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SECTION I

INTRODUCTION

A. OBJECTIVE

The United States Air Force (USAF) is currently developing rapid methods

and procedures for repairing bomb-damaged airfield pavements. Sortie
generation rate after an attack is critically dependent on quickly evaluating

the launch surface before repairs start and after repairs are completed.
Current technology may provide a method to make this evaluation quicker
without losing the precision which is currently standard with the rod and
level surveys completed by construction crews. This report covers the
literature search and documents the state of the jrt foi such devices.

B. BACKGROUND

The primary function of a pavement is to provide an acceptable level of
service. One of the first indications that a pavement is not fulfilling thi-;
function is an increase in the volume of complaints concerning the quality of
the ride over the surface. While complaints are essentially subjective, the.y
are a response to the lack of a "smooth" surface profile that can be detected
by measurement. "-a

The importance of surface roughness in pavement studies was recognized
many years ago, instrumentation for its measurement boing described as fair
back as 1926 (Reference 1).

The American Association of State Highway Officials (AASHO) road test
provided further evidence of the importance of surface roughness since it
indicated that the present serviceability index (PSI) of a pavement can

effectively be predicted by a measure of roughness alone (Referenue 2).
The PS1 equations do include other birait ,rs hnt the ir ck, i ritlst ion ill
sma I

The USAF has also recognized the importance of protile in relation to th,,
safe operation of aircraft, developing a sophisticated simulation of the
response of many of their aircraft to irregularities in the pavement surt oc-
during landing, takeoff, and taxi operations. The simulation is capable ,i
calculating acceleration at various points in the aircraft and loads in th.
struts which carry the undercarriage. This simulation is very important in
determining safe operating limits for aircraft over pavements with a known
profile.

Many devices have been developed for measuring pavement profile. A repoit
prepared for the Federal Highway Administration (FHWA) in 1973 reviewed the
state of the art with respect to roughness measurement for highways (Referen,-
3). This FHWA report identifies several devices which have boen developed L-)

measure roughness but makes no recommendations for adoption.

.. ° .° -°. . .o.-. . . .. ... . . .. . ... . " 2f .. -a.. '



C. SCOPE

The Importance of the surface profile with respect to user perception and
vehicle safety has been recognized for many years, but technological advance
in relation to its measurement has been relatively slow. The earlier devices,
which will be discussed later in this report, have tended to be either slow to
use or very expensive to purchase. In addition, most of the work which has
been reported has been directed toward developing a single parameter for a
predefined section of highway pavement, facilitating decisions with respect to
m ,, nce activities. This type of work is of limited value to the Air
Force since its approach has been to simulate the response of an aircraft to
a known profile. However, in recent years there have been some significant
*,echnological developments, particularly with respect to displacement
me.surements and noncontact type transducers. It is, therefore, timely to
roview the developments in technology to determine the applicability to
cirrent requirements of the US Air Force.

a'.
5%
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SECTION I I

US AIR FORCE REQUIREMENTS FOR MEASUREMENTr Uo PROF'ILF

AND DETERMINATION OF UPHEAVAL

The system used by the Air Force to decide if i~t is safe to operate

aircraft from any specific runway includes a computer simulation of the
response of the chosen aircraft to the surface profile (Reference 4). The
simulation checks for several potentially critical parameters, such as
acceleration of the pilot's seat and loading in the landing gear. This
simulation requires three longitudinal profiles, one for the nose gear and one
each for the symmetrically placed main gear. While the aircraft is
symmetrical about its center line, the surface is almost certainly not;
therefore, it is necessary to measure all three longitudinal profiles. These
three profiles must also be synchronized so that they give an accurate picture
of the cross profile as well as the longitudinal profile, because the loading
on the aircraft is influenced by the cross profile, and the computer
simulation is able to model these effects. If the profile is synchronized, a
precise representation of the surface, referred to a surveyor's datum, is not
necessary. As long as the point-to--point representation of the profile does
not omit frequencies essential to the simulation, an overall error of as larqe
as 1 foot in each 100 feet* longitudinal distance (i.e., a rotation of the
profile) will be unlikely to affect the result of the simulation of the
aircraft operation.

At this stage of the project, it is not possible to make any statement
about measurement precision. However, studies now in progress will provide
information with respect to the significance of point-to-point errors of
predetermined magnitude on the response of an aircraft. These studies are
anticipated to provide insight into the precision requirements.

In addition to requirements related simply to the profile measurement,
certain factors regarding operational environments must be considered.

The first operational requirement is to evaluate the repair of a
bomb-damaged airfield and to periodically reevaluate this repair so that
maintenance can be performed as necessary. This requirement includes the
possibility of profile measurements being made under fire by personnel not
trained in the operation of a profilometer. When considering this particular
requirement, the Air Force needs a low-cost device stationed at each base that
may be subject to hostile action. Speed of operation and robust construction
are, therefore, significant factors.

The second operational requirement is to assure the quality of the new0
construction and to provide routine maintenance of the pavement during
peacetime operations.

'A table of factors for converting non-SI units of measurement to S[ (metric_)0
units is presented on page v.
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precision me3surement, so that greater accuracy could lbe jx-ne n,!rt thee F
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necessarily need to station one of these devices at rch of ill- basos since

prof ile measurement for routi iie maintenance would be i plaine-d oprerc tlon. A
program including~ transport Lime is more realistic fa)r tb)Il .Pplicaition.

An additional operating requirement regards the loaid on th( a vamenr as
the profile is being measured. Some crater-repair syLstem'; U.- r~ca

mats or planks to form the ruinning surface. These imat's ira1' v(sn -'oCd or rest
on h~igh spots on the surface and therefore change for I.- arafrav-.-
over the surface. For the purposes of this projecL, theif Air rc:b

defined' A loaded profile as one that is measurepd e;, wei:}him .i,''i.:;"'

pounds or more travels over the surface and an uno' pr', ac ta

* ~measured under a load of 1,000 to 2,000 oic.
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:) concept development, some significant rtquire ment- L--
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I i -md onto tho measurement of t he, riavem-eii T-:- n:cc :r

)f -ota restorat ion rpquir,: '-amf Aama-ie on r *r -1 i.~vn-t ncludezi
, r t - -- ratcr. anlt hp i i;turbance -_ the 1-,vi-tanri: n;o- I h n t, e rs . The
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The current method of measurement used by the Air Force, called the

string-line method, produces widely varied results when operated dur in)

adverse circumstances such as a rapid-repdir situation. lhk ; rc-lxt will

discuss (a) the technology of measuring profile and the oxLstinq sysLeni, ,

may have applications toward profiling bomb-damage-repaired aTrfIVILI

pavements, and (b) the present Air Force methods of detecting pavement

upheaval and other methods that might prove to be more accJrate and reiijt.
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t~e that may be encountered and that ire of significance with respect to
A,~ meaisurement.

F-rst, the "actual surface" plot represents an accurate long-distance
* ..riey of the runway. Runway profiles are usually discussed in terms of

~ .~r~zs, and tnis type of plot can provide information on wavelengths up
t irinity (i.e., that of a straight line). Burk and Clark (Reference 5)

*h-, rported a study to assess the effect of omitting undulations of various

-vPIer::ths from the simulation of aircraft response. This work is somewhat
i )r-'lusive in defining an upper limit for the wavelengths of roughness that

% -aff-ct the response of aircraft. As a result, Womack and Sonnenburg
f ?e~erence r-) state that all wavelengths above 400 feet can be omitted without

- tflOaircraft response. Hence, it can be concluded that the type of data
a. ilaiblo fro m a long-distance survey of the surface is not critical to an

-cs'-'--nt Y4 the effects of surface roughness on aircraft operations.

' -,l!--scale profile typical of that found on both asphalt and concrete
.'iq also shown in Figure 1. An asphalt surface often contains pieces

nt '. il.3 aggregate as large as 1 inch in nominal size placed closely

t -tr.A concrete surface may contain grooves cut transversely across the
r-. ii, -paced feither at random or even spacing. The purpose of the

-'-~~aleprofile is to ensure adequate skid resistance for the surface.
oisierngthe operation of aircraft, this small-scale, short-wavelength

s -ace urofile is conv(erted to noise and imparts negligible acceleration to
th- *iircisaft. However, it is not reasonable to assume that the profilometer

..........nt needl to measure short wavelengths. A step in the profile, also

is ~;~d n Figure 1, is also a short-wavelength profile. This step could
-.l]no between. two adjoining concrete s-labs, as a smnal] pothole, or

c..--1 3s i mj;_rf;ction in some preformed surfacing component. With a 2-foot

s-ling *,:nt -v. -, as used for current TAXI code simulations,* the step in the
f OPC- appear :is a ramp with a ;lope of 1 inch in 12 inches (assuming

t7-e miu c4- or, both sides of the s;tep is, -rizontal) and would have a
# 1-.<gtn of .feet, which loes nut accur-itely rtepresent the i Ant-to-point

iq- in 7':4 - profi le. This raises a ques;tion concerning collection of
:or c.- --- velenyth roughnes5., which can he iesolved witho. ut great

-. -';it .;follows.

