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CONVERSION FACTORS , U .  S .  CUSTOMARY TO METRIC (SI ) 
UNITS OF MEASUREMENT 

U. S .  customary unit s of measurement used in this report can be con

verted to metric ( SI )  unit s as follows : 
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feet 

Multiply 

square inches 

gallons (U .  S .  liquid ) 
gallons (U .  S .  liquid ) 

per minute 

ounce s  (mass ) 
pounds (mass ) 
kips (mass ) 
pounds per cubic inch 

pounds per cubic foot 

pounds ( force ) 
kips ( force ) 
pounds per inch 

pound-feet 

kips per inch 

pounds (force ) per. 
square inch 

inches per second 

miles (U. S .  statute ) 
per hour 

inches per second 
per second 

feet pe� second per 
second 

By 
2 . 54 

0 . 3048 

6 . 4516 

3 . 78 5412 

3 . 785412 

0 . 02834952 

o . 45359237 

o . 45359237 

0 . 0276799 

16. 01849 

4 . 448222 

4 . 448222 

1 .  7512685 

1. 355818 

1 . 7512685 

o . 6894757 

2 . 54 

1 . 609344 

0 . 0254 

0 . 3048 

( Continued ) 
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To Obtain 

centimet res 

metres 

square centimetres 

cubic dec imetres 

cubic decimetres 
per minute 

kilograms 

kilograms 

metri c tons 

kilograms per 
cubic centimetre 

kilograms per 
cubic metre 

newtons 

kilonewtons 

newtons per 
centimetre 

newton-metres 

kilonewtons per 
centimetre 

newtons per square 
centimetre 

cent imetres per 
second 

kilometres per hour 

metres per second 
per second 

metres per second 
per second 



CONVERSION FACTORS , U .  S .  CUSTOMARY TO METRIC (SI ) 
UNITS OF MEASUREMENT (CONCLUDED) 

Mult i:El:z: B;t To Obtain 

horsepower 745.6999 watts 
degrees ( angle ) 0 . 01745329 radians 
Fahrenheit degrees  5 /9 Celsius degrees 

Kelvins* 
or 

* To obtain Celsius ( C )  temperature readings from Fahrenheit ( F )  read
ings , use the following formula : C = ( 5/9 ) ( F - 32 ) .  To obtai� Kel
vin ' ( K )  readings , use : K = ( 5 /9 ) (F - 32 ) + 273 . 15 .  
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INTRODUCTION 

BACKGROUND 

Currently accepted methods for evaluating the load-carrying ca

pac ity of airport pavement s require direct sampling techniques that are 

both costly and time-consuming . O�en , direct sampling requires the 

clos ing of a pavement facility to traffic operations , which in turn 

necessitates the rerouting and/or re scheduling of aircraft . With the 

rapid increases in traffic operations , closing a pavement facility , 

even briefly , can result in inconvenience to the traveler and higher 

costs  to the air carrier . Also , increasing aircraft loads make accurate 

and frequent evaluations of pavements extremely important to the airport 

owner since many facilities will need strengthening or rehabilitation to 
meet thi s increased demand. These considerations dictate the need for 

a procedure that permit s rapid evaluation with a minimum of disturbance 

to normal traffic operations . The use of nondestructive testing tech

niques to determine the pertinent characteri stics  of pavements offers 

the best promi se of serving this need . 

Pre�ently , there are three basic nondestructive testing tech

niques under study. These are : 

a .  The use o f  st eady state vibratory loadings and wave propa
gation measurements to determine the thicknesses and physical 
constant s of the pavement , which can be used in a multi
layered analysis to predict allowable loadings . 

b .  The use of steady state vibratory loadings and measurements 
of the result ing elastic  deflections to determine a dynamic 
stiffness modulus ( DSM* ) of the pavement , which can be cor-
related with .pavement performance . · 

£• The use of a theoretical approach based upon the amount of 
energy that a pavement can absorb versus the amount of energy 
imparted to the pavement by aircraft traffic . 

Procedures� and £.have been the subject of considerable study , whereas 

Procedure c is a more recent development . 

* For convenience ,  symbols a.pd unusual abbreviations are listed �nd 
defihed on page 9. 
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,Vibratory.testing of.materials was begun as early as:l933:by the 
, German Research Society for Soil Mechanics and was 'further .. developed by 

the Royal Dutch Shell Laboratory and the Transport.and Road Research 
tLaboratory'.in the United Kingdom. Most of the early vibratory·equipment 
,.consisted of counterrotating eccentric masses arranged to produce ver-
1 t ical loadings. This equipment could be used to vary . the·, vertical . load 
�a�d frequency,·but these parameters could not be .independently.varied. 
·More recently, electrohydraulic and electromagnetic vibrators1have.been 
.developed and used, both of which can apply constant.loads.at variable 
�frequencies. 

The U. S. Army Engineer Waterways Experiment Station (WES) com
:_menced .vibratory testing of pavements in search of nondestructive evalu
• ation procedures in cooperation .with Shell ·researchers dn ;the. mid..;.1950• s. 
·These early tests by WES ,followed the.procedures.used.by Shell re-

i searchers. The results of these early studies·have been .. reported.by 
:Heukelom and Foster1 and by MaxwelL2'3 .Tests with\the Shell vibrator 
on pavement test secti�ns at.WES and0at several military airfields in
dicated that DSM values of the test sections determined ·from·the.load-

. deflection relations could ·.be correlated with _pavement. performance. 
Meanwhile, tests to obtain .wave propagat.ion ·measurements in .pavements 
were being conducted.at the American Association of,State.Highway Of
ficials Road Test,4 at Foss,Field�5 and on-several other military·air
fields and roadways. Data collected ·from ·these.have been used to 
develop the correlation between modulus of elasticity E and CBR 
(California Bearing.Ratio) shown in Appendix A • . Wave propagation tests 

--wer-e -al-so -u-secl -to -measure -changes in the -str-ength with time of lime- and 
�ement-stabilized subgr�des at Randolph.Air Force Base (AFB).6 

The use of the deflection* of a loaded pavement surface to pre
dict performance has long been an attractive evaluation concept because 

* The term "deflection" is used herein to describe the downward move
ment of a pavement surface as a result of vibratory loading. This 
movement is frequently termed "displacement," the accepted definition 
for which is the difference between the initial position of .a body 
and·any later position. · 

14 



of the simplicity of such measurements. Surface deflection due to load-· 
ing has generally been accepted as an indicator of pavement performance, 
particularly for flexible pavements.* However, it has been found 
through tests of full-scale pavement test sections that deflection is 
not a good indicator of the remaining life (or effects of past traffic} 
of either flexible or rigid pavements since there seems to be little or 
no increase in deflection until failure occurs. An example of the re
lationship between deflection and flexible pavement performance devel
oped from.various studies is presented in Appendix A.7 Similar relation
ships have been developed independently by the California Division of 
Highways8 and the Transport and Road Research Laboratory.9 Although 
these relationships have not been used directly in the development of 
the evaluation methodology discussed herein, they are presented to 
illustrate that deflection is at least an indicator of pavement 
performance. 

