a
factor of two . The AFFDL investigated the problem and concluded that
the modeling of the B—727 landing gear was not accur at e • Therefore , no
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conclusive verification of the computer code using the measured B—727

data was possible at thi s time .

B—52
58. The data reduction of the measured B—52 acceleration response

was not a success. During the data collection phase, one of the eight
data channels of the equipment malfunctioned , producing erroneous data.

59. However, the main problem in reducing the experimental data

thus far has been the lack of an accurate calibration signal ‘with the

data. With no calibration it is not possible to reduce the raw electri—

cal signals to usable engineering terms . A~~iL personnel from Kirtland
AFB tried to reduce the data for several months with no success. Conse—
quently , the data , in the form of magnetic tapes , were transferred to
WES to further attempt reduction . However , att empts at data reduction
at WES also proved to be fruitless.

60. Toward the end. of the dat a reduction phase of the project ,
the AFFDL published a report containing a comparison of’ computed air-
craft response , using the aircraft simulation computer code , with
measured aircraft response for several military aircraft , including a
B—52 . Although the verification for the case of the B—52 was not as
rigorous as had been planned for this project , the report did indicate
that the simulation code did sufficiently model the B—52 aircraft during
ground operations.

61. Therefore , with the publication of the AFFDL report supporting
the accuracy of’ the aircraft simulation code , further eff ort toward dat a
reduction of’ the B—52 data ‘was suspended and the thrust of the project
was directed toward an analytical parametric study . Even though reduc-
tion of the measured aircraft response was suspended , it was not
permanently abandoned. The plan was to attempt further reduction during
the latter part of the project if time and cost constraint s would allow
and further in the future if these constraints demanded. No further data
reduction ‘was possible during this project .

62. The results of the instrument ed aircraft field tests might be
s~w~ civized in the following manner :

28
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a. The B—727 aircraft ‘was instrumented and aircraft responses
were measured and recorded. Reduction of’ the measured data
was successful and the results agreed , generally , with
measured data published by previous investigators.3 Com-
parison of the measured response data with data computed
with the aircraft simulation code was qualitatively good , 

.5

but not quantitatively . The AFFDL was to modify the
computer code to more accurately model the B—727 .

b. A B—52H was instrumented and aircraft response data were
measured , but reduction of’ the data was not successful .
Therefore , the measured B—52 dat a were not used to verify
the aircraft simulation computer code or to establish

‘ limiting response criteria.

a. Verification of the aircraft simulation code was provided
by results published in an AFFDL report .1 The effort of
the project was directed t oward a parametric study using
the aircraft computer code .

j

4
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PART IV : AIRCRAFT SIMULATION CODE PARAI€TRIC STUDY

63. A parametric investigation of the influence of runway roughness

on aircraft response ‘was conducted using the aircraft simulation computer

.5 
code developed by the AFFDL. The objective of this phase of the program

was to determine the form , amplitude , and frequency of pavement uneven-

ness responsible for intolerable aircraft response during ground
operations .

Description of Aircraft Simulation C omputer Code

64. The following portion of this report contains a description
of the sumulation computer code as used in this study and a discussion

of the analytical study undertaken to determine the limiting level of
runway roughness. A detailed description of the AFFDL computer program
which formed the basis for the computer code of this study can be found

in References 4 and 5.
65. The mathematical model representing a great range of’ aircraft

mi ght be illustrated as in Figure 9. The aircraft is modeled as an

elastic structure, with corresponding elastic degrees of freedom , as
well as three rigid body degrees of freedom in pitch, plunge, and

horizontal translation. Additional degrees of freedom are incorporated

into the model to account for the motion of the landing gear during
ground operat ions .

66. The mot ion of the aircraft elastic structure is defined in

terms of the free vibration mode shapes for the particular aircraft
under investigation. Dat a pertinent to this method of defining the
motion of the flexible aircraft are the measured vibrational mode
shapes and frequencies along with the corresponding computed gen—
eralized masses for the structure.

67. A detailed analysis of both the nose and. the main landing
gear assemblies is required to accurately’ model the aircraft . Both
the forces generated within the shock absorbers and the forces trans-
mitted by the tire of the landing gear must be accounted for in the
aircraft model .
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68. Procedures for the modeling of two types of landing gear
.5 

shock absorbers are presented in Reference 14 and included in the com-

puter program used during the analytical phase of this study. The two

types of struts are the single—acting and the double—chambered shock

absorber. The primary aircraft of this study, i .e. ,  the B—52 , is
equipped with the single-acting shock absorber and this absorber will
be discussed in detail .

69. Figure 10 is a schematic diagram of’ a single—acting shock

absorber , such as the one installed on the B—52. The main component s
of this system are the compressed air , the viscous hydraulic fluid,
and the metering pin/orifice device .

70. Three types of forces are generated within the shock absorber
during ground operations : the pneumatic forces , hydraulic forces , and
an internal strut friction force. Previous studies at the AFFDL have
concluded that internal friction is responsible for a mere 0.6 percent
of the forces generated within the strut . Therefore , the internal
friction forces were neglected during the development of the aircraft
simulation computer code and during the course of thi s study .

71. The largest of the three types of forces ‘within the shock

absorber of’ the B— 52 aircraft is the pneumatic forc e and it can be
S expressed as (see Figure 10):

p1V1F for O < S ~~~ Sp S max

where

p1 = the fully extended strut pressure (s =

V1 = the fully extended strut air volume (S =

S = strut stroke

72. The hydraulic force can be expressed as:

= 
PIIAiI s is i

h 2(Cd
A ) 2

where

= density of the hydraulic fluid
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= hydraulic piston area

= strut piston velocity

Cd = orifice coefficient

A0 = effective orifice area (orifice area minus metering pin area )

73. The forces generated by the deflection of the tire and con-

sequent ly transmitted to the piston of’ the shock absorber can be

represented by an equation of the form:

Ft = kzt

where

k = stiffness coefficient for the tire

= deflection of the tire
The tire stiffness coef ficient is the slope of the tire load—deflection

curve .

74 . The profile of the supporting surface provides the “forcing

function” for the aircraft model. The profile was defined in numerous
ways during the analysis of the aircraft response to surface inequalities

of’ different forms . Basically, the profile was introduced in the form

of elevation of the surface at specified equal increment s , usually 2 ft.

75. Additional forces , such as lift , thrust , and drag , acting on

the aircraft during ground operations were also accounted for in the

development of the aircraft simulation model .

