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I. INTRODUCTION 

~- De s c r i p t i on £.f. t h e Pro b 1 em 

This study addresses the problem of improving the abil

ity or airport pavement engineers to plan the maintainance 

of asphalt runways and taxiways. Because of the high cost 

of closing a runway of an airport, the scheduling of mainte-

nance is very important. This problem is accentuated by the 

increasing frequency of air travel and of the weight of air

craft. Consequently, any system that will allow maintenance 

to be predicted and performed before a failure takes place 

<requiring an unscheduled closing> would be most welcome. 

At present, there exist several methods of testing 

asphalt pavements and of predicting when th~y will require 

maintenance. They are discussed in the next S~?ction, the 

"Review of Literature". They all suffer from one or more of 

the following problems; 

1. Being very time consuming Cthus expensive), 

2. Only being practical to test a very few locations on 

th;e pavement, 
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3) Requiring ~~e destruction of a piece of the pavement 

in o~der to get the necessary parameters for predic

tions. 

[. Requirements of the Solution 

The solution to the problem described above is to 

establish a fast, efficient method of predicting pavement 

performance. The method should be such that large areas of 

a pavement can be traversed and tested. The method should be 

quick and easy to implement, so that a minimum of time is 

required and normal airport operation can be resumed as fast 

as possible. It would be preferable to have a test that did 

not require rebuilding a piece of the pavement after the 

test had been run. Not only is this time consuming. but it 

creates discontinuities. These discontinuities may limit 

where this type of test can be run. It would be best if the 

test could be run day or night, so that testing could be 

done whenever a lag in traffic occurs. 

The use of actual wheel loads is preferred over simu

lated loadings. as they more accurately portray real condi

tions and the state of loading under which the pavement will 

have to perform. Full-scale loadings, using prototype air-

craft, would be the most desirable. The load vehicle used 

should be one that is available when needed, so that test-

ing may be repeated, as desired. 



.;. 

To maximize the utility of a method. the equipment 

should require little or no training to operate so that 

there will be no great expense incurred in training or hir

ing personnel. Regular maintenance crews should be able to 

run the test. 

Lastly, the cost of the system should not be prohibi-

tive. 

~ Proposed Solution 

3 

The propos~d solution is shown schematically in Figure 

I-1. Shown is a load vehicle <here represented as a truck) 

carrying the system that will analyze the pavement. The 

system consists of four laser distance measuring gages 

attached to a rigid beam which, in turn, is attached to the 

side of the load vehicle. One gage is adJacent to the load 

wheel, which is used to measure a deflection created by the 

load. As the vehicle t~averses the pavement, the gages meas-

ure the distance to the pavement at intervals specified by 

the fifth wheel. 

In the process of measuring deflections, two other 

important pavement characteristics are obtained: the unde-

fleeted profile and surface texture. The texture measure-

ment is possible because the gages have a resolution smaller 

than the asperities of the asphalt pa~eme~t. The resolution 



direction of motion 

load vehicle 

wheel 

laser gage rigid beam 

~ I ln I I 
r I I 

I ~ : 1 pavement 
~,__._L -

Figure I-1 Components of the system 

I 

~ 



5 

is enhanced by t~~ ~~ct that a large number of measurements 

can be obtained i~ the near vicinity of a point on the pave-

ment. The profile can be used in determining the roughness 

of the runway. 

The proposed system is quick, versatile, requires lit

tle mechanical contact with the pavement surface, and uses 

actual vehicular loads. It allows the operator to test the 

pavement in a global sense, and at any time of the day. The 

accompanying electronics , while very sophisticated, are 

easy to use. With some training, it is expected that regu

lar maintenance personnel could operate it. Almost any 

vehicle that the beam can be attached to can serve as a load 

vehicle--trucks, cars, airplanes, fire engines--any vehicle 

that produces a measurable deflection can be used. 

This study encompasses the building and testing of the 

system shown in Figure I-1. 
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II. REVIEW OF LITERATURE 

~- Introduction 

The evaluation or asphalt pavements is a topic of much 

interest and discussion among highway and airport engineers. 

The need to assess adequately the condition of pavements, to 

predict when repair will be necessary and to carry out those 

repairs in an economical manner is a pressing one, particu

larly as the frequency of traffic increases. 

This review of literature covers methods of asphalt 

pavement evaluation that have developed over the years. 

Particularly, objective methods are detailed, although sub-

jective methods exist and are in use. The objective methods 

can be divided into two categories - those that destroy por

tions of the pavement in the process of evaluation, and 

those that do not. Since the thrust of the research done 

for this report deals with a non-destructive technique, and 

because it is felt that non-destructi~e methods will see 

increasing use in the future, destructive techniques are 

• 
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Factors that affect pavement performance are considered 

in this review. Particularly. the effect of weather (sea-

sonal and daily> and changes in material parameters due to 

construction or pavement history are examined. 

Of the several parameters sought in pavement evalua-

tion, four are reviewed in this Section - roughness. sur-

face texture, deflections under wheel loads and modulus of 

elasticity of the subgrade. Roughness measures changes in 

t.he pavement surface ele\tation that can affect the "ridea-

bility" of the pavement. Texture is a measure of the 

pavement's ability to produce friction. Texture is fr~-

quently used to evaluate hydroplaning potential. Deflec-

tion. as used in this study. refers to the vertical dis

placement of the loaded pavement surface from its unloaded 

position. The modulus of elasticity of the subgrade relates 

the elastic stress-strain properties of the subgrade. This 

modulus is used both in design and evaluation of pavements. 

}!. Sub tective an!;f_ Ob tective Methods g_f_ Pavement Evaluation 

1. Subjective Methods 

The most common subjective measurement of pavement ser

viceability is the Present Serviceability Ratio <PSR>. This 

method described by Yoder and Witczak (1975) entails driving 

over the pavement in question and rating it on a scale of 0 



to 5 (very poor to very good). Arter a number of p~ople 

have done this, the average of their ratings is taken and 

declared to be the PSR. 

Related to the PSR is the Present Serviceability Index 

<PSI>. The PSI is a number derived rrom a regression equa-

tion relating various pavement qualities <roughness, crack-

ing, area of patching, etc.). It is used to derive results 

that agree with the PSR. Evaluation of the nature and 

extent of the parameters of the equation is partially sub

Jective, making this method something less than exact. 

Nevertheless, both the PSI and PSR play useful roles in 

current pavement evaluation <Yoder and Witczak (1975>}. 

The PSI and PSR methods, being global. have the disad-

vantage of not being able to pinpoint problem areas. This 

makes repair more difficult. Another disadvantage of the 

8 

methods is the fact the that they reflect variability due to 

human Judgment. 

No subJective methods were found for evaluating the 

subgrade, texture or deflection were found. 

2. Objective Methods 

!!· Introduction. Most objective methods have been developed 

by highway engineers to obtain measures of the strength of 

the pavement <as a indicator of its remaining life>. the 
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rideability and/o~ the skid resistance. These methods usu-

ally involve a mechanical or electrical device that make 

contact with the pavement and make measurements that reflect 

the desired quantity. Moreover, many o~ these devices 

require that the apparatus be stationary with respect to the 

pavement at the time of measurement, and thus yield data at 

only one location per set-up of the apparatus. 

Deflection, texture, roughness and subgrade modulus are 

discussed on the basis of whether the particular test is 

destructive or non-destructive, contact or non-contact. 

Whether or not the test is continuous or discrete ~allows 

from the description o~ the device. 

~ Destructive Tests - Contact and Non-contact. Destructive 

tests o~ asphalt pavements have been practiced for some 

time. One oF the most popular is the California Bearing 

Ratio (CBR>. This test entails pushing a standard cylinder 

into the base <or subbase or subgrade oF a pavement> at a 

prescribed rate and measuring the resistance required to 

accomplish this task. This resistance is then correlated 

with laboratory tests or field performance data <Baker 

(1975); Bowles <1970)}. The results of the CBR test have 

been correlated with the modulus of elasticity of the 

subgrade by the following equation {Asphalt Institute 

<1973); Yoder and Witczak <1975)} -



10 

E = 1500 CBR 

where E = modulus of elasticity (psi> 

CBR = California Bearing Ratio 

Yodel' and Witczalc. however, note that "extreme caution 

should be exercised ... when using this relation". 

The modulus of elasticity of the subgrade can also be 

determined from the laboratoT'y testing of a sample. The 

Asphalt Institute (1978) describes how to determine the 

"resilient modulus", which is defined as 

AM 

wheT'e 

RM = T'esilient modulus 

= deviator stress in tria:.:dal cell 

ev = vertical strain OT sample 

Others have described slightly more SJbJective ways to 

determine the modulus. The Asphalt Instit~te <1973) relates 

the FAA Soil Classification to the modulus, T'anging from an 

FlO soil with a 5500 psi modulus to an Fa sail with 31,000 

psi modulus. Kezdi (1975> gives approximate T'anges of the 

modulus for different soils and conditions. His values 
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range from 50-400 psi for very soft clays to 14,000-28,000 

psi for dense sand and gravel. 

The plate bearing test is another common destructive 

test used to evaluate the soil beneath a pavement. It con-

sists of digging a pit large enough to accommodate the plate 

and loading the plate while measuring the corresponding set-

tlement. Usually .the test is run to determine the modulus 

of subgrade reaction, which is used in the analysis of the 

~avement s y stern. The general procedure is described by 

Yoder and Witczak <1975). McLeod (1957) used the plate load 

test to determine a relation between deflection and settle-

ment. 

The modulus of subgrade reaction is defined as 

where 

k = z. 
.$ 

k = modulus of subgrade reaction 

a = stress on subQrade 

8 = deFlection oF plate 

Often this t~st is run before the pavement is constructed so 

th3t the praper thic~nesses af base. 
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subbases and surface courses can be computed. 

Vesic and Saxena (1970> studied rigid pavements and the 

effect. of subgrade reaction on the AASHO Road Test pave-

ments. They found that it was very difficult to find a sin-

gle value of the modulus that would predict deflection. 

shear stresses, moments and contact pressures at the same 

time. They noted ~hat the mcdulus was a function of how the 

test was run and the size of the plate used. For shallow 

depth subgrades (i.e. those with bedrock near the surface), 

they were able to get a single value that satisfied all the 

statical parameters (deflection, moments, etc.>. 

Terzaghi. in 1955, also noted that the modulus of 

subgrade reaction varied with the width of the plate <or 

footing) resting on the soil. He proposed the following 

corrections for the modulus of subgrade reaction -

on clay 

and on sand 

M" 
":1 

,..,(P.''+l)'"'" 
= 1'1 2B'' 

M = modulus oF subgrade reaction 

cr = stre~s on subgr3de caused by a beam oF width P. 
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I; = def"lecti-::tn of· subgrade caused by a beam of" 

width I3 

B = width or beam on sub grade 

B' = width or beam to be used in design 

B I, = width or beam LISed in design 

M' = adJusted modulus or subgrade reaction 

M'' =known modulus of subgrade reaction for one 

foot wide rooting 

The above methods were developed primarily for highway 

u s e. W h i l e t h e y are c o mm on t e s t s r or d e s i g n 1 t h e y are no t 

common tests for pavement evaluation because they are expen-

sive. time consuming and interfere with traffic. Other. 

more conventional, methods of testing the soil below the 

pavement exist <these belong to the province or soil mechan-

ics: the interested reader is referred to Terzaghi and Peck 

(1967)). Most conventional methods or soil testing re~uire 

a sample and thus are destructive. 

As far as could be determined 1 there are no destruc-

tive non-contact methods of pavement evaluation. Thus, this 

review proceeds to examine non-d~structive contact and non-

contact meth.ods of deflection. roughness. texture and 

subgrade modulus measurements. FAA WJH Technical Center 

llllllllllllllllllllllmlmlllllllll~llllllll 
00092904 



14 

~- Non-destructive T~sts - Contact ~ Non-contact. 

1. Deflection. The deflection of the surface of a pave-

ment under load is probably the most obvious and frequent 

non- destructive method ~f evaluating the adequacy o~ a 

pavement. Many researchers use deflections to aid in the 

calculation of remaining life in a pavement. Conseq,uently, 

many different apparatuses have been developed to measure 

pavement deflections. 

Probably the most widely used (and widely acclaimed) 

device is the Benkelman beam {Yoder and Witczak (1975)}. 

This device, which sits on the ground, is a long simple 

lever with a dial gage placed at one end. The long side of 

the lever is usually placed between the dual tires of a 

parked highway truck. As the truck moves away, the rebound 

of the pavement is measured by the movement of the beam. 

The number of studies using the beam are too numerous to 

1 i st. Rather, the reader is r~ferred to the following 

representative studies- Nichols <1963), Kondner and Krizek 

(1966), Scrivner and Michalak <1969), 

and t·loore, Hanson and Hall (1978). 

B e c a, e t a 1 . < 1 97 4 > , 

The advantages of the Benkelman device <which probably 

account for its popularity> are its ease of use, simplicity 

of construction and its durability. The disadvantages are 

the length of time it takes to set up, the fact that only 

one deflection measurement 1s made at each site, deflection 
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beneath the tire cannot b~ measured, and that the re~ound of 

the pavement is measured instead of the deflection caused by 

a moving wheel load. This last qualification is important 

because the rebound is often less than the deflection <at 

least for short measurement times) since the pavement 

requires time to return to its original position {see Led

better (1976), p92; Harr and Ng-A-Gui (1977), p78i Boyer 

(1972), p136}. 

The problem of making only one measurement per set-up 

has been somewhat circumvented by the LaCroix Deflectograph 

{(i3eca. et al. (1974)}. This device, in essence, is a 

truck-mounted series of Benkelman·beams. As the truck moves 

for~ard, one beam measures the deflection of a wheel while 

another beam is positioned in front of it. After the first 

beam has made its measurement, it is picked up and moved in 

front of the other beam and makes another measurement, and 

so on. This permits a series of points to be measured. The 

State of Californi? has developed a similar device called 

the traveling deflectograph {Beca, et al. (1974); Yoder and 

Witczak (1975); Moo·re, Hanson a':'"1d Hall (1978); and Zube 

( 1966)}. This device travels very slowly <about 1/2 mph) 

and can make measurements at about twenty foot intervals. 

Another very popular method of making deflection meas-

urements uses steady-state vibrators. These devices all 

operate on the same basic principle: a plate is placed on 

the pavement surface and is ~=cited vertically with an 
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eccentric weight vibrator or by high capacity 

hydraulic means. Measurements of the surface 

waves produced are then made by transducers placed on the 

plate/pavement. Several vibrators are available commer

cially, notably, the Dynaflect, Shell Vibrator and the Road 

Rater {(Beca, et at'. <1?74); Yoder and Witczak (1975); 

Baker <1975); Public War·~ <1973)}. Variables that affect 

the parameters obtained from vibrators are the static weight 

of the vibrator, the freq_uency of vibration, the diameter of 

the plate and the load induced during vibration {(Green and 

Ha 11 ( 1975) } . The size of the vibrators range from portable 

models to the trailer mounted 16-kip Waterways Experiment 

Station model. 

The parameter most commonly determined by vibrators is 

the elastic modulus of the subsurface soils This is done 

by relating the wavelength produced by the vibrator to the 

velocity of wave propagation. This is then related to the 

e 1 as tic mod u 1 us. Comparisons of laboratory and field values 

show that it is difficult to get agreement between the two 

{(Moore, Hanson and Hall <1978)}. 

Anderson <1976> reports that the State of Utah used the 

Dynaflect as part of a regular pavement evaluation program. 

Peterson and Shepherd (1972) used the deflection basin 

caused by a Dynaflect to determine parameters that indicated 

which layer beneath the pavement is a~ fault when excessive 

deflections are found. He also notes that Dynaflect deflec-

tions cannot be related to Benkelman beam measurements. 
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Po~hl and Scrivner <1971) used the Dynaflect to measure 

changes in deflections with the seasons. This topic is 

covered in a later part of this review. Lastly, Yang 

(1977) uses a vibrator that varies the force and fre~uency 

applied to the pavement with their frequency sweep vibrator 

<Engineering News Record <1978>; Yang <1977)} . 

Advantages of the vibrators are that they are <gen

erally) easily transported, and are relatively quick to use. 

They re~uire somewhat more skill than does the Benkelman 

beam, and they are considerably more expensive. Because the 

vibrators do not simulate the actual pavement loading condi

tion that the pavement experiences during it~ life, the 

interpretation of the test results is more complicated than, 

say, a static deflection measurement. Furthermore, the 

deflection basin created by a vibrator is not the same as 

that created by an actual wheel load {(Kennedy (1978)}. The 

difference in shape and magnitude of the vibrator deflection 

basin adds to the confusion surrounding the interpretation 

of results from this test. The vibrators. also have the 

disadvantage of measuring only one point on the pavement per 

set-up <i.e., it's not a continuous measurement>. Conse-

quently, interference with traffic is often unavoidable. 

It is interesting to ~ate that Ved-os and Barker <1977) 

used both ~he Benkelman bea~ and a vibra~cr <t~e Road Rater) 

on two similar s~ctions of 



pavement in Kentucky, but were unable to determine why one 

section failed and the other did not. 
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Another wave propagation technique is the impulse test 

{Beca, et al. (1974); Moore, Hanson and Hall <1978)}. This 

method entails the dropping of a weight onto the pavement 

and measuring the deflections produced. Measurements are 

made with velocity or displacement transducers. The pro

perty sought is generally the. modulus of the subsoils. 

Bohn, et al. (1972> describe testing with the French Fal-

ling Weight Deflectometer. They report finding a good 

correlation between Palling weight deflections and moving 

wheel deflections. C 1 as s en , V a 1 k e r i n g and D i m i r s c h ( 1 97 6 > 

report good results with their falling weight device. Their 

elastic parameters and layer thicknesses agree closely with 

core samples. The impulse test has about the same advan-

tages and disadvantages as the steady-state vibrator. 

Measures of permanent deflection are also used to 

evaluate highway pavements. Particularly, the depth of the 

ruts made by the tires is used as a measure of the pavement 

condition. The procedure is to lay a straight-edge across 

the rut and measure the distance from the straight-edge to 

the deepest part of the rut. This device is sometimes 

called a curvature meter <Moore, Hanson and Hall (1978)}. 

The value o~ this measure is somewhat questionable, although 

it is a good measure of the serviceability {(Kondner and 

K r i z e ( < 1966)}. Huang <1971) measured the curvature with a 
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straight-edge twice the radius of the tire print. 

this value to derive a curvature equation. 

He used 

Displacement transducers have been used to measure 

19 

deflection under and near actual wheel loads. Moore, Hanson 

and Hall <1978> discuss the General Electric Travel Gage, a 

device embedded in the pavement, anchored at depth, that 

measured how the surface moved. It was introduced in 1938 

but was never used widely. More recently, Boyer and Harr 

<1972> embedded transducers in airport pavements in order to 

measure the surface deflection under pr near moving wheel 

loads. Highter and Harr (1975) also used transducers in 

airport pavements to measure deflections and the shape of 

the deflection basin. They attached the transducers to rods 

anchored 17. 5 feet below the pavement in order to remove the 

influence of the wheel loads. Baladi and Harr (1978> used 

transducers on a rigid beam to measure the deflection basin 

near wheel loads. This device had the advantage of being 

able to .measure the deflection basin at many locations 

because the beam was easily transported. Ledbetter {1976> 

used displacement transducers in airport pavements to meas

ure the responses to maneuvering. 

In-place transducers have the advantage of being able 

to measure deFlections beneath a wheel - something none of 

the other devic2s can do. However, they are time consuming 

to install and cannot be moved easily once installed. Port-

a~le beams with transducers on them can make measurements at 
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difrerent locations but cannot measure beneath the wheel. 

There exist a few methods of measuring deflections with 

non-contact devices. All involve reflected light. 

Baker (1957> measured deflections by taking pictures of 

the pavement before and during loading. An accuracy of 

0.0005 inches was achieved. This method, although accurate, 

is slow and, in the near future, will probably be reserved 

for research purposes. 

Still and Winnett (1975) used lasers and charged cou

pled devices <similar in operation to a row of photocells) 

to measure deflection of pavements. The operation of the 

device was similar to that used by Harr and Ng-A-Qui 

described below. 

Harr and Ng-A-Qui <1977) developed a non-contact device 

using light emitting diodes and a linear photocell. The 

light from the diode shined on the pavement and reflected up 

onto the photocell. As the position of the pavement changed 

<under load), the position of the light spot on the photo-

cell changed, providing a measure of deflection. A series 

of these gages was mounted on a rigid portable beam and was 

used to measure deflections adjacent to moving wheel loads. 

The advantage of these methods lies in the fact that 

they do not affect the pavement when making the 
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measurements. Transducers on a portable beam afford a high 

degree of flexibility. but do not permit measurements to be 

made beneath the wheel. Photographic methods also suffer 

this limitation. Moreover, present photographic methods do 

not allow continuous measurements. 

2. Texture. The surface texture of pavements is of 

interest to the engineer who desires to evaluate the skid 

resistance or hydroplaning potential of a pavement. 