A literature review of nondestructive evaluation techniques 10 

conducted in 1967 suggeste� that deflections caused by vibratory load
ings on pavements could be used in an evaluation procedure if properly 
correlateq with performance data and existing direct sampling techniques. 
Thus, during the WES full-scale multiple-wheel heavy gear load study 
conducted during.1969-1970 to validate pavement design, vibratory equip
ment was used to monitor the performance of the pavement test sections. 
Tests to determine load�deflection relations (DSM values} and wave prop
agation were.conducted periodically during this study. An analysis of 
the results show�d· that the DSM values correlated w.ell with the perform
ance data.. However,.- the wave propagati.on- results- were- erratic' w-ith-
the computed modulus of elasticity E .of the subgrade material varying 

* Pavements are categorized in three ways for this report: flexible, 
rigid, or composite.. "Flexible" pavements are those which have layers 
of bituminous material (usually asphaltic concrete (AC}} overlying 

. layerfi of base and sub base materials. "Rigid" pavements are those 
which have a layer of portland cement concrete (PCC} on a base and/or 
subgrade. Other pavements, such as combinations of AC and PCC or 
various reinforcements of the layers of either flexible or rigid 
pavements, are termed "composite" pavements. 
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apparently as a function of the overburden pressures exhibited by the 

different pavement thicknesses. Results of these tests were published 
in 1972.11 The correlation between DSM values and pavement performance 
encouraged continued work in this area at existing military airfields. 

Further studies of the correlation between DSM and pavement per
formance were conducted at military airfields by applying vibratory load
ings and comparing the resulting DSM with allowable loadings determined 
using existing evaluation criteria.12 The material properties of the 
pavements studied were determined either from direct sampling or from 
data in design and construction control records. A 9-kip* counterrotat
ing eccentric mass vibrator developed at WES was used for these tests. 
(This vibrator can apply a peak vibratory loading of 8,000 lb and has 

·a frequency range of 5 to 60 Hz. ) · Analysis of these results indicated 
that the load-deflection relations of the pavements (especially the 
flexible·pavements) were ·nonlinear but tended to become more linear with 
increasing magnitudes of applied load. Furthermore, with the heavier 
applied loads, the res,onse seemed to be indicative of the entire depth 
of pavement, whereas with the lighter loads the response appeared to be 
greatly influenced by the upper layers of generally higher quality mate
rials. Instrumented test sections were used to record deflection and 
pressure at various depths to 12 ft under vibrator loadings of the 9-kip 
vibrator. These tests led to the conclusion that the applied vibratory 
loading should be greater than that produced by the 9-kip vibrator. A 
16-kip vibrator was then constructed to produce peak vibratory loadings 
up to 15,000 lb at· frequencies ranging from 5 to 100 Hz, thus producing 

. .. 

a combined static .plus -�eak rlynamic -load .of 31 kips, approximately equal 
to one wheel load of the C-5A aircraft. 

In addition to the 9- and 16-kip vibrators used by WES , other 
vibrators, both electrohydraulic and electromagnetic, have been de-
veloped and used by various agencies. 
vibratory loads from 500 to 5000 lb. 

These vibrators produce peak 
Each of these vibrators has been 

* A table of factors for converting U .  S. customary units of measure
ment· to metric (SI) units is presented on page 11. 
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of some use in the overall attempt to develop nondestructive evaluation 
procedures; however, no universally accepted methodology has emerged, 
primarily because of the problem in correlating pavement response and 
pavement performance. The fact that the nonlinear load-response rela
tions of pavements are not fully understood is probably one of the major 
obstacles to the development of a satisfactory nondestructive evaluation 
methodology. 

In 1972 , the Federal Aviation Administration (FAA) initiated the 
study reported herein to develop within 2 yr a workable nondestructive 
evaluation procedure for airport pavements. Based upon the available 
data, the use of the DSM-pavement performance method was selected as the 
most applicable procedure to be developed in this period, with major 
emphasis to be placed on improving the DSM versus allowable loading cor
relation. Work on the development of the other two basic approaches to 

' 
nondestructive evaluation of pavements by several agencies including WES 
has continued; however, as yet, neither of these has been developed to 
an acceptable confidence level. 

The DSM-pavement performance approach required direct correlation 
·between the nondestructive DSM test results and the allowable loadings 

of pavements as determined by existing FAA evaluation methods. 
The existing pavement design and evaluation methods for flexible 

and rigid pavements were developed from numerous performance tests, 
13-40 6 theories, and studies beginning in 192 for rigid pavements with 

the Westergaard analysis and in 1947 for flexible pavements with full
scale test pavements using actual aircraft loadings.. The procedures 
that resulted from- the �tudy and- interpretati-cn- of these- pe?""formance
tests have been used to design and evaluate several hundred military 
airfield pavements throughout the world and are documented in numerous 
reports. The evaluation results have been checked against actual per
formance and the procedure refined through review of continuing condi
tion surve� programs. 

PURPOSES 

• The primary purposes of this study were to select equipmerrt for 
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nondestructive testing o:f pavements, to develop a methodology for evalu
ating the load-carrying capacity of pavements using the selected equip
ment, and to write an evaluation procedure based on this methodology. > 

Specific objectives of the study were to: 

SCOPE 

a. Study the characteristics of available nondestructive testing 
equipment for determining the load-deflection (DSM) relations 
of pavements and provide complete procurement specifications 
for the recommended equipment. 

b. Develop correlations between the load-d�flection relations 
and existing pavement performance data as a basic methodology 
for nondestructive evaluation. 

c. Develop from this methodology a step-by-step evaluation pro
cedure for flexible and rigid airport pavements • 

.£,. Generate other data, as applicable, for use in validation, 
refinement, and expansion of the three basic types of non
destructive data (i.e., wave propagation measurements, de
flection basin measurements, and frequency responses of the 
pavements ) • 

Maximum advantage was taken of the equipment and data generated 
during the several years of previous investigation. Results of previous 
tests indicated the need to concentrate on the concept of correlating 
the load-deflection relations with pavement performance as determined 
from accepted direct sampling evaluation procedures if a nondestructive 
evaluation procedure having an acceptable confidence level was to be 
developed in·the 2-yr period. Previous results also indicated the non
linearit·y of the loa_d-deflection relations and pointed to the need for 
standardization of both·test equipment and test procedures. Thus, with 
experience gained in the previous studies and available equipment, it 
was possible to initiate the data collection phase immediately with con
fidence that the data collected would be useful. 