76. The differential equations of motion for an aircraft such as

the B—52 of this study can be expressed in the following manner (see

Figure 9 for illustration of notation):

M~~= F  + F  + l — Wgin gn
m~~ = F  — F  - wi i  tin gin 1
m .% = F  - F  - w

~~2 tn gn 2
I $= BF  —AFyy gn gin

MX = F — F — F
MI~1i 

= Fgj~~i 
?Egn

~:d_ 
~~~~~~~~~ — ~~M1q~
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where

M = aircraft mass (minus unsprung mass of both landing gears)

F = force transmitted by main landing gear to the aircraftgm flexible fuselage (F~~ = F
pm 

+ F
hm
) 

.5

Fgn = force transmitted by the nose gear (F
gn 

= Fpn + F
ha
)

L = aerodynamic lift

W = aircraft weight
1n1,m2 = unsprung mass of’ the main and nose landing gear ,

respectively

Ftm~
Ftn = main and nose tire forces , respectively

w1,w2 = unsprung weight of the main and nose landing gear ,
respectively

I = mass moment of inertia in pitchyy
= thrust

F
td = tire drag

= aerodynamic drag

M
i = generalized mass of the ~th vibrational mode shape .5

qj = generalized coordinates associated with i vibration
mode shape

= modal d.eflections at the main and nose attachment point s
= structural damping associated with ~th vibration mode

shape

= frequency of the j
th vibration mode

A solution procedur e based upon a three—term Taylor series was used
to solve this set of nonlinear differential equations.

77. Figures 11 through 14 are typical of the results obtained by 
.5

the developer s of the aircraft simulation code .4 Figure 11 contains a
comparison of the measured and computed responses of’ a 37,636—lb F— 14C
aircraft during a 29-knot constant-speed t axi over a repaired runway
section . The ~~~~~~~~ report that the computed CG response was within
9 percent of the measured response for their corresponding peak values.

78. Figure 12 contains a comparison of’ measured and computed
acceleration responses for a B—52 aircraft during a 140—knot taxi on an
actual runway. The peak levels of the computed accelerat ion are within
6 percent of the corresponding measured levels. Furthermore , it is
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obvious from Figure 12 that the overall form of the computed response
is very similar to that of the measured response.

79. Figure 13 is a comparison of the computed acceleration response

at the CG of a C—l4l aircraft with the corresponding measured response.

The profile forcing function for this particular test was that of a

1 — cos bump at 20 fps . Again , the overall forms of the two

acceleration—time histories are very similar, with the peak values

of computed acceleration being within 11 percent of the measured values .

80. The final illustration of the validity of the simulation

computer code is contained in Figure i14 . Here the mean value of the

computed acceleration response is compared with the corresponding mean

value of measured acceleration response at the pilot station of a KC—l35

during a takeoff from an actual airfield. Again the comparison is very

good in form as well as magnitude. Note that both curves indicate an

area of increased response at about the 4000—ft mark on the runway .

81. A more detailed discussIon of the aircraft mathematical model

and a listing of the resulting computer code along with a user ’s manual

are included in References 4 and 5.

Analytical Procedure

82. Figure 15 illustrates the procedure developed for the paramet—

n c  study conducted to determine the height and form of profile devi-
ations which are responsible for unacceptable aircraft response. This

procedure will be discussed in detail in the remainder of this section.

83. First a hypothetical profile with an impulse form was generated

and input into the aircraft simulation code discussed previously in
this section . All pertinent aircraft characteristics of the B—52 were
likewise input into the program along with a specific constant speed.
Therefore , it was possible to compute the acceleration response for a
B— 52 traversing a perfectly smooth profile with the exception of an
impulse at one location , at a specific constant speed.

84. This aircraft response , in the form of’ an acceleration—time
history , was then input into a Fast Fourier Transform computer code
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which transformed the acceleration response from the time domain to the
frequency domain. A plot of the fourier transform of’ the acceleration
versus frequency yields a relationship similar to the one illustrated
in frame 5 of Figure 15. ThIs curve generally has one spike at the
predominant response frequency , ucritical , of the system.

85. Next, this critical frequency of oscillation was converted

to a critical profile ‘wavelength by the formula 
.5

(SPEED )
= 

i
critical wI critical1

Now , any profile deviation with this wavelength ‘will excite the aircraft 
-

‘

system at its critical frequency for ground operations at the particular
(SPEED )

1 . Therefore , a hypothetical profile was generated with the
critical pavement wavelength and various magnitudes of deviation as .5

illustrated in frame 6 of Figur e 15. This hypothetical profile was then S

introduced into the aircraft simulation code along with the B—52
structural and aerodynamic characteristics and a speed of

86. The acceleration-time hist~cry generated during this phase of
the analysis is illustrated in fr ame 8 of Figure 15. Normally , the
acceleration response was of’ a periodic nature with magnitude increasing
until a l imi t ing magnitude of acceleration was reached after several
cycles of mot ion . These limiting values of acceleration were then
plotted with respect to the corresponding magnitude of pavement deviation
as illustrated in fr ame 9 of Figure 15. The magnitude of pavement d.evi—
ation , h1 , necessary to produce aircraft acceleration response at
the upper tolerable limit of 0.4g for ground operation at aircraft
speed equal to (SPEED ) 1 was then determined. At this point in the
procedure one has determined the magnitude of pavement roughness ,
occurring at a wavelength of ~~~~~~~~~ corresponding to the critical
aircraft response frequency of Wcritlcal for aircraft speed of
( SPEED )

1 , necessary to produce intolerable aircraft acceleration
response .

87. Now it was necessary to repeat the procedure illustrated by
fr ames 1 through 9 of Figure 15 for a range of aircraft ground speeds .
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Having completed this , the critical pavement heights were plotted

versus the corresponding aircraft speeds to obtain a curve similar to
that in frame 10 of Figure 15. It was then possible to determine the
minimum magnitude of pavement deviation to develop intolerable aircraft
acceleration response under the worst possible condition of a pavement
with periodic roughness at a frequency which matches the critical
frequency of the aircraft system.

88. This particular approach to periodi c roughness was used , for
the following forms of surface deviation: sinusoidal waveform , multi—
step waveform , and two types of multiramp waveforms . Details of the

results of the parametric study of periodi c roughness are presented in
Part V.

89. The single—encounter (isolated bump ) type of pavement rough-
ness was analyzed in a much more simple manner. That is , it was only
necessary to input a runway profile with a single bump and comput e the
resulting aircraft acceleration response. It was possible to determine

the critical magnitude of single—encounter roughness by merely varying
the magnitude of the bump until an intolerable aircraft acceleration
response was produced. Again, it was necessary to investigate the

single—encounter roughness for a range of aircraft speeds . The results
of the single—encounter roughness analysis are also given in Part V.
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PART V: ANALYSIS OF DATA

90. Data were collected or generated in many forms to satisfy

the requirement s of this study. They were in the form of: straightedge

measurement s of pavements constructed by slipform methods ; runway profile

elevations at several airfields; measured aircraft response data ; and

computed aircraft response data. The analysis and results associated

with each of these forms of dat a are discussed separately in this Part .

Straightedge Measurements

91. Results of straightedge measurements of runway pavement s con-

structed by slipform payers have been reported previously.7 A brief’

summary of these results is given here to establish the level of rough-

ness that mi ght be expected ‘when slip form payers are employed during

pavement construction. The following field observations were made from

August 1971 to January 1973.

92 . Smoothness measurements were made at eight pro.jects. The

distance from the bottom of a straightedge laid on the pavement surface

to the pavement sur face was measured with a scale. The straightedge was

S placed parallel and perpendicular to the direction of the paving lane .

For longitudinal measurements , the straightedge was placed along the

edge and in the interior of paving lanes. For transverse measurements ,
the straightedge was placed with its end along the lane edges , across
longitudinal construction joints , and in the interior of’ paving lanes.

93. On five of the eight projects , measurements were made with a
12—ft—long straightedge and on one project a 16—ft—long straightedge

was used. On two projects , only edge slump measurements were made
with a 4—ft—long straightedge .

914 . The term “edge slump” refers to the deviation of the unsup—
port ed paving lane edge from its original shape . In Figure 16, the
term “edge slump” refers to th .  change in the shape of the pavement edge
from the original square shape to that shown , or to the magnitude of the
downward movement of’ the corner (A e ) •
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95. Transverse measurements are (a) measurements of deviation of

the surface from the straightedge at the edge of a paving lane , and (b)

measurements within a lane exclusive of the deviation along the edge .

Longitudinal measurements were made in the same manner as the transverse

measurement s within the interior of the paving lane . In addit ion , f’or

both transverse and longitudinal measurements , the percentage of mea-

surement s ‘which exceed a certain deviation was computed with a base

representing both the number of straightedge positions and the number

of measurements (locations ‘where the pavement surface deviates from the

straightedge).

96. The manner in which measurements were made and summarized may

be clarified by Figure 16. In this sketch , the end of the straightedge

is located at the edge of the paving lane. In some cases , when fill—in

lanes were in place , the straightedge was placed with the center point

-of the straight edge at the longitudinal construction joint . The devi-

ation 1~ is the deviation of the edge or, as defined, the edge slump.

For the one straightedge position , the readings 
~l 

and 
~2 represent

two measurements or locations where the surface deviates from the

straightedge within the interior of the paving lane . Longitudinal

measurement s are taken in the same way as 
~l 

and

97. No attempt was made to select particular areas on the pavement

for taking measurements; rather , locations were selected at random . In

some instances , a series of measurements were made at a particular loca—

tion while , at others , only one was made . Deviations from the bottom

edge of the straightedge were measured with a scale to the nearest

1/16 in.

98. Surface texture , which included texture applied with a burlap

drag , t exture applied with a wire comb , and grooves applied with a ro-