Surface texture of asphalt pavements is most commonly 

measured by contact methods. Rose. Hutchinson and Galloway 

(1973> provide an interesting review of methods that have 

been used. They cite the following methods -

1> The "patch" method -Rub a given quantity of 

some substance onto the surface of the road 

until the substance forms an approximately cir

cular area whose surface is at the height of the 

projections OT the asphalt aggregate. The diam-

eter of the circle is a measure of texture 

(large diamEter implies smooth texture). 

Materials used include sand, grease and silicone 

putty. 

2) The direct measurement method - This consists of 
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drawing a feeler needle across the surface and 

watching its variation in height. Large varia-

tion in needle height implies rough texture {see 

also Moore <1966), and Goodman (1970)}. 

3) Miscellaneous methods -

a) Lay a piece of metal foil on th~ pavement. 

strike it with a standard rubber mallet and 

count the number of holes made in the foil. 

This method has the advantage of finding the 

sharp points. which are not distinguished by 

the previous methods. 

b) Make a plaste~ cast of the surface. smear 

it with paint and measure the percent of 

area that took paint. 

Moore (1966) developed an indirect method for measuring 

pavement texture. His device. called an outflow meter, 

works thusly: a Lucite cylinder with a circular rubber 

gasket around the bottom is pressed down on the pavement and 

the cylinder is filled with water. The time re~uired for 

the water to flow out of the cylinder is a measure of the 

pavement texture. Rough pavements will let the water flow 

out ~uickly. while smootn ones take longer because a better 

seal is made between the gasket and the pavement. 



There are some non-contact methods of evaluating the 

texture of a pavement. Except for one {(Cooper <1974)}, 

they are strictly research devices. Basically. all depend 

on the principle of shining light on the pavement and 

measuring the variation in its reflection. 
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Rose. Hutchinson and Galloway <1973) note that stereo-

photographs are sometimes used to measure texture. Keeping 

a microscope focused on a sample as it moves slowly past the 

lens is another method. The movement of the lens' barrel up 

and down is recorded. providing a measure of texture. 

Goodman <1970) used a vertical light shining on the 

pavement to obtain his measure of texture. He measured the 

amount of light scattered to both sides of the source to 

determine the "mean void width". He also measured the image 

cast by light reflecting off the pavement to get a measure 

of the drainage depth. The measurements correlated well 

with those made by a mechanical stylus. although the accu-

racy was not given. His attempt to mount the device on a 

moving trailer was met with limited success. 

Gee. King and Hegmon <1974) described a preliminary 

study they did using lasers to measure texture~ They meas-

ured the change of the dimensions of an ellipse produced on 

a pavement by a laser as a measure of the texture. 

Gee <1978) used pol3rized light to measure texture. The 

degree to which the light was depolariz9d after reflection 
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was his measure of the texture. This system was mounted on 

a vehicle and driven over test roads to gather data. 

Cooper <1974> used lasers and charged coupled devices 

<CCDs> to measure texture. He shined the light on the pave-

ment so that it reflected onto the CCD. The texture was 

determined by noting the changes in position of the light on 

the CCD. 

3. Roughness. Pavement roughness is of interest to 

engineers concerned with the users comfort and safety. 

Rough pavements make vehicle control difficult and the ride 

uncomfortable. At present there are two basic methods of 

measuring roughness- <1> quantifying the change in the 

pavement profile (either locally or globally) and, <2> 

measuring vehicle accelerations caused by the changes in 

profile. OF the two, the former is more common. 

Yoder and Witczak <1975) provide a review of some com-

manly used contact profilometers. The straight-edge profi-

lometer is the most common. It measures the distance to the 

pavement from a straight-edge supported on both ends by 

wheels. The accuracy of this device is limited by the 

wheelbase to the measurement of irregularities shorter than 

the wheelbase. The "slope profilometer" is an improvement 

on the common straight-edge in that it measures differences 

in surface slope frc~ a fixed horizontal datum. Its accu-

racy is still limited by its wheelbase. The CHLOE 

J 
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profilometer is similar to the slope profilometer except 

that it lacks the horizontal reference device. The GMR pro-

filometer uses a truck for the straight-edge. An extra 

wheel is attached under the center of the truck and its 

movements, monitored by accelerometers and potentiometers, 

measure the roughness. This is a high speed device, the 

advantage of which is obvious. 

The roughometer varies in concept from the straight-

edge devices. 

trailer frame. 

It uses a tracking wheel mounted in a heavy 

Presumably, the inertia of the frame pro-

vides the measuring device tuith a datum against which varia-

tions in profile are determined. 

high speed device. 

This is also a relatively 

The roadmeter {(Yoder et al. (1973)} is different from 

either of the above described devices. It uses a cable 

attached to the rear axle of a car to pull on a sliding 

electrical contact. The contact, counterbalanced by 

springs, moves in proportion to the amount of relative dis-

placement between the axle and the car body. The statistic 

derived is a function of the weighted sums of displacements 

<broken into 1/8 in. intervals). That is, 

roadmeter statistic= <1A + 4B + 9C + 16D + .... )/64 

where A = no. of car-axle deviations equal to 1/8 in. 

B = no. of car-axle deviations equal to 2/8 in. 
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C =no. of car-axle deviations equal to 3/8 in. 

etc. 

Another contact method, providing roughness measure

ments, follows from a physical survey of a pavement. This 

method, though slow. is accurate and is the method that most 

other methods are checked against. It provides accurate 

locations of trouble spots and data that are easy to evalu

ate. 

Houbolt (1961) suggests the use of vertical vehicle 

acceleration as a measure of roughness. The greater the 

accelerations. the more the passenger discomfort will be. 

He recommended 0.3 gas the maximum allowable acceleration. 

Hall and Kapelson <1962), in a similar study, recommend 0. 5g 

as their maximum. This method, while sound conceptually. 

fails to pinpoint the location of rough spots. Moreover, 

since the accelerations airplanes experience depend on the 

history of accelerations during a take-off or landing, it is 

difficult to evaluate any particular section of a runway. 

The Highway Research Board's Special Report No. 95 

(1968) describes the philosophy and mechanics of contact 

roughness measurement and evaluation. Besides contact 

methods of measuring pavement roughness, there are also 

non-contact methods. 
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Dickerson and Mace (1976) describe a device they made 

that uses lasers to measure distance to the pavement. By 

arranging three of these on a rigid beam towed behind a car, 

they were able to measure the profile of the pavement over 

long distances. Their device had the advantage of being 

able to measure the profile with respect to a datum, making 

absolute vari~tions of the surface measurable. 

Joyce <1975) used an acoustic device to measure the 

profile of the pavement. He measured the change in 

wavelength of a signal bounced off the pavement from a mov-

ing vehicle. This provided a measure of the distance from a 

point on the vehicle to the pavement surface. 

Both methods have the advantage of being fast and con

tinuous. The data they provide permit the location of trou

ble spots. They suffer the disadvantages of being expensive 

and complicated. 

4. Modulus of Elasticity of the Subgrade. In Part 1 of 

this subsection, where deflections were discussed, it was 

mentioned that these deflections could be used to evaluate 

the modulus of elasticity of the subgrade. This has been 

done using vibrators, such as the Shell and Road Rater 

models. Gunny and Fry (1973) gave a brief description of 

how the vibrator methodology works. 



When the vibrator is placed on the pavement, it sends 

waves out along the surface. The velocity of these waves 

can be obtained from 

v = f" ).. 

where v = velocity 

f = frequency of vibration 

).. = •.1.1aveo 1 eongt h 
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V = Poissons~ ratio 

E = modulus of subgrade reaction 

Cunny and Fry note that the properties thus derived 

apply best to soils at depths oF 2" 

Weiss (1977>, working with the Waterways Experiment 

Station vibrator. proposed two methods of determining the 

modulus. The first, called the "dynamic frequency response 

spectrum method", models the soil with a mass, spring and 

dashpot. By using the amplitudes of the waves produced by 

the vibrator, the properties of the model are determined. 

It is an iterative process. Once obtained, these properties 

are used in the Chevron layered elastic computer program to 

calculate the modulus. The moduli of the pavement and base 

courses also must be known before the Chevron program can be 

run. The results of this method do not compare well with 

the E = 1500 CBR equation. The derived moduli are con-

sistently larger. 

The second method Weiss proposed is the dynamic load-

deflection curve method. Briefly. this method entails using 

a non-linear dynamic response theory that predicts surface 

deflections given a subgrade modulus and pavement moduli. 

When the measured surface deflections agree with the 

predicted ones, the correct modulus has been chosen. 
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The results of this method generally agree with the E = 1500 

CBR formula. 

Weiss noted that the subgrade modulus is a function of 

the confining pressure of the soil <and hence. the overbur

den pressure>. Consequently. he went to some length to 

remove the effect of the weight of the vibrator. Wiseman 

(1973) noted this same effect when comparing the coeffi

cients of subgrade reaction gained from tests using the 

Benkelman beam and the Road Rater. The Road Rater produced 

consistently higher values of the coefficient. which Wiseman 

attributed to the added confining pressure on the subgrade. 

He had some success using the Hertz theory of predicting the 

coefficients of the surface course and the underlying soils. 

Witczak <1980) ran vibratory tests on frozen and thaw

ing soils. He noted that the subgrade modulus is heavily 

dependent on the temperature of the subgrade. However. he 

found that the subgrade modulus did not have much effect on 

the maximum deflection measured by a vibrator. 

Vaswani <1971> used surface deflections measured by a 

Dyna~lect to predict the modulus of subgrade reaction. He 

measured the maximum deflection and the deflection profile 

in front of the maximum deflection, and then used these to 

compute the "spreadability" - an average deflection of 

sorts. From his study, he drew up graphs that could be used 

to approximate the modulus. 
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All of the methods reviewed re~uire contact with the 

pavement in order to ascertain the desired property. No 

non-contact methods were reported. 

~· Variables Affecting Pavement Performance 

This section is intended to examine the variables that 

affect the measurements described in the last section. The 

list of possible factors is a long one and is as varied as 

the human imagination that produces them. Consequently. to 

be expedient. this review will attempt to cover only the 

more obvious factors. 

Probably the most obvious factor affecting pavement 

performance is the asphalt concrete itself. Thicker pave-

ments deflect less under a given load than do thinner pave-

ments {(Highter and Harr (1975)}. One would expect that 

less deflection would mean a longer life for the pavement. 

If all other variables were held constant, this would prob-

ably be the case {(Nichols <1963)}. 

Temperature is an important factor in determining when 

asphalt will show distress under loading. Traxler and Lay-

man (1975) report that the glass transition temperature for 

s~me asphalts is no~ F. This is tho:-
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temperature at which asphalt becomes a brittle material. 

Kandahl and Wenger <1975> found that the temperature at 

which asphalt pavement was placed affected its performance. 

They also noted that high viscosity asphalt pavements 

(mixed at low temperatures> retained entrained air longer 

than low viscosity asphalt pavements, since they were 

compacted more slowly. 

Kondner and Krizek (1966> noted that increased tempera-

ture leads to increased flexibility of the pavement. 

Southgate and Deen <1969) also noted that the deflection of 

an asphalt pavement increases with temperature. They dev-

ised a method to adJust the de!flection to a standard tern-

perature by noting that the relationship between deflection 

and the logarithm of temperature was linear. They then 

scaled the measured deflection by a derived adJustment fac-

tor to get the corrected deflection. 

Lister (1972) tested asphalt pavements at different 

temperatures and found a linear variation of deflection for 

0 0 temperatures between 10 C and 30 c~ although the rate o¥ 

change varied with pavement type <Figure II-1>. 

Peterson and Shepherd (1972), in their study with a 

Dynaflect, were unable to find any correlation between tem-

perature and deflection. They do. however. provide a good 

review of the temperature corrections proposed by other 

organizations. They are listed below -
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Figure II-I Deflection vs. temperature (after 

Lister ( 1972)). 
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1) Canadian Good Roads Association- they general-

ized. saying that th~ change in deflection was 

0 0.0002 inches for every 10 F~ 

2> District of Northern Vancouver - uses a linear 

relation between deflection and temperature, 
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3) 0:1 
AASHO - above 80 F - no effect of temperature on 

deflection ; below 80° F curvilinear effect OT 

temperature on deflection, 

4) Transport and Road Research Laboratory - above 86° 

F - a decrease is noted above this temperature. -

belOIJ.I F - deflection increases approximately 

5) Colorado - linear relation between temperature and 

deflection, but different at every site. 

The U.S. Army Corps of Engineers <1975> conducted a 

study using their 16-kip vibrator on asphalt pavements. By 

testing at different temperatures on different thicknesses 

o~ pavements, they were able to establish the correlation 

shown in their Figure 1 <p75). While they felt this was 

good for their particular site, they expressed reservations 

about using it at other sites. 
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Dorman and Metcalf <1965) studied the effect o~ tern-

perature on the modulus or the pavement system. They found 

that the modulus decreased with increasing temperature. 

Meyer and Kummer (1969) noted the effect of temperature 

on the skid resistance of pavements. They broke skid resis-

tance into two components - adhesion and hysteresis. The 

adhesion component may increase or decrease with tempera

ture, while the hysteresis component only decreases with 

t~mperature increases. 

Several investigators have found that the season of the 

year influences pavement properties. Using deflection as a 

criterion. Kondner and Krizek <1966) found a sinusoidal 

variation with time. Poehl and Scrivner <1971> also found 

that deflections varied sinusoidally during the year. with 

the largest deflections occurring in the springtime. They 

also noted, as did Peterson and Shepherd <1972), that rain-

fall increases deflections. Yoder (1962> reported that, 

among the many factors affecting deflection. climate and 

temperature are important. 

The magnitude of the load applied to a pavement is an 

important factor to consider. This is why highway depart-

m~nts specify load limits, usually 18 kips per axle (static 

load). Whittemo~e (1969> conduct~d an interesting study on 

the dynamic load of tires on pav~ments. Using accelerome-

ters mounted on the axle of a truck, he measured the force 
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applied by the tires to the pavement as the truck moved down 

the road. He found there was a large variation in the force 

-up to 5000 pounds. Compared to the design load of 18,000 

poL•nds: this is a large variation! 

The last factor to be considered is site dependency. 

This variable takes into account all the variables that can

not be measured or accounted for directly; particularly, 

weather history. fluctuations of the groundwater table. con

struction control (e. g. variation in the materials used, 

mode of placement, method and degree of compaction. initial 

water content of the subsoils, locked-in stresses in the 

pavement and subsoils), animal activity and history of load

ing. These variables. most of which are difficult to or are 

impossible to quantify, are very likely to be influential in 

determining whether a pavement fails or not. 

Kondner and Krizek <1966) acknowledged th~ importance 

of site dependency. After an exhaustive study of the AASHO 

Road Test data, in which correlations between PSI and other 

fa c t or s we r e d e r i v e d , t h e y c on c 1 u d e d t h a t d e r i v e d r' e 1 at i on

ships are good only at the site where the data were gath

ered. Extrapolation to other sites would not be likely to be 

va 1 i d. 

Yoder <1962) showed that the amount of deflection under 

a given load varies with the lateral placement of the load 

on the pavement. Peterson and Shepherd <1972) noted that 
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Colorado's deflection criteria are different at every site. 

Poehl and Scrivner (1971> presented a very good example 

of site dependency in their study of pavements in Texas. 

They used a Dynaflect to monitor 1000 foot sections of road 

in five areas of Texas. Their conclusions were -

1> the odds are 2:1 that the annual mean deflection 

at the ends of the 1000 foot strip are very dif-

ferent, 

2) the odds are 2: 1 that the annual mean change in 

deflection at the ends of the 1000 foot strip are 

also very different, 

3) in a mile of "uniform" pavement, the odds are high 

that the deflection measured at different points 

on the same day will vary more than the deflection 

measured at any one point during a year, and 

4) within a 1000 foot strip, the annual percentage 

change in deflection varied significantly. 

Finally, they stated that while the Dynaflect does not meas-

ure the same deflection as a static or moving wheel load. it 
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does provide a means of comparing pavements. 

Vedros and Barker <1977> presented the results of their 

study done in Kentucky. They compared two sections of pave

ment within 51 feet or each other. One had cracked and the 

other had not. Extensive field and laboratory tests were 

made to determine the cause. Moisture. CBR, density, cyclic 

plate tests, deflections. vibratory measurements, and sur-

face profiles were all checked. Gradation. resilient 

modulus, creep behavior and rutting susceptibility were also 

determined. They concluded 

"Data analysis indicates that there were no apparent 

differences between test pits to explain why the pave

ment would be cracked at one test pit but not at the 

other. " 

They did find, however, that the resilient deformation of 

the pavement could be predicted by a finite element computer 

program. 
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Q.. Interpr@tation o; Data Obtained rrom Non-Destructive 

Tests 

1. Texture 

Quantitative measures o~ texture are usually given in 

terms of' skid numbers <SN), rather than absolute measures of 

the texture. Kummer and Meyer <1967> provide a comprehen

sive review of skid number determination, detailing the 

several' devices in use and giving correlations between them. 

Their recommended skid number, 37, as determined by the ASTM 

E-274 test. falls in the range of values in use in the 

United States. In the same paper, a correlation (with skid 

numbers) is given for the aluminum foil texture test men

tioned in t~e previous section. They noted that about 10 

holes per square inch are required to gain suf;icient skid 

resistance for medium speed roads. 

McCullough and Hankins (1966) studied pavements in 

Texas with a skid trailer. They recommended that two skid 

numbers (coefficients of rriction) be specified, each meas-

ur~d at a particular speed. For 20 mph and 50 mph. they 

recommended 0.31 and 0.24, respectively, as minimum values. 

Pavements that fall below these should be repaired. 

Beaton \1971} examined the texture of concrete pave

ments. He noted that. of the several methods available for 

"textL•ring" fresh c·:ncrete, the California Highway 
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Department prefers the broom method. However. no quantita-

tive evaluation was given. Grooving of concrete 

pavements. implemented to increase drainage and road tire 

friction, is done in California by 1/8 in. slots on 3/4 in. 

centers parallel to traffic flow. 

Rose and Galloway <1977> studied the effect of depth of 

water on skid resistance. After testing various combina-

t i on s o f s p e e d , t i r e s , t i r e p r e s s u r e s , p ave men t s an d wa t e r 

depths, they recommended that the macrotexture of the pave-

ment be greater than 0. 04 in. for high speed roads. Moore (1969) 

suggested that the microtexture of the pavement should be in 

the range 0. 0004 in. to 0. 004 in. to insure adequate skid 

resistance. He noted (in 1969) that there were not any 

methods to evaluate this. 

2. Roughness 

The measurement of pavement roughness, as was discussed 

in sec t i on I I , B, 2, c , 2, t a k e s rna n y forms. The data 

obtained from the different devices have their own criteria 

of acceptability. Because changes in PSI reflect changes in 

roughness. it is only natural that developed devices should 

try to correlate with it. Baker <1975) affirmed that this 

is the case. He noted that regression equations relating 

the measured variables are used by highway departments to 

d~rive the PSI. Because the requirements of each department 
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and the peculia~ities of thei~ measu~ing techni~ues va~y. 

each depa~tment de~ives its own equation. The Roughomete~ 

and the ~oadmete~ are commonly used with regression equa-

tions. Roughometer values of 90 in. /mile fo~ rigid pave-

ment and 75 in. /mile for flexible pavements are sometimes 

used as construction c~ite~ia. The CHLOE p~ofilometer's 

output, slope variance, is also used in a regression 

analysis to de~ive the PSI. 

The GRM p~ofilomete~. described in Highway Resea~ch 

Board Special Repo~t No. 95 (1968) gives the pavement p~o-

file, but not a measure of user acceptability. That must be 

determined subJectively by the persons conducting the study. 

The non-contact methods of pavement profile measurement all 

require a subJective correlation with user acceptability. 

Neither Joyce (1975) nor Dickerson and Mace (1976> suggested 

any criteria for the acceptabilit~ of pavement roughness. 

Houbolt (1961) suggested that a vertical change in pro-

file of more than 0. 08 ft per 250 ft is too rough for ai~-

planes. 

used 

When using a straight-edge to.measure roughness, he 

8 < 
!. 
2 

L 
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where 

8 = deviat ior • .Pr-o:,.T• s+.r.:tight-edge (ft.) 

L = length of straight-edge (ft> 

Lastly, he proposed that acceleration experienced by an air-

plane can be used as a criterion. He suggested that an 

upper limit of 0.3 g be used. Hall and Kapelson (1962) used 

0. 5 g. They also noted that, although a particular bump may 

not cause the maximum acceleration, it may do so when run 

across in conJunction with previous bumps, since the air

plane continues to vibrate after the bump has been passed. 

Eremin < 1962>, in a discussion of Houbolt, noted that 0. 3 g 

is less than the design acceleration used in airport pave-

ment construction. 

Sonnenberg C1978) used a statistical analysis of air

port profiles, filtering out the long wavelengths. to get 

the standard deviation of the profile. Although he found a 

range of standard deviations of 3 to 13 mm for the 13 air

ports examined, he failed to declare what would be con

sidered acceptable. 