The first objective of this study was to select and prepare pro
curement specifications for recommended nondestructive testing equipment. 
Because previous studies had shown that the most useful type of equipment 
would be that employing steady state vibratory loadings, the study was 
limited to an investigation of this type of equipment. Comparative 
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t�sts were performed on a range of pavements with each type of vibrator 
available. Since it was impractica.l to use each available vibrator on 
each test pavement for comparison, the performance ot each vibrator was 
correlated with that of the WES 16-kip vibrator. Tests were also per
formed to study the effects of. vibrator static weight, peak vibratory 
load, method of application of the vibratory. load to the pavement (in
cluding load plate type and size) , frequency of loading, and mobility 
and ease of operation of the ·recommended equipment. Performance require
ments were selected and procurement specifications· prepared based on 
these evaluations •. 

The most important phase of the study to develop the evaluation 

.
methodology and thereby the evaluation procedure was the development of 
correlations between the nondestructive test results and the evaluation 
of the load-carrying capacities of the pavement by direct sampling 
procedures. Available pavement performance data from full-scale accel
erated traffic tests and condition surveys of airports conducted over a 
30-yr period were used in t.his phase of the study. The correlation was 
made by performing both nondestructive and direct sampling tests at the 
same loca�ions on several airport pavements representing a range of 
pavement conditions. The nondestructive test data collected included 
DSM values, deflections for freque�cy sweeps from 5 to 100 Hz , deflec
tion basin measurements, and wave propagation data. Direct· sampling 
data collected included.the thicknesses of all layers of material com
prising the pavem�nt, foundation strength values ( CBR or modulus of sub
grade reaction � · values) , concrete flexural strengths, and material 
classifications. Data �sed in the analysis and development_ o�_the_non� 
dest�uctive evaluation methodology are .summarized and tabulated in this 
report. Other data collected which were applicable to other methods of 
nondestructive evaluation are presented in Appendix B.  

Important to any nondestructive evaluation procedure is the 
ability to.assess adequately the various parameters which affect non
destructive test measurements. Typical parameters are: (a) temperature 
of bituminous materials; (b) warping or curling or concrete due to tem
perattire or moisture gradients, (c) changes in moisture conditions in 
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the subgrade materials, and ( d ) freezing and thawing of the pavement 
and subgrade materials. Limited tests were conducted t·o demonstrate the 
effects of some of these parameters and to develop correction factors; 
however, the scope of the study was not sufficiently large to include 
proper assessment of the effects of all of these parameters. 

Similarly, the effects of chemical stabilization of layers of 
materials, strengthening of existing pavements with either similar or 
nonsimilar materials ( such as bituminous overlays of concrete pavements), 
and reinforcing concrete pavements by various methods were considered in 
the development of the methodology but could not be properly assessed 
within the time and funding constraints of the study. 

20 



SELECTION OF EQUIPMENT 

The convenience and desirability of nondestructive pavement eval
uation have led to the development of several types or nondestructive 

; _  testing devices capable of measilring load-deflection responses of pave
ments. However, since the characteristics of these devices vary, dif
ferent measurements on the same test site can be expected from each. 
Therefore, meeting the first objective of this study involved determin
ing the characteristics of various available vibrat·ory devices and per
forming comparison tests with each device to determine if a standard 
vibrator was necessary for the evaluation procedure presented in this 
report. 

The 16-kip vibrator was selected as the standard vibrator for the 
comparison tests because it was readily available and it had been devel
oped to produce a range of loadings including the largest vibratory load 
possible with any of the transportable equipment. A large vibratory 
load is preferred in nondestructive testing for two reasons: (a) the 
vibrator should affect the pavement layers to the same significant depth 
as large p�esent-day aircra� loads, and (b) measurements of large de
flections are easier and require less sensitive equipment than do mea
surements of small deflections. In addition, the 16-kip vibrator has 
independently variable load and frequency settings and is capable of 
making deflection basin measurements. 

The comparbon tests consisted primarily of load-deflection tests 
of existing airport· pavements; however, other types of tests such as 
wave velocity and de-f'lee�ion· basin· measurements- were-made-,· depending · 
upon �he capability of each vibrator. � study of other variables such 
as the effects of vibrator static weight, peak vibratory load, method of 
loading (including plate size and type), and frequency of loading was 
also made using the· 16-kip vibrator and a special 50-kip vibrator. 

DESCRIPTION.OF VIBRATORS 

Of the six vibratory testing devices used to collect data for 
this s�udy, three were built by WES. Two or these are referred to by 
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their static weights , 9 and 16 kips . *  The third , which has negligible 

static weight , is referred to by the maximum preload that it can apply 

to a pavement , 50  kips . The Civil Engineering Research Fac ility ( CERF ) 

under contract to the Air Force Weapons Laboratory developed a fourth 

vibrator referred to as the nondestructive pavement test (NDPT) van . 

The other two vibrators , the Dynaflect and the Road Rater , are available 

commerc ially . There are five models of the Road Rater , but specifica

tions and performance data from only one , the Model 505 , were available 

for this study . Table l shows the maximum peak vibratory load , static 

weight , load plate diameter , and frequency range of operation of each 

vibrator . All of the vibrators are mobile except the WES 50-kip model . 

9-KIP VIBRATOR 

The 9-kip vibrator is a counterrotating eccentric mass machine 

capable of generating an 8000-lb vibratory load within a frequency range 

of 5 to 60 Hz. It has a 9-kip static weight and is mounted in a trailer 

with a gross weight of 15 kips . This vibrator is equipped with load 

cells and veloc ity transducer� and applies the load with a 19-in . -dia.m 

plate . Test result s can be recorded on equipment in the 16-kip vibrator 

van or on a portable field package that records data on light-sensitive 

paper , from which .data must be reduced manually . The 9-kip vibrator 

produces load versus deflection plots at variatle frequencies , i . e . , the 

load is changed by changing the frequency. A view of this machine is 

shown in Figure 1 .  A closeup of the counterrotating masses is shown in 

Figure 2 .  