tating drum , made accurate measurements difficult . Because of the sur-

face texture , it was difficult to seat the straightedge and the tip of

the scale , arid as a result , there was considerable scatter in the mea—

surements. The precision of the measurements was also affected by the

texture , i .e. ,  more confidence could be placed in a measured deviation
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of 1/14 in. than in a deviation of i/8 in. Smoothness measurements from

all the projects observed are summarized in Tables 14 and 5.

99. Grade and smoothness requirements for construction projects 1,
3, 4 , 5, 7, 8, and 9 had been established by FAA specifications. The

smoothness requirements were set at a maximum deviation of i/4 in. from
a 16—ft straightedge in any direction. For a vertical alignment a

maximum deviation of 1/14 in. from an established grade was allowed , and

for a horizontal alignment a maximum of 0.10—ft deviation from an

established line was allowed. In addition , no edge could have a

deviation of more than i/14 in. from a straightedge.

100. The smoothness requirements for project 2 , a highway pavement ,
were set at a ina.xinium deviation of 1/8 in. fr om a 10—ft straightedge in
a longitudinal direction with rio specific requirement for the transverse

direction . An edge slump of 3/8 in. was allowed.

101. The transverse measurements at the longitudinal j oint s shoved

that the free edges do slump or sag . The area affected by the edge
slump appears to be a strip up to 14 ft wide along the edges of the

- 

- paving lane . The distance affected by edge slump appear s to be

proportional to the slab thickness and magnitude of edge slump; however ,

.5 
the measurements failed to show this conclusively. Typical measured
shapes of several as—placed edges are shown in Figure 17, in which it
can be seen that the deviation decreases as the di stance from the edge
increases. When adjustments are made or the edges manually manipulated
to remove the effects of the edge slump, the shape may be altered.

102 . A larger percentage of the transverse measurements along the
- 

- 

edge of the longitudinal joint exceed 1/14 in. more than in the slab in—
ten or (Table 4 ) .  Thi s is further Illustrated by the differences in the
average deviation between the slab edge and interior , and by the differ—
ence between the devi ation along the edge of a slipformed lane and the

S deviation along the edge of a fill—in lane. The measurements show , in
general , that the average deviation is greater along the edge than in
the interior , and. that the deviations along the edge of the slipformed
lanes are larger than those along the edge of fill—in lanes ; however ,
there were several notable exceptions . The measurements at project 3
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showed less deviation along the slab edge than in the interior , as

indicated by the percentage of measurements larger than 1/4 in. and by

the average measurements. Another exc ept ion is project 8 where the

fill—in lane showed a larger percentage of the edge measurement s

exceeding 1/4 in. and a larger average deviation than did the slipform

lanes. This was caused by the manual manipulation of the edges to

reduce the effects of edge slump.

103. On project 3, the surface had been worked ext ensively ,

producing large amounts of grout which were used along the edge to

build up the edge and eliminate the effects of edge slump. This

resulted in a square corner along the edge , but at times overbuilding

of the edge creat ed a sur face shaped as shown in Figure 18.
104 . On project 8 , concrete with small aggregat e had been placed

by hand along the edge of slipformed lanes. The freshly mixed concret e

was worked into the surface and a square corner formed by hand . There

was no indication that overcompensating for the edge slump result ed in

a surface shaped like that shown in Figure 17, but the measurements did

show that deviations along the edges of the slipformed lanes were less

than those along the edges of the fill—in lanes , which was different

from what the measurements on the other projects shoved.

105. The magnitude of the edge slump will be proportional to the
slab thickness. Figures 19 and 20 show average edge deviations and
percent of measured deviation exceeding 1/14 in. plotted as a function
of slab thickness. The two point s on each curve which do not follow
the general pattern are measurements on projects 3 and 8, where hand
manipulation reduced the effect of edge slump .

106. From the measurements made, no def inite correlation was
apparent between the transverse measurements made within the slab
interior and slab thickness. The range of thickness was limited
(11.5 to 16 in . )  but it appears that the average deviation In the
interior of the slab may be independent of slab thickness (see Fig-
ure 21). The two points plotted for the fill—in lanes tend to
substantiate this cont ent ion , but more points would be necessary to
draw any definite conclusions . However , there is no physical reason
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why the slab thickness should affect the smoothness away fr om the edge .

The variations or differences that occur fr om job to job are probably

a function of other factor s such as machine adjustment , machi~rie response

capability, mix uniformity, personnel experience, etc., rather than

pavement thickness.

107 . Measurement s with the straightedge parallel to the direction

of paving show smaller average deviations and smaller percentages of

readings which exceed 1/4 in. than do the measurements with the straight-

edge perpendicular to the direction of paving. Thi s is caused primarily

by the edges since the average deviations and percentages for the trans-

verse measurements in the lane interior are similar to those for the

longitudinal measurements.

108. As for the transverse measurements within the paving lane

interior , there appears to be no definite relationship between the

longitudinal smoothness and slab thickness. Average deviation plotted

versus slab thickness (Figure 22) suggests that longitudinal smoothness

is independent of slab thickness. However , the range of slab thicknesses

and nu~~er of measurements are too small to draw any definite conclu-

sions . As for the transverse measurements in the interior of the slab ,

the variation or difference in longitudinal smoothness is probably a

function of a number of factor s and is probably not directly related to

pavement thickness.

109 . The smoothness of the surfaces varied from job to job . The
qual ity of the surface obtained appeared to be commensurat e with the

overall quality of the construction. The experience of personnel and
the attention given details seem to be the two most important factors in
determining the quality of the surface. There were noticeable improve-

ments on several jobs as work progressed and the personnel gained
experience.

110. The transverse measurements indicate that it is relatively
easy to meet l/4—in. tolerance within the paving lane interior 1 but
t hat it is more difficult to meet this tolerance along the lane edges.
In order to meet smoothness requirements along the edge of slipformed
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lanes , the machine and concrete mixture must be properly adjusted and

the machine must move forward at a uniform rate without frequent stops.

ill . The longitudinal measurements also indicate that it would

be difficult to meet a 1/8—in, tolerance in the longitudinal direction,

but that a l/4—in. tolerance could be met rather easily. It should be

noted that the requirement for the jobs observed was a 1/4—in . tolerance ,

as measured with a 16— ft straightedge , and there was no incentive for

the contractor to improve the longitudinal smoothness . With closer

control it may have been possible to improve the longitudinal smoothness ,

but with a 1/8-in , tolerance there will probably always be areas which

will require corrective measures such as grinding.

Runway Profile Data

112. Profiles were measured for seven runways during the course of

this study. These runways were located at NAFEC; at the Jackson , Miss. ,

Municipal Airport ; and at Ellsworth , Grand Forks , Minot , and Palmdale

Air Force Bases. The pr imary purpose of the runway profiles was as

input . forcing function s for the aircraft simulation computer code. That

is , aircraft response was to be computed using the simulation code for

aircraft operations on the test site runways and compared with measured

aircraft response for these same runways. In addition , a statistical

analysis was to be performed using the measured profiles in order to

compare the surface condition of test site runways with the results of

previous studies in the area of runway roughness.
.5 113. In reality, neither of the intended uses of the profile data

have been realized because of the problems discussed earlier . As a

result the aircraft simulation computer code was used without additional

verification and the emphasis of the program was directed toward an

analytical parametric study using the aircraft simulation computer code

with hypothetical runway profile input . Modification of the computer
code is in progress to provide a realistic modeling of the Boeing 727
aircraft which would allow a comparison of measured and computed aircraft
response data for that particular aircraft . Also , further efforts with

14 14
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the measured B—52 response data could lead to usable measured response

data for th is aircraft and thus a comparison of measured and computed

data for the B—52 aircraft would be possible.
ii4 . The plotted runway profiles are presented in Figures 23

through 26 for NAFEC runways 04-22 and 13—31 , runway 07—25 at Palmdale

Plant 42 , and runway 17—35 at Grand Forks PFB. The runway elevation

data for runway ].5L—33R at the Jackson Municipal Airport are available

on comput er cards , and the Air Force Weapons Laboratory has the elevation

dat a for the runways at Minot and Ellsworth on magnetic tapes .

Computed Aircraft Response Data

115. The Air Force criterion regarding whole body vibration,

O. 4—g acceleration , has been adopted for the purpose of defining the

upper limit of tolerable aircraft acceleration response. Figure 27

contains a set of curves developed by experimenters illustrating the

levels of acceleration within the frequency domain which have been

found to bound specific regions for which human subjects perceive
vibration, find it unpleasant , or refuse to tolerate it further (Ref-

erence 8). Curves I, II , and III are for subjects vibrated without any
protection and exposure times of 5 to 20 rain, while the short—time

tolerance curve is for subjeet ’  with the standard Air Force lap belt

and shoulder harness with ar exposure time of approximately 1 rain. The

Air Forc~ criterion of 0. 14 g is also shown in this figure to Illustrate

its relationship with the work of a large number c~’ experimental invest i— .5

gations in the area of whole body vibratior . The 0.14—g criterion evolved S

from a number of previous studies concerne l with aircraft vibration.

Basically , it was generally found by subjectl..c ratings that aircraft
crews became concerned or irritated by vibration levels which exceed

the 0.4—g level.

116. Therefor e , the 0.4—g level of aircraft vertical acceleration
was used to define the limit of tolerable acceleration. In order to

introduce a certain degree of conservatism into the analysis, an

I—

~ 

.5 _ S_ - - - - .5 - - .5



-~~~~~~~~~~~~~ - — _ --- —-— - -~~~~~~
._