Walker and Hudson (1978) related roadmeter readings to 

a serviceability index thus: 

SI = 5 ~ 
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where 

sr = serviceability index 

M = roadmeter roughness reading (in. /mile> 

B = roadmeter instrument coefficient <calibration 

factor for test vehicle> 

Dann and Schultz (1978) in their study OT Wisconsin 

roads with a roadmeter, developed the relationship between 

roadmeter readings and PSI shown in Figure II-2 . Chong and 

Phang <1978> carried their roadmeter study further, relating 

the roadmeter, prorilometer, and roughometer to either the 

PSI or the PPR <Present Performance Rating used by the Cana-

dian Good Roads Association). 

3. Deflection 

Finding an absolute measurement that will predict when 

a pavement will fail is difficult. Deflection studies, 

nevertheless, are often employed to this end. This section 

reviews some of the criteria put forth in the literature 

that attempt to define when a pavement will fail. 

Highter and Harr (1975> studied distress in airport 

pavements. By noting the number or airplanes that used a 

runway, the maximum deflection caused by each and the condi-

tion of the pavement, they were able to relate the sum of 
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the deflections the pavement experienced to the PSI. Their 

hypothesis - that the condition of the pavement could be 

related to the cumulative peak deflections - was shown to be 

valid. Typical results are shown in Figure II-3. The three 

curves represent various combinations of thicknesses of sur-

face courses. bases and subbases. 

Huang <1971) proposed that the magnitude of the strain 

be used as the criterion to determine when asphalt pavements 

will crack. By measuring the maximum curvature and the 

deflection caused by a wheel load, he developed a method to 

calculate the strain. From laboratory investigations, he 

determined the allowable strain. By comparing the two. it 

can be seen if the pavement will crack. He noted that the 

time of year that the measurements are made also affects the 

results. To predict rutting, the measurements should be 

made in the summer. To predict cracking, winter measurements 

should be used. 

Lister (1972) found that 

E:r· it;:, in. 

•.JJher·.::· 

1 if".:- (( - 1 
"=' d-· 

d = def"lection o~ pavement. 

Sampl0 r~~u!ts are shown in F1gure II-4. 
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Pete~son an~ Shepherd ~1972> used a Dynaflect to deter-

mine which laye~ beneath a pavement needed repair. They 

defined th~ee parameters the Dynaflect Maximum Deflection 

<DMD), the Surface Curvature Index <SCI> and the Base Curva-

ture Index <BCI>. The DMD is the maximum deflection meas-

ured by the transducer nearest the vibrating wheels <the 

first sensor). The SCI is the difference between the 

deflections measured by first and second sensors, and the 

BCI is the difference between the fourth and fifth sensor 

deflection. The SCI, a measure of curvature, is used to 

define the strength of the surFace layers. 

to define the strength of the lower layers. 

The BCI is used 

Some examples 

of how the BCI and SCI are interpreted are shown in Figu~e 

II-5. Figure II-6 shows how they evaluate pavements using 

their parameters. They then developed nomographs to compute 

overlay thicknesses. 

A comprehensive review of deflection analysis methods 

i s presented by Be c a, e t a l. < 1 97 4 ) . They give the maximum 

deflection criterion used by different organizations. These 

are listed in Tahle II-1. All measurements were made in the 

springtime. 

.. 
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TABLE II-1 

Deflection Criteria 

INCHES OF DEFLECTION 

0.05 for 0. 5·in. asphalt 
to 0. 018 for 4 in. asphalt 

0.05 

AUTHOR 

Hveem 

Canadian Good Roads 
Association 
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0.036 Virginia Highway Research 
Council 

0.020 Transport and Road 
Research Laboratory 

They noted that curvature is also used as a criterion, 

although they could not decide if this was a better measure 

than deflection. They contended that a given deflection 

cannot be related to a particular degree or distress or loss 

of serviceability. 

Green and Hall (1975> claimed that deflection is not a 

good indicator of the remaining life of a pavement. They 

claimed that there is no discernible change in deflection up 

until failure. They did say, however, that deflection was a 

good measure of performance. Moore, Hanson and Hall (1978> 

cited a study by Vaswani in Virginia that showed that the 

deflection varies over the life or the pavement as shown in 

Figure II-7. Region I of Figure II-7 represents the densif-

ication that takes place after the pavement is placed. The 
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Figure II-7 Deflection vs. time (after 

Moore, Hanson and Hall (1978)). 
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deflection then remains constant <region II> until it 

increases to failure (region III>. This shape of figure is 

called a "bathtub functio:,". 

Anderson (1976> used the results of studies by 

Southgate and Vaswani et al. to evaluate pavements in Utah. 

Southgate's study developed the method for temperature 

correction discussed in Section II, C. After correcting the 

deflections for temperature, Anderson used Vaswani's sprea

dability concept to get the modulus or the subgrade and the 

average modulus of the system. 

chart given in the paper. 

They are determined from the 

Croney (1972) established a rough correlation between 

PSI and rut depth <permanent deflection>. Using a six foot 

st,~aight-edge laid across the pavement. he found that a rut 

depth of 10 mm was the most common one in which cracks were 

found. 

4. Modulus of Elasticity of the Subgrade 

The modulus of elasticity of the subgrade is used ror 

the design and evaluation of pavements. Methods of obtain-

ing E were review~d in Section II, J3, 2, c. 4. This subsec-

tion examines how different investigators use the modulus. 
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Dorman and Metcalf (1965) used layered system theory to 

develop design curves for asphalt pavements. They were con

cerned with the tensile strains on the bottom of an asphalt 

concrete layer subJected to a wheel load, and the effect of 

temperature, thickness of the asphalt concrete, and modulus 

of elasticity of the subgrade on those strains. The design 

curves they proposed use the expected strains and the thick

ness of the base to compute the thickness of asphalt con

crete req_uired. 

Huang <1971> was also interested in the tensile strains 

at the bottom of asphalt concrete layers. He modeled the 

pavement in three layers. each having its own modulus. The 

lowest layer was the subgrade. If the ratios of the moduli, 

the layer thicknesses. and the "curvature" are known, the 

tensile strains can be computed. These are then checked 

against allowable strains to see if the pavement is accept

able, or is in need of repair. 

Methods of defining the modulus vary from study to 

study. Crawford and Katona <1975) discussed different ways 

to get E from stress-strain plots. Then, having chosen a 

modulus, they show how it is used in finite element studies 

of pavement response. A variety of different element types 

and configurations are considered. 

Layered elastic theory is sometimes used to analyze 

pavements, despite the fact that pavements and soils do not 

' . 
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behave elastically in all stress ranges. Use of this theory 

requires a knowledge of the thickness oF the layers and 

their material properties. Weiss (1980) used a pavement 

vibrator to determine the subgrade modulus and then used it 

with layered elastic theory to determine the bearing capa-

city of the pavement. Vaswani <1971) used a Dynaflect to 

get a measure of the deflection basin he calls "spreadabil-

i ty ... With this and the various layer moduli• he developed 

charts to evaluate the pavement. Yoder and Witczak (1975) 

note that the modulus of el~sticity is used in both the 

Asphalt Institute and FAA methods of design of airport pave

ments. 

The modulus of subgrade reaction is sometimes used in 

the evaluation of concrete pavement. Vesic and Saxena 

(1970> used the subgrade modulus of elasticity in conjunc

tion with the concrete slab properties to derive a formula 

for the modulus of subgrade reaction. This, in turn, was 

used to predict the deflections of the slab under load. 

This review has shown that there are a great number of 

ways to test pavements available to the pavement engineer. 

The divergence of opinions on the subject reflects not only 

th•? uncertaint:~ in present methods, but also the need to 

account for regional Factors. This study hopes to provide a 



method whereby many of these regional factors can be 

accounted for, through frequent testing. 
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III. DEVELOPMENT OF THE SYSTEM 

~- Int-roduction 

The rapid non-contact measurement of pavement deflec

tions under actual wheel loadings -requires a complex state

of-the-art system of elect-ronic components. The system has 

to b e c a p a b l e o f ma k i n g , r e c o-r d i n g , an d p -r o c e s s i n g l a -r g e 

amounts of data, and doing so very quickly. Such a device 

would not have been possible ten years ago, but, because of 

recent advances in electronics, it is possible today. 

The -requirements are that the system make non-contact 

measurements of the deflected surface oF asphalt pavements 

caused by moving wheel loads. Fu-rthe-rmo-re, the device is to 

be t-ransported by the vehicle causing the deflection. Impli

cit in these requirements are the following details -

1. The device must be sufFiciently sensitive to detect 

deflections on the order oF 0. 001 inch. This -require

ment was determined from the magnitude of the deflec

tions recorded in p-revious studies {(Baladi <1976); 

Ng-A-Gui (1976)}. 



2. The device must be insensitive to changes in the 

color of the surface. 

3. The device must be insensitive to ambient light and 

sound. 
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4. The system must be able to provide not only a measure 

of the pavement condition, but also the location and 

speed of the vehicle at the time of measurement. 

5. The system must be able to record and process the 

data gathered. 

6. The system should be relatively easy to set up and 

use. 

7. The range of the device must be large enough to 

accommodate the expected vehicle movement plus the 

pavement deformation. 

Most of these criteria were satisfied by the selection 

of the non-contact distance measuring gages, to be 

described in section IlL C, 1. The main components of the 

system are the electro-optical distance measuring gages, a 

rigid be;:;m, a fiFth tvheeL and the attendant electronics. 
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The electro-optical distance measuring gages are mounted 

on a rigid beam which in turn is mounted longitudinally on a 

load vehicle <see Figure I-1 ). The gage heads measure the 

distance from the beam to the pavement in a non-contact way 

(using lasers). They are the very heart of this system. 

In order for the data analysis system· to work, the 

gages cannot move relative to their original alignment. For 

this reason, they are mounted on a r.igid beam . 
. •. 

The data analysis system requires each gage to read the 

distance from the rigid beam to the pavement surface at the 

same* horizontal locations. Each succeeding gage must read 

where the preceding gages have read. A distance measuring 

device called a "fifth wheel" is used to provide this meas-

ure. The speed of the vehicle is determined, indirectly, 

from the fifth wheel. 

The attendant electronics are the power supply, com-

puter, and the electronics for the fifth wheel. 

: 

* In the statistical sense. 
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g_. Methodolo.JL!L 

1. Theory for Profile, Deflection and Texture Measurements 

It was desired to measure the deflected profile of the 

pavement adJacent to the wheel load as well as the unde-

fleeted profile. The solutions to these problems go hand in 

hand. Dickerson and Mace <1976> described an algorithm that 

was adapted for the present study. Its description follows. 

The computer program that uses the solution is described and 

listed in Appendix C. 

The algorithm that determines the undeflected profile of 

the pavement uses five values - three gage measurements and 

two arbitrary elevations above a datum. These five inputs 

are then used to calculate a new elevation above the datum 

while the vehicle moves to a new location. In Figure III-1, 

the two arbitrary elevations are designated as BB and CC, 

and the three gage head measurements are A, B, and C. Given 

these five inputs, the algorithm calculates the elevation, 

AA, in front of t h e known e 1 eva t i on s. A 1 1 f i v e in p u t s are 

obtained from the undeflected portion of the pavement. AA 

defines a point on the undeflected profile. For this reason, 

the front three gages are called the "undeflected profilome

ter". When elevations are determined in the area influenced 

by the wheel load, "deflected profile" points are calcu

l~ted. As any five inputs may be used, (if chosen in a 

. . 
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manner consistent with that JUSt described), the elevation 

can be calculated at gage D, near the load wheel. 

The derivation of the algorithm follows from Figure 
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III-1. Here, as above, BB and CC are arbitrarily assigned, 

and A, B, and C are actual gage readings. 

By constructing 00' parallel to the datum, it follows 

that 

C + CC = B + BB + b = A + AA + a. 

If the gages are e~ually spaced on the beam 

a = 2 b. 

Assuming this, and noting that 

b = C + CC - B - BB 

gives <by substitution> 

AA ~ C + CC - A - 2 ( C + CC - B - BB ), 

(1) 

(2) 

(3) 

(4) 

which is the desired ~uantity, the new undeflected eleva

tion. AA can be calculated from E~. (4) as all the ~uanti

ties on the right side of the e~uation are known <either 



63 

measured or assumed). This provides the initial step of the 

procedure. The process is then continued in the following 

manner: the gages move forward until gage B is over the pre-

vious position of gage A*' and the algorithm is repeated, 

using the five designated quantities <BB is the previous 

AA, and CC is the previous BB>. A new undeflected profile 

point is then calculated . Repetition eventually yields the . -. 
entire undeflected profile at increments corresponding to 

the gage spacing. 

The spacing of the gages on the beam is very important. 

By mounting all the gage heads at equal intervals along the 

beam, the gage head readings can be timed so that each 

reads at the same location as the previous one. Thus, any 

three gages can be used as a profilometer. By placing gage D 

an integral number of gage spacings fT•om gages A, B, and C, 

./ 

g a g e s B , C , and 0 c an b e u s e d a s a p r o f i 1 om e t e r . W h e r e a s AA 

was calculated in a "forward" manner, DD is calculated 

in a "backward" manner. The rive inputs for the latter are 

B, C, D, BB, and CC. DD is calculated from 
·' 

DD = C + CC - D + ( r > < C + CC - B - BB > ( 5) 

where r is the ratio of the distance between gages C and D 

to the distance between gages B and C. When the B-C-D profi-

lometer is used, a deflected profile is calculated, 

* In the statistical sense. 
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gage D being near the load wheel. 

The deflections (relative to the undeflected profile) 

caused by the load wheel can now be calculated. The unde-

fleeted profile was calculated by the A-B-C profilometer. 

The deflected profile was calculated by the B-C-D profilome-

ter. The fifth wheel assures that all gages read at the 

same* points on the pavement. So, two profiles are obtained. 

The difference between the two provides the deflections 

caused by the load wheel. 

Two important pavement parameters con be ascertained 

from the measurements described above - the profile, and the 

deflection adJacent to the wheel. Because the gages can make 

measurements at a very rapid rate <16 kHz), another impor

tant pavement characteristic - the pavement texture can 

also be determined. The texture can be obtained from the 

variations in readings in the near vicinity of a point on 

the pavement. This variation is possible because the laser 

gages that were used had a light spot size much smaller than 

the variation in the surface texture, and because the gage 

resolution is smaller than the surface texture. 

Many readings are required over a short distance not 

only so that the texture can be measured, but also to keep 

null readings due to "dropout" from entering the profile 

algorithm. Dropouts occur when the light spot from the gage 

* In the statistical sense. 

0 • 
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is hidden from the view of the photodetector <Figure III-2>. 

In OT·ci ei' to kee~ from losing the data point. the gage head 

makes many readings over a "short distance", averages them. 

and considers the average to be the distance from the gage 

to the pavement. Four inches of the pavement in the line of 

trovel was chosen as the short distance in this study. 

Averaging many readings provides a very stable statisti-

cal measure of the distance from the gage to the pavement. 

The large number of readings allows an extra order of magni-

tude to be added to that accuracy. 

Because the resolution of the gages is much smaller than 

the variation in the surface texture. the variations in the 

readings over each of the four inch segments of pavement 

reflect the coarseness of the surface of the pavement at 

that location. A large variation indicates a coarse surface. 

while a small variation indicates a smoother one. A useful 

measure of the variation in the readings is the statistical 

variance (\.') -

where 

X = mean of n measurements 

-2 X) 

1) 
(6) 
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n = number of measur~ments 

2. S~~ed and Distan~e Calculation 

The speE'd and location of the vehicle during a test are 

r· t• corded 1.11i th e.=. c h prof i 1 e/d P. f 1 ec t ion measurement. By know

ing the frequency of- the readings <16 kHz), the number of 

readings (n), and the distance over which the readings were 

t.:oh:n (four int.h£>s), the speEcl can be calculated from 

speed= (4)(16000)/n inches/second (7) 

An alternate method also was usFd to calculate the 

~pt:~ed. The time to traveT·se fou1· inches was measured by a 

clock in the computer which ran the data collection program. 

E'.J dividing the this time i.ntCJ fc:u1· jnches, the speed was 

d !:' ~: e r· n, i n e: d . 

G <.~ ~P~ r c~ 21 d i 11 g s \.:.! P- r e m a d e u v E· 1' t h £> f o u r :l n c h d i s t an c e f or 

Pvcr~ +oot of pavemGnt. That is, the gages would read for 

four inches, skip eight inch~~s. read for another four 

inc.hE·S· etc. 1-<s thE· readin9s a1·e one foot ap.:n•t, the number 

o f r· f:' .:Old i n g s g i v e s t h e d i s tan c e t r ave I 1 e d i n f e e t. T h us , 

locdtions ~rc se~ur£-d. 
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~- The Equipment 

1. The Gage Heads 

A review of the literature revealed that there were 

several non-contact profilometers currently in use. Most of 

the systems used gages mounted on a rigid beam towed b~ a 

vehicle. The gages we17e e-lectronically connected to ancl read 

out on a piece of recording equipment. In order to know 

where the measurements occurred, a distance meter was con

nected to the vehicle. 

Sound. visible and infrared light gages (using lasers 

and polarized light sources) have all been tried with some 

mod i c u m of s u c c e s s . Ha v i n g s e en s om e p r i or s u c c e s s w i t h 

light emitting diodes. for static pavement deflection meas

urement {(Harr and Ng-A-Gui (1977)}, the use of light sen-

sors was the first course pursued in this study. Several 

arrangements of lenses, mirrors, and optical detectors were 

considered, including one particularly promising one that 

utilized the Scheimflug condition <<Hallert {1979)}. The 

basic arrangement of the optics for all such schemes is 

shown of Figure III-3. A light source is reflected from a 

pavement onto a detector that is calibrated to provide its 

distance above the point of reflection. Unfortunately, the 

detectors used <either CCDs or linear photodiodes) were 

found to be sensitive to the intensity oF light. This meant 
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that readings were sensitive to the color of the pavement 

and to the intensity of sunlight. 

Several commercial companies produce non-contact dis-

tance measuring gages. The gage produced by Selective Elec-

tronic was chosen for this study. Their gage. the "Optoca-

tor", had the req_uired resolution, range and standoff*. In 

addition, its outputs were compatible with modern computers. 

Thus, the most important component of the system was 

secured. 

2. The Fifth Wheel 

As was noted in the introduction to section III, it was 

necessary to have the gages read** where the other gages had 

read. The gages read continuously; however, their readings 

u.IP.re sampled only occasionally. as noted above. The sam-

pling rate was controlled by the fifth wheel. 

Several methods of timing were considered. First. the 

use or a shaft encoder on the axle of the load vehicle was 

contemplated to tell when the required distance had been 

traversed. This method was discarded because of its inflexi-

bility. The encoder would have to be recalibrated for each 

vP.hicle u:.ed, causing 

* Standoff is the distance from the gage to the center of 
its measuring range. 

,-~-~<- T n the stat i s t i c a l sense. 



a substantial increase in set-up time when changing vehi

cles. 

Next, long distance laser measuring devices were con-
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s i d ere d . T h e s e d e vi c e s , c o mm on 1 y us e d i n s u r v e y in g , a r e 

extremely accurate, and have ranges on the order of a mile. 

These devices were eliminated from consideration because 

their response time was too slow (0.6 Hz vs. about 7.0 Hz 

required>. Moreover, this method would have required the 

laser to be coupled with a tracker sq it could follow the 

load vehicle. The tracker would add expense and complication 

to the system. 

Finally, it was decided to use a calibrated wheel of the 

kind used to measure the performance of f-our-wheeled vehicles 

(hence the term "fifth wheel"). "Labeco" manufactured the 

fifth wheel. A shaft encoder, manufactured by Madison Elec

tric, was attached to the wheel to give a pulse every four 

inches <for this 'JiheeL 21 pulses per revolution>. The power 

supply for the encoder was made at Purdue University. 

An error analysis for the performance fifth wheel is 

given in Appendix B, 1. 

3. The Rigid Beam 

For the profile algorithm described in the second part 

of this section to work, the gages must remain fixed in 
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space relative to one another. As it was the purpose of this 

study to develop a system that could be used with almost any 

load vehicle. fixing the gages rigidly onto the load vehicle 

was r·uled out. Attaching the gages to a rigid. portable beam 

w~s thought to provide the necessary flexibility. 

Considerations in choosing the beam included 

1. weight, 

...., 
c.. stiffness. 

3. availability. and 

4. cost. 

Steel and aluminum !-sections were considered. Steel 

secti.ons are too heavy and difficult to worl: with. Aluminum 

sections are available only in one ton lots. Conseq_uently, 

it was necessary to fabricate a beam. The design was acco~-

plished using the computer program SAP IV {(Bathe, Wilson, 

and Peterson (1974)} at Purdue University. A truss afforded 

the best stiffness to weight ratio. A rectangular truss was 

cie-signed, as it permitted easier gage mounting and afforded 

some protection for the gages. The truss was fabricated at 

Purdue University. Figure !II-4 shows a picture of the 

beam. 

The length of the beam is of considerable importantance. 

The beam had to b~ long enough to mount one gage near the 
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load wheel, and to hold the undeflected profilometer (gages 

A, B and C> outside the zone of influence of the load wheel. 

Highter and Harr (1973) and Baladi and Harr(1976) give data 

that show the deflection basin for flexible pavements rarely 

extends beyond five feet in front of the load wheel. in the direction 

of motion. A ten foot beam <nine feet betw~en gages> was chosen. 