'. saipliig !;.tprval (perhaps ais small as, a i-inch s~icing) will
re ;rt'ripr' r'-to of feat .r es such a-; step flincti u is. The use of

i '. :ansljucer that hac a pr inrt 1 a-i-7r than the nwantedi
! >2 - fjcm. i: -t -> r....~ mall -- 3turr~s. The

I k M. W. ''T: tion, th, ;ADM Corpot,tinn,
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footprint size for displacement transducers will be discussed in the next

se(:tion, but it is appropriate to discuss sampling interval here.

Although TAXI simulations are currently performed at 2-foot intervals, the

program is capable of accepting data at more closely spaced intervals.

However, it appears that no studies have been performed to evaluate the effect

of adjusting the sampling interval to shorten the minimum wavelength from the

4 feet imposed by the usual 2-foot profile data spacing. It is possible thdt

the compliance characteristics of the various aircraft tire and suspension

system will effectively smooth a step function. It appears this is currently

an unresearched phenomenon, so recommendations will be made for a study of

this phenomenon.

A final factor to be considered is the processing of datd. It a profilp

is required in real time, i.e., a presentation of the profile is made as the

vehicle travels along the pavement, it is necessary to provide the system with

the capacity to measure, record, store, and process the data at a rite

compatible with the speed at which the system is traveling. Each data point

will include longitudinal distance from the starting point, vehicle sp.e'i
(which may be needed to correct for vertical motion of the profilometer), and

vertical distance (which may itself be calculated). If data are required at
relatively close intervals and high speeds, e.g. 3 inches at 55 mph, a

real-time profile will probably require a high-speed computer. However, if

the requirement is to record data for subsequent processing, the system

requirements are less arduous.

7
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SECTION IV

COMPONENTS OF PROFILE MEASURING SYSTEMS

Profilometers are usually mounted on a wheeled vehicle that may be
conventional transportation (automobile, van, etc.) or a specially constructed
wheeled frame. The surface profile is usually derived from a measurement of
the distance between the vehicle and the surface. This distance has to be

corrected for the vertical movement of the vehicle itself, resulting from
traveling over a rough surface. Therefore, profilometers generally
incorporate a distance-measuring device and a further device and/or system for
correcting for the motion of the vehicle.

The profile-measuring systems that have been constructed use a limited
range of measuring devices. The most popular devices are accelerometers and
displacement transducers. The displacement transducers can be subdivided into
two categories--those which contact the surface and those which do not
(noncontact transducers). This latter category can be subdivided into
ultrasonic, laser, and infrared devices. The strengths and weaknesses of
these individual devices are discussed.

A. ACCELEROMETERS FOR PROFILE MEASUREMENT

As the vehicle transporting the profilometer moves over the pavement
surface, a record is obtained from which the profile can be determined. Any
vehicle containing a profilometer must be equipped with some type of
suspension, otherwise it will lose contact with the surface which could cause
erroneous measurements. However, the existence of a suspension on the vehicle
means that the measuring device will not follow the surface profile exactly.
Accelerometers are incorporated into profilometers to produce data on the
movement of the vehicle and to permit for corrections.

To convert the accelerations measured in the vehicle to displacement, it
is necessary to double-integrate the accelerometer signal. This process
introduces error to the system. All electronic measuring systems produce
noise, the magnitude of which generally depends on the quality of the
transducers and amplification system. If the acceleration of the vehicle
carrying the protilometer i-: smali, as it would be if the vehicle were moving
very slowly, then the largest component in the output from the accelerometer
could be the noise. Upon double integration, the noise component would be

larger than the actual acceleration and, therefore, could introduce
significant spurious data into the final stage of the displacement
calculation. However, when the accelerations are more significant, !.g., when
the vehicle is moving relativell rapidly, the noise is small in comparison
with the signal from the acceleration, so the error introduced through
integration of the noise becomes insignificant. It is, therefore, apparent
that accelerometers are not suitable for use in profilometers intended to
operate at very low speeds. The minimum practical speed for measurement can

i' d,'tiumined it d,'iti 11.k. onvi ii ii c thI siinla1/nouise raltio, for a given
transducer, although, the maqnituido nf the signal depends upon the roughness
of the pavement surface and the characteristics of the vehicle. Spangler,
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Strong, and Brown (Reference 7) made an error analysis for a particular
transducer, and their report may be used as a model for the assessment of
accelerometers for profile measurement at various vehicle speeds.

Further errors can be introduced as a result of tilting the
accelerometer. For reasons of economy and system simplicity, a unidirectional
accelerometer is usually used for profilometers. The accelerometer is usually
mounted so that its axis is perpendicular to the plane defined by the vehicle,
which is generally parallel to the surface at that location. However,
vehicles in motion over a surface are subject to pitching and rolling motions
which will effectively tilt the accelerometer. In the tilted position, the

* accelerometer does not measure the vertical motion of the vehicle and so an
error is introduced into the measurement of height. The significance of this
error will depend upon the magnitude of the pitch-and-roll motion. If
necessary, a three-dimensional (3-D) accelerometer can be used and the true
vertical acceleration deduced from the measurements in three directions.
However, this will significantly increase the volume of calculation required
for profile measurement, and for real-time profile measurement will require
faster processing facilities.

An alternative to the use of 3-D accelerometers has been suggested by Huft
(Reference 8). In describing the profilometer developed for the South Dakota
Department of Transportation (DOT), he stated that the error induced by
accelerometer tilt appears as low-frequency accelerations that can be removed
by appropriate low-pass filtering. This is a simpler and less costly solution
than incorporating a 3-D accelerometer, but its practical value would depend
upon the effect that the filtering has on the simulation of the response of
the aircraft to the profile over which it is traveling.

B. DISPLACEMENT TRANSDUCERS FOR PROFILE MEASUREMENT

1. Surface Contacting Transducers

The General Motors road profilometer, which is probably the most
widely publicized profilometer, used a surface-contacting transducer. This
device and its use have been described in numerous publications (References 7,
9, 10, 11, 12, 13, 14).

The method of measurement used in this device, shown schematically in
Figure 2, consists of a linear displacement transducer attached to a trailing
arm, measuring displacement between the arm and a reference point. The wheel
on the free end of the arm actually follow-, the surface profile, rather than
the displacement transducer itself. This ype of device can provide a
continuous record of the transducer output on a simple analog recorder.
However, this is not a profile. It is necessary to eliminate the response of
the vehicle to the surface from the displacement measurement before an
accurate representation of the profile can be obtained. This task is
performed using the accelerometer.

Another profilometer system that used the concept of surface contact
for measuring profile was the Air Force Weapons Laboratory LASER Profilometer
(Reference 15). This profilometer did not use the same concept of measurement

9
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Figure 2. Principle of Surface Dynamics Profilometer.

as did the General Motors profilometer but was more like a "rolling rod and
level." The system consisted of a vehicle-mounted, leveled laser and a
light-sensing target connected directly to a surface-following wheel. The
laser, pointing along the direction of the pavement to be profiled, remained
stationary. The light-sensing target remained locked onto the laser beam and
recorded the profile at 6-inch intervals as it moved up or down the rod, which
traveled along the pavement surface at approximately 3 mph. This
profilometer, though sound in concept, was developed when technology was not
advanced enough to permit reliable, consistent profile measurement. Since

that time, self-contained systems not limited by intervisibility have been
developed and have rendered the concept of the LASER system obsolete.

The use of a surface-following wheel offers some significant

advantages. It will filter out the very small-scale surface roughness that
relates principally to skid resistance but needs to detect a step function, of
the kind expected to occur on a faulted slab. The wheel described by Spangler
and Kelly (Reference 9) is lightweight with a small diameter and a thin
natural rubber tire. The literature shows that the road follower is not
particularly robust and wears rapidly. In a recent study conducted by the
University of Michigan Transportation Research Institute,* the General Motors
profilometer was not run across sections that included manholes and railway

Sayers, M. W., Private Communication, University of Michigan

Transportation Research lnstitute, Ann Arbor, Michigan, July 1985.
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crossings because the operators anticipated that those surfaces would severely
damage the transducer.

Advances in the use of noncontact transducers have rendered this type
of contact device obsolete.