-16.:KIP -VIBRATOR 

The 16-kip vibrator , which is an experimental prototype model , 

operates electrohydraulically and is housed in a 36-ft semitrailer that 

contains supporting power supplies and automat ic data recording systems . 

* The term ."static weight" is  used in this report to denote the weight 
of the entire mass which is vibrated to produce a vibratory load . The 
term "vibratory load" denotes the dynamic load applied by the vibrator 
to the pavement . This vibratory load produces a "dynamic force" 
within the pavement system. 
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I\) w 

Vibrator 
Name 

9-kip 

16-kip 

50-kip 

CERF NDPT van 

Dynaflect 

Road Rater 
Model 400 

505 

510 

550§ 

600 

Type �yf 
Operation 

Counterrotating 

Electrohydraulic 

Electrohydraulic 

Electromagnetic 

Counterro-Fating 

Electrohydraulic 

ll'able 1 

Vibrator Characteristics 

V.a..ximum Peak 
Vibratory Load 

kips 

8.0* 

15.0 

25.0 

5.0 

o . 5* 

0.75 

0.75 

1.5 

2.5 

static 
Weight of 
Vibrator 

kips 

9.0 

16.o 

--t 

6.75 

l.6tt 

0.16 

0.16 

0.32 

Diameter of 
Load Plate 

in. 

19 

18 

18 

12 

--* 

Two rectangular 
steel pads, 4 by 
7 in., spaced 
6 in. apart. 
Sensor spaced 
between pads 

Frequency Range 
of Operation 

Hz 

5 to 60** 

5 to 100 

1 to 200 

10 to 5000 

8 

10, 20, 25, 30, 4ou 
10, 20, 25' 30, 4ou 
10, 20, 25' 30, 4ou 

5 to 60 

* The vibratory load is generated by unbalanced flywheels rotating in opposite directions. The 
9-kip vibrator has two pairs of flywheels; the Dynaflect has one pair. 

** The vibratory load is changed by changing the frequency. 
t This device has negligible static weight. It applies a preload (comparable to static weight of 

a vi brat or) that can b1e varied up to 50 kips by jacking a hydraulic loading mechanism against a 
I 

reaction beam. 
tt Static weight of entire apparatus. 

* Contact with ground i's through two 16-in.-OD steel wheels spaced 20 in. center to center. 
H This frequency range :or operation is for the standard model. Vibrators can be ordered that have 

a variable frequency 01f operation. 
§ This model has been discontinued. 



Figure 1. 9-kip vibrator 

Figure 2. Counterrotating masses in 9-kip vibrator 
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The -vibrator mass assembly consists of a.n electrohydraulic actuator sur

rounded by a 16,000-lb lead-filled steel box. The actuator uses up to a 

2-in. double�a.mplitu,le stroke to produce a vibratory load ranging from 

0 to 15 �000 lb with a frequency range of 5 to 100 Hz for each load set

ting. Electric power is supplied by 25�kw diesel�dri ven generator set. 

The hydraulic power unit is diesel-driven and has a pump which can de

liver 38 gprn at 3,000 psi. 

Major items of electronic equipment are a set of three load cells, 

which measure the load appl:Led to the pavement; velocity transducers 

located on the 18-in. -diam steel load plate and at points away f'rom the 

plate, which are calibrated to measure deflections; a servomecha

nism , which allows variation of frequency and. load; a.n X-Y recorder, 

which produces l<Jad versus deflection and frequency versus 

curves; and a printer, which provides data :Ln digital form. �'igure 3 

shows an overall view of the 16-kip vibrator, and Figure 4 is a view of' 

the electronic equipment. 

Figure 3. 16-kip vibrator 
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Figure li.. Electronic equipment in 16-ldp vibrator 

With this equipment, the vibratory load can be varied at constant 

f'requencies and load versus deflection can be plotted. These load

deflecticm data are used to compute the DSM for a pavement structure. 

Frequency can be varied from approximately 5 to 100 Hz at constant force 

levels to produce.the frequency response of the pavement structure. 

Also, at any selected load or frequency� a plot of the deflection basin 

shape can be drawn using data from the velocity transducers . 16-kip 

vibrator can also be used to measure the velocity of shear waves propa

gated through various pavement layers. Wavelengths can be measured by 

manually moving a velocity transducer on the ground, observing the 

results on an oscilloscope, and manually recording the results. This 

procedure is repeated for different frequen c ies of loading, and the wave 

velocity is obtained by multiplying the frequency times the correspond

ing wavelengths as described in Appendix A. 
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50-KIP VIBRATOR 

The 50-kip electrohydraulic vibrator (Figure 5) differs from the 

vibrators in that it is not :portable and has no f:ixed static 

:It applies a preloa.d that is obtained by ,jacking the hydraulic 

against a reaction beam. This vibrator is capable of 

lb at ranging 

Figure 5. 50-kip vibrator 

from 0 to 200 Hz and variable preloads of up to_ 50- kipa._ Although the--

50-kip vibrator would not be cons idered as a standard test device due to 

it s size and lack of portability, it was used in this study to determine 

the e ffect of preload (i.e., of vibrator static weight) on deflection 

measurements. Results of load-deflection tests were recorded on light

s ensitive pa.pei-, from which data were reduced manually. 

CERF NDP'r VAN 

The CERF NDP'r van. ( Figure 6) consists of a 35-ft-long tra:i.ler 
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Figure 6. CERF' NDPT van 

contains three compartments. The front compartment houses a 100-kw 

generator. The middle compartment houses a field power supply unit, 

transformer, vibrator, and cooling unit. The rear compartment houses 

the instrumentation, the principal component of which is a power ampli

fier console. 'Jlhe electromagnetic vibrator weighs 6750 lb. The vibra

tory load applied to the pavement is measured with three load cells 

mounte d on a 2-in.-thick, 12-in.-diam load plate. A velocity trans ducer 

and an accelerometer are located on the 12-in. load plate. The output 

from the velocity transducer is integrated to obtain the displacement 

runplitud.e of the load plate. The fre quency of the vibrator is con

trolled by a sweep oscillator. A servomechanism on the sweep oscillator 

is used to hold the load or acceleration at a desired level. 'I'he power 

anrplifier provides readout units for load, displacement, and accelera

tion . Six :panel meters on the power alllplifier are used to detect mal

functions in the power amplifier unit. The instrumentat ion room a1so 

contains data ac quisition equipment, which includes a 14-channel tape 
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deck, an X-Y plotter, and an osc11loscope, and digital display units for 

time, load, and phase angle. 