The beam had to be stiff enough to prevent the gages 

from moving out of their original relative alignment. The 

allowable movement was taken to be the resolution of the 

gages. Any greater movement would not allow one to determine 

if the pavement had deflected or whether the beam had moved 

vertically. 

4. Data Collection,Storage and Reduction 

a. Overview. Th~ data acquisition system collected the data 

generated by the lasers and the fifth wheel. It consisted of 

a microcomputer and various peripherals. The computer was 

triggered by the pulses from the fifth wheel. When the fifth 

wheel gave the proper pulse. the computer clock started. and 

the computer began 'looking at' the readings from the 

lasers. It then averaged the readings from each gage and 

computed standard deviations for all of them. When the fifth 

wheel sent the next pulse (at four inches of travel), the 

computer stopped looking at the readings, stopped looking at 

the clock, and the data were put in core memory. When the 
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entire desired pavement section had been traversed, the 

operator flipped a logic switch which told the computer to 

stop the data gathering program. The program stopped and the 

data were written onto a floppy disc. The profile/deflection 

program later uses the data rrom this disc. 

. -· ~- The Equipment . 

1. Hardware. The electronics for the data collection, 

storage and reduction s~stem consisted of -

1. a Heath H-11 microcomputer, 

2. a Heath H-19 vid.eo terminal 

3. a Heath H·-27 dual floppy disc drive 

4. a Texas Instruments TI-810 line printer 

5. a Digital Equipment Corporation BA11-NE bus 

extender, and 

6. a -'logic box' with four switches. 

The H-11 microcomputer is based on the DEC LSI-11 

microprocessor. Consequently, the H-11 uses DEC assembly 

language. The H-11 is a 16-tiit machine. This was rectuired 

b~cause the Optocators have 16-~it parallel output. 
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The maximum memory capacity was 56k bytes. 

The H-19 video terminal is used to 'talk' to the com-

puter. It uses the RS-232c serial interface, and can 

display 24 SO-character lines. 

The H-27 dual floppy disc drive accepts two eight inch 

discs. It uses a single-side. single density IBM 3740 for-

mat. The two discs provide about 500k bytes of storage. 

The TI-810 line printer is made by Texas Instruments. It 

accepts 14-inch paper <132 characters), and uses the RS-232c 

serial interface. The printing rate is 150 cps. 

The BA11-NE bus extender is used to extend the number of 

parallel input/output CI/0) boards the computer will accept. 

The parallel I/0 boards for the lasers were used in the 

BA11-NE. 

The logic box was used to send one bit signals to the 

computer. It consisted of a five volt DC transformer and 

four no-bounce* switches. The switch output was either zero 

or fjve volts. depending on tne position of th~ switch. They 

were used to control the data gathering program. 

All of the above equipment used 110-volt 60 Hz AC power. 

w~th tne exception of the terminal and the logic box, all 

were ap~roximately the size and weight of a modern electric 

* A no-bounce switch is one whose contacts do not bounce 
0 

upon closure. Bouncing switches can be made, 
~lectr~nically. to act like no-bounce switches. 
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typewriter. The bus extender was purchased from Hamilton-

Avnet electronics. The logic box was fabricated at Purdue. 

The remaining equipment was purchased from Heath Corpora

tion. 

2. Software. Software is the set of programs that is 

used to operate a computer. For this study, the term system 

software will be used to describe that which came with the 

computer. User software refers to that which was written 

specifically for this study. 

System software included a FORTRAN IV compiler, editor, 

linker, librarl,_.! fLrnctions, assembly language compiler, and a 

file manager. User software included a data gathering pro

gram <GATHER>, a data file previewe·r <LIST>, and the data 

reduction program <CALC>. The usefulness of the data file 

p~eviewer is described in Appenuix G. 

The system software functions will be described by 

tracing typical steps in the program creation and execution 

process. A program is written and modified in the editor. 

L-Jhen it is correct, it is compiled by the computer. Then it 

is linked to the library files by the linker. If no errors 

are found, the program can be run. Should the program be 

written in assembly language, the assembly language compiler 

is substituted for the FORTRAN IV compiler. The file manager 

is used to view, compress. and copy files. 
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The data gathering program. GATHER. was written by Mr. 

Cary Cox of the U. S. ArmrJ Corps of Engineers Waterways 

Experiment Station. Vicksburg. Mi·;sissippi. It was written 

in assembly language so it would be fast enough to keep up 

with the lasers. When GATHER is run. it asks the operator 

to name the data to be gathered. After accepting this. 

GATHER prompts the operator to flip the start switch on the 

logic box. This being dione. GATHER monitors the fifth wheel 

shaft encoder. the logic box. the line time clock on the 

computer. and the four laser gages. The fifth wheel encoder 

gives a pulse every four inches of travel over the pavement. 

G;1THER checks the pulse freq,uently, and counts the pulses. 

The beginning of the pulse representing the first four 

inches of every foot tells GATHER to begin reading. counting 

and averaging the readings from the lasers. At the same 

time, it begins counting 1/60-ths of a second on the line 

time clock. It also begins calculating standard deviations 

of all four of the lasers. Later. the time is used to calcu-

late speed. While doing this, the computer checks the pulse 

to see if four inches of pavement have been traversed. When 

the pulse changes, the four inches have passed, and GATHER 

put s t h e four aver a g e read i n g s, t IH? numb e r of 1 I 60-th s of a 

second. and the four standard deviations into memory. When 

the operator flips the start logic switch to stop. GATHER 

puts values of negative one in for all the readings. stores 

them in memory. and writes the entire data set onto the di~c 

u r1 d e r t t1 e name as s i :; n e d t y t 11 e o p era t Jr. The nejative ones 



signal the end of the data to the data reduction program. 

After the data are gathered, the operator may wish to 

preview the data before reducing them. Of interest are the 

number of readings, the number of zero readings, the stan

dard deviations. and the length of the file. The user pro

gram LIST enables the operator to do this examination. 
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The averaged laser readings are converted to profile and 

deflection measurements by the user program CALC. CALC reads 

the data from the file created by GATHER. It then uses all 

the data to compute two constants - the two out-of-line 

measurements for gages A and D. <Recall that. for the algo

rithm to work, the gages must be in a straight line. Gages B 

and C are used to define a straight line. CALC calculates 

the deviation of gage A is any time, and that for gage D if 

the pavement is undeflected (se-e Appendix E.)) These two 

constants are then added to their respective calibration 

eq_uations to correct the "out-of-lineness". CALC then 

rereads the data, using the algorithm described in section 

IIL B, L to obtain the pro.f:ile and deflections. Then. if 

the operator desires, plots of the profile vs. distance and 

deflection vs. distance are produced. 

Occasionally, null readings occur. The effect of a null 

reading on the algorithm depends on when and at which gage 

it occurs. 
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There are two ways to create a null reading. First. the 

pavement may move out of rang e o f t h e g a g e. T h e rang e of 

each gage is ~ 2. S inches about the standoff, which is ten 

inches. The gage then sends a null reading to the computer. 

Second, the gage may make less than thirty readings in the 

travelled four inch span. This is interpreted by the program 

as the gage having gone out of range part way through the 

four inches. CALC also interprets this as a null. The CALC 

program is sensitive to both cases. 

A special condition occurs when a test is started. The 

first seven feet of travel <the distance between gages C and 

D) is a special zone at this time. No deflections are meas

ured there, as the undeflect~d profile has not been measured 

in that region. Consequently, if the average reading of gage 

D is null there. it has no consequence. If gages A, 8, or C 

produce a null (or any combination of nulls) in this zone. 

CALC ignores past data and begins the algorithm afresh. 

This happens because the algorithm cannot tolerate gaps in 

the continuity of the incoming data. 

After the first seven feet are traversed, deflections 

are calculated and the profile continues to be calculated. 

I~ gage A produces an average r·eading that is a nulL a 

d~!flr-..'ction is calculated. and the profile is ended. At the 

next re~ding. a new profile is begun and si~ deflections are 

lost (those between gages C and D>. The algorithm begins 

ci~~~ as described in the previous paragraph. If gages B or 
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C. or both, produce an average reading that is a null. no 

deflection is calculated, the profile ends, and then begins 

anew at the next reading. For this case, seven deflections 

are lost. The CALC program performs all these operations 

automatically. 

The CALC program puts out the ~allowing information -

1. the distance travelled, 

2. the number of null readings at each gage, 

3. the two out-of-line constants, 

4. the undeflected pr·ofile, 

5. the defl£>ctions, their mean and standard deviation, 

6. a measure of the texture, and 

7. plots of the deflected profile or deflections versus 

distance. 

All of the user programs are listed in Appendix C. 
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IV. RESULTS AND DISCUSSION 

~- Profile and Defl""ction 

The developed apparatus, described in Section III, was 

tested at the Waterways Experiment Station <WES> of the U.S. 

Army C a r p s a f En g i n e e r s i n V i c k s b u r g , M i s s i s s i p p i. T h i s wa s 

done in December 1981. The first tests were run with the beam 

mounted on a load cart, simulating on2 main gear on an F-4 air-

craft. The computer was carried in a station wagon which tawed 

an electric generator. These tests uncovered many hardware 

problems - particularly the need to use no-bounce switches in 

the logic box. Several bugs in the software were also discovered. 

The next tests were run with the beam mounted on the 

side of a semi-trailer at the Waterways Experiment Station. 

This was done in January 1982. GageD <Figure III-1> was 

adJacent to the rear wheel. The trailer carried the computer 

and the electric generator. The profile calculated from 

these tests plunged with distance <although the actual pro

file was nearly level). The magnitude of the plunge was as 

great as fifty ·Feet over a one hundred foot horizontal dis

tance. It was exponential - meaning that the amount of 

plunge increased rapidly with distance traveled. It was 
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obvious that there was a serious problem with the system. 

The calculated deflections from these tests were also 

wholly unrealistic. The weight of the semi-trailer, coupled 

with the pavement structure, should not have produced 

deflections greater than about one half inch. 

After more testing, and a review of the algorithm, a 

solution to the plunging profile problem was found. It was 

discovered that the gages had to be aligned extremely care

fully on the rigid beam. Their relative positions on the 

beam must be known with great precision. A slight error in 

their alignment causes a large error in the calculated pro

file. This error, perhaps small at first, accumulates 

rapidly - each error being added to the previous error. This 

error manifested itself in causing the measured profile to 

plunge rapidly. 

A source of the noted error will be illustrated by 

example. Consider the following case - the laser gages lie 

on a straight line on the rigid beam, the beam moves paral

lel to a perfectly flat pavement, and the datum is parallel 

to the pavement. 

file point is -

The equation that calculates the next pro-

AA = C + CC - A - 2 ( C + CC - B - BB > { 1 ) 

This equation was derived in section III, equation <4>. For 
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the conditions JUst stated, equation (1) will calculate a 

perfectly flat surface. If gage A is out of vertical align-

ment with respect to gages B and C <Figure III-1> by, say 

one inch at the first measurement. an error in A of one inch 

will occur. AA, then, will be too small by one inch. Recall 

that, in the next iteration. AA will become BB, and the pre-

vious BB will become the present CC. So, in the next i tera-

tion, A is again one inch too large, and BB is one inch too 

small. The net error is that after the second measurement, 

AA will be too small by three inches. The next time. AA will 

be too small by six inches. The relation between any two 

consecutive errors is -

..... 
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the relative vertical positions of the gages on the rigid 

beam. It did this by using the measurements from the gages 

themselves, thus having the same accuracy as the entire 
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system. The result of this scheme was to produce the "out

of-line" constants - the deviation from a straight line of 

any three gages. 

In order to get the aut-of-line constant for a gage, 

the beam had to be used where no measurable deflection would 

occur. At first, the beam was hung from cantilever beams on 

the F-4 load cart, far away from the zone of influence of 

the loaded wheel. Unfortunately, the spring mounts used to 

attach the rigid beam to the vehicle permitted too much 

lateral movement. Moreover, it IJJas suspected that the gages 

moved out of their range of reliable measurement during 

the test. A s p e- c i a 1 1 i g h b.1H? i g h t ~ r icy c 1 e was then 

constructed. The beam was attached to its undercarriage 

in such a way that lateral movements were greatly 

reduced. 

Using the tricycle, new out-of-line constants were cal

culated For the gages. Once these were obtained, the beam 

was removed and transferred to the semi-trailer and addi

tional measurements were made. The results from these tests 

indicated that the calculated profile wandered only slightly 

from the actual (surveyed) profile. 
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Figure IV-2 provides the comparison between the transit 

surveyed profile and three laser beam calculations of the 

same profile. This and all succeeding transit surveys were 

made at one foot intervals. The trend of the calculated 

profiles is the same as that of the surveyed profile. The 

variance of the endpoints is seen to be only a few inches. 

Some of the variance can be remov~d by forcing the endpoints 

of the laser surveyed profile through the endpoints of the 

transit survey <recall that BB and CC were arbitrarily 

chosen initially). This same technique is practiced at the 

Transport and'Road Research Laboratory . The result of this 

technique is shown in Figure IV-3. The ADJUST program (in 

Appendix C) was used to do this. The deviations were 

reduced to less than an inch. However. the deviations them

selves still varied. Over a distance of 100 feet. the 

deviations ranged from positive three tenths inch to nega

tive three tenths inch, which was still considered to be 

excessive. 

the case. 

Testing with a Benkelman beam showed this to be 

The standard deviation of the deflections was on 

the order of one tenth inch. 

Several extended profile tests were run. Three five 

hundred foot sections were surveyed with both the present 

laser system and a transit. All the transit surveys were 

made on points one Foot apart The results of some of the 

tests are shown in F-"igures IV·-4 throug~l F:igure IV-6. The 

profiles in these have been adjusted so that the endpoints 
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pass through the same elevation. The maximum deviation of 

the laser system profile from the transit surveyed profile 

varied from 0. 290 feet to 1. 205 feet, over the several pro

files. 

The search for the reason f-or the lack of agreement 

between the transit and laser surveyed profiles continued. 

The shape of the laser system profile changes radically with 

small changes in the out-of-line constant. The profiles in 

Figure IV-4 through Figure IV-6 use an out-of-line constant 

chosen to minimize the maximum difference between the tran

sit and laser surveys. The constants were chosen to four 

decimal places. 

the laser gages. 

This is on~ place beyond the accuracy of 

Closer agreement could have been accom-

plished if more decimal places had been taken, however, this 

could not be JUstified. Figure IV-6 and IV-7 represent the 

same transit survey. The out-of-line constant in figure 

IV-7 is 0. 0277 inches, while that used in Figure IV-6 is 

0. 0267 inches. The maximum deviation from the transit pro-

file in Figure IV-6 is 1.205 feet, while the maximum devia

tion in Figure IV-7 is S. 869 feet. 

The raw data from the long profile tests contained 

inherent errors. Over each five hundred foot length, the 

ldser system recorded about Five hundred and ten readings, 

instead of the expected five hundred and one readings. The 

;tanda1·i deviationj 0F tha g.1g~;. usually between zero and 

fifty, sometimes Jurnped an o~~er of magnitude. Both th~ 



80 

76 

72 

-4.J 
...... .._, 

r:: 
0 .... 68 

4.J 
cu 
> 
cu _. 

I:.Ll 

64 

60 0 

laser 
survey 

transit 
survey 

100 200 300 400 

Horizontal distance (ft) 

Figure IV-7 Comparison of surveys of 

a porous friction course 

pavement (out-of-line 

constant == 0.0277") 

94 

sao 



95 

extra distance and the large standard deviations were con

sidered indications that the system was still not operating 

properly. 

Testing with the developed system has only JUst begun 

and improvements are to be mad?. Suggestions For these will 

be addressed below. At this point it should be noted that 

the main advantage of the system (its ability to do frequent 

and rapid testing) is worthy of the effort necessary to 

achieve these ends. As more testing is done, more refine

ments will come to light. The ability to test pavements fre

quently and rapidly will provide the pavement engineer with 

a quantitative measure of the performance of his pavement 

system. 

The system described herein has no built-in redundancy. 

Some form oF redundancy may make it easier to debug the sys-

tern. The addition of more laser gages or of a device that 

provides some measure of the tilt of the beam (such as a 

tiltmeter) will aid in accomplishing this. 

T h e ad d i t i on of m or e 1 a s e r gag '~ s t a t h e present s ·~ t s em 

will provide a redundancy. If gages are added between gages 

C and D <Figure II!-1), and these gages are aut of the zane 

of inFluence of the load wh>?el, they can be used to calcu

l::Jte th~ undeflt?ct.~d prof1le in combination with any other 

tiJJo gages. lhes•? ,iddltional calculations oF the proFile 

could be compare~ with the first calculation (and with each 
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other> to help determine if the system was working properly. 

The same method that was used to align gages A, B and C 

<Figure III-1) could be used to align any additional gages 

(see Appendix E>. I f man y mar e g a g e s a r e a d d e d , i t may b e 

necessary to lengthen the rigid beam in order to keep the 

gages out of the zone of influence of the load wheel. Cal-

culating several profiles simultaneously allows the algo

rithm to "bridge" over gaps in the data. With the present 

system, if one of the gages goes out of range, the profile 

skips a point, and then begins anew, relative to a new 

datum. It should not be expected that the new and old data 

will be coincident. 

If properly placed, the additional gages would also 

provide better definition of the deflection basin. The 

deflections at these additional gages could be calculated in 

a way similiar to that of gage D <Figure III-1). The equa-

tion used to calculate the deflection at gage D <equation 

(5) in Section III) can be changed by modifying "the ratio 

of the distance between gages B and C" to "the distance 

!J•:!tween gages C and the additional gage". 

A tiltmeter (or any device that measures the tilt of 

the beam) could also be used to provide a redundancy. The 

tiltmeter, in conJunction with two laser gages, can be used 

to calculate the undeflected or deflected profil9s. The 

methodology is detailed in App~ndix A. As was the cas~ ~ith 

additional ga9es. another calculation of the profile is 
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made. These profiles could then be compared. Adding a 

tiltmeter to the present system will enable the system to 

"bridge" lost readings, as does the addition of laser gages. 

The addition of a tiltmeter would not require the lengthen

ing of the rigid beam. An extremely accurate and responsive 

tiltmeter would be required. 

At present, the laser system uses the first four inches 

of travel per foot to record data. This was chosen because 

it was thought that the time required to travel the uther 

eight inches per foot would be needed to do calculations and 

store the data. However, the present data collection program 

is fast enough to double the rate previously anticipated. 

This means that the present system can be used at double its 

present rate of output. The system can be used to record 

readings over the first two 

- four inch sections of every foot of travel. The last 

four inches of travel time (so to speak> are sufficient to 

do the necessary calculations and to store the data. The 

result is that two profile and two deflection points can be 

obtained for every foot of travel, instead of the present 

single profile and one deflection point. Clearly, this is a 

function of how fast the rigid beam is moving. At the 

present "creep" speed, the output can be doubled. The upper 

bound for the speed to do this remains to be found. 

Being abl9 to g3ther pavement deflection data fre

quently and rapidly yields the advantage of being able to 
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utilize transfer function theory to a high degree to predict 

pavement performance. Given the deflection caused by one 

vehicle and the transfer function of the pavement system, 

the deflections for other anticipated vehicles can be 

predicted. The transfer functions change with time and sea

son. The laser system allows frequent updating of the 

transfer function and hence renders it as a valuable tool 

(Boyer and Harr, 1973). 

It should be emphasized that the present system offers 

the ability to survey a pavement in a global sense. No other 

device. at the present time. does so. In addition, its speed 

enables it to be deployed in such a manner as to minimize 

the interruption of traffic. 

§_. Texture 

As noted in Section III. B, 1. texture measurements 

were made by recording the standard deviations of the read

ings each gage made over the short distance. 

Table IV-1 shows partial sets of uncalibrated standard 

deviation data for the different pavements. As expected, 

the standard deviations for the concrete pavement are 

smaller than those for the asphalt pavements. This reflects 

the fact that the concrete pav~ment is smoother. 



TABLE IV-1 

Sample value£ of uncalibrated data 

gage 

A B c 

concrete 
;;_:;;.;;~c;r. 2858. 
28~'5·. 2316. 2912. 
'"">c-.·="? 
I~ ,• ,_,_._ 

2943. 
2930. 
2886. 
2870. 
2875. 

c:sphalt 
1973. 
1996. 
1990. 
19 ... ~7. 
1997. 
204!. 
1 S'64. 

2232. 
28t.\2. 
2833. 
2.810. 
2798. 
2.767. 

2908. 
25'95. 
2912. 
2872. 
2.880. 
2.849. 

1926. 2.003. 
1922.. 2032.. 
1901. 1985. 
1889. 1977. 
1905. 2006. 
1947. 2026. 
1962. 2018. 
1E~22. 

number of 
T·eacl ins 5 

standard time 
deviation 1/60 

A 

'J1'"'l 
~ .... J '-

282 

E c 

'11 ~ 
.... - t;... 

282 282 
265 265 266 
246 246 247 
248 248 249 
265 265 266 
249 249 249 
241 241 242 

A B 

8. 72. 
14. 17. 

8. 11. 
17. 11. 
17. 19. 

8. 7. 
8. 6. 

11. 7. 

13. 

c 

54. 
8. 
6. 
7. 

11. 
12. 

9. 