2. Noncontacting Transducers

Problems with serviceability and damage to the wheel on the surface
contact transducers have led to the development of noncontact displacement
transducers. Three types of transducers have been investigated for use in
profilometers--infrared light sources, ultrasonic sound devices, and lasers.
These three transducers will be discussed separately.

a. Infrared Light Transducers

The University of Michigan Transportation Research Institute has
experimented with infrared transducers while developing its profilometer.
They indicated that it perceives a change in surface color as a change in
height.* This is not likely to be a problem when assessing a pavement of
uniform construction, such as a new asphalt or concrete runway. However, a
repaired runway is likely to contain materials of several different colors,
and so a system using an infrared transducer will not be suitable for use on
bomb-damage-repaired surfaces.

b. Ultrasonic Transducers

Ultrasonic ranging devices have been used for widely diverse

applications from automatic focusing for cameras to providing data for
maneuvering supertankers into docks. The South Dakota DOT profilometer
(Reference 8) uses an ultrasonic device for distance measurement, and the
now-defunct company EarthTech** has also used ultrasonic transducers for
profilometers.

The literature indicates two types of systems. One system, based
upon the camera/automatic focus system, uses one transducer for both
transmission and reception of the sound. The other uses separate transmitters
and receivers.

Consider first the single transducer system. Distance from the
surface to the transducer is determined from (a) the time between transmission
and reception of the sound and (b) a knowledge of the velocity of sound in

air. In theory, this type of system can give very high precision since the
time can be measured in microseconds (us). However, Huft (Reference 8)
indicated that an uncertainty of 0.005 feet (approximately 1/16 inch) is a

Sayers, M. W., Private Communication, July 1985.

** EarthTech, Private Communication, 6655 Amberton Drive, Baltimore,

Maryland, July 1985.

-'-",



practical limit. One other limitation of this type of system is that it
imposes a horizontal limitation on the spacing between measurements. If it is
assumed that the transducer is at a mean height of 1 foot above the surface,
the time for the sound to travel from the transducer to the surface and back
is approximately 1,80C .:n. To this must be added the time during which the
sound is emitted (150 0-; for the South Dakota device with the same time for
processing). A total of 2,500 7 would seem reasonable for a practical
device. In this time, a vehicle traveling at 55 mph would cover 0.2 foot
(approximately 2.5 inches). Thus, it would appear to be impractical to expect
a sample spacing of less than 3 inches from this type of device when the
normal spacing used by South Dakota is I foot (Reference 8).

It is also necessary to ensure that the sound is projected in such
a way that the transducer is able to receive the reflected wave. Figure 3
illustrates this requirement assuming that the sound is projected in a conical

pattern. If it is assumed that the transducer is required to be 1/2 inch
inside the zone of influence of the sound footprint then the angle of the cone
of sound must be approximately 14.25 degrees, creating a sound footprint of a
circle of 3 inches in diameter. This will effectively eliminate the
small-scale profile from the measurements and will remove any requirement for
filtering. However, a step in the profile will appear as a ramp 3 irches long
rather than a square wave.

The two-transducer ultrasonic system, illustrated in Figure 4,
also determines distance from measurements of the time taken for a burst of
sound to travel from the transmitter, reflect off the surface, and be detected
by the receiver. This system also works on the basis of discrete pulses of
sound, repeated at up to 100 per second, which may be regarded as continuous
operation. However, for optimum performance it is necessary to tune the
repetition rate to the approximate distance to be measured. This type of
device can be supplied by companies such as the Massa Products Corporation of

Hingham, Massachussetts. Their specification for the E-201 module, which has
a range of 3 to 24 inches, indicates a potential precision of 0.001 inch.
However, given the operational difficulties likely to be encountered during

profile measurement, a precision ot 1,16 inch, suggested by Huft (Reference
8), is probably a reasonable practical Pstimate.

Massa Products also recommen,'l that the transmit and receive
transducers be inclined tow-3d cdch othp ts- inrase sensitivity.

Acoustical ranging devices may be subject to errors caused by
ambient temperature and noise variation and the v3riation in the velocity of
sound in turbulent air in the vicinity of the vehicle. Huft (Reference 8)
indicates that this type of error appears as an apparent long-wave profile
(wavelength of thousands of feet) that is not of interest to profile
measurement and so can he filtered out.

The small-scale surtace profilp of the pavement (ould also be so
rough that the transmitted sounrl would be scattered wi ely; thus, the return
;gnal would he to,) weak for i useful measurement to be made. A porous
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Figure 3. Ultrasonic Transducer Operating in the Transmit and Receive Mode.

TRANSMITTER. RECEI VER

Figure 4. Ultrasonic Transducer Independent Transmitter and Receiver.
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friction surface course, commonly used on airfield pavements, could lead to

loss of reflected signal. No particular difficulties of this type have been
reported (Reference 8) in highway applications, but the problem potential

exists.

Occasional loss of signal from surface characteristics is not
difficult to handle. It can be detected by a computer-based data reduction
system and marked. The user can then be permitted to decide how best to solve
this problem, the usual choice being to interpolate between these values.

Another possible objection to the use of ultrasonic transducers

follows from difficulties in operation in a wet environment. The South Dakota
profilometer (Reference 8) is limited to operation in a dry or light mist
environment. It is, however, not clear as to whether these difficulties arise
as a result of extraneous noise from the interaction between vehicle tires and
a wet surface or from a lack of waterproofing of the transducer. If the

problem relates to waterproofing, it should be possible to overcome it without
excessive difficulty. A problem related to extraneous noise may be more
difficult to solve in a rapid repair environment.

Ultrasonic devices do have a distinct advantage in thac Iney are
inexpensive, costing as little as $200 for the transducer(s) a'us
electronics module for providing an analog signal directly prpoi0 oral to the
distance from the transducer to the surface.

c. Laser Transducers

A number of pavement surface profiling devices have been
constructed using laser noncontact displacement transducers (References 16,
17, 18, 19, 20).

The laser transducers all work on the same principle, which has
been liscussed in detail by Still and Winnett (Reference 21). The image of
the illuminated area is focused onto a surface capable of discriminating the
location of the image. Figure 5 shows the principle of operation using a
s I -s; :inn ing photoiode array as a re,, (I ver,

Laser transducers havc two prm nCi pal imitations as distance-
measuring devices. First, insufficient lihht may be reflected onto the
light-sensing surface to activate it; hence, a measurement will be missed.
Second, the receiving optics will be unable to view the illuminated region on
the surface because of shielding by the texture of the scanned surface.
Measurements lost from these two causes have become known as "dropouts."

An extensive study of the effects of a wide range of surfaces has
been reported (Reference 21). Table 1 is a summary of the responses of a
laser transducer to these surfaces. This study indicates that the laser is
not suitable for use on very rough surfaces; however, the study was carried
out with a rectangular laser beam 0.0012 inch wide. This very narrow beam
will penetrate the small-scale surface texture shown in Figure I and so will
be subject to significant dropout. If a wider beam is used to produce a
larger footprint, there is less likelihood of the entire beam being "lost,"
although this may require a riesi(m of the Ii cli) --sensing screen.

14
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Figure 5. Basic Laser Displacement Transducer Design.

One other potential difficulty has been identified regarding the
detectors used in laser devices--high-intensity ambient lighting conditions,
such as very bright sunlight. Reportedly (Reference 21), a filter, centered
at 0.904 om with a bandwidth o- about 0.05p m, is effective in eliminating

interference from the sun.

The precision that can be obtained with the laser transducer is
about 0.001 inch, which is comparable to that of an ultrasonic transducer.

C. FILTERS

The profilometers that have been developed incorporate filters. These are

used to eliminate the effects of drift of the measuring devices and also the
long-wavelength components. Since most profilometers are used to provide some
assessment of ride quality, the long wavelengths, which do not input any

noticeable acceleration to the vehicle, can be eliminated without affecting
the conclusion drawn on the basis of the measurements. However, filtering

does mean that the profile produced by the device is not a representation of

the surface in absolute terms. It forces the vertical displacement to remain
numerically close to zero, making the long-term position appear to be a
horizontal line. Thus, the measured profile is a record of the point-to-point

deviation from this apparent horizontal line.
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One further and more significant effect of filtering is that it causes a

differential phase shift between the various wavelengths present in the
profile. It is not clear at this stage what effect this phase shift could
have on the accelerations calculated within an aircraft simulated by the TAXI
code.

The phase shift induced by the filter can be eliminated if the raw data
are filtered in both directions, i.e., from measurement start to finish and J
from finish to start, and then averaged. However, this procedure means that
it is not possible to produce a profile in real time.

One additional consequence of filtering relates to comparison of profiles
produced by different devices. The phase shift, which is different for each
device since each device has its own custom-made filter system, means that it
is impossible to make a point-by-point comparison of the device outputs. To
do this, it is necessary to determine the characteristics of the filter and
reprocess the output to eliminate them, an almost impossible task if the
filter specification and construction are unknown.

D. DISTANCE MEASUREMENT

An essential part of profile measurement is the measurement of displace-
ment from a known location. This is because the purpose of profile measure-
ment is to locate unacceptable areas so they can be corrected. When
considering the Air Force requirement for profiles along the path of the nose
wheel and each of the two main landing gears of an aircraft, distance measure-
ment becomes very important for coordination of the longitudinal profiles mea-
sured along each of the three paths if they are measured in three separate
passes.