~~~~~~~~~-.--—--— ~ - . — ~~
_-—- 

acceleration level of 0.2 g was selected as the acceptable level of

vertical acceleration for a newly constructed airfield. It was felt

that this would allow a certain amount of pavement surface deterioration

during the life of the pavement before the level of pavement roughness
becomes great enough to generate aircraft accelerations greater than

the 0.14—g level.

117. Having adopted the Air Force vibration criterion for the upper

level of tolerable aircraft acceleration response and having somewhat
arbitrarily selected an upper level of aircraft response for a newly
constructed airfield pavement the question that remained was: What

level of pavement roughness will produce these levels of aircraft
response? The procedure presented in Part IV was followed to obtain

these limiting levels of pavement roughness for four forms of periodic

roughness and one form of single—encounter roughness. The forms of

pavement roughness are illustrated in Figure 28.

Single—encounter analysis

118. The single—encounter form of roughness is probably the most

likely form of severe roughness encountered on an airfield pavement.

A series of simulated constant—speed taxi tests were conducted using

the aircraft simulation code for the B—52H aircraft. A step function

form of single—encounter roughness was used as the input profile with

the height of the step being varied during each test. Figures 29 through

33 contain the aircraft acceleration response—time histories for air-

craft speeds of 30, 60, 90, and 120 knots. The procedure for each test

was the same; that is, the runway prof ile was made up of four steps of
increasing magnitude spaced sufficiently far apart to allow the response

of the aircraft resulting from the previous bump to diminish to a low
level prior to encountering the next bump . The height s of the bumps
were varied until an aircraft acceleration response greater than 0,14 g

was produced. Each of Figures 29 through 33 contains three plots. The

top plot is the profile of the hypothetical runway as a funct ion of time
while the middle and bottom plots represent the aircraft acceleration

response—time histories at the pilot station and CG. The ~0.4—g line
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is also shown on the acceleration—time histories to clearly indicate the
point at which the response exceeds the tolerable limit of 0.4 g.

119. Figure 34 contains a summary of the maximum aircraft response
at the pilot station as a function of amplitude of pavement roughness.

This figure contains a curve for each speed considered. The amplitude

of roughness , i.e., step height, at which each of these curves inter-

sects the 0.4—g acceleration line represents the step height required

to produce an intolerable response at the pilot station of the aircraft

for the constant taxi speed associated with each curve. The step height

at which each of the curves intersects the 0.2—g acceleration line

represents the step height necessary to produce an aircraft response

at the upper level of acceptable response for newly constructed airfield

pavement.