241 2.41 241 13. 
268 268 268 15. 
2.39 239 239 14. 
234 234 234 11. 
230 23.1 2.31136. 
229 229 229 17. 

18. 10. 
17. 13. 
17. 13. 
20. 20. 
13. 15. 
10. 13. 
19. 134. 

249 13. 24. 1 c: 
... ""'· 

sec. 

12. 
11. 
10. 
10. 
10. 
10. 
10. 

9. 

12. 
12. 
13. 
12. 
12. 
12. 
12. 
12 . 

oo7ous friction surf~ce 

1909. 
18:':·5. 
18~2. 

19 J 7. 
1932 

19:J7 
1888. 
18::'11. 
1881. 
1 r-n
.1. 0-r /. 

2100. 
2082. 
201.3. 
2030. 
2024 . 

1879. 2036. 
1904 2082. 
191. 9. 2)J8•J. 

c 

236 244 
217 226 
206 ;. t;f;. 
189 204 

210 
184 

879 46. 
2.81 31. 
245 34. 
226 30. 
~~09 40. 

54. 20. 
47. 23. 
36. 40. 
36. 31. 
39. 2()(). 

212 23. 44. 34. 
211 26. 36. 143. 
; 99 25. 29. 30. 

15. 
11. 

9. 
9~ 
8. 
8. 
9. 
8. 

99 
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No correlation with standard texture measurements were 

made. Table IV-1 shows the standard deviations measured 

over three pavements exhibiting different textures. The con

crete pavement was smoother than either of the asphalt pave-

ments. This is demonstrated by the magnitude of the stan-

dard deviations listed in Table IV-1. The concrete 

pavement's standard deviation is less than the asphalt 

pavement's standard deviation. It is expected that this 

measure of pavement texture, standard deviation, might be 

correlated with other standard texture measurements. 

~- Syste~ Refinement 

As was noted above, the following suggestions are 

offered to refine and improve the developed system. 

Some advantage can be had by using a different computer 

system. Th!~: computer, a Heath H-11. is no longer offered by 

the manufacturer. Buying a "military specification" com-

puter from a well established manufacturer would yield two 

benefits reliability and service. A DEC PDP-11 is recom-

mended. The Heath H-27 dual disc drive used a single side, 

single density format. A Winchester hard/floppy disc drive 

could collect a lot more information. The Heath operating 

system editor was difficult to use. A better editor would 

make the programmers JOb easier. The TI-810 printer was 

sufficient, but a printer-plotter would produce better look-

ing plots. A Printronix printer-plotter is recommended. 
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Replacing the laser gages with Polaroid sonic dis-

tance measuring gages warrants further e~amination. Pre 1 im-

inary tests showed the sonic gages are not affected by winds 

up to fifty miles per hour. Their resolution was determined 

to be 0. 01 inch. ' The gages can be made to read as fast as 

44 Hz with the addition of a precision clock. It has not 

been determined if the gages are sensitive tn ambient noise, 

the temperature of the pavement, humidity or air tempera-

ture. The replacement of the laser gages with these sonic 

·- gages would realize a considerable savings in money <1982). 

These sonic gages would always measure the shortest distance 

to the ground, reducing the error described in .Appendix B 

(relating to rotating gages). 

The gage readings taken over the four inch distance are 

averaged and recorded. At present operating speeds, over 

1600 readings are averaged. This average is truncated to a 

four digit integer, the same number of digits that the 

lasers outeut. Because a large number of samples is taken, 

another digit can be accepted. It is felt that this extra 

digit would improve the accuracy of the system. In lieu of 

this, the average could be rounded off instead of truncated. 

Presently, the system records more readings than it 

should. That is, In· five hundred feet of traveL it records 

about five hundred and ten readings (instead of five hundred 

and one). It is felt that slack in the connection between 

the shaft encoder and the fifth wheel is causing this 



problem. This slack should be removed. As it is, extra 

readings might result if the encoder rotates relative to 

the frame of the fifth wheel. 
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The large standard deviations. noted in section IV, B, 

might be an indication that the laser gages are defective. 

At one point in the study, one of the gages f.ailed com

pletely. Before it did so, it gave large standard deviations 

intermittently and then constantly. It is suggested that 

the resistor that failed on the failed gage be replaced on 

the other gages. 
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V. SUMMARY AND CONCLUSIONS 

This study has presented a method whereby the texture and 

profile of a pavement may be determined from a moving vehicle. 

The .system is relatively portable and requires little contact 

(a transporting vehicle and a fifth wheel) with the pavement. 

The profile algorithm has been derived ~nd refined so 

that a fair agreement with surveyed profiles has been 

obtained. Important advances in the algorithm pertaining to 

the gage alignment have been discovered and reviewed. The 

profile, which is used in roughness studies, can now be 

accomplished reasonably quickly, not only in the sense that 

the test is quick, but also inasmuch as the data reduction 

is also rapid. 

The laser system presented can also measure texture. 

While the values presented have not been correlated with 

other methods, the present system allows highway and airport 

personnel to easily and rapidly detect changes in their tex

ture of the pavements. 

A method to measure the deflection caused by a moving 

vehicle from a moving vehicle has been developed. When 
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perfected, this system will allow the pavement engineer not 

only to measure deflections, but also to determine the remain

ing life of a pavement system <based on the deflection>. 

The present study has developed a working prototype. Some 

refining of the system will result in its improvement. 



VI. SUGGESTIONS FOR FURTHER RESEARCH 

A method to obtain rapid non-contact measurement of 

deflections from a moving vehicle was developed in the 

present study. This section lists various directions that 

future research could take. 
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1. Concrete pavements could be tested for pumping 

potential and groove depth. Pumping requires the 

movement of the edge of a slab. By starting the 

undeflected profile JUSt before the edge of the 

slab, the deflection caused when the load reaches 

that point can be measured. The procedure might be 

a. 

b. 

c. 

move the load vehicle into position 

slowly turn the fifth wheel by hand until 

the first reading is detected, and 

move the load vehicle across the slab edge. 

It would be helpful to have a visible indicator 

of where the first gage was reading. A visible 

light spot from a HeNe laser could be used. The 

above described method method would allow the use 

of the existing program GATHER. 
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To measure groove depth, a new program would have 

to be written. This one would not calculate a 

profile. It would monitor the fifth wheel and 

take readings from the first gage at the signal 

from the operator. As the gage approached a 

groove, the operator signals the computer to take 

readings until the gage has passed the groove. 

If the beam does not move much vertically during 

the test, a profile of the groove can be measured. 

Again, a visible light, indicating the position 

of the first gage, would be of assistance to the 

operator. 

This test would hdve to be conducted slowly, to 

keep the rigid beam from moving vertically. The 

operator could use a remote switch to trigger the 

the computer, so he could walk alongside the 

gage. 

2. Running the system transverse to the runways can 

evaluate rutting. The system can also be adapted 

to railroad cars to find soft spots in the roadbed. 

The steel wheels of railroad cars could be used 

to replace the fifth wheel. 

3. Replacing the laser gages with the Polaroid sonic 

distance measuring gages might be explored. This 

replacement would realize a considerable savings 
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in money <1982>. In addition, the sonic gages 

measure the shortPst distance to the ground, 

reducing the error described in Appendix B 

(relating to rotating gages>. With their suc

cessful development, a measuring system would be 

affordable to all engineering organizations 

interested in pavement performance. 
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APPENDIX A 

Alternate Theory for Profile, Texture 

and Deflection Measurement 

116 

As an alternative to using three gages for t~e profilom

eter. two gages and a tiltm~ter can be used <presuming one 

with sufficient accuracy can be located). A tiltmeter is an 

electro-mechanical device that measures the angle of a sur

face with respect to a level datum. 

The algorithm for finding the profile is similar to that 

used with three gages. Consider Figure III-1 again. This 

time, gages B and C will be used. The inclination of the 

beam is e. Initially. B, C, and CC ar• known. CC ~as chosen 

to define the datum - the datum being level and passing 

through the end of cc, with x known, 

b = >~ sin e (1) 

B + b + BB = C + CC (2') 

'-_, ... 
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so, 

BE = C + CC - B - b (3) 

substituting <1> into (3) yields 

BB = C + CC - B - <x sin 9 ) (4) 

Again, note that the terms on the right side of the equation 

are known. Thus, the next pavement profile point is 

obtained. The beam moves forward. as before, until gage C 

is over where gage B was, and the process is repeated. The 

method can be used wit~ gdge C and D to get the deflected 

profile. 

The deflection and texture measurements can be calcu

lated in the same manner described in Section III. 8, 1. 
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APPENDIX B 

Analysis of the Theory 

1. Fifth wheel 

An analysis was carried out to see the effect of the 

fifth wheel slipping on the pav~ment. If the wheel slips, 

the succ~eding gages would not read where the preceding 

gages had read. If the vehicle was travelling on a slope, a 

false elevation would be computed. This was a function of 

the amount of slippage and the angle of the pavement. Furth

ermore, it was a cumulative effect; that is, once the wheel 

slipped, it shifted the elevations at all subsequent points. 

If it slipped again, this error was added to the previous 

error for all the points subsequent to that· slippage. and so 

forth. Figure A-1 is a plot of this effect. 

Figure A-1 was obtained from the geometry of the system, 

shown in the upper part of the figure. Here are shown the 

front three gages of the beam (without the load vehicle) 

after one iteration. The gages have moved forward one incre

mf:';;t (dashed. lines) and are making a reading. Normalll,l, they 

u1 '"' L' l d r e e. d d ire c t 1 y over w h e T e t h e pre v i o us gag e had read . 



0. 10 

-
c: .... 
a.. 
0 
a.. 
a.. 
C1l -!ll 
tJ .... 

0.05 .u 
a.. 
C1l 
:> 
C1l 
:> .... 
.u 
!ll -=' E 
=' . tJ 

0.0 

direction of motion 

rigid beam 
1-----------------.---....., 

.--; 
J-----t...,..J.----~--:+-----'-,.,J-- - '- t 

119 

6 
I 
I :-lasers 

datum 

0.5 I. 0 

horizo~tal error (in.) 

Figure A-1 Effect of fifth wheel slippage 

.. 

" 
I 

I 

j I 



120 

Since the fifth wheel slipped, however, the beam moved mol'e 

than the standard increment before the computer received the 

signal from the fifth wheel to take a reading. The horizon

tal component oF the distance slipped is 6. The vertical 

component is 6 tan 8. As 8 increases the vertical <eleva-

tion) error increases. As the amount of slippage increases, 

t h e e 1 eva t i on error a 1 s o inc r e a s e s. T h i s i s s h own on t h e 

plot in Figure A-1. the errors in elevation al'e cumulative 

because, in each succeeding iteration, the <incorrect> 

elevations are used from the previous iteration. When these 

elevations are larger than they should be, the resulting 

elevations will be calculated as being largel' than they are. 

Also, the deflections will be calculated at the wrong loca

tions. They will be in error by the amount 6 tan 8 until the 

deflection gage reaches the position where the first gage 

o~cupied at the time of the slippage. 

The fifth wheel may go faster than the load vehicle 

<the opposite of slippage>. When this occurs, the exact 

opposite effect as that of slippage is introduced. Instead 

of an elevation error being added to the profile, it is sub

tracted. 

Consider the fifth wheel again. Recall that the fifth 

wheel tells the computer when the succeeding gages are 

located at a position wh~re the preceding gages had been. 

If the pavement is level, every foot traversed on the pave

ment is one foot traversed on th~ dat•Jm. Thus, by counting 
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the numbe~ of readings made, one can locate any particular 

reading in space. lf, however. the pav~ment slopes at an 

angle 8 ~rom the datum <positive or negative), then the 

fifth wheel does not measure one foot intervals along the 

datum. Thus, for the horizontal distance to be properly 

determined, they must be multiplied by cos 8. Theta can 

easily be determine-;! from any two successive readings. This 

also assumes the slope of the pavement between the fifth 

wheel and the other end of the beam is constant - not an 

unreasonable assumption. If this error is not corrected, the 

calculated profile will be flatter and longer than it actu

ally is. 

Yet another problem can occur with the fifth wheel. This 

concerns timing the gages so that each one reads where the 

preceding gage had read*. Figure A-2a shows the beam and 

the fifth wheel moving on a surface that is parallel to the 

datum. Note that the beam and the surface are parallel. As 

the fifth wheel moves forward one increment, each gage moves 

up to where the previous gage had been. ln Figure A-2b, how

ever, when the beam is not parallel to the surface, one 

increment moved by the fifth wheel does not place the 

succeeding gages over where the preceding gage was. How 

important is this error ? 

The size of the error is a function of the slope of the 

surface, the slope of the beam, and the length of the beam. 

-t: I n t h £> s t a t i s t i c a 1 s F.- n s 1:' 
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Figure A-2 Theory and practice of system usage 
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Assume the slope is 5 degrees <1 : 11> and the slope of the 

0 The angle 2.7 was chosen as it 

is the upper limit the beam can pivot about the end gage 

before the other end gage goes out of range (that is, 2. 5 

inches upward for tl'le Optocators). The error that occurs is 

that the elevation of the pavement <above the datum) is cal-

culated incorrectly. Figure A-3 shows the details of the 

slope and measures the pavement profile at B when the fifth 

wheel has moved one foot up the slope. If the beam had 

tilted JUSt before the the reading was made, the reading 

would have occurred at A. the elevation at A would then be 

computed correctly, but attributed to the horizontal dis-

tanc~ E. The diFF~renc~ between these two points~ 6 yJ is a 

function of the slope of the surface and the amount the beam 

has t ipp~d. For the severe cc•ndi t ions just stated, 6 y is 

significant. For a slope of 0. 7 degrees {1 : 115) and a beam 

tilt oF 3.4 deg~eesJ S y is 0.002 inches. This is signiFi-

cant, when one considers that deflections are measured in 

0. 001 inch increments. 

The solution to this problem is to keep the beam as 

parallel as possible to the pavement. 
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Figure A-3 Effect of beam tilt (gages not shown) 
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2. Rotating Gages 

In the foregoing ~igures, whenever the beam tipped, the 

gages continued to make readings perpendic~lar to the datum. 

This could only occur if the gages wer~ free to rotate on 

the beam. If the gages were fixed rigidly to the beam, 

incorrect data could be gener-ated. A numerical example is 

given in Figure A-4. This figure shows that a small tilt of 

the beam over a level pavement produces an error in the hor
' 

izontal distance measurement. 

This is not to say that this error would not occur if 

the gages were free to rotate on the beam - it would, only 

the magnitude would be about twenty percent of that of the 

fi-::ed gage case (see Figure A-5). Thus, from this stand-

point, it is more desirable to use pivoting gages. 

It is important to note that the gages must pivot ~ 

unison ; if they do not, their random movements could gen-

erate an error larger than that caused by gages fixed to the 

beam. 

Even for readings over a four inch distance on the pave-

ment (instead of single readings), the pivoting gage system 

is still more desirable. The advantage comes from the fact 

that one must measure at the same location as the previous 

gage. 
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Figure A-4 Horizontal error when gages are fixed rigidly 

to the beam. 
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The horizo"ta! dist~nc~ error for th~ ~loating gage s~stem 

wes abs~lutely less than t~~t for the fixed gage system. As 

a pe-:--centage of the four i"'lch distance:·, the floAting gage 

system is closer to the theoretical spacing than the fixed 

gage system. The closer the gage~ read where the previous 

gages had read, the smaller will be the error in the deflec

tion calculation. 

If the fixed gage system is used on a slope. with the 

be-am parallel to the slope, ~he error in the horizontal 

reading will be the same as in the pivoting gage case. That 

is, the fifth wheel will not measure distance along the 

datum unless the cos a correction is made. Should the beam 

with fixed gages become oblique to the slope, the distance 

that the gage laser light spot will be off target will be 

the same as in the zeTo slope case. The same problem occurs 

with approximately the same amplitudes for the pivoting gage 

case. This problem can be alleviated <though not eliminated) 

by using the average of readings taken over a short dis-

tance, rather than single readings. 

i;, this study (section IIL B, 1). 

This averaging was done 

The complexity of motion that the beam can go through 

has only been touched upon in this Appendix. It has examined 

only one of the many gyrations that th~ beam can exhibit 

<the pitch mode). The errors due to roll and yaw remain for 

future investigators. 
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APPENDIX C 

COMPUTER PROGRAMS 

This Appendix lists the data gathering program 

<GATHER), the data reduction p~ogram <CALC), the data pre

view program <LIST), and the profile adJusting program 

ADJUST. 

GATHER is written in the DEC assembly language. This 

was done because it had to operate very quickly. It gathered 

the data from the gages, monitored the fifth wheel, and 

counted pulses from the line time clock. GATHER writes the 

data onto the disk in binary. 

CALC is written in FORTRAN IV. It reads the data <con

verted from binary to ASCII by program LIST) and computes 

the undeflected and deflected profiles and the deflections. 

B?d data points are noted, as are the standard deviations of 

the readings made over the four inches of pavements. 

LIST is a data previewing program. After the data are 

gathered, the operator may wish to see if it is good before 

reducing it. LIST tells th~ operator how many out-of-range 

p0ints there are. If therP are too many, the operator may 



wish to drive ~ver that par~icular str~tch ~f pavement 

a9ain. LIST is also used to tran~la~e the data file into 

ASCII. In this form, the data is compatible with most any 

computer. 
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ADJUST adJusts the endpoints of the profile to user 

specified elevations. The- ef~ect is to change the datum to a 

user de-fined datum. In particular, it is useful to adJust 

the datum to be horizontal. 
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Program GATH~R. u~e~ to collect the data. 

ccccccccccccccccccccccccccc:ccccccccccccccccccccccccccccccc 
c 
C DATA ACGUISIT!ON PROGRAM FOR DAVE ELTON OF PURDUE 
c 
c II GATHER YE DATA WHILE YE MAY II 

c 
c 
C LOGICAL VALUES RECEIVED FROM LASER SUBROUTINE 
C <WHEEL, THREE SWITCHES, & TIME-OUT-ERROR> 
c 

c 
c 
c 

c 

LOGIC=l=TRUE 

BYTE SPACE 
DATA SPACE/lH I 
BYTE IYES 
BYTE IANS 

LOGIC=O=FALSE 

DATA IYES/1HY/ 
BYTE NAMEF<BO> 
DIMENSION JTIM2(2) 
DIMENSION IBUF2<8192), IBUF3C8191), !BUF4<8190l, IBUF5C8189), 

&IBUF6C8188>, IBUF7C8187>, IBUFS<8186), IBUF9C8195), IBUF10(8194), 
&IBUF11(8183), IBUF12<8182), IBUF13(8181), IBVF14(8180) 

DIMENSION IBUF<8193> 
DIMENSION ~TIM<2> 
INTEGER TURN,SD,SB,SC,SD2 
EQUIVALENCE <IBUFC14), IBVF14(1), IBUF13<2>) 
EQUIVALENCE <IBUFC12), !BUF12(1), IBUF11(2), IBUF10C3>, 

&IBUF9<4>, IBUFB<5>, IBUF7C6), IBUF6C7), !BUF5<8), IBUF4C9), 
&:!SUF3<!0), IBUF2(10) > 

C DT=l. /SAMP RATE OF LASERS> 
c 

DATA DT/. 0005/ 
c 
C DT IS SET FOR 2000 HZ 
c 
c 
ccccccccccccccccccccccccccccccc:cccccccccccccccccccccccccccccccccc 
c 
C GET FILE NAME 
C OPEN FILE & 
C WRITE REC. 
c 
c 
1 TYPE 8877 
8877 FORMAT c• ENTER 6 CHARACTER NAME:',$) 

ACCEPT 8876, NC, <NAMEFCJ), I=l. NC) 
8876 FORMAT (Q,80Al) 

CALL IRAD50<6.NAME~, XNAM~> 



CALL NAMEIT<XNAME> 
CALL OPEN 
N=1 
IR=1 
TURN=1 
IWHEEL=l 
IWH=1 
TYPE 7010 
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7010 FORMAT C' SHALL I TAKE THE WHEEL PULSES FROM SWITCH? ',$) _ 
ACCEPT 7011, IANS 

7011 

7111 
c 
c 
c 
c 
1005 
c 
c 

FORMAT CAl> 
IF (I ANS. NE. I YES) GO TO 7111 
IWH=5 
IWHEEL=16 
TYPE 1005 

START DATA ACGUISIT!ON 

FORMAT(' TURN ON START SWITCH TO START DATA ACQUISITION') 

66 IFC ISW\2>. NE. 1) GO TO 66 
8 IF« ISw( IWH>. EG. 1>. AND. ( ISI.J<2J. NE. 0)) GO TO 8 

IF<ISWC2>. EG.O> GO TO 1720 
10 IF<<ISWCIWH>.EG.O>.AND. (!SW<2>.NE.O>> GO TO 10 

IF<ISW<2>. EG.O> GO TO 1720 
GO TO 9 

1720 TYPE 1721 
1721 FORMAT(' YOU HIT STOP DEFORE YOU STARTED???????') 

CALL EXIT 
c 
c 
9 CALL GTIM<JTIM2> 

CALL CLASS<LA2,LA1,KA,LB2,LB1,KB, 
&LC2,LC1,KC,LD2,LD1,KD, 
&1503, ISD2, ISD1, ISDD3, ISDD2, ISDBl, 
&ISDC3, ISDC2, ISDC1, ISDD3, ISDD2, ISDDl, !WHEEL> 

CALL GTIM<JTIM> 
SUMA=CONVCLA2,LA1) 
SUMB=CONVCLB2,LB1> 
SUMC=CONV(LC2,LC1> 
SUMD=CONV<LD2,LD1) 
IAVGA=O 
IAVGB=O 
IAVGC=O 
IAVGD=O 
IF<KA.NE. O> IAVGA=SUMA/FLOATCKA> 
IF<KB. NE. O> IAVGB=SUMB/FLOATCKB> 
IF<KC. NE. 0) IAVGC=SUMC/FLOAT<KC> 
IF<KD. NE.O) IAVGD=SUMD/FLOAT<KD> 
SSA=FIXSD\ISD1, ISD2, ISD3> 
SSB=FIXSD\!SDBl, ISDB2, ISDD3> 



4777 

9995 

..,..,':) 

.:J,:) .... 