DYNAFLECT 

'I'he Dynaf1ect is an electromechanical device ( counterrotating 

mass ) mounted on a trailer. It applies a peak vibratory load of 500 lb 

at a fi:xed frequency of  8 Hz, using the weight of the trailer al? a reac

tion mass. rrhe vibratory load is appl:ied to the pavement through two 

16-in . -OD steel wheels spaced 20 in . center to center .  Five velocity 

sensors are used to measure the 

located between the steel wheels, and 

of the pavem ent . One sen sor 

other four are spaced 1 ,  2 ,  

3 ,  and 4 ft .from the first one at right angles to the axis of the wheels . 

The Dyna.fleet produces numerical values of deflection at a fixed load 

and fr'equency which recorded manually dial gage readings. Fig-

ure T shows Dynaflect with its cover removed . 

Figure 7 .  Dynaflect with cover removed 
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ROAD RATER 

The Road Rater is  an electrohydraulic vibratory loading device . 

In all models of this device except the Model 600 , the actuator , or hy

draulic ram, i s  mounted with the rod end upward (the opposite is  true for 

the 16-kip vibrator ) ,  and a weight mounted to the rod is hydraulically 

oscillated to produce the vibratory load. The vibratory load is  trans

ferred to  the pavement structure through two 4- by 7-in . steel pads 

spaced 6 in . apart . Two velocity sensors , one located between the steel 

loading pads and the other 1 ft away perpendicular to the axi s  of the 

pads , measure deflection of the pavement . The Road Rater produces  nu

merical values of deflection at variable frequencies and a fixed load 

which are recorded manually from dial gage readings .  The smallest ver

sion of this vibrator (Model 400 ) i s  mounted on the front of a truck and 

uses the truck as a reaction mass for stability . All other models are 

trailer-mounted and use the trailer weight as the reaction mas s .  Fig

ure 8 shows the Model 400 truck-mounted vibrator , and Figure 9 shows the 

trailer-mounted Model 505 . 

VIBRATOR COMPARISONS 
BASED ON FIELD TESTS 

As stated previously , the 16-kip vibrator was selected as the 

basic vibrator with which the other devices would be compared.  DSM val

ue s were used for comparison purposes . The methods of obtaining the 

DSM values from the data , however , differed with each vibrator . DSM 

values for the 16-kip vibrator , the 9-kip vibrator , and the CERF NDPT van 
-are - obtained -�rom -the -slope -of -th� -upp-er ])Ort�on of the load-deflection 

data curve as  described in the s ection on the effects of vibratory load

ing . The dynamic load i s  increased to the maximum output of each machine 

during a test . The 16-kip vibrator and the CERF NDPT van produce the 

DSM at a constant frequency , whereas the frequency is increased on the 

9-kip vibrator in order to increase the dynamic load. The DSM for the 

other devi ces is the ratio of load to deflection obt ained at a constant 

dynami c load and frequency . 

Figures 10-13 are plot s of DSM values obtained with the 16-kip 
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Figure 8 .  Model 400 Road Rater 

Figure 9 .  Model 5 0 5  Road Rater 
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vibrator versus DSM values obtained with the 9-kip vibrator , the CERF 

NDPT van , the Dynaflect , and the Model 505 Road Rater ,  respectively . 

The comparisons di scus sed in the following paragraphs show the varia

tions in data obtained with these four vibrators . Accuracy of the 16-kip 

vibrator will be discus sed later .  

Figure 1 0  shows a graph of the 16-kip vibrator DSM values versus 

the 9-kip vibrator DSM values . DSM values for the 16-kip vibrator 

ranged from about 800 to 7800 kips/in . ; however , a significant number of 

data points  were not obtained beyond 3500 kips/in . · The line of best fit 

in Figure 1 0  shows that , up to a DSM of about 2000 kips/in . ,  the 9-kip 

vibrator produc es higher DSM than the 16-kip vibrator . Above a DSM of 

2000 kips/in . , however , the 9-kip vibrator produc es lower values than 
the 16-kip vibrator . The standard error of estimate is .:!:_493 kips/in.  

measured along the 9-kip vibrator axis . 

Figure 11 shows a graph of the 16-kip vibrator DSM values versus 

CERF NDPT van DSM values .  DSM values for the 16-kip vibrator ranged 

from about 400 to 5800 kips/in . The best-fit line in Figure 11 shows 

that the CERF NDPT van generally yields lower DSM than the 16-kip 
vibrator .  The standard error o f  estimate i s  .:!:_527 kips/in . measured 
along the CERF NDPT van axis . 

Figure 12 -shows a graph of DSM values obtained with the 16-kip 

vibrator versus those obtained with the Dynaflect . DSM values for the 

16-kip vibrator ranged from 1200 to 7100 kips/in.  The best-fit line in 

Figure 12 sho.ws that the Dynaflect generally gives higher DSM values 

than the - 16-kip vibrator . The standard error of estimate is .:!:_1310 

kips/in . measured along .the Dyna.-flect- axis-. However-, it- should- be- not-ed
that , if the Palmdale data are not considered , the standard error of 
est imate is  .:!:_415 kips/in . and the equat ion for the best-fit line is 
Dynaflect DSM = 590 + 0 . 860 x 16-kip DSM • All the data shown in Fig

ure 12 were collected on continuously reinforced concrete pavements ,  

and it is not known why the data from Palmdale did not correlate well 

with those from Midway and O ' Hare . 

Figure 13  shows a graph of DSM values obtained with the 16-kip 
Vibrater versus DSM values obtained with the Model 505 Road Rater: DSM 
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for the 16-kip vibrator ranged from about 400 to 3400 kips/in. The 

best-fit line in Figure 13 shows that the Road Rater generally gives 

higher DSM than the 16-kip vibrator . The standard error of estimate is  

.:!:_424 kips/in . measured along the Road Rater axi s .  

The lack o f  agreement between vibrator result s i s  due t o  the non

linearity of pavement response and significant differences in the magni

tude s of the vibratory loads , vibrator static weights , frequencies of 

loEt.ding , and contact areas . These results do not show that the 16-kip 

vibrator is the opt imum size for airfield pavement ' testing . There is 

obviously a need , however ,  for a standardized vibrator and the 16-kip 

vibrator i s  recommended. 

FACTORS AFFECTING VIBRATORY TEST RESULTS 

Tests were made to evaluate the effect s of such fact ors as vi

brator static weight , vibratory load , frequency of vibration , and load 

plate size on load-deflect ion measurements .  