The literature on profilometers does not devote significant space to dis-
cussion of distance measurements. However, it is possible to discern three -

types of distance-measuring devices:

Special measuring wheel.

Pulse transducer mounted on one of the vehicle wheels.

Device inserted into the speedometer drive.

These devices will be described individually.

1. Special Measuring Wheel

This device is sometimes called a fifth wheel. Figure 6 illustrates
the device as installed on the profilometer described by Bush and Cox (Refer-
ence 22). The best precision obtained by Bush and Cox was I percent, i.e., I
foot in 100, and it was not possible to achieve this on inclines. While this
may be adequate for pavement evaluation based on an overall. roughness value
for each section tested, it is probably not good enough for coordination of
three individual profiles measured along the paths followed by each gear on an
aircraft. They could be displaced by several feet relative to each other,

17



4.

V i'

since on ,'- , ,. . ' as much as 50
feet.

2. 7Uise Yr <,i>; 
,

it T il y mounting a

magnet cri tht :, .. with a coil. If

necessary, e';*. Lr
rotation. Th II rL I , I o'on dith which

the circumter nce- ;, ' ,.*; .... 0 Cl H change
with tire pioss.ire, -. , -,.. ., Vitiity of
vehicle mairit-nan,.. f...... ... ti s type of
system is suffi, ii W to .. *- re-irements at
3-1nch span id.

3 . Speodon -e I r

n-',", 1- L-:9., are
available. p' il, R 4, j .. i- rear of the

gearbox on ->:lomo i I ;-, .e . haft and

axle to the drivirig wi..e1I: A ic -r it .rrors and
limitations of t'hs i' r , t ,a! errors are

associated with ti t i c I ln'SSlcfl. This
,can be av, r:cm ,l. lata are

avar labt e 7o rt *. , , ci ci
[IA ; laOmef r .! - U - , , , . .. , . ::fC] 5lln

- . - .t .1 . - , r-

. . . . . . . . .



SECTION V

PROFILE MEASURING SYSTEMS

A. INTRODUCTION

Although the transducers described in the previous section have been used

in several different combinations to produce profile-measuring devices, only

two devices are commercially available. All the other devices are prototypes,

constructed for specific users and operated by them. Only one device appears

to be available for hire, although in the past the owners of others have shown

a willingness to lend their devices to competent institutions for tests and

evaluation.

The purpose of this section is to describe the systems available and to

consider their value with respect to the current understanding of the Air
Force requirements. As indicated in the introduction, only devices capable of

measuring profile will be discussed. Devices described as "ride meters" or
"roughness meters" will be omitted with two exceptions. The exceptions are

made because the authors think these devices could be developed to measure

profiles. (Because of the prototype nature of most profilometers, it may be

necessary to construct a profilometer for Phase II of this project.)

Therefore, the description of the various devices below will include as much

of the detail available from the literature as possible.

Table 2 lists the principal profilometers that have been developed

according to the type of transducers used in them. Also noted are the

manufacturer, known owners, and commercial availability.

B. PURE LASER SYSTEMS

The two pure laser systems identified in Table 2 are similar. The device

described by Bush and Cox (Reference 22) is a simplified version of the

Transport and Road Research Laboratory (TRRL) beam (References 16, 17), using

only three lasers instead of four. Thus, it is restricted in the precision

with which it measures. Also, the US Army Engineer Waterways Experiment

Station (WES) device has been dismantled. Hence, the TRRL device is the only

one described.

The TRRL profilometer consists of a beam approximately 14 feet 9 inches

long (4.5 meters). One laser is mounted at each end, and a third in the center.
The fourth laser is attached adjacent to and inboard of the laser at the

leading end of the beam. The profilometer is towed behind a vehicle housing

the data acquisition system and is capable of taking measurements at speeds

between 3 and 50 mph.

The system developed by TRRL can measure longitudinal profile, surface

texture, and groove depth and includes a digital filter for the removal of

long wavelengths, which is described as a phaseless filter.

19
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TABLE 2. PROFILOMETERS

Commercial

Measuring Manufacturer/ availability

system builder Owner Purchase Hire

Pure laser Transport and Road TRRL No No

Research Laboratory

(TRRL), Gt. Britain

Corps of Engineers, Corps of No No

Waterways Experiment Engineers

Station

Laser plus Surface Dynamics Inc./ Ohio DOT Yes Yes

accelerometer K. J. Law, Michigan West Virginia

DOT

Michigan DOT

Minnesota DOT

Airport Equipment Yes Yes

Co. AB

University of Michigan FHWA No No
Transportation

Research Institute

(UMTRI)

Pure ultrasonic EarthTech Inc. FHWA No No

(no longer trading)

Ultrasonic plus South Dakota DOT South Dakota *

accelerometer DOT

Surface Dynamics Inc. Yes No

Michigan

Pure accelerometer University of Texas,a University No No

at Arlington of Texas

Mechanical Laboratoire Central des LCPC No No
Ponts et Chaussees,

France (LCPC)

* hese two devices are presented as roughness indicators but are judged to

have potential for development as low-cost profilometers.
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Still and Jordan (Reference 17) have reported a detailed evaluation of the
TRRL profilometer and have also given a detailed derivation of the algorithm
and averaging procedure used to convert the raw data into profile. Appendix A
contains the detailed derivation of the algorithm, which is not device -

specific. This algorithm can be used for any similarly configured
profilometer.

The study by Still and Jordan (Reference 17) included the following
potential sources of error: (1) noncolinearity of transducers or profilometer
beam, (2) pitching of the beam, (3) pavement geometry and crossfall, and (4)
surface wetness. This study led to many comments and modifications to the
system.

The most significant change concerned a lack of colinearity of the
individual lasers caused by temperature gradients in the beam. This prompted
the encapsulation of the whole beam with a rigid polyurethane foam. Fixed
lack of colinearity, caused by imperfect mounting of the laser on the beam,
was shown to introduce a parabolic error, which can be compensated for.

The principal effect of the pitching motion of the beam is to move a
transducer out of its working range. This pitching motion can be alleviated
by selecting the appropriate laser displacement transducer, as well as
adopting operating procedures that eliminate sudden acceleration, braking, and
passing over bumps (short wavelength roughness) at speeds that cause excessive
vertical movement of the beam.

Road geometry and crossfall have an effect when the profilometer is
required to operate on pavements that include curves. Since airfield
pavements do not include curves in the same sense as highway pavements, this
potential source of error does not exist.

Surface water will affect the reflection of the light from the laser. The
major difficulty occurs when there is a relatively thick layer of water on the
pavement. Under these conditions, the light will be reflected from the water
surface and not the pavement surface, causing an uncorrectable error.
Therefore, the profilometer should not be operated during rainfall but can be
used as soon as the surplus water has drained away.

Concerning the precision with which the profile can be measured, the
greatest errors are (Reference 17): for features less than 10 feet long, 0.06
inch; 30 feet long, 0.08 inch; and 80 feet long, 0.17 inch.

In their evaluation of the laser-beam-type device, Bush and Cox (Reference
22) made several suggestions for improving the precision of the device. One
was to increase the number of transducers that would increase the redundancy
of the system, thereby improving precision. Another was to add an
accelerometer to the system to determine the position of the beam with respect
to datum.
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C. LASER-PLUS ACCELEROMETEP

The principle of operation of this type of device can be described by
considering the response of a vehicle to a step in a pavement. While
traveling along a smooth surface, the vehicle body keeps an equilibrium
position at some distance above the roadway surface. When a step is
encountered, the vehicle body is displaced and assumes a damped periodic
motion until it returns to its equilibrium position. The path of a point on
the vehicle body is described by the function u(x) where x is the distance
coordinate and u is the distance above a fixed datum.

The distance between the vehicle and the pavement h(x) depends upon both
the profile and the vehicle motion, as shown in Figure 7. From this figure it
is apparent that the height of the vehicle above the surface profile at any
position x is the difference between the vehicle position u(x) and the roadway

profile z(x) ; i.e.,

h(x) = u(x) - z(x). (i)

u(x)

z(x) x - h(x)

Figure 7. Proiile Measurement Principle.

The vertical position of the vehicle u(x) is measured by the

accelerometer. Acceleration is a function of time, so the measurements are
time based, not distance based. Thus, the vertical position of the vehicle is
obtained from a double integration of the displacement use: with respect to
time; i.e.,

u(t) =J ja(t)dt 2  (2)

The distance between the vehicle and the surface is measured directly by
the laser, so both the terms in Equation I i.re I<won, au'l KI 1 procilC cal he
computed.
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As indicated, three devices developed for profile measurement use this

principle, two of which are highly sophisticated. These devices are described

as follows.