& 
33 

34 

1112 

43 

44 

c 

c 
c 

SSC=FI~SD<ISDCl, ISDC2, ISDC3> 
SSD=FIXSD<ISDDl, ISDD2, ISDD3> 
SA=O 
SB=O 
SC=O 
SD=O 
FORMAT <r TESTG=',F13.4/) 
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IF<KD.NE. O> SD=SGRT<<SSD-<SUMD*SUMD>IFLOAT<KD))/FLOAT<KD>> 
IFCKB. NE.O) SB=SGRT<<SSB-<SUMB*SUMB)/FLOAT<KB))/FLOAT<KB>> 
IF<KC.NE.O> SC=SGRT<<SSC-(SUMC*SUMC>IFLOAT<~C))/FLOAT<KC>> 
IFCKA.NE. 0) SA=SGRT(CSSA-CSUMA*SUMA>/FLOAT<KA))/FLOAT<KA>> 
IF< I SW < 4 >. NE. 1 ) GO TO 333 
IBUF<N>=IAVGA 
IBIJF2<N>=IAVGB 
IBUF3<N>=IAVGC 
1BUF4 < N > =II\VGD 
IBUFS<N>=KA 
IBUF6 <N> =I".B 
IBUF7 < N > =V,C 
IBUFB<N>=KD 
IBUF9<N>=SA 
IBUFlO<N>=SB 
IBUF11<N>=SC 
IBUF12<N>=SD 
IBUF13<N>=JTIM2<2> 
IDUF14(N)=JTIM<2> 
N=N+l6 
IF<ISW(3>. EG. 1> TYPE 1112, TURN, IAVGA, IAVGB, IAVGC, IAVGD,KA, 

KB,KC,KD 
IFC<ISW<IWH>.EG.i>.AND. <ISW<2>.NE.O>> GO TO 33 
IF<ISW<2>. EG.O> GO TO 1717 
IF< <ISW<IWH). EG. O>. AND. <!Sl-H2). NE. O> > GO TO 34 
IF<ISWC2). EG.O> GO TO 1717 
IF<ISW(4). EG.O> GO TO 43 
FORMAT (I ', 14. x, 8!6) 
IF<N.GE.8192> CALL WRITE<IBUF, IR> 
IF< ( !SW< IWH). EG. 1). AND. ( ISI.-H2>. NE. 0 >) GO TO 43 
IF<ISW<2). EG.O> GO TO 1717 
IF< <ISW<IWH>. EG. 0). AND. <ISW(2). NE. 0) > GO TO 44 
IF<ISW(2). EG.O) GO TO 1717 

TIJRN=TURN+l 
IF(N.LT. 8192) GO TO 9 
N=l 
IR=IR+32 
GO TO 9 

c 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc. 
c 
c 
C .NOT START 



c 
c 
c 

TYPE EXIT 

1717 TYPE 1007,TURN 
1007 FORMAT (' END OF TEST AFTER ', I6, ' FEET' II) 

IF<ISW<4>. EG.O> GO TO 1 
DO 1562 I=1, 12 

1562 1BUF<N+I-1>=-1 

c 
c 
c 

c 
c 
c 

CALL WRITE<IBUF, IR> 
CALL WAIT 
CAi_L CLOSEX 
GO TO 1 
END 

FUNCTION FIXSD<ISDl, 1SD2, ISD3> 
XX=ISD1 
YY=ISD2 
ZZ=ISD3 
IF< XX. LT. 0. XX=65536. +XX 
1F<YY. LT. 0. YY=65536.+YY 
IF<ZZ. LT. 0. ZZ=65536. +ZZ 
FIXSD=XX+65536. *<YY+65536. *ZZ> 
1F<FIXSD. LT. 0. > TYPE 12 , ISDl, ISD2, ISD3. FIXSD 

12 FOR~lAT ( 2X' I *******il-****~~*-r~********,' I' 2X I 

~ 'ISDl-3, F!XSD = ',3I5,X.G12.6> 
RETURN 
END 

FUNCTION CONV(I2. Il> 
Y=I1 
IF<Y. LT. 0. > Y=65536. +Y 
CONV=65536. *FLOAT<I2>+Y 

IF<CONV. LT. 0.) TYPE 12, 12, 11, CONV 
1 2 FORMAT ( I' X I , *&*t--:*&*&*~-r*~:(* 8(*&*&*~*&*~* , I 

& I' 2X, I 12. 12~ CONV = I' 2!7. x, G16. 3) 
RETURN 
END 

134 



Program CLASSY, a subroutine to GATHER. 
i i i i ; i i i i ; ; ; i i i ,; i i i ; i i I· i i i i i i i i i i i ; ; ~ ; i i i i i i i i ; 

CALL CLASS<LA2,LA1,KA.LB2.LB1,KB,LC2,LC1,KC, 
& LD2,LD1,DK.LSDA3,LSDA2,LSDA1,LSDB3,LSDB2,LSDB1, 
& LSDC3,LSDC2,LSDC1.LSDD3,LSDD2,LSDD1, IWH> 

I=I SW < LS~JI TCH > 

iiiiiiiiiiiiiiiiiiiiiiiiij)jjjjjjjjjjjjjjjjjjjjjjjjjjjj 

. ENABL AMA 

.GLOBL CLASS. ISw 

DEFINE SYMBOLS AND REGISTERS 

AR=177550 
BR=177540 
CR=177530 
DR=177520 
ER=177510 
Z='l..O 
Z2=/.1 
HASK=Y-2 
R='%5 
PC='%7 
START=2 

START LASERS AT ENTRY POINT "CLASSY" 

CLASS: INC 
INC 
INC 
INC 
MDV 

AR 
BR 
CR 
DR 
#2,ER 

CLEAR SAMPLE COUNT 

CLR KA 
CLR KB 
CLR KC 
CLR ~.D 

CLEAR AVG REGISTERS 

CLR SUMlA 
CLR SUM2A 
CLR SUMlB 
CLR SUM2D 
CLR s·~k"l1 -::: 

• 
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A: 

CLR SUM2C 
CLR SUM1D 
CLR SVM2D 

CLEAR RMS REGISTERX 

CLR SS1A 
CLR SS2A 
CLR SS3A 
CLR SS1B 
CLR SS2B 
CLR SS3B 
CLR SSlC 
CLR SS2C 
CLR SS3C 
CLR SS!D 
CLR SS2D 
CLR SS3D 

SET WHEEL SWITCH BIT 

MDV @62CR>,WH 

CLEAR THE HALF CYCLE DETECTOR ~ SET MASK 

CLR HALF 
MDV #100007,MASK 

LASER "A" ACGUISITION, AVG, &.: RMS CALCULATIONS 

TSTB 
BPL 
CMP 
BEG 
MDV 
INC 
BIC 
ROR 
ROR 
ROR 

AR ; IS LASER "A" READY 
B ;NO- SO GO GET LASER "B" 
KA, #32767. 
B 
AR+2,Z 
AR 
MAm\, Z 
z 
z 
z 

;YES-GET DATA FORM PARALLEL CARD 
;RESTART LASER 
;CLEAR UNWANTED BITS 

<THESS CAN BE DELETED-
IF CABLE IS REWIRED SO THE 

DATA IS RIGHT JUSTIFIED> 
ADD Z,SUM1A ;ADD DATA TO SUM 
ADC SUM2A 
MDV z, Tl"1P 
MUL 
ADD 
ADC 

TMP,Z 
Z2,SS1A ;ADD 
SS2A 

ADD Z,SS2A 
ADC SS3A 

SGUARE TO RMS SUM 

INC KA ;INC THE SAMPLE COUNT 

LASER "B" 

TSTB 
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BPL c 
•......... CMP KB, #32767. 

BEG c 
MDV BR+2,Z 
INC BR 
BIC MASK,Z 
RDR z 
RDR z 
RDR z 
ADD Z,SUMlB 
ADC SUM2B 
MOV Z,TMP 
MUL TI'1P, Z 
ADD Z2,SS1B 
ADC SS2B 
ADD z. SS2B 
ADC SS3B 
INC KB 

LASER "C" 

C: TSTB CR 
BPL D 
CI'1P KC, #32767. 
BEG D 
MDV CR+2,Z 
INC CR 
BIC MASK.Z 
ROR z 
ROR z 
ROR z 
ADD Z,SIJMlC 
ADC SUM2C 
MDV Z, Tf'o1P 
MUL TMP.Z 
ADD Z2,SS1C 
ADC SS2C 
ADD Z.SS2C 
ADC SS3C 

: INC KC 

LASER "0" 

D: TSTB DR 
BPL E 
CMP KD, #32767. 
BEG E 
MDV DR+2,Z 
INC DR 
I3IC MAS!-<,, Z 
ROR z 
ROR 7 .... 
ROR z 



E: 

GOTOA: 
SNDHLF: 

EXIT: 

ADD 
ADC 
MDV 
1"1UL 
ADD 
ADC 
ADD 
ADC 
INC 

MDV 
BIT 
BEG 
TST 
ENE 
BIT 
BNE 
MDV 
'-'MP 
BIT 
BEG 

TST 
MDV 
MDV 
MDV 
MDV 
MDV 
MOV 
MDV 
MDV 
MDV 
MDV 
MDV 
MDV 
t10V 
MDV 
MOV 
MDV 
MDV 
MDV 
MDV 
MDV 
MDV 
MDV 
MDV 
MDV 

RTS 
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Z.SUM1D 
SUM2D 
z.TMP 
TMP,Z 
Z2,SS1D 
SS2D 
Z,SS2D 
SS3D 
KD 

READ AND PROCESS THE SWITCHES 

ER+2,Z 
#START.Z ; IS START SWITCH STILL SET? 
EXIT ; NO - GO EXIT 
HALF ;YES-ARE WE IN FIRST HALF OF CYCLE 
SNDHLF ;NO-GO TO SECOND HALF 
WH,z ;YES- ARE WE NOW IN FIRST HALF OF 
GOTOA ;NO-GO ACQUIRE MORE DATA 
#L HALF ;YES-SET SECOND HALF FLAG 
A AND GO ACGUIRE MORE DATA. 
WH.Z ;SECOND HALF- ARE WE NOW IN FIRST 
GOTOA ;NO-GO ACQUIRE MORE DATA 

EXIT WITH ARGUMENTS 

<R>+ 
SUM2A,@<R>+ 
SUMlA,@<R>+ 
KA,@(R)+ 
SUM2B,@<R>+ 
SUM1B,@(R)+ 
KB,@<R>+ 
SUM2C,@<R>+ 
SLIMlC,@<R>+ 
KC,@<R>+ 
SUM2D,@<R>+ 
SUMlD,@<R>+ 
KD,@<R>+ 
SS3A,@(R)+ 
SS2A I ·~ ( R ; + 
SSlA, @(R :'+ 
SS3B,@<R>+ 
SS2B,@<R>+ 
SSlB,@<R>+ 
SS3C,@<R>+ 
SS2C,@<R)+ 
SSlC,@(R)+ 
SS3D,@<R)+ 
SS2D,@(R)+ 
SS1D,@<R)+ 

PC 

CYCLE? 

HALF? 



WH: WORD 0 
KA: WORD 0 
KB: WORD 0 
KC: WORD 0 
KD: WORD 0 
S 1 • .1"'11A: WORD 0 
s:_::·12A: !tJORD 
SU1':1B: WORD 
Sllr'l2B: WORD 
SUi'i 1 C: WORD 
SUI'12C: WORD 
SUM1D: WORD 
SU!'12D: WORD 
SSlA: WORD 
SS2A: WORD 
SS3A: WORD 
SS1B: WORD 
SS2E: WORD 
SS3B: WORD 

cc·~,.-.. 
_,._.c..v. 

SS3C~ 
ss: fj: 
SS2D: 

HALl=: 
T!'"1P: 

WORD 
WORD 
WORD 
WORD 
WORD 
WORD 
WORD 
1-JORD 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 

f 

DATA 

FUNCTION SUBROUTINE TO READ 
ANY BIT OF SWITCH CARD 

ISW: MDV 
MO\/ 
MO~.i 

CLR 
DE::: 
A~:HC 
BIT 
BEG 
INC 

~'~QTSET: RTS 
END 

. ENABL 
GLOBL 

#2,ER 
#L 7 ._ 

€2 ( R) I R 
Z2 
R 
R· "7 

L 

Z,ER-i-2 
NOT SET 
Z2 
PC 

ANA 
I,.. .. 

.::;II'• 

; START SA1'1PLING 
;ROTATE ONE BIT TO TEST LOCATION 

;TEST IF THIS BIT IS SET IN CARD 
;NO- GO EX!T WITH ZERO 
;YES- GO EXIT WITH ONE 
; EXIT - SUBROUTINE "I SW" 
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ER=177510 
Z=/.1 
R=i;S 
Z2=/.0 
PC=/.7 
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Program DISK. MAC, a su~routine to GATHER. 

R0=/.0 
Rl=%1 
R2=%2 
R3=i.3 
R4=/.4 
R5=i.5 
c--·,-. t_-,.1 

OPEN: 

ERR: 

NAME IT: 

NAME: 

AREA: 

IER: 

CLOSEX: 

DISK READ WRITE SUBROUTINES 

. MCALL 

. MCALL 

. GLOBL 

. GLOBL 

. GLOBL 

. ENABL 

. LOCK 

. FETCH 
CLR 
f'lOV 
MDV 
. ENTER 
BCS 
MOV 
RTS 
CLR 
RTS PC 
MOV 
MDV 
MDV 
RTS 

. RAD50 

. RAD50 

. RAD50 

.RAD5y 

. BLKW 

MDV 
RTS 

. CLOSE 
RTS 

. LOOKUP I • FETCH 

.READW •. WAIT •. WRITE,.LOCK •. ENTER •. CLOSE 
OPENO 
NAME IT 
OPEN,CLOSEX.READ,WRITE,WAIT, IER 
AI'1A 

#CORSPC,#NAME 
FIRST 
#AREA,/.5 
#1,/.4 
R5,R4,#NAME,#-1 
ERR 
#l,E 
PC 
E 

2(R5), Rl 
(R1)+,NAME+2 
( R 1 ) I NAME +4 
PC 

/DK I 
/DATI 
/A I 
/DATI 
10 

E.RO 
PC 

MDV #L R4 
R4 
PC 
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OPENO: . LOCK 
. FETCH #CORSPC,*tNAME 
CLR FIRST 
1'10V #AREA.RS 
MDV #1. R4 
. LOOKUP RS.R4,#NAME 
BCS ERO 
MDV #1. E 
RTS PC 

ERO: CLR E 
RTS PC 

E: . WORD 1 

F<EAD: MDV 2<RS>, R4 
1'"10V @4 ( R 5), R 1 
MDV #1. R3 
MDV #AREA,R2 
. READW R2.R3,R4,#8192. ,R1 
BCS RDERR 
l'iOV #LE 
RTS PC 

RDERR: CLR E 
RTS PC 

FIRST: . l.JORD 0 

WRITE: l'lOV 2\R5), R4 
MDV e4<RS>,R1 
MDV #1. R3 
MDV #AREA.R2 

FIR: . WRITE R2,R3.R4,#8192. ,Rl 
BCS l.JTERR 
MDV #1,FIRST 
MDV :ttL E 
RTS PC 

WTERR: CLR E 
RTE. pr 

1-JAIT: MDV #1. R3 
. WAIT R3 
BCS t.-JAER 
f'iDV :;;"-1, E 
RTS PC 

W.AER: CLR E 
RTS PC 

CORSPC: .BLKW 400 
. END 



Program LIST, used to preview the data. 

C THIS IS LIST. FOR. IT TAIJ,ES 
C A DATA FILE CREATED BY GATHER.FOR AND RE-WRITES 
C IT AS AN ASCII CODE FILE, EITHER ON DISK, 
C PRINTER OR SCREEN. SEE PROGRAM FOR THE 
C ORDER THE DATA IS PRESENTED. 
C N=NUMBER OF READINGS 
C S=STD DEV OF ONE OF THE GAGES OVER FOUR INCHES 
c 

1 

DIMENSION IBUFF<8193} 
BYTE NAMEFC8Q),NAME2C80) 
BYTE ITT, IAA, ILL, IDD 
DATA ITT, ILL, IDD/lHT, lHL, lHD/ 
BOZO=O. 
TYPE 5555 
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555~ FORI'1AT(/, X,' LISTING ON TT, LP OR DISK? <T, L OR D> '• $) 

ACCEPT 55, IAA 
55 

20 

'"")• 
~-l 

FORI'1AT<A1) 
IF<IAA. NE. IDD> GO TO 22 
TYPE 20 
FORMAT (I I 2X, , OUTPUT FILENAME ? I I$) 

ACCEPT 21. NOC, <NAME2( J), -...'=1, NOC> 
FORI'"IAT(G, 80Al > 
NAME2<NOC+l>=O 
CALL ASSIGN( 1 L NAME2, NOC, 'NEW'> 

;;:2 CONTINUE 
FORMAT(/,2X,' DATA FILE ',20Al,/) 

1=17 
DO 10 11=1,32767 
IF< II. GT. 1) BOZO=!. 

CALL READCCA.B,C.D.NA,NB,NC,ND,SDl,SD2,SD3,SD4, IS, IE, I> 
DT=FLOAT 1• IE-IS> 
IDT=IE-IS 
ISDl=IFIX<SDl) 
ISD2==IFIX<SD2) 
ISD3=IFIX<SD3> 
ISD4= I FD: < SD4) 
IA=IFIX\A) 
IB==IFIX(Il) 
IC=IFJX(C) 
ID=IFIX(D) 
IFCA. LT. 0) GO TO 11 

IF<IAA. EG. IDDl WRITE<11,60) IA, IB, IC, ID,NA,NB,NC,ND .. ISD1, 
& ISD2, ISD3,JSD4, IDT 

IF< IAA. EG. ITT} TYPE 1.000, ILIA, IB, IC, ID .. NA, NB, NC, ND, ISDL 
~ ISD2. ISD3, ISD4, IDT 

IF< IAA. EG. ILL) PRINT 1000, ILIA, IB, IC, ID, NA, NB, NC, ND, ISDl. 
& ISD2, ISD3.1SD4, IDT 

10 CONTINUE 
11 IF< IAA. EG. IDD> CALL CLOSE( 11 > 
1000 FORMAT(X. 1315, X, I4> 
60 FORMAT(X, 13I5) 



c 
c 
c 
c 
c 
c 
c 
c 
r> 
~ 

c 

GO TO 1 
END 
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SUBROUTINE READC<A.B.C.D,NA.NB.NC,NC,SD1,SD2,SD3,SD4, IS, 
IE, I> 

~-..: 

A,B,C,D =LASERS A,B,C,D 
NA.NB.NC,ND =NO_ OF SAMPLES 
SD1,SD2,SD3.SD4 =STANDARD DEVIATIONS 
IS = TIME TICKS READ BEFORE CLASS 
IE = TIME TICKS READ AFTER CLASS 

SUBROUTINE READCCA,B,C.D,NA,NB,NC,ND,SDl,SD2,SD3,SD4, 
!START, lEND, l) 

COMMON /RMECOM/IBUFC16,512) 
DATA IOPEN/0/ 
DATA LR/-1/ 
BYTE NAME<20) 

IF< !OPEN. EG. 1 > GO TO 1 
IOPEN=l 
WRITE<5,2> 

2 FORI'lAT(/, 3X, 'RAW DATA FILE NAME __ . '• $) 

ACCEPT 5, NOC ( NAI'iE (I ZZ), I ZZ=L NOC) 
NAME ( 1'-JOC+l > =0 

5 FORMAT<G.20A1> 
CALL ASSIGN ( 1. NAME, NOC, I OLD I) 

DEFINE FILE 1 (1000.8192,U.IV> 
WRITE<6.4) <NAME<ITT), ITT=!,NOC> 

4 FORMAT(/, 3X. 'DATA FILE NAME: ', 80Al > 
WRITE< 5, 3> 

3 FORMAT (I I 3X' I ROARRRRR ~ ! I CHOMP CHOMP CHOMP I I $) 

1=17 
1 IR=C(I-1)/512)+1 

IF<IR.EG.LR> GO TO 30 
READ<l'IR.END=1717> <<IBUFCMZ.LZ>.MZ=l, 16),LZ=1,512> 
LR=IR 

30 INDX=MOD(I.512i 
IF<INDX_ EG.O) INDX=512 
A=lBUF< L INDX> 
B=IBUF<2. INDX) 
C=IBUF(3, INDX> 
D=IBUF(4, INDX) 
NA=IBUF(5, INDX> 
NB=IBUF(6, INDX> 
NC=IBUF(7, INDX> 
ND=IBIJF(8, INDX> 
SD l = 1 B UF ( c;;·, I ND X ) 

SD2=IBUF<lO, INDX) 
SD3=IBUFC11, INDX> 
SD4=IBUFC12, INDX> 
ISTART=IBUF<13. INDX> 
IEND=IBUF(14, INDX) 
I=I+l 



IFCA.NE.-1) RETURN 
1717 CONTINUE 

RETURN 
END 
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Program CALC, used to reduce the data. 

c this is CALC.FOR. It uses another way. The terror of the hwy. 
C data ab. be, cd/11. 974, 12. 149,83.75/ 

data ab,bc.cd/12.04, 12. ,84. I 
data asci. dscl.dflt/1. o. 1. o.5h*****f 
byte name(30),cue2,YES,NO, prcue.PP,PD 
data YES, NO, key/lhY, 1hN,O/ 
dimension b b < 20), c c: < 20), d d < 20), b ( 20 >, c < 20 >, fc tra < 20), 

& d(20),aascmn(20),aascmx<20),dmin(20),dmax<20> 
& , grad(20), :inum<20), aastrt(20), elev1<20), elev2(20), 
& a as c a 1 ( 20 ) , p r ( 20 ) , d e f d i f ( 20 ) , 
& aaend<20),pltct<20> 

integer fa, fb,fc,fd,to.consec.deflct.reset.cue3 
common ./plt/iplt.pmin,dmin 
common a(2Q),aa(20),defl<20> 
cue2=NO 
cue3=0 
write(5,92} 

92 format(///, 3x. '10 - 4 good buddy 11 Ready to run CALC ?', 
& 3x,$) 

accept 73, zdz 
write(5,93) 

93 format(/,3x, 'Will you want an extended printout?',2x,$) 
accept 73, prcue 
d 0 122 i z i = 1, 20 
p l t c t ( i z i } =0. 0 
a as tr t ( i z i > =0. 
aaend<izi>=O. 