VIBRATOR STATIC WEIGHT 

The 50-kip vibrator was used to study the effects of static 

weight on the load-deflection measurements .  The electrohydraulic sys

tem of thi s vibrator was used to apply a preload ( comparable to static 

weight ) to the test pavement by the hydraulic loading mechanism reacting 

against a load frame . The vibratory load was generated by a force 

applied to the preload and then released. 

To demonstrate the loading condit ions beneath the vibrators de

scribed in this report , a simplified load versus time relationship for 

the 16-kip vibrator is  �hown in Figure 14 . Thi s relationship is similar 

to those for the other vibrators except in magnitude of vibratory load . 

The vibrator static weight F i s  applied to the pavement surface ,  and s 
then the vibratory load Fd is generated .  The vibratory load can be 

varied but cannot exceed the static weight . The static weight of most 

of the v�brators i s  fixed, but that of the 50-kip vibrator ( i . e . , it s 

preload) can be varied up to a maximum of 50 kips . Test s with the 

50-kip vibrator were conducted on a flexible pavement test sectiop at 

WES de �cribed in Appendix B .  
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Load and deflection data for items 2-5 of the WES flexible pave

ment test section were plotted for prel�ads ranging from 5 to 50 kips . 

The DSM value from each load-deflection plot was computed ,  and these 

values are shown in Figure 15 for the various preloads used on items 2-5 . 

Data presented in Table 2 were ' also used in Figure 16 in a plot of pre

load versus DSM expressed as a percent of the DSM value obtained with a 

vibrator preload of 5 kips . This graph shows that the DSM for item 2 

was increased by a factor of .3 by changing the vibrator preload from 

5 to 50 kips . These result s indicate the significance of varying the 

static weight of a vibrator. 

VIBRATORY LOAD 

Test result s have shown that the load-deflection data are not 

always linear throughout the full dynamic load range of the 16-kip vi

brator . Figures 17-21 illustrate a characteristic of data obtained on 

some pavements with the 16-kip vibrator , i . e . , the load versus deflec

tion plot tends to curve in its lower portion and then become linear in 

it s higher portion on weak ��vements .  The plot s in Figures 17-21 be

come linear at loads of 6 . 0 ,  8 . 6 ,  7 . 0 ,  4 . 4 ,  and 2 . 4  kips , respectively . 

Pavements which have the same DSM values as those shown in Figures 17-

21 do not always .produce plot s that have the same curvature , but gen

erally , weaker flexible pavement s produce load versus deflection plot s 
Which show this tendency . Rigid pavements tend to produce load

deflection plot s having less curvature than those of flexible pavement s .  

The nonlinear load-deflection plot s show that the DSM will 

vary when different portions- of the- curve- or di fferent_ �gle_ point_ 

loads are used to compute the DSM and all other factors are constant . 

This t endency is  illustrated in Figure ·17 . The vertical arrows are 

drawn at loads of  0 . 5 ,  1 . 0 ,  5 . 0 ,  8 . 0 ,  and 10 . 2  kips . For the single

point deflections at the first four of these loads , the DSM values 

( load divided by deflection ) are 710 , 770 , 690 , and 650 kips/in. , 
respecttvely .  The fi�h DSM value was obtained using the inverse of 

the slope of the linear portion of the curve , and for thi s example is 

4 . 2 ki.ps f 0 . 0074 in . = 570 kips/in . These two methods of computing 
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Table 2 

Vibrator Preload �Stat ic Weisat ) and DSM t50-Ki:e Vibrator ) 

Item 2 Ites 3 Ites J; Ites � 
Max1mm Maxiaua Maxi.mull Maxi.aua 

Preload Peak Percen� Peak Percent Peak Percent Peak Percent 
( Static Dynaaic ot Dynaaic ot Dynaaic DSM Average ot Dynaaic ot 
Weight ) Load DSM 5-kip . Load, DSM . 5-kip Load U:eslin . DSM 5-kip Load Dfl( 5-kip 

kiI?S U:es kiI?slin . DSM t.iI?S kiI?slin. DSM kiI?S !!!!!!..! � kiI?slin. D8M kiI?S ki:eslin. Dfl( 
5 4 . 1  1070 5. 3 216o 7 . 3  19li0 2090 2020 6 . 7  206o 

10 6 . 5  1550 145 . 7 . 5  3060 143 ll . O  2620 2880 2750 136 12. l  336<> 163 

15 8 . 6  1850 173 ll. 9  3740 173 14 .·0 3150 2830 2990 148 12. 9 3820 185 

20 9. 0  2050 192 9 . 9  3740 173 17. 9  2980 3240 3ll0 154 15 . 9  4300 208 

30 10. 0 2560 240 12. 5  4580 212 15. 0  3340 3810 358o 177 16. 4 4400 214 
VJ \0 40 11 .l 3070 287 9 . 9  5180 240 16. 1  4000 428o i-140 205 13 . 3  4560 222 

50 10. 9 3220 301 12. 0  5320 246 12. 1  3800 3800 188 13 . 0  4420 215 
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DSM values for typical data are also used in Figures 18-21 . DSM values 

obtained with vibratory loads of 0 . 5 ,  l . O , 5 . 0 ,  and 8 . 0 kips ranged from 

91 to 264 percent of the values · obtained using the linear ' port ion of the 

curve { Table 3 ) .  

�his range in DSM values· indicates a need either to establi sh a 

standard vibratory loading or use the slope of the linear portion of 

the load-deflect ion curve : DSM values qbtained using the l1riear port ion 

of the curve are lower values . and are believed to represent the elast ic 

propert ies of the materials of the ent ire pavement · section and subgrade 

rather than those of the upper layers of higher quality materials . 

FREQUENCY OF VIBRATION 

Pavement response to vibratory loading varies with the frequency 

of vibration and pavement structure as shown in Figure 22 . The load. 

deflect ion curves for constant frequency may show a nearly linear re• 

sponse for some pavements over a range of frequenc ies ; however , the most 

linear response has generally been found, and has been indicated by 
41 . 11 theory in Volume II ,  to be at approximately 15 Hz . Earlier studies  

in  which the 9-kip vibrator was operated over instrumented pavement s 

Q.01 00----------i.------.r-----,-----,---....,.----r----, 

NOT I! :  DATA Wl!lltl! O•TAINllO WI TM 
1 1 - KI .. v 1 a1tATOlt. 