120. These required step heights are plotted as a function of

aircraft speed in Figure 35. The top curve represents the amplitude of

pavement roughness in the form of a single—encounter step function

required to produce intolerable aircraft response throughout the range
of aircraft ground speeds, while the bottom curve is a similar relation-

ship using the 0.2—g acceptable level of acceleration. Also shown in

Figure 35 are the current- CE pavement smoothness criteria as applied
to plan grade and abrupt changes. It can be seen that the amplitude
of single—encounter pavement roughness necessary to generate the

intolerable 0.4—g aircraft response falls well above the controlling
CE criteria regarding abrupt changes for the entire ground speed range
of the B—52H . Likewise , the height of single—encounter step necessary
to generate 0 .2—g acceleration falls above the current CE smoothness
criteria for abrupt changes. The results of this analysis indicate
that , in the case of single—encounter form of roughness , the smoothness
criteria for abrupt changes can be relaxed to allow 0.2—in , deviation
from a 10—ft straightedge for newly- constructed airfield pavements.
An even greater deviation , perhaps 0.6 in . ,  could be allowed before the
airfield would require repair.
Periodic—roughness analysis

121. The initial task of the analysis of periodic roughness was to
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determine the wavelength of pavement roughness which would represent the .5

-

most severe case of periodic excitation to the aircraft structure.
During the early stage of the analysis it was hypothesized that the most

severe case would be that of a periodic function , of any form, with a

wavelength that matches the dominant frequency of the aircraft structural S

dynamic response. In order to determine this critical wavelength of

roughness it was first necessary to determine the dominant response

frequency of the aircraft . Therefore , a hypothetical profile in the

form of an impulse function was generated and input into the aircraft

simulation code along with the mechanical and aerodynamic properties of

the B—52 aircraft , and a simulated constant—speed taxi was performed.
The results of this exercise for the typical case of a 75—knot taxi

are presented in Figure 36. The top plot is the impulse profile t hat

was input into the computer code while the bottom two plot s are the

resulting aircraft acceleration response at the pilot station and CG

of the aircraft .
122 . The aircraft response was then input into a computer program

which computed the Fast Fourier Transform of the acceleration , as a

function of time , in the frequency domain. The plotted results of this

transformation for the particular case of the 75—knot taxi of the B—52

are presented in Figure 37. Note the sharp spike in the curve at a

frequency of approximately 1 cps. This indicates that, of the many

frequencies that make up the frequency composition of the aircraft

response, the dominant frequency is approximately 1 cps. Consequently

a forcing function with an excitation frequency of 1 cps should generate

the maximum aircraft response. Therefore , periodic runway roughness 
.5

with a frequency which matches this cr it ical frequency of the aircraft
should likewise generate the maximum aircraft response. Or, in other
words, the minimum magnitude of periodic roughness required to excite

the aircraft beyond some acceptable level of response (say 0.14 g) would
.5 

be that roughness with a frequency which matches the critical frequency

of the aircraft.

123. This critical aircraft response frequency is a function of

the speed of the aircraft; therefore, it was necessary to follow the

148
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procedure di scussed above for the range of possible ground speeds of

the B—52 . The curve of Figure 38 is a plot of the results of this

endeavor for a speed range of 10—120 knots. These critical aircraft

response frequencies were then used to compute the corresponding critical
wavelengths of periodic runway roughness. Again , the critical wavelength
of periodic roughness is a function of aircraft speed and is presented

graphically in Figure 39.
124 . Before proceeding to the next element of the parametric study - -

a test run was made to determine if the magnitude of aircraft response
did indeed increase to a limiting value for a constant—amplitude 

.5

periodic runway profile and if it did how many cycles were necessary to
obtain this limiting magnitude. The plotted results of this test run

are contained in Figure 140, for a simulation of a 10—knot taxi on a
profile with a sinusoidal waveform with a constant amplitude of 0.075 in.
and a wavelength of 1714 in. These results supported the assumption that
the aircraft response did reach a limiting magnitude after 25 cycles for

the case of a 10—knot taxi . Similar test runs were conducted for the
full aircraft speed range .

125. Computer simulations were made for aircraft taxies over
profiles with periodic roughness of a frequency matching the critical
frequency of the aircraft for a range of aircraft speeds , amplitudes of
roughness , and forms of periodic roughness. The forms of periodic
roughness considered during this study were : the sinusoidal waveform , .5

the multi—step function, and two forms of multiple—ramp functions.
Sinusoidal waveform

126 . Figures 41 through 47 contain the simulation runs for the
profile with a sinusoidal waveform throughout the speed range of

10—120 knots. In all cases the critical pavement wavelength corre—

sponding to the aircraft speed was used. Again the top plot is the

hypothet ical prof ile while the middle and bottom plots are the
acceleration—time histories at the pilot station and CG of the aircraft.

Note the ~O.14—g lines plotted on both acceleration—time histories. The

object of each of the runs was to determine the magnitude of pavement
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roughness necessary to excite the aircraft beyond the 0.2— and O. 4—g

level of acceleration.

127. Figure 148 is a plot of the limiting value of acceleration at
the pilot station versus the corresponding magnitude of roughness for

various speeds within the ground speed range of the B—52. The data

necessary for this series of curves were obtained from the information

presented in Figures 41 through 47 and discussed above. The aircraft

response at the pilot station was selected because it was the greater

of the two aircraft responses computed.

128. Figure 49 contains a further summary of the results for the S

sinusoidal waveform. It is a plot of the leyels of sinusoidal profile

magnitude necessary to produce an aircraft acceleration response of
both the 0.2— and O. 14—g amplitude for the range of aircraft ground
speeds. For the special case of a runway with a sinusoidal profile,

the magnitude of the roughness must be on or above the plotted curve S

(curve labeled I) at any particular speed to produce intolerable aircraft

response , i .e . ,  response greater than 0.4 g. Similarly, the magnitude

must be on or above curve III to produce an aircraft response greater
than 0.2 g. Although no pavement is likely to be constructed with a

pure sinusoidal profile , these plots are worthwhile in that the sinu— 
.5

soidal waveform represent s one of the most severe forms of pavement
roughness possible , and the curves of Figure 149 might be considered the
lower limits of the magnitude of pavement roughness that might produce
intolerable or unacceptable aircraft responses. Therefore, one might

agree that a pavement constructed with a surface deviation that is less

than the minimum value of the relationship represented by this curve
would not be responsible for an aircraft response in excess of the

tolerable limi+. However, the minimum value of this relationship is

approximately 0.05 in. for intolerable aircraft response and 0.018 in.

for unacceptable aircraft response, and a construction smoothness

criterion of this value would be much too restrictive , particularly
since runways constructed according to the current CE criteria are

certainly considered adequate as evident from the responses obtained
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to the questionnaires discussed earlier . Therefore , it was necessary

to consider the forms of pavement roughness more likely to occur on an

airfield pavement .

129 . Thus , hypothetical runway profiles consisting of multiple—step

functions , multiple—step ramp functions, and single—encounter step func-

tions were investigated. The critical pavement wavelengths were con-

sidered for the periodic forms of roughness in much the same manner as

was done for the sinusoidal waveform.