1. Airport Equipment Company, LASER RST

This device is described in some detail by Novak (Riference 19),

and is illustrated in Figure 8. This device is very sophisticated and claims

to measure transverse profile over and l1-foot width, crack depth and count,

and surface texture. Novak reports that the tester indicates roughness, but

some of the literature sent to the authors about this machine includes plots

of longitudinal profile and even a 3-D plot of the surface. Thus, while

profile measurement may not be the primary objective that the designers had in

mind when constructing the machine, it does have the capability to measure

profiles. The phpograph of the device in Figure 8 shows the RST fitted with

additional guidan,;e equipment that could be of value in operating on a runway

when it is necessary to follow a specific wheel path.

"-\

Figure 8. The Swedish Laser RST.

The information available does not indicate which laser provides

information on the height of the vehicle above the surface for combination
with the accelerometer data. An average of the cross profile could be used,

but this would not be satisfactory for the application currently envi L...

the Air Force. The device can operate at speeds between 18 and 5- mi/h and cAII

measure rut depth to a precision of +0.04 inch. Novak (Referen(' ii) reports
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measurements on 50,000 test sections; however, the RST did not provide data

for the recent comparative study of profilometers performed for the FHWA by
the University of Michigan Transportation Research Institute (UMTRI).*

2. FHWA Profilometer Constructed by UMTRI

* This profilometer consists of one laser, one accelerometer, and an IBM
PC for data storage. It has been used for profile measurement in the

comparative study of profilometers (Reference 20). However, it is, as yet,
*incomplete and so must be regarded as a prototype. The final report to the

FHWA is expected to be completed by the end of August 1986. The information
*available on this profilometer indicates that it will measure profile with a

high degree of precision; however, there are no details of the operational
limits of the device. Use of an accelerometer certainly means that it will
not function adequately at very low speeds. Further investigation of this
profilometer is warranted because of its relatively low cost, about $40,000.
The final report to the FHWA should become available early in Phase II of this

project.

3. Surface Dynamics/J. K. Law Model 690DNC Profilometer

This is probably the best known profilometer in the United States. It
was originally known as the General Motors profilometer (Reference 9) and was
subsequently marketed by Law Engineers. In its original form, the
profilometer used a wheel attached to a potentiometer to follow the surface.
As noted previously, the following wheel is prone to damage. As laser
technology developed, the wheel was replaced by a laser noncontact transducer.

As with the Laser RST, this profilometer is orientated toward testing
highway pavements. It is equipped with data storage and processing equipment
suitable for testing a considerable length of highway for determining
roughness-type parameters developed for highways. The equipment produces two
profiles in real time, one in each wheel path of the vehicle. Measurements
are made at I-inch spacing, averaged over a running 12-inch interval, and
recorded as profile points every 6 inches.

The recommended operating speeds are between 10 and 55mi/h. However,

the greatest wavelength that can be recorded is a function of vehicle speed,
being 300 feet at 10mi/h. The st-orage resoltiLion of the system is quoted as

40.001 inch; however, from examination of the data on precision of laser
devices and accelerometers, the profile is unlikely to be measured to this

precision.

In its standard configuration, this profilometer provides more
information than is needed to meet the Air Force requirement. The high cost
of the device makes it unsuitable in its current form. However, the
laser-accelerometer unit, which has performed very well in comparative tests,*
could be used in a simplified profilometer.

Sayers, M. W., Private Communication, July 1985.
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D. PURE ULTRASONIC DEVICE

A profilometer for measuring pavement smoothness during construction was

described by Bloom and Schwartz (Reference 23) at the 1984 Annual Meeting of

the Transportation Research Board. This device was developed under contract

to the FHWA by EarthTech, Inc. Unfortunately EarthTech, Inc., is no longer

trading. The device is in prototype form and was to undergo trials in

Louisiana on a paving contract in September 1985.*

This ultrasonic profilometer has five sensors mounted on a 10-foot

beam, as shown in Figure 9. The complete system consists of four beams that

can be mounted on finishing equipment at the rear of the concrete paving
operation or directly on the paving machine. The profilometer includes a

computer for data processing to provide a profile in real time. Since the

profilometer is designed to provide data during pavement construction, it is
meant to operate at very low speeds. The data acquisition and processing

system is set up to meet this requirement. Measurements are taken at 2-inch

intervals along the pavement. The specification for the profilometer

indicates resolution of approximately 0.04 inch.

U1 TRASONICSENSORS

MEASUREMENT

BEAM

3' 2 2'

Y2 Y3 Y
4  Y5

Figure 9. Ultrasonic Beam Profilometer.

Bloom and Schwartz (Reference 23) do not report any details of the

algorithm that they use to determine profile. However, they do report the use

of a mid-chord offset (MCO) derived from the use of a simple straightedge. In

this case, the MCO is the distance from the center of the straightedge to the

surface.

This profilometer will not meet Air Force requirements in its existing

* Mitchell, T. M., Private Communication, Construction, Maintenance and

Environmental Design Division, Federal Highways Administration.
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configuration. However, a simplified version of this device with one beam and
a data acquisition system capable of operating at relatively high speed would
meet most Air Force requirements arid would be inexpensive. in view of the
fact that EarthTech is no longer trading and if a decision is made to evaluate

*this type of system, a device will hav to be specially built.

F. ULTRASONIC-PLUS ACCELEROMETER

Two devices fit this category, one described by Huft (Reference 8), the

other by Law (Reference 24). The device described by Law is not presented as
a profilometer. It is designed to produce a roughness index. However, the
limitation on Law's Model 8300 device is the power of the computer. Since
other devices using an accelerometer and a noncontact displacement transducer
have been successfully developed, it should be possible to upgrade this device.

The ultrasonic-plus accelerometer profilometer works on precisely the same
principle as the laser-plus accelerometer with the height measurement being
provided by the ultrasonic transducer rather than the laser. It is,
therefore, subject to the same limitations concerning operation as the
companion device. However, the ultrasonic displacement device, costing about

$300, is significantly less expensive than the lasers, which cost
approximately $18,000 ($12,000 for the laser plus $6,000 for the associated
electronics). Figure 10, which could also be applied to the laser plus

accelerometer devices, describes the system.

One significant difference between the two devices is that the South
Dakota profilometer collects data at spacings of 1 foot, longitudinally, while

the Model 8300 collects data at 1-inch spacings.

Both these devices can provide low-cost profile measurement; however, the
South Dakota device is a one-of-a-kind device built by the Highway Department,

and the Model 8300 would require modification.

F. PURE ACCELEROMETER

This device, described by Walker (Reference 25), has not been developed to
the point of providing a profile. However, it should be considered for
further investigation because of its very low cost.

The accelerometer can be mounted in any convenient vehicle. The need for

direct measurement of distance between the vehicle and the pavement surface is
eliminated if it is assumed that the random elements in the acceleration data
obtained after traversing a section of pavement are representative of the
profile, and repetitive elements are from the vehicle suspension. Using this
technique, the vehicle carrying the profilometer is driven over a section of
road for the purpose of calibration. The calibration can then be stored, and
the system is set up for measurement.

Whilo this system has potential as a low-cost device, it does have some
limitatons. It cannot operate at low speed, a limitation applying to all

pr)rofilometors which use aecelerompters. Also, when testing concrete
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pavements, the joints will appear as a repetitive response, which the system,
unless modified, would disregard. However, the potentially low cost of this
type of system makes it an attractive proposition, since most of the other
devices described so far would also need modification and development.

G. MECHANICAL PROFILOMETER

This device known as APL (Longitudinal Profile Analyzer) was developed by
the Laboratoire Central des Ponts et Chaussees, France, and has been in
operation for approximately 10 years. It is a trailer device, towed by a
vehicle carrying the recording unit. The profilometer is shown
diagramatically in Figure 11.

}= FRAME
2m

Figure 11. Diagram of the APL.

The APL consists of a rocking shaft, kept in contact with the pavement by
*a measuring wheel and spring suspension, hinged to a ballasted frame. The

frame is attached to a towing vehicle by a ball joint that statistically
decouples the trailer from the towing vehicle and ensures that vertical
movements of the vehicle do not affect measurements. Vertical movements of
the wheel result in an angular shift of the shaft that is measured in relation
to the balance beam of an inertial pendulum. An angular shift sensor is
connected to the pendulum and provides the data on the surface profile. It is
claimed that undulations of the wearing surface up to 4 inches can be measured

with an accuracy of 0.04 inch.

The response of the APL depends on the speed of the profilometer. Figure
* 12, reproduced from the description presented by De Wilder (Reference 26),

shows the range of wavelengths that can be detected at various speeds.

It would appear that this device could provide the type of data that would
satisfy the Air Force requirements. However, no details are available

*regarding source of supply, procurability, or cost. It was included in the
study ,Jndertaken by rJMTRI (Reference 27), so it may be available in the United
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SECTION VI

MEASUREMENT OF PROFILE WITH A SERVICE LOAD ON THE PAVEMENT

It is desirable to measure profile under a representative load, since,
because of the inherently variable nature of a pavement structure, the
deformation from point to point along the pavement is certain to change. This
will have an effect on the surface profile and could influence the response of
the aircraft traveling over it. It is unlikely that load-associated
deformation will produce very short wavelength roughness, i.e., in the order
of inches. However, it will produce a deflection basin as small as 8 feet
from side to side. Thus, a load has the potential to add roughness with
wavelengths of about 8 feet or more.