• • • 
LOAD_, KIN 

15 Hz  

Figure 22 . Typical ·1oad-deflect ion curves for frequencies of 10 , 
1 5 , • and 40 Hz 
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Table 3 
Vari at ions in ComEuted DSM Values 

Fig- DSM at C) . 5-kiJ2 Load DSM at 1 . 0-kiE Load DSM at �. 0-kiE Load 
ure DSM* Percent o f  Percent of Percent of 
� kiEs /i n . kiEslin . ** DSM* kiEsLin . ** DSM* ki12s / in . ** DSM* 

17 570 710 125 770 135 690 

18  1170 2500 214 2500 214 1850 

19. 1890 5000 264 3340 177 2940 

20 2580 2500 97 3340 129 3 120 

21 3370 5000 149 5000 149 3 850 

* Inverse of slope of toad versus deflect i on �lot in i t s  linear range . 
** Load divided by deflrction .  

121 

158 

156 

121 

114 

DSM at 8 . 0-kiE Load -
Percent o f  

ki12s /i n . ** DSM* 

650 114 

1670 143 

2660 141 

2960 115 

3480 104 



ipdi cated that 15 Hz was the optimum frequency , i . e . , magnitudes of 

stress and deflection measurements at 15 Hz were more proportional to 

wheel loads throughout the range of depths considere d  .than for measure

ments at other frequencies of which the vibrator was capable . 

Figures 23 and 24 show the deflection at various frequencies for 

a constant load of 10 kips using the 16-kip vibrator . Figure 23 shows 

the re sult s for 12 flexible pavement test site s ,  and Figure 24 shows 

the result s for 9 rigid pavement test sites . Physical properties of 

pavement s at these te st sites are presented in Tables 4 and 5 ,  respec

tively . As shown by the data in these figure s ,  the deflection response 

varies appreciably with change s in frequency ;  therefore , the DSM is 

also a function of frequency . 

It should be note d that the veloc ity transducers used with the 

16-kip · vibrator are always calibrated at 20 Hz . ·  This calibration is  

known to · be  valid for frequenc ies of from 13 to  50  Hz  { see Figure 25 ) .  

There i s  a small error in deflect ions measured at frequenc ies below 

13 Hz due to  the calibration at 20 Hz . Thi s error result s in measured 

deflect ions at 5 Hz that are approximately 20 percent lower than actual 

values ; the amount of error gradually decreases to ·a negligible . amount 

at. 13  Hz . Corrections for this  error were not applied to · the data 

shown in Figures
.
23 and 24 • 

. It i s  recogni zed that the load-deflection relationship is depen

dent on the frequency of vibration and that the frequency responses of 

pavements can differ considerably. '!'his re search effort considered 

various ·quantitie.s · that could be obtained from the nondestructive data, 

and the DSM consistently proved to be the quantity that best correlated 

with the allowable loads obtained from exist ing pavement· evaluation 

criteria . The DSM was selected as the st andard measurement and a ·  

frequency of 15 Hz was selected for the reasons di scussed previously . 

LOAD PLATE SIZE 

The load plate sizes of the vibrators evaluated in thi s study 

varied c onsiderably . ( Table 1 ) .  However ,  the effects of contact area on 

test r.esult s could not be studied during the vibrator compari sons 
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Table Ii 
?!Jll iclll Pr2J!![t1H ot [l!!!ible ?!�ta 

AC !!H �!lll[!! §!ll!b•!! 
Tut Thick• Thick· Thick· S!1!!1rade 
Site ..... n••• Piel4 llHI Piel4 P1el4 
..l!2.. Location Z:ac 11it;i: -1.!!.:.... l!!tei:l!.l. -111.... ....Q.L l!!t•i:!•l -111.... ..JiJL 1t1t11:1f1l ..m... 
1'18 RAP'EC 1:-W runway 3-1/li 1:-1 (GP) 6 21 1:-2 (SM) 18 
11'2() NAFEC Tuiw.y A Black bHe 3 l:•l (GP) 6 56 1·2 (SM)" 18 
1122 llAFEC Taxiway A Black bue 1:-1 (GP) 7 100+ 1-2 (BM) 18 
1123 RAJ"EC Taxiway A Black baa• l:•l (GP) 7 100+ 1-2 (SM) 18 
Ill Wilal.ncton Parking a11ron 9 1:-2 (GW-GM) 5 100+ 1-4 (SP·SC) 20 
112 Wilal.ncton l 12 1-2 (GW-GM) 6 100+ 1·'6 (SP·SC) 20 
Bl Bllltimore Black ba11 12-1/2 1:·5 (SP·BM) 6 67 1·'6 (BM) lli 
B2 Bllltimore Bleck ban 7 1·2 (GW-GM) 9 96 1·3 (SM-SC) lli 
BJ Bllltimore Bleck bue 5-1/2 1·2 (GW·GM) 10-1/2 73 1-2 (SP·SM) 17 

Pl• Philadelphia Runway li-22 " Black ba11 6 stone 8 1•4 (SM) 7 
P2* l Runway li-22 " Bleck ba11 li-1/2 stone 7-1/2 E-7 (BM-SC) 6 
P5* Taxiway u Bleck ball 3 stone 6 '" E-2 (SP) 15 
Pl] Runway 9R•27L 15 1·2 (GP·OC) 83 E-2 (GP-OC) 20 
Plli Runway 9R·27L lli 1·2 (GP-OC) ' 100+ 1·2 (GP-QC) 20 
RVl• Naabvill• Taxiway 2L·20R Black ball 8 Cruabed eto111 12 100+ 

Stone 7 1·7 (ML) 12 
NVJ- Runway 2L·20R 3 Bleck ball Cruabed •tone 6 62 

Stone 6 1·7 (ML) 12 
NV4** Runvay 2L•20R Bleck bue 13 Cruabe4 1tone 12 45 1·7 (ML) 12 