130. Before considering other forms of periodic roughness , another

interesting point might be raised by the information presented in Fig-
ure 49. That is the relat ionship of the amplitude of sinusoidal rough-
ness required for intolerable aircraft response with respect to the CE

smoothness criteria of an allowable level of 1/8—in , deviation from a

12—ft straightedge as applied to a profile of a pure sinusoidal form.

This relationship is presented in Figure 49 by the two curves labeled
I and II , where curve II is the allowable amplitude of roughness and
curve I is the amplitude of roughness that will cause intolerable air-

craft dynamic response of 0.4 g. This would indicate that a pavement

could be constructed which easily meets current CE smoothness criteria,

but which causes excessive aircraft response. Again, this may not be
as significant as it may appear since the possibility of constructing

an airfield with a sinusoidal profile is very remote , but this does
point out an apparent failure of the current CE criteria to control
periodic , nonabrupt surface deviations.

Multiple—step waveform

131. Figures 50 through 53 contain the acceleration—time histories
at the pilot station and CG of the aircraft for constant—speed taxies

of 10, 60, 90, and 120 knots, respectively, over hypothetical runways

S 
composed of multiple—step functions. The step functions contained within
each of the four segment s of the hypothetical profile were spaced at the
critical pavement wavelengths corresponding to the critical aircraft
response frequency. The amplitude of the step function is varied from
one segment to the next , but the amplitude of the step function remains
constant within each segment . Again the object of thi s phase of the
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study was to provide a profile input with a sufficient number of cycles

for the aircraft response to attain a constant amplitude within each

segment and to increase the magnitude of the profile from one segment
to the next until the constant level of aircraft response exceeded

O. 14 g.

132. Figure 514 contains a summary of the dat a of Figures 50

through 53. This figure contains the plotted limiting values of air-

craft acceleration response with respect to the corresponding roughness

magnitude for the range of B— 52 ground speeds . The intersection of each

of these curves with the 0.4—g aircraft response line and the 0.2—g was

then plotted in Figure 55. As was the case for the sinusoidal profiles,

curve I of Figure 55 represents the minimum magnitude of roughness of

the multiple—step waveform necessary to produce intolerable aircraft

acceleration response (0. 4 g) at the pilot station for the range of

aircraft ground speeds , and curve II represents the minimum magnitude

of roughness for a newly constructed airfield pavement (corresponds to

aircraft accelerat ion of 0.2 g) .  Also presented in this f igure are

the current CE criteria. The curve for the required magnitude of

multi—step roughness for intolerable aircraft response falls above the

CE criteria for abrupt change for all aircraft ground speeds , while a

portion of the new construction curve falls slightly below the current
criteria. This indicates that the current CE criteria are adequate to

control multi—step runway roughness for newly constructed airfield pave-

ment s and could be relaxed somewhat for evaluation of existing pavements.

In fact , the minimum level of roughness necessary for intolerable air-

craft response for the case of multi—step roughness is approximately

- 0.175 in. ,  as indicated by the minimum value of curve I.
Multiple—ramp waveforms

133. The two types of multiple—ramp waveforms illustrated in

Figures 28c and d were investigated during this study . The first type

of waveform (multi—ramp 1, Figure 28c ) resulted in a monotonicaily

increasing elevation of the profile while the second type (multi—ramp 2 ,
Figure 28d) had both positive- and negative-slope ramps and thus very .5

closely reeesibled the sinusoidal profile discussed earlier .
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1314. Multi—ramp 1. Figures 56 through 61 contain the aircraft

acceleration response—t ime histories for the case of the multi—ramp 1
runway profile . Again the wavelength of the periodic roughness was

select ed to coincide with the critical frequenc y of the aircraft for
each speed considered . The top plot in each of these figures is the
runway elevation as a function of t ime and the middle and bottom plots

are the aircraft acceleration response at the pilot station and CG ,
.5 

respectively.

135 . Figure 62 contains a suimnary of the information presented in

Figures 56 through 61. This is a plot of the limiting values of aircraft

acceleration response at the pilot station for the var f ous amplitudes
of multi—ramp 1 waveform. Five curves are presented in this figure for
the constant aircraft speeds of 10, 30 , 60 , 90 , and 120 knots. The

amplitude of roughness at the intersection of each of these curves with
the 0.14— g aircraft acceleration represent s the minimum amplitude of
roughness of the multi—ramp 1 waveform which will cause intolerable
aircraft response at the speed associated with that particular curve.
The allowable level of roughness for the construction of new airfield
pavement s is given by the value of the roughness at the intersection of
each of these curves with the O.2—g acceleration line.

136. Figure 63 contains plot s of these minimum amplitudes of
roughness as a function of aircraft speed for both the case of allowable
aircraft response of o .4 g and 0.2 g. Also plotted in this figure are
the current CE smoothness criteria concerning pavement plan grade, and

S abrupt changes. It can be seen that the amplitude of multi—ramp 1
roughness required to generate intolerable aircraft response (curve I)
is well above the current CE criteria for abrupt changes in the pavement
profile . Therefore , from the standpoint of evaluation of existing .5
pavement s , the current CE criteria are adequat e to control this form of
periodic roughness , and in fact , the acceptable amplitude of roughness
of this form might be increased to 0.2 in . ,  the minimum value of
curve I.

137. The amplitude of roughness , of the form of multi—ramp 1,
required to generate the aircraft response of 0.2 g is given by curve II
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of Figure 63. The values on this curve very nearly match the values of

the CE smoothness criteria for aircraft speeds less than 65 knots. The

values of this curve fall well above the current criteria for speeds
greater than 65 knots. This would indicate that the current CE criteria

for the construction of new airf ield pavements are an adequate control
of the multi—ramp 1 form of roughness.

138. Multi—ramp 2. Figures 64 through 67 contain the aircraft
.5 acceleration response—time histories for a series of constant—speed