122 continue 
if<cue2. eq. NOl go to 85 

78 write(5,68) 

68 
JJ=17 
format(/,3x, 'Type in full name of profile plot file ... 

I $) 

call assign(8,, -L 'new', 'CC'> 
write(5,69) 

69 format(/,3x, 'Type in full name of defl. plot file ... ', 
$ $) 

call assigrd9, ,-1. 'new', 'CC') 
85 continue 

xn=<ab+bc)/bc 
if(cue2. e~. NO> write(6,43> 

, 

43 format(lhl. ///, 45x, '*****PURDUE- WATERWAYS LASER SYSTEM', 
& , *****'• //) 

c initializations 
ictt=O 
incre>=O 
if(cue2. eq. NO> afctra=O.O 
if(cue2. eq.NO> afctrd=O.O 
sa=O. 
sb=O. 0 



c 

sc=O.O 
sd=O.O 
d sb=O. 
dsc=O. 
dsd=O. 
nfa=O 
nfb=O 
nfc=O 
nfd=O 
nnfa=O 
nnfb=O 
nnfc=O 
nnfd=O 
inn=OO 
inni=O 
JJ=17 
aval id=O. 
dva 1 i d=O. 
if(cue2. eq.YES> go to 63 
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1 format(/,2x.' Total number of invalid readings is= ', 
$ 5Ci4, x), /) 

8 format{/, 2x,' No. of data pts. is = ' i7> 
22 format(/,3x, 'start/end :::: ', $) 

21 format<f20. 5> 
20 format ( /, 2 x , ' start I end = ' , 2 ( i 1 0, x > , I ) 

~' J=l7 
call redeal (z, z, z, z, z, z, z, z, z, z, z, z, n. n. n, n, z, z, z, z, JJ) 

c scheme for getting out-of-line constants (delta a,d) 
c 

JJ=l7 
write(6,94) 

94 format(/, 3x. 'Bad A, B, and C gage readings as follows - '• 
& /,5x, 'location',6x. 'gages',/, 
& Sx, 'ft.', Sx, 'A B C', /) 

do 23 innn=1,32575 
call redeal (ax, bx, ex, dx, ascL dscl, afctra. afctT'd, 

& az, bz, cz, dz, na, nb, nc, nd, stda, stdb, stdc. stdd, JJ) 
i f ( a z . 1 t. 0. > g a t a 34 
call check(az, bz. c:z. dz, na, nb, nc, nd, fa, fb, fc, fd) 

nnfa=nnfa+fa 
nnfb=nnfb+fb 
nnfc=nnfc+fc 
nnfd=nnfd+fd 
inn=inn+l 

if(fa. eq_. 1. or. fb. eo .. 1. or. fc. eq. 1) WT'ite<6, 95)innn, fa, fb, fc 
95 foT"mat(7::, i3, t19, 3i2) 

i f ( fa. e q. 1 . or. f b . ~ q. 1 . or. f c . e q. 1 ) g o to 90 
sa=sa+ax 
sb=sb+bx 
sc=sc+cx 
avalid=avalid+l. 

o ~ c t~··a = ( sa/ a \tali c ) - ( (scI ava 1 -i d ) - ( ( b c + 3 b ) / b c ) * ( ( s c- s b >I ava 1 i d > 



90 

91 
23 

34 

if(fb. eq_. 1. or. fc. eq. 1. or. fc. eq_. 1> go to 91 
dsb=dsb+bx 
dsc=dsc+cx 
dsd=dsd+dx 
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dval id=dval id+l. 
ofctrd=(dsd/dvalid>-<<dsc/dvalid)+(cd/bc)*((dsc-dsb)/dvalid)) 

continue 
continue 
incre=nnfa+nnfb+nnfc+nnfd 
jj=17 
write(5, 1) nn;a,nnfb,nnfc,nnfd, incre 
write(6, 1 > nnfa. nnfb, nnfc, nnfd, incre 
li.rrite(6, 8> inn 
write(5, 8) inn 
write(5,22> 
accept 21. rist 
write<5,22) 
accept 2L riend 
ist=ifix<rist> 
iend=ifix(riend> 
wri te(6, 20) ist. iend 
write(S, 20) ist, iend 
lJ.I~ite(6,96) 

96 format(/, 3x. 'Bad readings between start and end are - '• f, 
& Sx, 'loc:ation',6x~ 'gages',/, 
& Bx, 'ft. ',Sx, 'ABC',/) 

i f ( fa. e q . 1 . or. f b . e q. 1 . or . f c . e q. 1 ) wr i t e < 6, 9 5 ) i z z , fa, f b , f c 
do 11 izz=ist. iend 
call readc <az, bz, cz, dz, r.a. nb1 nc. nd, stda, stdb, stdc. stdd, 

& iistar, iiend. JJ) 
c a 11 c he c k (a z 1 b z, c z , d z, n a 1 n b 1 n c, n d, fa, f b, f c, f d > 
if(fa. eq. 1. or. fb. eq. 1. or. fc. eq. 1) w-rite<6~95)izz, fa, fb, fc 
if(az. lt. 0.) go to 9 
nfa=nfa+fa 
nfb=nfb+fb 
nfc=nfc+fc 
nfd=nfd+fd 

11 continL•e 
9 ictt=nfa+nfb+nfc+nfd 

Jj=l7 
25 format(/,3:::~ 'Gage spacing ab.bc and cd = ',3(f10.5.x),/) 
50 f 0 T' ffi t3 t ( 2 X , l 5, X 1 8 ( f 1 0. 5, X ) ) 

write<5,39) ofctra.ofctrd.nfa,nfb,nfc, 
~ nfd, ictt 

write(6,39> ofct-ra.ofctrd.nfa.nfb,nfc, 
& nfd, ictt 

39 format(/,2x.' Calculated delta a.d = ',2(f10.6.x>. 
& //,3x, 'There were ',x.5(i6.x), 'invalid readings',/, 
& 4x. 'in between the start and end. ', /) 

w-rite(5,42) 
accept 41.- afct-ra 
li.'T' i t e < 5, 40 ) 
accept 41. afct-rd 



: 

c 

42 
41 
40 

38 

63 

foT'mat<l.2x,' input fctT'a please... ',$) 
foT'mat(flO. 6) 
foT'mat(l, 2x,' input fctT'd please... '• $) 

WT'ite(6, 38) afctT'a. afctrd 
foT'matC3x~ 'Input delta a.d = 1•2<f10.6.x>> 
WT'ite(6,25> ab, bc.cd 

establish the aT'bitraT'y distances fT'om gages 
cc<l>=l. 

bb(2)=1. 
deflc:t=O 
sumdef=O.O 
ssdef=O.O 
iplt=o 
i=l 
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c *************************** 
c AHEt1! now do the first seven points. fOT' which the 
c deflections at gage d .cannot be calculated. 
c *************************** 

JJ=17 
if<cue2. e~. YES> ibbi=ist 
if<cue2. e~. NO> wT'ite<6.54) 

54 foT'mat(l/1, 13( 1 =========='>> 

53 
&: 
& 

31 

81 

82 

if(cue2. eG_. NO> WT'ite<6, 53> 
format{//, t3, 'FT.', t12, 'AA', t20, 'BB', t29, 'CC', 
t38, 'DO I. t471 'DEFL,. t56. 'THETA I I t65, 'STD A I I 

t74, 'STD B I I t83. 'STD c,. t92. 'STD D I I t102. 'FLAGS, I I I) 
call advnce(T'ist) 

iplt=iplt+1 
if(cue2. eq. YES. and. cue3. e~. 0) WT'ite(5,81) 
foT'mat(l/, 3x~ 'Input sta-rt.ing elevation in feet ... '$) 

if(c:ue2. e~. YES. and. cue3. e~. 0) accept 82. elevl<iplt) 
foT'mat(flO. 5) 

if(cue2. eq_. YES. and. cue3. e~. O> write(5, 83> 
83 foT'mat(l/, 3x, 'Input ending elevation in feet ... ',$) 

if<cue2. eq_. YES. and. cue3. eq.O> accept 82, elev2<iplt> 
if(cue2. eq. YES. and. cue3. eq. 0) elev1<iplt)=elev1Ciplt)*12. 
if<cue2. eq. YES. and. cue3. eq. O> elev2<iplt>=elev2<iplt)*12. 

71 

& 
& 

iff.c\..,e3. eq. l> call e.~i5.~aas.c.m:x<ipltl, aascmn<iplt> .. 
iplt, pr<iplt), 8, 'PROFILE- ENLARGED 

elevl<iplt), elev2(iplt), 1J 
if(cue3. eq. 1) call a:.:.is<dmax<iplt),dmin(iplt), iplt, 
defdif(iplt),9, 'DEFLECTIONS- ENLARGED 
elevl<iplt), elev2Ciplt), 2> 

if<cue3. eq. 1> go to 71 
dmax<iplt>=-1e36 
df1'lin(iplt>=le36 
a~scmx<iplt>=-le36 

aascmn<iplt>=le36 
do 3 ibbi=ist.32573 

if<ibbi. gt. iend) go to 44 
i f < c: u e 2. e q. NO > p l t c t <i p 1 t ) = p 1 t c t <i p l t > + 1. 
xn=(ab+oc)/bc 
c a 11 -r-ed c 2! (a ( i +2), b ( i + 1 L c ( i >. d x x, as c L d s c L a f c tT'a, 

I 
I 



r.::::::::: 
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& afctrd~ az~ bz~ cz~ dz, na~ nb, nc, nd, stda, stdb, stdc, stdd,. 
i f < a z . 1 t. 0. > g o to 44 
call check (az, bz, cz, dz, na. nb, nc. nd, fa, fb, fc, fd) 
if(fa.eq.O.and.fb.eq.O.and.fc.eq.O> go to 32 
if(cue2. eq. NO> write(6,26) ibbi, fa, fb,fc,fd 

26 format<2x, i4, x. 'reset', t100,4i3> 
if(cue2. eq.NO> write(5,101)ibbi.fa,fb,fc 

101 format(/, 3x, 'Bad data point at location ' i4, 3x, 4i2> 
ist=ibbi+l 
bb(2)=1. 
cc(l)=1. 
i f < i s t . g t. i end . and . i. g t. 1 ) a a en d < i p 1 t > =a a ( i + 2 > 

i=l 
if ( ist. gt. iend > go to 46 
if(cue2. eq. YES. and. cue3. eq. 1 > key=l 
if ( k e y . e q. 1 > g o to 1 00 
go to 31 

32 continue 
c the order the algorithm requires the data is a b c d. 
c a.b and care the profilometer. and d is the deflection pt. 
c First, note that the gage spacing will affect 
c the algorithm. Gage spacing factor is xn. 
c Now to calculate the profile point. 

theta=atan<<c<i>+cc(i)-b(i+l)-bb(i+l})/bt) 
c theta=O. 

aa(i+2>=c<il*cos<theta)+cc(i)-a(i+2>*cos(theta>-xn* 
& (c(i)*cos(theta)+cc(i)-b(i+l)*cos(theta)-bb(i+1>> 

if(cL•P-2. eq. NO. and. i. eq. 1) aastrt<iplt>=aa< i+2> 
if(cue2. eq. YES> call scale<elevl<iplt),elev2Ciplt), 

a as trt < i p 1 t), a a end< i p 1 t >, p 1 tc t < i p 1 t >, a a< i +2 >, 
aascal(i+2), i) 

if<cue2. eq. YES. and. cue3. e-r1. O> aascmx(iplt>=amaxl(aascmxCiplt>, 
& aasca1Ci+2)) 

64 

17 

if(cue2. eq. YES. and. cue3. eq. O> aascmn<iplt>=aminl<aascmn<iplt), 
& aascal<i+2)) 

if(cue3. eq. 1> call ppt<aascal<i+2), ibbi. aascmn(iplt>, prCiplt), 
& 8, 1. ) . . 

continue 
if~prcue. eq. YES. and. 

c\•e2. eq.NO) W'r"itc-(6,35) ibbi. aa{i+2Lbb(i+1),cc(i),theta. 
stda, stdb, stdc, stdd, fa, fb, fc, fd 
f 0 r mat ( 2 X ; i 4' X > 3 ( f 8. 3, X ) , 9 ):: ' 9 X ' 5 ( f 8. 3, X ) 1 t 1 00 • 4 i 2 ) 

c reset 
cc<i+1)=bb<i+1> 
bb(i+2)=aa(i+2) 

if(ibbi. e-q. iend. and. cue2. eq. NO> aaend(iplt>=aa(i+2> 
i ~ ( i. e q. 7) 9 o to 30 
i=i+l 

3 continue 
c ***********************~**6*************** 
c now to do points 8 to infinit~.. .. . . . . and beyond 11 

c *************~**************************** 
30 i=B 



ibbi=ibbi+l 
iict=7 
if ( i b b i. g t. i end ) go to 46 
do 10 ii=ibbi, iend 

iict=iict+1 
if<cue2. eq. NO> pltct<iplt>=pltct<iplt>+l. 

xn=(ab+bc)/bc · 
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c note that ii indicates where gage c is. 
c a 11 red c a 1 ( a ( i +2 > , b ( i + 1 > , c ( i ) , d < i -7 > , as c 1. d s c 1. a f c tr a. 

& afctrd, az, bz, cz, dz, na, nb, nc, nd, stda, stdb, stdc, stdd, JJ > 
if (a z. 1 t. 0. > go to 46 

call chec ~: (az, b z, c z, d z, na, nb, nc, nd. fa, fb. fc, fd) 
i f ( fa. e q. 0. an d . f h . e- q. 0. an d . f c . e q. 0 ) g o to 28 

i f < fa. e q. 1. or . f b . e q. 1. or. f c . e Q.. 1 > wr i t e ( 6, 1 04 > i i. fa 1 f b , f c 1 f d 
if(fa. eq. 1. or. fb. eq. 1. or. fc. eq. 1> go to 27 

104 format<2x, i4. x, 'reset2', tlOO, 4i3) 
c Emergency reset (for bad data points> 

c 

27 i st=i i+l 

28 

29 

84 
18 

& 

& 
& 

t.: 

if<cue. eq. NO) aaend<iplt)=aa<i+2) 
i f < i st. g t . i end ) g o t o 46 
i=l 
cc<i>=l. 
bb ( i+! )=1. 

if ( c ue2. eq. YES. and. c ue3. eq. 1) k ey=l 
if <k e y. eo.. 1 ) go to 1 02 

go to 31 
continue 

theta=atan((c(i)+cc(i)-b(i+1)-bb(i+1))/bc) 
theta=O. 

aa(i+2)=c(i)*cos<theta)+cc(i)-~(i+2)*cos<theta>-xn* 

<c<i>*cos(theta)+cc(i)-b(i+1)*cos(theta)-bb<i+1)) 
if(cue2. eq. YES> call scale\elevl<iplt), elev2<iplt), 

a a 5 tr t < i p 1 t) 1 a a end ( i p 1 t) , p 1 t c t < i p 1 t >, a a< i +2 > 1 

aascal < i+2) 1 i ict) 
if(cue2. eq. NO. and. ii. eq. iend) aaend<iplt>=aa(i+2> 
if(fa. eq. 0. and. fb. eq. 0. and. fc. eq. 0. and. fd. eq. 1 > go to 84 
d~(i-7)=c(il*cos(theta>~cc(i}-d(i-7>*cos(theta)+(cd/bc>* 

(c(i)*cosCtheta)+cc(i)-b(i+1>*cos<theta)-bb(i+l)) 
defl(i-7)=cc(i-7)-dd(i-7) 

cl e ·fl c t=d e f 1 c t+ 1 
sumdef=sumdef+def!(i-7) 
ssdef=ssdef+(defl(i-7)**2> 

if<cue2. eq. NO. and. ii. eq. iend> aaendCiplt>=aa(i+2> 
continue 

if(cue2. eq. YES) go to 13 
if(fa. eq. 0. and. fb. eq. 0. and. fc. eq. 0. and. fd. eq. 1. 

and. prcue. eq. YES) 
write(6, 36) ii, aa< i+2>. bb( i+l }, cc<i ), dflt. dflt, theta. 

~< stela, stdb, stdc~ stdd1 fa, fb, fc, fd 
36 for· mat ( 2 x , i 41 x 1 3 < f 8. 3, x ) , 2 ( 4 x , a 5 > , 5 ( f 8. 3, x > 1 2 x , 4 i 2 ) 

if(fa. E-(i 0 and. fb. eq 0 . .:,nd. fc. eq. 0. and. fd. eq. 1> 
~~ 9 o to 13 



if(cue2. eq. YES> go to 13 
if<prcue. eq. YES> 
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& write<6.16) ii.aa<i+2>.bb(i+l),cc<i>.dd(i-7>,defl(i-7>, 
~-< theta, stda, stdb. stdc, stdd. fa, f:b, fc, fd 

16 format<2x, i4, x, 10(f8. 3, x), t100,4i2) 
13 continue 

if(cue2. eq. NO. and. cue3. eq. O> go to 66 
if<cue2. eq. YES. and. cue3. eq. 1 > go to 66 
aascmn(iplt>=amin1Caascmn<iplt>,aascal(i+2)) 
a as c. m x < i p 1 t > =a ma x 1 < a as c: m x ( i p 1 t ) , a as c a 1 < i + 2 ) ) 
dmi n < i p 1 t) =ami n 1 < dmi n ( i p 1 t >, d ef 1 < i -7) ) 
dma x ( i p l t) =ama;;: 1 ( dma x < i p 1 t), de f 1 < i -7) ) 

66 if(cue3. eq. 1 >call ppt<aascal ( i+2), ii. aascmn<iplt>, pr<iplt),S, 
&c 1. ) 

if(cue3. eq_. 1) call ppt(defl<i-7>. iL dmin(iplt), 
& defdif<iplt),9,0. > 

c reset ~c(l) - cc<S> for next iteration 

10 
44 

45 

46 

47 
48 

37 

~,.., 

lc:.. 

cc<1>=cc<2> 
cc<2>=cc(3) 
cc<3>=cc(4) 
cc<4>=cc<5> 
cc<5>=cc(6) 
cc<6>=-cc(7) 
cc<7>=cc<S> 
cc.<S>=bb(i+1> 
bb(i+l)=aa(i+2) 
if< i i. eq_. i end> go to 46 
continue 

if(cue2. eq_. NO> write(5,45) 
if(cue2. eq. NO> write(6,45> 
format(//,3x, 'You ran out of points before 7 were read!!') 
go to 48 
if<cue2. eq_. NO> write\5,47) 
if < c u e 2. e q_. NO> wr it e < 6, 4 7) 
format(//3;.:, 'You ran out of data points. End of data set.') 
continue 
if<deflct. lt. 1> go to 89 

stddef=sq:rt< <1. /(deflct-1 I>*< ssdef-( <sumdef**2)/(deflct) >)) 
avgdef=sumdef/deflct 
if(cue2 eq. NO) write(6,37) sumdef, deflct,avgdef, stddef 
ifCcue2. eq. NO) writeC5,37) sumdef, deflct,avgdef, stddef 
format</, 3x, 'The sum of de fl. is = ', gl6. 3, 2x, 'divided biJ '• 

& 2,:, i5, 2x, 'is = ',flO. 3.2x,' std. dev. of defl. = ',flO. 3, /) 
JJ=17 
if<cue2. eq. YES. and. cue3. eq.O> go to 87 
i f < c u e 2. e q . YES. and . c u e 3. e q. 1 > g o to 7 4 
w:-ite(5,72i 
forrrrat(/.3r., 'Do you want plots? 
accept 73, cue;2 
format<c.l) 

'' $) 

if<cue2. Pq YES. and. cue3. eq_. 0) go to 78 
ifCcue2. eq NOl go to 75 

: ·:·>J 1.1.1r; t I? ( 5, l 03) ( i -1 ) . a arc o 1 ( i +2) 
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go to 74 
write(5,103> Cii-1>, aascal<i+2) 
format(//,3x, '****You hit a bad data point while' 
1 writing on the disc. The plot up to this point has been' 

I I' 
' saved. To get the rest of the plot, run CALC again' 

' starting at the next point. The last point plotted' 
, /, 

1 was 1
, iS, x, 'The last scaled' 

'elevation was ',f10.5,//) 
u.rr it e ( 6, 88) 
write(5,88) 
format(//,33x,' WHEW 111

' Done with all those plots! '> 
do 123 i=B, 9 
call close(i) 
continue 
if(cue3. eq. 1> go to 75 
cue3=1 
go to 85 

75 call close(/) 
c bozo printer scheme (empty printer buffer> 
62 i23=19 

write(6, 59) i23 
59 format<a1} 

i21=17 
write(6,59) i21 
stop 
end 

c 
SUBROUTINE REDCAL<A,B.C.D.ASCL,DSCL,AFCTRA,AFCTRD, 

& AZ,BZ,CZ,DZ,NA,NB,NC.ND,STDA,STDB,STDC.STDD,J.J) 
C READS DATA AND CALIBRATES IT. VALUE= <DIST. TO MEASURING 
C RANGE + REGRESSION EG. ) + BEAM ALIGNMENT CONST. 