The cost of increasing the mass of a profilometer to 20,000 pounds is not
prohibitive. However, propelling a profilometer of this mass across a runway
poses considerable difficulty, especially since it is required to operate
within a restricted distance. Under these conditions acceleration and
stopping distances can be significant, especially if the profilometer
incorporates an accelerometer that will not function at speeds below about
10-15 mph.

Thus, it is recommended that, for practica]ity's sake, a relatively
lightweight profilometer be used.

%.%
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SECTION VII

COST OF PROFILOMETERS

Although cost data are not available for all the devices previously

described, it is sometimes possible to make estimates. The following figures

have been used in arriving at estimates.

Laser - $12,000 per devices + $6,000 for electronics, regardless of

the number of lasers.

Accelerometer - $1,000.

Computer system - $19,000. This is based on the data in Reference 23

and the assumption that this unit would be adequate for all devices.

Large van for transportation - $25,000.

Ultrasonic transducer - $300 each.

TRRL beam profilometer. Estimate: $73,000

WES beam profilometer. Estimate: $54,000

Surface Dynamics Inc./K. J. Law. Profilometer 690CNC
$150,000-$200,000, depending on software support.

Airport Equipment Co. A. B. Estimate: $165,000

UMTRI: $36,000

EarthTech Inc. Estimate: $25,000

South Dakota: $15,400

Surface Dynamics Roughness Surveyor 8300: $40,000

University of Texas at Arlington. Estimate: $20,000*

LCPC: No price available

This is certainly very high because the device does not need as much

computational power as the othor',..
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-S. SECTION VIII

CONCLUSIONS

Neither of the two commercially available profilometers, the Law 690DNC
V and the Airport Equipment Co. RST, meet the requirement of providing data at

low cost.

Both commercially available profilometers provide significantly more data
than are necessary to meet the requirements presented by the Air Force for
this project.

Two devices already developed meet some of the Air Force requirements--the
South Dakota DOT device and the UMTRI prototype.

If it is assumed that the profilometer must come to rest at each end of
the MOS, none of the devices reviewed can produce a complete profile. Those
including accelerometers must move at least 10 mph; the others may operate at

speeds as low as 3 mph.

Significant difficulties can arise with beam-type devices because of
displacement of the transducer from a plane.

The technology reviewed aoove can be used for quality assurance and
runway/airfield pavement evaluation by the Air Force.
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SECTION IX

RECOMMENDATIONS

A. ADDRESS ISSUES

It is necessary to develop a more detailed specification for the
profilometer. In particular, the following issues must be addressed:

Are limitations imposed by the requirement to operate on an MOS
closely defined? Is a complete end-to-end profile required? Can
space be provided permitting acceleration and deceleration of the
profilometer to and from operating speed?

Must the profilometer be an independent carriage carrying the
measuring and recording apparatus or can it be assumed that recording
equipment can be mounted in the vehicle which may be used for
propulsion?

B. CONSIDER SYSTEMS

Depending upon the resolution of the question raised above, four candidate
systems may be considered. These are listed in what is estimated to be an
order of increasing cost.

Ultrasonic displacement transducer plus accelerometer

Ultrasonic displacement transducers mounted on a beam

Laser displacement transducer plus accelerometer

Laser displacement transducers mounted on a beam

It will be necessary to determine which devices to investigate further, and
since they are not commercially available, it will also be necessary to
investigate potential equipment suppliers.

C. PERFORM PARAMETER STUDIES

Perform parameter studies using the TAXI program. These would include:

Evaluating the data made available to WES by UMTRI from their
FHWA-sponsored profilometer study.

Determining which components (wavelengths) of a profile are critical
for evaluating the safe operation of aircraft.

Evaluating the effects of variation in data processing methodology,
e.g., filtering a predicted aircraft response.
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Performing a final evaluation of the profilonieter with respect to the
* complete profile evaluation system.

D. INVESTIGATE METHODOLOGY

Investigate methodology for coordinating profiles measured in each of the
three wheel paths.

E. PREPARE WORK PLAN

Having resolved the questions raised, prepare a detailed work plan for
completion of the project.
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SECTION X

PART II: MEASUREMENT OF PAVEMENT UPHEAVAL
ON A BOMB-DAMAGED AIRFIELD PAVEMENT

A. INTRODUCTION

When an enemy attack occurs on a USAF airfield, returning the airfield to
4 safe, operational capacity becomes the primary task. Explosions leaving

craters in the pavement surfaces are just one of the many problems that arise
* after such an attack. An explosion creates the crater but disturbs, or

upheaves, the pavement surrounding the crater. This upheaval is not always
detectable to the human eye but can be detrimental to aircraft operations when
the quality of the subsequent repair of the crater is affected.

As personnel assess the situation, the need to determine the required size
of repair arises. Loose debris resulting from the explosion is removed, and
measures are then taken to determine the extent of the damage. Depending on
the size of the explosion, pavement lying in the area around the crater may
have to be repaired to restore aircraft operations. For quality control,
pavement surface slope and upheaval tolerances have been developed for

* different areas of the runway.

Currently, the Air Force determines pavement upheaval with the string line
method. This operation consists of extending a taut string from undisturbed
pavement around the crater. By measuring from the string to the pavement

.1 ~ surface, the upheaved portion of the pavement around the crater can be

.r determined and compared with the given tolerance (Figure 13). Several
measurements are taken about the crater to determine the extent of upheaval.

J* The method works well in controlled situations with trained personnel, but
will produce widely varied results when using untrained personnel in a rapid
repair situation. One particularly difficult situation is the existence of a
crater in a vertical curve in the runway. Because time is critical after a
runway has been removed from use, a method that is accurate under wartime
circumstances when used by untrained personnel is desired. Alternatives to
this method have been researched and are presented.

% B. PAVEMENT UPHEAVAL MEASUREMENT SYSTEMS

1. Profilometer Systems

The developmental profilometer, either as-constructed or with minor
adaptations, may prove capable of measuring pavement upheaval. Two
constraints on a profilometer to be used for determining pavement upheaval are

* (1) it must operate at low speeds and (2) it must be able either to stop or
start at the crater edge. A low-speed or even a speed-independent device is
required since the area of interest for pavement upheaval is only a distance
of from 2 to 20 feet radially around a crater. This low-speed operational
requirement eliminates any profilometer configuration that includes an
accelerometer requiring a speed of at least 10 mph to produce a profile.
Profilometers containing only a displacement transducer, whether it is surface-
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Figure 13. String Line Method.

contacting or noncontacting, may produce the profile needed to determine
pavement upheaval. The filtering process found on all profilometer systems
would probably have to be removed because a true profile of the area of
interest is required.

Some profilometer systems examined were trailer-mounted. If the
trailers are large and require a vehicle to operate, these devices would be
impractical for determining pavement upheaval. Too much time would be

required to align the trailer along the desired line of measurement.

2. Surveying Systems

Surveying systems, for surveying small areas of interest in short

periods of time, exist. The most promising instruments available use lasers
to quickly and accurately determine elevation and distance and contain small
computers with software capable of receiving the information and outputting
the desired results, such as profiles, in a matter of minutes. One such
system, the Hewlett-Packard HP 3820-A Total Electronic Station, can store up
to 500 distance and elevation readings before the downloading of information
to a tape is required. The laser source is mounted on a tripod, and readings
are taken as the laser reflects from a prism situated on a rod back to the
instrument. Because these devices cost from $10,000 to $50,000, this type of
surveying system has been excluded from further research for this application.
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i The Edward W. Face Co. of Norfolk, Virginia, markets a gyroscope-based

device called the Dipstick Floor Profiler, which relates the difference in

elevation of two points separated by 12 inches (Figure 14). The elevation

%V

A.'

Figure 14. The Dipstick.

readings on each end of the instrument are in reference to the other end,
therefore, each display reads the same value with opposite signs. To profile

a line of interest, the starting point is indicated, and then the Dipstick is
"walked" along the line by alternately pivoting about each leg. Taking a
reading after each pivot, the data are entered into the Radio Shack PC-2
computer included in the Dipstick kit, and a true profile of the line is

printed by the computer. The amount of time required to suivey and analyze a
20-foot line is between 1 and 2 minutes (Reference 2P). The handheld computer
produces a printout of the data points, along with a plot of the actual

profile, which is given on a scale relative to the size of the differences in
the readings. The manufacturer indicates that the Dipstick elevation readings
are accurate ti within 0.002 inch.