taxi simulation test s with a pavement profile of the multi—ramp 2 wave-

form. Again, the data presented in Figures 614 through 67 are the runway

profile as a function of t ime (top plot ) and the aircraft response at the

pilot station (middle plot ) and CG of the aircraft (bottom plot). Data

for aircraft taxies at speeds of 30 , 60 , 90 , and 120 knot s have been

computed and presented. Four different roughness amplitudes were input

int o the aircraft simulation code for each aircraft speed .
S 

139. Figure 68 contains a summary of the data of Figures 64 through

67. There is a curve plotted for each of the aircraft speeds . Each

curve is of the magnitude of aircraft acceleration response as a func-

tion of the amplitude of multi—ramp 2 roughness . The amplitude of

roughness at the intersection of each curve with the 0.4— g line repre-
sents the amplitude of roughness required to generate intolerable
‘
~~~~~ raft response for the corresponding aircraft taxi speed , and the
m t  rsection of each curve with the 0.2—g ).ine is the allowable level

of roughness for the construction of new airfield pavements if the

0.2—g acceleration is chosen as the governing criterion of allowable

aircraft response.

i14o. Figure 69 contains a plot (curve II) of the roughness ampli-
tudes required for intolerable aircraft response (o . 14 g) as a function
of the aircraft ground speed. The amplitudes of roughness required to
generate an unacceptable level of aircraft response (0.2 g) for newly
constructed pavements have also been plotted in Figure 69 as curve It.
Again the CE smoothness criteria have been plotted. Note that for this
form of roughness the amplitude of roughness required for intolerable
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aircraft response falls slightly below the level of currently permissible

roughness of both forms of the CE smoothness cri teria for aircraft

ground speeds of less than 6o knots. However , it would appear that the

current criteria are an adequate indicator of excessive roughness of
existing pavements.

141. The amplitude of roughness necessary to generate the

unacceptable aircraft response of 0.2 g falls well below the CE abrupt

change criteria for aircraft speeds less than 70 knots. This indicates

that an airf ield pavement could be constructed which adheres to the
current CE criteria, but which would generate an unacceptable level of
aircraft response at the pilot station . Again , the likelihood of con—
structing a real airfield pavement with a periodic roughness of this

form is very remote , but these data do point out the danger involved
if a periodic type of roughness does develop.
Summary

1142 . Figur e 70 contains an overall summary of the results of the
parametric study for both single—encounter and multi—encounter forms of .5

roughness using the intolerable level of aircraft response (0.14 g) as

the governing criterion for excessive aircraft response. It can be seen
that the required roughness amplitudes for the single—encounter step ,
multi—ramp 1, and multi—step forms of roughness fall well above the
governing CE roughness criteria concerning an abrupt change in the

pavement surface. However, the required amplitude of roughness for
multi-ramp 2 falls below the governing CE criteria for abrupt change
for aircraft speeds less than 60 knots and the required amplitude f or
the sinusoidal waveform falls well below the governing CE criteria
labeled III for the entire ground speed range of the B—52H aircraft.

Therefore , the current CE smoothness criteria are indeed adequate and
possibly too restricted when evaluating the level of single—encounter
roughness of existing pavements. On the other hand, they are too
restrictive for the multi—encounter roughness of the multi—step and.

multi—ramp 1 form; just adequate for the multi—ramp 2 form of roughness;

and not restrictive enough for the sinusoidal form of multi—encounter

roughness.
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1143. Figure 71 contains the overall s1~~~-ry of the results of the

parametric study using the O.2—g level of aircraft response as the gov-

erning criteria of excessive aircraft response for operations on newly
constructed pavements. For this case current CE smoothness criteria

for new pavements prove to be an adequate control of pavement smoothness

for the single—encounter step function and the multiple—encounter

roughness of the form of the multi—step and multi—ramp 1. However, the

current criteria are not an adequate control of the sinusoidal and

multi—ramp 2 forms of periodic roughness.
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PART VI: CONCLUSIONS AND REC0*~ NDAT IONS

i414. All conclusions herein are ba~ed upon two assumptions:
a. The airfield pavements under consideration are for the

support of B—52 ground operations or the B—52 response
.5 to pavement surface deviations is typical or more severe

than the aircraft response for which the pavement is
.5 

designed.

b. The aircraft computer code used during this study is
an accurate model of an actual B—52 aircraft.

1145. Conclusions are drawn relative to pavement smoothness criteria

for the construction of new airfield pavements and for the evaluation of

the condition of existing airfield pavements. These will be referred to

as new construction criteria and evaluation criteria. The basis for the

evaluation criteria is the surface smoothness necessary (or roughness

allowed) to prevent an intolerable vert ical acceleration of O.li—g at
the pilot station of the aircraft. The new construction criteria were

developed on the basis of defining the surface smoothness necessary

to prevent a vertical acceleration of 0.2—g at the pilot station. This

latter aircraft response limitation (sometimes referred to in this

report as an “unacceptable” response) was arbitrarily selected at a value
less than O.14—g to allow for pavement surface deterioration between the

time of construction and the time of functional failure.
1146 . Conclusions are also presented which relate to the ability

to meet surface smoothness requirements using slipform payers .

Conclusions

1147. It is concluded that:

. Pavement smoothness criteria should control surface rough-
ness of three general forms. These are designated as
isolated abrupt changes, periodic abrupt changes, and
periodic nonabrupt changes.

b. Current CE criteria provide a means of controlling both
forms of abrupt changes in the pavement surface. They do

.5 not control periodic nonabrupt changes except at very
high aircraft speeds (speeds greater than 110 knots).

‘7
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c. The acceptable level of an isolated (nonperiodic ; single
encounter) abrupt change in the longitudinal direction
for newly constructed pavements is 0.2 in. (see
Figure 7].).

d.. It is possible for very small levels of periodic abrupt
changes to generate unacceptable aircraft vertical
acceleration. Of the three forms of periodic abrupt
changes investigated (multi—step, multi—ramp 1, and
multi—ramp 2), the multi—ramp 2 was the most severe
form of roughness. The multi—ramp 2 results indicate
that pavement deviations as low as 0.05 in. could
generate aircraft vertical accelerations that are
unacceptable for operations on a newly constructed
pavement.

e. Very small amplitudes of periodic nonabrupt changes, wel.].
below the level allowed by current CE criteria , can
generate unacceptable levels of aircraft response. This
is illustrated in Figure 71 by the curves labeled “III”
and “ sinusoidal.” The likelihood. of such pavement prof ile
is remote , but these results do point out the serious
danger if conditions exi st that might generate a periodic
unevenness of the pavement surface.

f.  The tolerable level of an isolated abrupt change of the
pavement surface in the longitudinal direction is approxi-
mately 0.6 in. ( see Figure 70) .

£~ 
The tolerable level of periodic abrupt changes of the
pavement sur face in the longitudinal direction is approxi-
mately 0.1 in. As was the case for the form of roughness
associated with new construction criteria , the most severe
of the three forms of periodic abrupt changes investigated.
was the multi—ramp 2 profile (see Figure 70).

h. The maximum tolerable amplitude of pavement roughness of
a periodic nonabrupt (sinusoidal) change in the pavement
surface is well below the level that would be allowed by
the current CE smoothness criteria. Again, thi s point s
out the possible danger involved if conditions should
exist that might create this type of roughness.

1. It would be relatively easy to meet a smoothness require-
ment of l/14—in, deviation from a 16—ft straightedge for
transverse measurements within the interior of the paving
lane using slipform payers.

~~~ . It would be more difficult, but definitely possible , to
meet a 1/4—in, deviation requirement for transverse
measurements at the edge of the slipformed lane.
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k. It would be difficult to meet a 1/8—in, tolerance in the .5

longitudinal direction, but a l/14—in. tolerance would
present no major problem.

Recommendat ions

148. It is recommended that:

a. The current CE pavement smoothness criteria governing the
construction of new airfield pavements be modified in the
following manner :

(1) Change the acceptable level of isolated abrupt .5

changes in the longitudinal direction to 0.2 in. .5
deviation from a 12—ft straightedge , for those
runways constructed primarily for medium to heavy
bombers or tanke rs .

(2) Maintain the restriction on ~~riodic abrupt changesin the longitudina’ direction ( such as surface
deviations at tran rse joints spaced at equal
spacings) at the current allowable level of 1/8—in .
deviation from an approved 12-ft straightedge.