INTEGER TO 
CALL READCCAZ,BZ,CZ,DZ,NA,NB,NC,ND,STDA,STDB,STDC,STDD, 

& ISS, IENND,JJ) 
IFCAZ.LT.O> GO TO 174 
CONST=. 000032/.0254 
DX=DZ*CONST 
CX=CZ*CONST 
BX=BZ*CDNST 
AX=AZ*CONST 

C FOR GAGE 203 
STDB=O. 001261*STDB 
B=13. 695-.001261*BZ 

C FOR GAGE 269 
STDC=O. 00126l*STDC 
C=13. 652-0. 001261*CZ 

C FOR GAGE 270 
STDA=STDA*O. 001261 
A=13.935-0. 001261*AZ- AFCTRA 

C FOR GAGE 271 
STDD=STDD*O. 001261 
0=13. 903-0 001261*DZ - AFCTRD 



c 
c. 

174 RETURN 
END 

SUBROUTINE ADVNCE<RIST) 
C ADVANCES TO THE DESIRED STARTING POINT IN THE DATA SET 

IST=IFIXCRIST) 
IF< IST. EG. 1 > GO TO 2 
DO 1 I=L < IST-1 > 
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CALL READCCA,B,c,D,NA,NB,NC,ND,STDA.STDB,STDC,STDD, ISS, 

c 
c 

8( IND. JJ) 
1 CONTINUE 
2 RETURN 

END 

SUBROUTINE CHECK<AZ,BZ,CZ,DZ,NA,NB,NC,ND,FA,FB,FC,FD> 
C CHECKS FOR INVALID DAT POINTS 

INTEGER FA,FB,FC,FD 

c 

FA=O 
FB=O 
FC=O 
FD=O 
IF<AZ. EG. 0. OR.NA.LT. 30) FA=l 
!FCBZ. EG. 0. OR.NB. LT. 30) FB=1 
IFCCZ. EG. 0. OR.NC.LT. 30) FC=l 
IF<DZ. EG. 0. OR.ND.LT. 30) FD=l 
RETURN 
END 

C SUBROUTINE READC<A,B,C,D,NA.NB,NC,NC,SD1,SD2,SD3,SD4,IS, 
C IE, I) 
c 
C A,B,C,D =LASERS A,B,C,D 
C NA,NB,NC,ND =NO. OF SAMPLES 
C SD1,SD2,SD3,SD4 =STANDARD DEVIATIONS 
C IS = TIME TICKS READ BEFORE CLASS 
C IE = TIME TICKS READ AFTER CLASS 

c 

SUBROUTINE READCCA.B,C,D,NA,NB,NC,ND,SD1,SD2,SD3,SD4, 
~< I START. IEND, I) 

BYTE NAME{20),ZZZ 
COMMON /RMECOM/IEUF(16,512) 
DATA IDPEN/0/ 
DATA LR/-1/ 

IF< IOPEN. EG. 1) GO TO 1 
IOPEN=l 
WRITE<5,2) 

2 FORMAT(!, 3X, 'RAW DATA FILE NAME . .. ', $) 

ACCEPT 5, NOC, (NAME (I ZZ L I ZZ= 1. NOC > 
NAME<NOC+l)=O 

5 FORMAT<G.20A1) 
CALL ASSIGN ( 7, NAME .. NGC .. 'OLD') 



4 

3 

1 

DEFINE FILE 7 <1000,8192,U, IV> 
WRITE(6,4> <NAME<ITT>, ITT=l,NOC> 
FORMAT{/, 3X, 'DATA FILE NAME: ', 80Al> 
WRITE<5,3) 
FORMAT(/,3X, 'ROARRRRR!!! CHOMP CHOMP CHOMP') 
1=17 
IR=<<I-1>1512)+1 
IF<IR.EG.LR> GO TO 30 
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READ(7'IR,END=1717) <<IBUF<MZ,LZ>,MZ=1,16>,LZ=1,512> 
LR=IR 

30 INDX=MOD<I,512> 
IF<INDX.EG. 0) INDX=512 
A=IBUF < L INDX > 

c 
c 

B=IBUF < 2, It-.IDX > 
C=IBUF(3,INDX> 
D=IBUFC4, INDX> 
NA=IBUF<S, INDX> 
NB=IBUF(6, INDX> 
NC=IBUF(7, INDX> 
ND=IBUF<B, INDX> 
SD1=IBUF<9, INDX> 
SD2=IBUF<lO, INDX> 
SD3=IBUF<11, INDX> 
SD4=IBUF<12, INDX> 
ISTART=IBUF<13, INDX> 
IEND=IBUFC14, INDX> 
I=I+l 
IF<A.NE. -1) RETURN 

1717 A=-1. 
RETURN 
END 

C HERE ARE THE PLOT ROUTINES 
c 

SUBROUTINE AXIS<PMAX,PMIN, IPLT,PR, IV, ID,ELEV1,ELEV2, IX> 
BYTE ID<l> 
EELEVl=ELEVl/12. 
EELEV2=ELEV2/12. 
RANGE=Pt-1AX -PI'li N 
PR=1. 
IF<RANGE.GT .. 005) PR=. 01 
IF<RANGE. GT .. 01) PR=. 02 
IF<RANGE.GT .. 02> PR=. 05 
IF<RANGE. GT .. 05> PR=. 1 
IF ( RAI'IIGE. GT .. 1 > PR=. 5 
IF<RANGE. GT .. ~) PR=1. 
IF<RANGE. GT. 1> PR=2. 
IF<RANGE. GT. 2> PR=5. 
IFCRANGE. GT. 5) PR=lO. 
IF<RANGE. GT. 10> PR=50. 
IF<RANGE. GT. 50) PR=100. 
IF<RANGE. GT. 100) PR=250. 



c 

1 

4 

3 

& 

& 
& 
& 
t.-. 

& 
~ . ..... 

IF<RANGE.GT.250> PR=500. 
IF<RANGE.GT. 500) PR=700. 
IF<RANGE. GT. 700) PR=1000. 
IF<RANGE.GT. 1000) PR=1500. 
IF<RANGE.GT. 1500) PR=2000. 
IF<RANGE.GT. 2000) PR=2500. 
PPMI N=PMI N/12. 
PPR=PR/12. 

IF<IX. EG. l>WRITE<B~ l><ID<IY), IY=1.25>, IPLT,EELEVl, 
EELEV2, PPR1 PPMIN1 <PPR+PPMIN> 

FORMAT ( 1HL I I I I 60XI 25Al. 3X, '"*I' 14. I I 
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5XI 'START ELEV. = ',F10.31 I FT. ',IISX. 'END ELEV. = ', 
F 1 0. 3' I FT. I ' 

70X, 'RANGE = ', FB. 3, X~ 'FT.', 11, 
13x, ' MIN. ', FB. 3~ S3X, ' MAX. ', Fa. 3, 11 > 

IF\ IX. EG. 2>WRITE(9, 4) < ID< IY), IY=L 25); IPLT, PR, PMIN. <PR+PMIN> 
FORMAT<1H1~ 1/1, 60X, 25Al, 3X, '#', 14, I, T102, 'RANGE= ', 

FB. 3. x. 'IN.',//, 14X, 'MIN. ', FB. 3. I IN.', 
78X I I MAX. I' FB. 3, X) I IN. I I I I) 

WRITE<IU,3) 
FORMAT<SX, 'VALUE', BX, 1 DIST. ', /, 

& 4 X I I I N. I ' 7 X I I FT. , I T23' I FT. I I 

~~ T27,'!'~10<9X,'l')) 

WRITE< IU, 2) 
2 FORMAT<T27~ 10< '0123456789'}, '0') 

RETURN 
END 

SUBROUTINE PPT<C~ II, XM!N,PR, !U,X> 
BYTE PCHAR<lOO>,STAR,PD,PP,PLOT 
DATA STAR/1H*I 
FACTDR=100. /PR 
C12=C/12. 
·cc=C-XMIN 
NUM=FACTOR*CC+l 
IF<NUM. GT. 100) NUM=100 
IF< NUM. LT. 1) NUM=1 
DO 1 M=L 100 

1 PCHAR<M>=STAR 
WRITE<!U, 2> C, C12, II, <PCHt-IR(N), N=L NUM> 

2 FOR'I"1AT<X.2(F9. 3, X), I4~ '#', 102A1> 
RETURN 
END 

C THIS IS THE SCALE ROUTINE <SCALES 
C THE AA'S TO USER INPUT ENDPOINTS> 

~·. 
•.•. 

SUBROUTINE SCALE<ELEV1,ELEV2,AASTRT,AAEND,PLTCT,AA, 
SCALAA.N) 

FN=FLOAT(N) 
SCALAA=AA+<FN-1. >*< ( <ELEV2-AAEND>-<ELEV1-AASTRT> )/CPLTCT-1 >) 

+<ELE\11-AASTRT> 
RETURN 
END 
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Program ADJUST, used to adJust the endpoints of the profile. 

35736, ouh. 
pfiles<get,hngrsur> 
pfiles(get.hngr02c> 
mnf<t> 
pfiles(put. compare> 
#ear 

c 

program adJust< input, output,hngrsur,hngr02c,compare, 
& tape5=input,tape6=output.tape7=hngrsur.tape8=hngr02c, 
& tape9=compare) 

real las(60Q), laser, lasstrt,newsur(600), 1asend, 1asct. 
& new1(600) 

c converts the laser file to feet. and adJusts both to 70' 
c endpoints 
c: 

elev1=70. 
elev2=70. 
is=O 
il=O 

c survey enc!pts 
d o 1 i i == L 2222 
is=is+l 
survey=zsurvey 
read(7,33.end=3) i, zsurvey 

33 format ( i5, flO. 5) 
if C i i. eq. 1) surst=zsurvey 

2 format(i5, g20. 5) 
1 continue 
3 surend=survey 

c laser endpoints 
do 4 i i i=L 2222 
il=il+l 
las er:=z 1 as er 
read(8,2, end=5> i,zlaser 
if(ii'i. eq. 1) lasstrt=zlaser 

4 continue 
5 continue 

1 a s E? n d = 1 a s e •· 
rewind 7 
rewind 8 

c adJUSt and store 
lasct=float<il-1> 
surct=floatCis-1) 
llasct=ifix(lasct> 
isurct=ifix(surct> 
do 6 i=1, llasct 
read(8,2,end=7} ii,laser 
laser=las.er/12. 
xl=elevl-(lasstrt/12.) 
x2=e1Pv2-<lasend/12.) 



grad= ( x 2- x 1 ) I ( 1 as c t -1. ) 
newl<i>=laser+grad*(i-1) + xl 

6 continue 
7 do 8 i=l, isurct 

read(7,2.end=9) iii, survey 
xl=elevl-surst 
x2=elev2-surend 
g~ad=<x2-xl)/~su~ct-1. 

newsur(i)=surve~+grad*<i-1) + xl 
8 continue 
9 continue 
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write(6, 12> lasstrt, las!":'nd. surst. surend, isurct. llasct 
12 format(//, Sx~ 'staT·ts end= ',4<f10. S1 x), x.2ilO> 

ma x =ma x 0 ( i s u r c t , 11 a s c t > 
do 10 iz=l.max 
dif=newsur(iz)-newl(iz) 
write< 6. 11 ) i z 1 news ur (i z ) , new 1 < i z), d if 
u.ar i t e ( 9, 11 ) i z 1 n e w sur < i z > 1 new 1 < i z > , d i f 

11 format (iS. 3< flO. 5. x)) 

10 continue 
stop 
end 

#eor 
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APPENDIX D 

S~Jstem Usage 

1. Technical 

This section explains briefly how to set up and how to 

use the system. 

The following steps describe how to set up the system -

1. Mount the laser gages in the rigid beam so that 

all the laser beams lie in a plane. and are 

paralleL 

2. attach the rigid beam to the load vehicle with 

the spring loaded supports, 

3. attach the fifth wheel to the load vehicle, 

4. make all electrical connections, and 

4. drive over the test pavement. 
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Better equipment operation will result if -

1. "The operator reads all the manuals on all parts 

of the equipment. and observes the manufacturers 

directions". 

2. the disk drive is nut subJected to shock loads 

<this may cause the format to change, making all 

previously made disks unreadable), and 

3. the equipment is at a steady state temperature 

before operation. 

2. Ph i 1 o sop hi c a 1 

This system was intended tc measure longitudinal pro

file, deflection at a point. and texture. If the rigid beam 

was removed from the load vehicl~ and cantilevered normal to 

the direction of traveL a definition of the lateral deflec

tion basin can be obtained when the load vehicle is driven 

past the beam. 

If the system is run laterall~ across a pavement, the 

profile will reflect the rut depth. 
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APPENDIX E 

Gage Alignment Scheme 

In order for the algorithm described in Section III, B, 

1 to work, one of the following must hold 

1. The gages must not move relative to one another, 

and their relative positions must be known. or 

2. the gages can move relative to one another, and 

the movement is known. 

The first condition was used in this study. The following 

scheme was used to get the relative positions of the gages. 

Referring to Figure III-1. let "i" be one step in the 

Girection of motion. Note that -

Also note 

n --:• .... -
.:.l=l AA. 

1 

~n-1 = . J::I:. -.::.i=2 1 
cc. 

1 

(1) 

(2) 



162 

For large numbers of readings <large n), ectuation <2> can be 

epproximated by 

~n AA = ~n BE. = ~n. 
1 

~c. 
"1·=1 1. ~. 1 ... ...... 1= 1 1= 1 

(3) 

If n is not large enough. an error may result. This is exam-

ined later. 

Note that. at any time, the endpoints of A + AA, B + 

BB, and C + CC define two straight lines <the datum and the 

rig i d beam). TherefoT'e, the endpoints of 

(A. 
1 

+ '·A H i) J 

also form two straight lines. 

Because of <3>, it follows that 

... n , 
i:.. 1 1.. 1= 

A. 
l 

+ AA.) 
1 

B. + BE.> -
1 1 

,...n • r.· C 
.... i=l i + cc.) 

1 

form a straight line. 

..,.TI 

.!:.i=1 <BB.) 
l 

(5) 

(6) 

(7) 
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R e wr i t in g ( 4 > , < 5 ) , and ( 6 ) and d i v i d in g b y n g i v e s 

-.:" Tl "'~ 
.... i=l "i 

(8) 
n 

whose endpoints also form straight lines. 

When a test is run. the beam alignment constant can be 

determined if the averages at <8> are known. 

The endpoints of the avera9es should represent two 

straight lines. If they do not, the difference between one 

average and the straight lines rormed by the other averages 

is the amount that that gage is out of line with the other 

two gages. That difference <the out-of-line constant) 

should be added to the calibration equation for that gage 

<the effect is to remove a constant offset from that gage>. 

This method can be extended to the D gage, if the pave-

ment is not deflected. In the testing program. a lightweight 

tricycle was used for this purpose. It carried the beam 

without significantly loading the pavement. The tricycle was 

pulled by hand. 

The out-of-line constants are determined automatically 

b~ the computer program CALC. 
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As mentioned previously. equation C3> is not strictly 

correct. While equation <3> is true for large n. it is ren-

dered invalid by special conditions at the start and end of! 

the test. An examination of! Figure III-1 shows that A is 

n~ver where C is at the start. Neither is C ever where A is 

at the end. Thus, a more proper representation of! equation 

( 3) is 

n-2 
:Ei=1 AAi = 

">'n-1 
-i=2 :BBi = cc. 

l 
(2) 

This leaves the beginning and ending terms out. Those terms 

are 

(9) 

If the out-of-line constant is calculated using equa-

tion <2> instead of! equation (3), no error is introduced. 

The error introduced by using equation <2> is 

= 1 (2B9 - A9 - C9) 
T1 

( 10) 

where 

error = erro~ in the gage A out-of-line constant 

A9 = AA + AA n-1 n 

F9 = p.p.l + BBTI 
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C9 = CC + CC 
1 2 

n = number of iterations 

If the sum of the AA terms <A9> equals the sum of the BB 

terms <B9>, and either equal the sum of the CC terms <C9) , 

no error occurs in the calculation of the out-of-line con-

stant .• If one of the sums JUst mentioned is different from 

the other two, an error will occur. This error is a function 

of how great the difference is, and how large n is. If the 

d i f fer en c e < s ) i s s ma 11. and n i s 1 a r g e, the error w i 11 be 

small. 
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APPENDIX F 

List of Equipment Suppliers 

The following firms either manufactured or supplied 

equipment for this research. Only maJor equipment is listed. 

1. The computer. The computer was purchased from 

Heath Corporation, Benton Harbor. Michigan. All 

the peripherals, except the bus extender, were 

also purchased from Heath. 

2. The bus extender. The bus extender, manufactured 

by Digital Equipment Corporation <Maynard, Mas

sachusetts), was purchased from Hamilton-Avnet 

(Culver City, California). 

3. The laser gagE·s. T~.e laser· gages. called Optoca

tors, were manufactured and sold by Selective 

Electronic, Valdese, North Carolina. 

4. The fifth wheel The fifth wheel was manufac

tured and sold by Labeco. Mooresville, In&iana. 



The following equipment appeared in the section VI, 

Suggestions fer Further Research. 
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1. A printer-plotter. The Printronix printer

plotter is manufactured and sold by Printronix, 

Irvine. California. 

2. Sonic gages. The Polaroid sonic gages are 

manufactured and sold by Polaroid Corporation, 

Cambridge. Massachusetts. 
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APPENDIX G 

Data File P~eviewe~ 

This appendix describes what the data file previewing 

program LIST does, and why it is useful to use it. 

LIST conve~ts the raw binary data to ASCII fo~mat data. 

At the use~s request, it will list the data on either the 

terminal. the printer or the disc. 

The raw data consists of five parts -

1. The station numbe~. in feet, 

2. the ave~age of the n readings taken by each gage 

ove~ the four inch distance, 

3. the number of readings, r, taken in by each gage 

ove~ the four inch distance, 

4. the standa~d deviation of the n readings for 

each gage, and 

5. the time the readings started and ended, accu

~ate to one-sixtieth of a second. 
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The advantage of looking at the raw data before cali

brating and reducing it with CALC, is that it can be done 

q,uickly. The operator can tell almost immediately if the 

p~vement needs to be tested again. By examining the uncali-

brated readings. the operator can see where the gages were 

out of range for the entire four inches (the averages are 

ze-ro). If there ar-e too many of these. the operator may wish 

to r-un the test again. Zeroes may indicate areas that 

r~q_uir-e closer examination <potholes. etc.>. 

The number- of r-eadings is useful. If the number of 

readings is smalL it could mean that a pothole was driven 

over. !f the number of readings is differ-ent for each gage, 

and the aver-age readings are similiar. it means that the 

pavement has small "holes" in it. where dr-op-out readings 

occur. Porous friction surface pavements display this 

behavioT'. 

if the averages, the numbers of readings. and standard 

deviations all compare well with their respective counter

parts, the pavement is a typical one - realtively flat, with 

no "holes". 

This system has no outward indicator-s that it is work

ing properly. By using LIST, the operator can find out 

q,uickl~ if the system has fajled. 

Table IY-1 is some r-aw data from a por-ous friction sur-

fi:!CE 