The Dipstick has seen extensive use in indust ry for detprmining the
flatness of floor slabs and is beiig tudied by the American Concrete
Association for adoption of i new tandard for speci fyi rn3 :tnd rating slabs
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(Reference 29). The instrument is easily calibrated; the calibration is
* retained during storage; it can be used with minimal training. It is a

durable, battery-operated device and is stored in a foam-fitted metal case.
The self-contained Dipstick kit markets for $3,995.

An obvious alternative would be to retain the string line method of
Si measurement and modify and perfect the present usage. Currently, the string

line method is used around the crater to measure upheaval. A modification to
the measurement technique would measure upheaval with the string intersecting
the crater, not around it (Figure 15). The distance from the string to the
pavement is measured, and as this distance decreases approaching the crater,
the upheaved portion of the pavement could be determined. This modified

* string line method would measure results in the same manner as the Dipstick.
This method may be able to detect crater upheaval in less time and at a lower
cost.

Various "mechanical" devices, capable of swiftly and accurately
measuring pavement upheaval, could be constructed. One possibility would be
to level a 25-foot bar (on footings or lockable wheels), placing one emd at
the edge of the crater and the other end on the line of interest (Figure 16).
A floating wheel attached to the bar and fixed vertically would traverse the
pavement and plot a profile of the surface, either mechanically or by using
collected computer data, resulting in a profile of the surface from which the

* critical point of upheaval could be determined.

3. Conclusions

The following conclusions have been reached concerning measurement of
* pavement upheaval on bomb damaged airfield pavements:

a. A low operational speed is required.

b. A system operating from d trailer would be impractical.

C. All the methods discussed appear to be capable of achieving the
quick data turnaround and accurate performance required to determine pavement

* upheaval.

d. Some methods require research and construction to determine if the
device will actually detect pavement upheaval.

e. The Dipstick has a proven work record in industry for producing
limited-length profiles for the flatness of floor slabs and requires no

* additional development to produce the profile needed for determining pavement
upheaval.

4. Recommendations

All the methods described previously can detect pavement upheaval
about a bomb crater. However, without actually testing at a crater, it is
impossible to determine which of the methods would prove to be the most
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efficient for upheaval detection. Therefore, it is recommended that
a test plan be carried out that will allow each method to perform crater

upheaval detection on an actual crater, so an evaluation can be made as to
which method would perform the most efficiently and accurately.

I
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APPENDIX A

PRINCIPLE OF OPERATION OF THE TRRL HIGH-SPEED PROFILOMETER; TWO

PROFILE-MEASURING SYSTEMS IN ONE PROFILOMETER DEVICE

The high-speed profilometer (HSP) incorporates two profile-measuring sys-

tems to enable a wide range of wavelengths to be measured--symmetric (SYM) and
asymmetric (ASY). Pavement features with a wavelength in excess of 10 meters

*' are measured by the SYM system which computes the average profile height over

2.14-meter sections every 2.14 meters along the pavement to provide the SYM

profile. The second profile-measuring system produces the ASY profile and
contains features with wavelengths in the 0.5- and 20-meter range with the

computed profile measurements representing the average profile heights over

0.107-meter sections every 0.107 meters along the pavement.

A single composite profile containing all of the wavelengths measured by

the two systems is obtained by restoring into the ASY profile those features

measured by the SYM system.

The operation of the two profile-measuring systems is described below.

The computer is programmed to calculate and to store the first differences of
the profile to avoid the practical problem associated with handling large

numbers that vary by small amounts. The profile is retrieved by the computer
summing the first differences obtained from the start of the profile

measurement.

A. SYMMETRIC SYSTEM

1. Ideal Conditions

The SYM profilometer consists of three displacement transducers spaced

at equal distances on a rigid beam supported above the pavement profile as
illustrated in Figure A-1. To explain the principle of operation, an ideal

SYM system will first be considered. It is assumed that:

a. The transducers are identical in all respects and can accurately

measure distances within their working range.

b. The pavement surface, although capable of diffusely scattering the
incident laser light, is otherwise smooth (no texture).

c. The profilometer beam is straight and rigid.

Using such an ideal SYM system on a smooth surface, the heights hA

hB , and hC of transducers 1, 2, and 3 from points A, B, and C on the
surface can be accurately measured, as shown in Figure A-1. If the datum for
the profile measurements is defined as the straight line passing through the
surface points A and B, then the profile heights (Y) relative to this datum at

points A, B, and C are, respectively:

YA = 0 ; YB = 0 ; YC = -(hA - 2hB + h ) U (A-i)

where U1 is the characteristic measurement of the SYM system.
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Figure A-i. Operation of an Ideal Symmetric Profilometer.

Moving the profilometer forward to a position where the laser light
from Transducers 1 and 2 illuminates points B and C on the surface permits the
height (YD) of profile point D relative to the datum through points A and B
to be calculated using the new height measurement hB, hc, and
hD as follows:

Y =2Y - Y -(h' - 2h' + h*iD C B B C D
"Y = C 

+ 
U 1 -0 + U 2

2

=Y C + (A-2)

where U 1 and U 2 are characteristic measurements of the SYM profile

measuring system and YC is the height of profile point C relative to the

datum through A and B. By moving the profilometer forward through successive

steps, each step equal to the distances js between the transducers on the

SYM profile measuring system, the heights of profile points separated by

distance are calculated in a manner similar to that for point D.

In general, therefore, the profile height of the nth point at
distance x along the profile is given by the expression:
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n-2
Yx Y (x-s + t= U (- 3)

where n = x/JS

An important feature of Equation (A-3) is that the charact'ristic medsaro'ment-
U i of the SYM system are not affected by changes in the height or pitching
of the profilometer beam about the pavement surface, provided the surface
remains within the working range of the transducers. Because the arbitrary
datum defined for the SYM measurements may not be parallel to the axis of the
actual profile, a linear trend can be introduced into the calculated profile
heights. The trend produces no distortion of the measurements other than
adding a constant slope to the measured profile.

Equation (A-3) involves the cumulative sum of the characteristic

measurements Ui . In nonideal conditions small errors in the determination
of the Ui will accumulate and can cause significant distortion of the
measured profile if the magnitudes of these errors are not maintained at a
very low level.

2. Nonideal Conditions

In practice, the ideal conditions assumed in the derivation of the
equations for the SYM profile-measuring system cannot be achieved because (1)
pavements are always textured and the transducer has a finite resolution for a
single displacement measurement, (2) it is not possible to ensure that the two
rear transducers of the SYM system will, on being moved forward through a step
length 4S , exactly illuminate the same surface points measured by the front
two transducers in the previous measurement position of the profilometer, and
(3) small errors in the displacement calibration factors of the individual
transducers and/or curvature of the profilometer beam can distort the measured
profile.

To reduce the effect of factors (1) and (2) above on the profile

measured by the SYM system, the displacements measured by each transducer as
the profilometer moves through a distance SS over the surface are averaged.
Thus, the individual displacement measurements used to derive the
characteristic SYM measurements U i in Equation (A-3) are replaced by the
averaged displacements (see Figure A-2), and Equation (A-3) now becomes:

n-2

Yx= (X-j) + UI U. (A-4)
S l

where Y and U represent the values averaged over a distance JS The
subscripts x and x- S3 now refer to the midpoints of the step lengths J
over which the averages have been calculated.
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;igure A-2. Operation of a Practical Symmetric Profilometer.

The heights Yx in Equation (A-4) are not those of the actual
profile but of the profile smoothed by a moving-average of length JS
Consequently, the amplitude of profile features of wavelength less than 5 is
are attenuated in the measurements of the SYM profile-measuring system. To
restore the short wavelength features of the profile, the measurements made by
the ASY profile-measuring component of the profilometer are used.

Although the averaging technique described above ensures an adequate
long-wave response from the profilometer, the effects of the factors listed
are not eliminated completely from the profile measured by the SYM system.
The residual effects of the factors on the accuracy of measurement and
long-wave response of the SYM system are discussed later.

B. ASYMMETRIC SYSTEM

I. Ideal Conditions

The ASY profile-measuring system consists of three displacement
transducers positioned on the profilometer beam, as shown in Figure A-3.
Transducers 1 and 3 are common to both the SYM and the ASY system. The
spacing 'A of Transducers 3 and 4 is 1/40 of the distance between

* Transducers 1 and 3. In describing the principle of operation of the ASY
system,assumptions similar to those considered for the ideal measurements of
the SYM system are made.

With such ideal conditions, the ASY system can measure the heights
hA , hB , and hC of Transducers 1, 4, and 3 from points A, B, and C on
the -urface, as shown in (a) of Figure A-3. If the datum for the ASY profile
measurements is defined as the straight line passing through the surface
points A and B, then the profile heights Y relative to this datum are,
respect ivp Iy:
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The heights V' , V and h', are the new displacement measurements of
transducers 3? 4,and 1, re'spectively, as shown in (b) of Figure A-3.
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profile heights at points separated by JA may be calculated, and the
general expression for the profile point at distance x along the profile is
given by:

Y 4 - Y + W (A-8)

x 39 (s- A ) 39 (x-40JA) x

The characteristic measurement W x of the ASY system is, like that of the SYM
system, not affected by changes in height or pitching of the profilometer beam
relative to the surface, provided that the surface remains within the working
range of the transducers. Also, the ASY measurements, like those of the SYM
system, may include a linear trend; the trend is caused, as in the SYM
measurements, by the adoption of an arbitrary datum that may not be parallel
to the axis of the actual profile.