(3) Maintain the current criteria for surface deviations
in the transverse direction.

b. The current CE pavement smoothness criteria applied to
the evaluation of existing airfields can be modified in
the following manner:

(1) Change the acceptable level of isolated abrupt changes
in the longitudinal direction to O.4—in, deviation

S from an approved straightedge.

(2) Maintain the current criteria in the longitudinal
direction when applied to periodic abrupt changes.

(3) Maintain the current criteria for surface deviations
in the transverse direction.

— c. Additional studies be conducted using a variety of
military aircraft to establish the construction and
evaluation criteria for runway pavements with traffic
dominated by airc raft other than the B—52.

S 

d. Additional instrumented aircraft tests with controlled
runway roughness be conducted to verify the aircraft
simulation computer code.

e. Additional studies to determine a significant magnitude
of aircraft acceleration response to use as an acceptable
response for operations on newly constructed pavements,
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and. a similar magnitude of aircraft response to use in
the evaluation of existing pavements.

f.  Additional analytical studies ‘be conducted using the
aircraft simulation computer code to determine the
acceptable magnitude and int erval of center line grade
changes, to investigate further the case of periodic
nonabrupt surface deviations, and to investigate the
influence of a random distribution of surface deviations
which models the deviations of actual runway profiles.

£‘ Additional studies be conducted to determi ne a measure ,
such as absorbed power , to describe and quantify the
severity of runway roughness for use in the evaluation
of existing pavements and as a standard for the construc—
tion of new pavements.

60
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BASIC PROGRAM METHODOLOGY

~~~~~~UM E NTED AIRCRAFT

COMPUTER PROGRAM
VERIFICATION

~1

I~~PARAMETR I C STUDY
WITH COMPUTER

PROGRAM

ESTABLISH RUNWAY

Figure 1. Basic program methodology
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INFORMATION TO BE OBTAI NED FROM OPERATIONS OFFI CERS

FOLLOWING QUESTIONS TO BE ANSWERED BY B-52 AND KC-135 P1 LOTS.

1. WHAT TYPE AIRCRAFT DO YOU FLY?

2. HOW LONG HAVE YOU BEEN STATIONED AT THIS BASE?

3. WHERE WERE YOU STATIONED PRIOR TO THIS ASSIGNMENT?

4. HAVE YOU EVER FELT UN COMFORTA BLE FROM THE STA NDPOINT OF RI DEABILITY WHILE
TA K ING OFF OR LANDI NG A B-52 OR KC-135 ON THE RUNWAY AT THIS AIR BASE?

5. HAVE THERE EVER BEEN TIMES IN A B-52 ON THIS AIRFIELD DURING TAKEOFF OR
LA NDING THAT I T WAS DI FFI CULT TO READ TH E I NSTRUMENT S BECAUSE OF VIBRA T IONS
OR SHAKING OF DIA LS CAUSED BY ROUGHNESS OF PAV EMENT?

6. HAV E YOU EVER EXPERIENCED TH E FEELIN G WHILE MOVING DOWN TH E RUNW A Y AT THIS
AI RFIELD THAT , DUE TO OSCI LLAT I ONS OF TH E AI RCRAFT CAUSED BY UNEVENNE SS OF
TH~ PAVEMENT , YOU WER E AI RBORNE WHEN YOU RE A LLY WERE N OT?

7. FROM YOUR EXPERI ENCE IN LAN DI NGS AND TAKEOFFS AT THIS AIR BASE . HAV E YOU
FOUND THE RL MAY LESS SMOOTH IN WINTER/SPRING THAN IN SUMMER/FALL?

8. HOW WOULD YOU RATE THE SMOOTHN ESS CHARACTERISTICS OF TH E RUNWAY AT THIS
A I R BASE? SMOOTH FAIR ROUGH EJ

9. HOW MANY SAC AI RR EL DS HAV E YOU HA D THE OPPORTUNITY TO OPE RATE FROM IN THE
CONTINENTAL UNITED STATES?

10. FROM YOUR EXPERI EN CE , DO YOU KNOW OF ANY SAC AIRFIELDS THAT YOU WOULD
CONSIDER AS VERY ROUGH FROM TH E STANDPOINT OF R I D I N G QUALITY?

Figure 3. Example of questionnaire dist r ibuted to B—52 and
KC—135 pilots
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SAN GAMO .5
MODEL
i500
ANA LOG A.14
MAGNETIC —
TAPE
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Figure 5. Instrumentation system
associated with gages mounted on

main gears of United B—727
aircraft
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127 RIDE CHARACTERISTICS INSTRUMENTATION

28 Vdc PWR 
____________

SUPPLY

115V’ -400 Hz

!: ~ 
28 V dc 

SUPPLY 
~ 

FROM APU

-

• 
MAGNETIC

“ RECORDER

VOiCE ANNOTATION

Figure 6,, Diagram of i.nstrwnentation system installed on board
the Boeing 727 aircraft to measure aircraft acceleration response

.5 

j

-.5 ---—---



I I

~~~~~~~~~~~~~ 
.5

L ‘.5—
, I~ 0 0

.41—
~~~~~~LLJ~~~ 

I ’

‘Ii. L~~ ~~~C.)

U.’
I—
w

0 
C)

Li.’ •1~4
—I as
Li)

I— C.) Cli
C., Ll-~I- .
~~
-J

C.) 0)
-\ .~:
I

>- ~~~
. Lii

I-. >

I ®  d
as

(, UJ d 8

LU ~~ _l •
LU - Q ~~~~~ I)
C.)

I

~ eI
3 /

U.’ Z

- .5 - .5 -———~~~~~ —~~~~ - .5 ~~ - . .5.5



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~‘ ‘~~~~~~~ ‘
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28 V DC/DC CON VERTICAL
— 
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Figure ~~~. Schematic of instrumentation system installed on board
3— 5211 aircraft
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Figure 9. General. aircraft mathematical model
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landing gear

.. .. - -.5- --- -“‘.5-- - - - - . .5- - .5 
• .



- ‘- — .5----- - — .5 .— - - . 5— -- -- - - -‘---.5 ---- - - .5- - — ’. - —- - .5 . ---- - -.5-..

- I l
.5 I”

‘

I 

2

— Li.I

C,,

_  _  I00~ I •I~ I - y e - ,  0 0 1  1 0 ’  0 Ds. c ..

‘I,
04 ‘-p

—.5—-- - - - —- .5—- U

.5 —.--- —-.5 --- -.5 5-- —.5— —5- —~~~~~~~~~~-. —i- .5- - - —-.5--- — —5-



.5 .5----.

0
•0

LU ~~~ )—

04 — 0 4

— LU —

U) o_ I
0

‘

.5 
0 asI . — ~~~0 .5

-S
0

V

- I =

.5 
_~ 8S

:~ ~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.jJ ~~~ ~~~~~~~~~~
—

~~~~~~~~~~~~~~~~ 

E.



F - -
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00~

MLR SUXLI)
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Figure 13. C~ l14l traversing a 1 — cos bump at
20 fps (taken from Reference 2)
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FEET DOWN RUNWAY x Io~~

Figure i4 . Mean value of acceleration for a takeoff of a
KC-135 on an actual runway ( taken from Reference 2)
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