The profile heights relative to the arbitrary datum AB are, in
general, not zero between Points A and B. However, at the beginning of a
survey these profile heights are not known and are taken to be zero over the
first 39 step lengths dA of the ASY measurements. Thus, some error is
introduced into the measured profile of the short length of pavement
immediately beyond the commencentent of the measurement.

Computer simulation studies of the operation of the ASY sy'stem have
shown that the length of profile affected by this distortion is less than 50
meters.

In practice, this distortion does not present a problem, as a profile
measurement can be started a distance in advance of the profile section to be
measured; this distance is chosen to equal or exceed the length of 50 meters.

2. Nonideal Conditions

In the practical operation of the ASY system, the ideal conditions
assumed above are not met. The factors that influence the accuracy of the ASY
system under practical operating conditions are similar to those described for
the SYM system above.

The method adopted to reduce the effect of these factors on the ASY
measurements is also similar to that used on the SYM measurements. The
displacements, measured by ,jach transducer of the ASY system on moving through
a step length dA are averaged, as shown in Figure A-4. Consequently, the
expression from Equation (A-8) for the profile measurements Y of the ASY
system now becomes:

- 40 - 1-
Y -Y -Y +W
x 39 (X-6 A 39 (x-40J )d x- A

where Y and W represent the average values over a step length ; the
subscripts refer to the midpoint of the step length A over which N,
averages have been calculated. The profile heights Y , given by Equation

x(A-9), are those of the actual profile smoothed by a movinq-average of length
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Figure A-4. Operation of a Practical Asymmetric Profilometer.

Because of the reduced averaging length JA used in Equation (A-9),

relative to that adopted in Equation (A-4) for the SYM system, the residual

errors in ASY measurements are greater than those in the SYM measurements.

However, these errors mainly affect the longer wavelength measurements of 
the

ASY system. As these long waves are measured more accurately by the SYM

system, a digital filter with a cutoff wavelength of 20 meters is incorporated

in the ASY calculations to remove the longer wavelengths.

The filtering introduces some phase distortion into profiles measured

by the ASY system, particularly in wavelengths near to the filter cutoff

wavelength of 20 meters. This phase distortion is, for all practical

purposes, removed from the final profile by the restoration process described

W in the following section.

C. RESTORATION PROCESS

The SYM and ASY profile-measuring systems described above produce two

versions of the same actual profile; the SYM profile contains relatively

accurate long-wave features but with the amplitudes of the short waves

attenuated. In the ASY profile, the converse is the case. A composite

profile containing both the long and short wavelengths is obtained by

reshaping the ASY profile using the SYM profile, as described below.

The length used in the reshaping procedure is the SYM measurement-step

length S , which is equivalent to 20 measurement-step lengths A Of

the ASY system. The reshaping procedure depends upon the fact that the SYM

profile points are derived from exactly the same actual profile as the ASY

profile points. Therefore, averages computed from ASY measurements. over

length 20 SA of the profile that corresponds exactly to the step length

SS of the SYM measurements, should give an identical pattern to that of the

SYM profile. Where the two patterns differ, the more accurate SYM

measurements are used to reshape the pattern provided by the average ASY

measurements. This procedure restores the long-wave features to the profilp

measured by the ASY system.
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The principle of the restoration procedure is illustrated in Figure A-5.
Figure A-5 (a) shows an actual profile, and the measurements Y of the profileS

by the SYM system are shown in Figure A-5 (b). The ASY profile measurements
YA and their averages YA over SYM step length S are given in Figure A-5 (c).
By means of the following slope and offset corrections, the ASY measurements

Y are adjusted so that the adjusted ASY measurements Y averaged over length
A give an identical pattern to that of the SYM points YS
s S

Slope correction (j Y' -
1)j ( LA) - Y J) 1 )]

offset correction = Y (k) - Y (k)
R A

. therefore, Y (1) = Y (1) + Y (k) - Y (k) (A-10)
+ S (j )  - YS(j-l) - A (j) - YA( j-1 SA

where i is the location of the ASY measurement within each length Sand
ranges from i = 1, 2 ... to JS/J , and j defines the location of the length
being adjusted. k and ' are given by the equations:

k = (j - 3/2) - j > 2 (A-11)

=k + i (A-12)

and Y R(k) = Y A(k) for k = 10 (A-13)

The spacing of the points Y along the restored profile is A , the same
RA

spacing as that of the ASY measurements Y Though the assumption of a
linear correction over each piece length is an approximation to the true

correction required, computer simulation studies, together with comparisons of
surveyed and profilometer-measured profiles, have shown that the distortion

*- arising from the use of this procedure is negligible. The results of these
comparisons are discussed later.

As described above, the first differences of the calculated profile are

used in the profilometer system to overcome the practical problem associated
with the processing of large numbers. Thus, the first difference form of

Equation (A-la) is used in the profilometer, and it is given by:

YR(j) = Y(1) + S - A ( )(j (A-14)

Equation (A-14) is derived from Equation (A-10) by substituting into the
latter two successive values of i and by subtracting the resulting expressions.
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D. AMPLITUDE AND PHASE RESPONSE OF THE PROFILOMETER

Because profiles measured by the profilometer system are defined at
discrete points spaced at a distance dA apart, strictly accurate amplitude
and phase response of the system cannot be determined. However, approximate
response curves for phase and amplitude can be defined, as shown in Figure
A-6, where it is assumed that there are no errors in the measurement process.

The amplitude response curve in Figure A-6 shows the attenuation of the
short-wave features of the profile caused by the averaging process adopted in
the ASY profile measurements described above. The phase-response curve in
Figure A-6 shows that, if there are no measurement errors, there is no phase
listortion in the profile measured by the profilometer except in the region of
2-meter wavelengths where about 5 degrees of phase shift is introduced by the
filter described above. In practice, small measurement errors are caused by
surface texture, beam curvature, imprecise calibration of the displacement
transducers, and inaccurate distance measurements. The influence of these
errors on the amplitude and phase response of the profilometer is discussed in
the following section.
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E. KEASUREMENT ERRORS

As described above, the profilometer transducers measure the average
height of the profilometer beam above the textured surface over step lengths

of SA for the ASY system and 6S for the SYM system. Although the
averaging reduces the magnitude of the texture effect, small residual errors
remain in the averaged height measurements. The size of these residual errors
depend upon the texture depth and on the number of actual displacement
measurements made by the transducers over each step length.

A simple error model for the displacement measurements is given by:

h. = h0 + t. + q(j-l).

where

h. = actual displacement measured by a transducer at the ith poinl'1

point

h0 = true displacement at ith point

t. = texture contribution at ith point1

q(j - 1) = transducer resolution error where q is a constant and j is one
of 0, 1, or 2 and is randomly selected at the ith point

Using this model, the error @-(U - U) caused by texture in theo
Calculation of the characteristic measurement of the SYM profiling system over
a step length S is given by:

S

o- ) = sF [t) (A-16)

The symbols V , 4S F, and P represent the profilometer speed (m/sec), the

SYM step length (meter) , the sampling frequency of the transducers and the
proportion of dropouts (lost displacement measurements), respectively. The
root-mean-square texture depth* is given by#-(t) . For the SYM system, F and

*_are fixed and Equation(A-16)shows that as G-(t) , V , and P increase so
also does (U - a,

0

The errors in the calculated SYM profile accumulate with each succeeding
profile point, and the effect of this cumulative error is to cause the
calculated profile to wander relative to the true profile. The variability
-(d) of the deviations between any given point n on the calculated profile

and the corresponding point on the true profile can be obtained using
*: Equations (A-3) and (A-16) and is given by:

* The root-mean-square texture depth is obtained from displacement

measurements by a single transducer of the profilometer; the root-mean-
square calculation is carried out on the profilometer's computer.

S . .

-. -' . . . . . . ... . . . .

" .x. 1



n3 2
-(d ) = 5 1j) - ) -=- -n(+ n Un(A-17)n 0 0 6

i=l

If texture depth and the operating conditions of the profilometer are assumed
to remain constant during the measurement, u-(U - U) will be constant.
Although Equation (A-17) shows the variability of the deviation at point n to

innrease as n 3/ 2 , it does not indicate the trend of the deviations along

the profile length.

If this trend is oscillatory, with a wavelength comparable to the actual

wavelengths that are being measured, then significant distortion of these

profile features could result. If, however, the trend is linear or

approximately linear over lengths comparable to the profile wavelengths of

interest, then the distortion would be considerably less.

¢p

Jb
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