881 WES Soll 1tab1lisation 3 Cruabed 1tolll 6 100+ GP 33 56 l·U (CH) 4 
tut llCtiOD 

Bl 3 Bit1Bino1a1 •1tab1llr.14 12 l•U (CH) It 
(2.9' AC) sravelly 

sand vitb 6.� 
tiller 

82 3 AC 6 AC 6 l·ll (CH) 4 
83 3 AC' 6 Bit\81D01a1 •1tab1lin4 15 l·U (CH) 4 

(2.9' AC) sravelly 
1&D4 

84 AC 6 Un1tablllr.14 sr•v•lly 15 l·ll (CH) 
•&Dd 

85 3 Cruahe4 ll.me1toD1 6 Leu clay, 3 .5� lime l? l·ll (CH) .. 
86 3 Cruabed ll•utone 6 Leu clay, l°' PC 15 l:·ll (CH) 4 
87 Cr1a1h14 ll.me1tone 21 l·ll (CH) .. 
88 Clayey gravelly 1&114 21 l·ll (CH) 4 

vith � PC  
89 Cruabed ll.me1ton1 6 Leu clay, � liM, 25 l·ll (CH) � PC, lei fi¥ uh 
810 3 Lean clay (�) PC 25 l:·ll (CH) 4 
SU 3 Gravelly 1&D4 ( 5�) 25 l·ll (CH) 4 PC 
812 3 Clay 1and ( 5�) PC 25 l·ll (CH) 4 
813 3 Cr1a1bed ll.me1toD1 6 Gravelly 1&D4 33 1-11 (CH) 4 

Rot11 Teot 1it1 locatiODI are lilted OD page 67. PAA 1011 clul iticat10D142 are given tir1t, tolloved by tmitie4 Soll Claulflcatlon Syatem43 
g"""P• in parentbe111. 

* Data f'Urnilbed by Site lngineero , Inc . ,  Cherry Hill, R. J .  
- Data turn11he4 by Brandley l!ngineerlng o t  Sacr1Mnto, Clllit. 
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t.ble ' 
t 

·· · £1111�8* bSllDill 0£ l!IH f1vaent1 

PCC 
THt Thick- 1lexur&l 
Site neu Strencth 
!2.:... i19.iation !'aei.ltz: � id 
17 ranc 1-s run-.y 7 810 

116 w-s runway 7 880 

· 19  E-W runway 10. 724 

11.0 :z -w runway 7 828 

Ill E•W runway 7 894 

1'l3 !'irehouH rutp 7 910 

n5 E-W run11&y 10 864 

• RJ.6 HAP'EC ramp 15 76o 

117 Am ramp 7-l./2 820 

m. Houston Taxiway K 14 868 

H3 Taxiway K l2 929 

lrT Taxiway B l2 929 

H9 Taxiway B ·12-l./2 891 

!D.l Taxiway B 12-l./2 894 

Jl Jacltaon W runway 9-l./2 754 

J2 w funwy ll 724 
I 

J3 Light plane ramp 7-l/2 7li0 

J4 w :ruml'liY' ll-l./2 709 

J5 W runvay 8-3/4 966 

rr Indilpol.11 Run�y 4-22 ll-3/4 900 
I8 Runway 4-22 . .  l2 1003 

I13 Taxiway A l2 ' 870 

I17 Runway 13·31 11-l./2 970 

I20 Runway 13•31 ! 10 984 

I22 Taxiway B u-i/4 1015 

I3 5 Terminal ramp 12-1/2 820 

I39 Terminal ramp l2 870 

I40 Terminal ramp 14-1/2 775 

Note : Test aite locations are listed on page 67. 
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llt! Simi• 
Thick-

Dell 
M&te£!9* � 

E-l (GW) 8 

E·l (GW) · 8 

l·l (GW) 8 

1-2 (GP) . 8  

E-7 (ML-CL) 8 

E-2 (GP) 8 

E-7 (ML-CL) 9 

--

Soil•cement 9 

Soil-cement 8 

E-5 (SP-SM) 5-1/2 

E-5 (SP-SM) 11-l/2 

E-5 (SP·SM) ll 

Soil-cement 6-l./4 

Soil-c4"liilnt 4 

Soil· etllknt 4-3/4 

Soil-cemnt 6 

Soil-cement 8 

Gravelly aand 10-3/4 

Gravelly aand 11-1/2 

Gravelly aand 6 

Gravelly aand 10-l./2 

Gravelly 111nd 8-l./2 

Gravelly aand 8-l./4 

Gravelly aand 10-l./2 

Gravelly aand 10 

Gravelly aand 6-1/2 

k 
:E 
350 

360 

325 

285 

200 

450 

100 

·370 

156 

205 

375 

375 

425 

450 

190 

175 

·230 

195 

210 

280 

280 

225 

275 

270 

230 

300 

290 

205 

Subiz'ade 
lfADJ:i&l 

E-4 (SP-SM) 

E-4 (SP.;SM) 

E-4 (SP-SM) 

E•4 (SP-BM) 

E-4 (SP•'SM) 

E-4 (SP-SM� 

E•4 {SP-SM) 

E�4 (GP) 

E-6 (ML) 

E-6 (ML) 

E-6 (ML) 

E-6 (ML) 

E-6 (ML) 

E-6 (Mt) 

'E-7 (CL) 
• 

E-7 (CL) 

t-7 (CL) 

E-7 (CL) 

E.;,7 (CL) 

E.;,4 (SP-SM) 

E-4 (SP-SM) 

E-6 (SP-SC ) 

E-4 (SP-SM) 

E-4 (SP·SM) 

E-5 (SM) 

E-3 (GC) 
E-1 (GW) 

E.;.6 (SP-SC) 

Single-
Wheel 

Load 
--.Y:li.. 

24.3 
.. 

26 .6 

36.7 � .  

24.0 

24. 4 

28 .6 

37 . 1  

74, 4 

23 .8 

81 . 4  

74. 4 

64.0 

66 .6 

67 . 4  .... 

j7 .7 

40 .8 

26 .2 

45 .2 

48.2  

57 .6 

66 .3  

55,8 � 

59 .8 

. 48.6 

59.0 

58 , 4 � 
57 .8 

66 . 7  
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Fi gure 2 5 .  Output versus frequency from velocity transducer No . 101 
( input is  a constant amplitude of de flection ) 

because of the many other factors that also varied . Test s were there

fore conducted with the 16-kip vibrator using 12- , 18- ,  and 30-in . -diam 

load plates .  Examples of the DSM values obtained using these plate 

sizes are shown in Figure 26 . These test s  were conducted on the flexi

ble pavement test section shown in Figure 27 . 

i IO 

Lt--+---+--+-�-A---+-_J..___J s 
"' 
� 1 01-----1------1�-----1----4---� 

� 
T!ST 

SECTION J::!!!Wli.. -1ll!L. 
0 I 
6 2 
D J 

l t----6----��--��--�_,""TI:: II "'LAN ANO KCTION O" THI: W S 
TEi.t:ltllTUltll l:""l:CTS TEST 
HC:TIOH llltll IHOWN IN "IGUltl: 27. 
DATii Wl:ltl: O•TAINl:O WITH l t • K I  .. 

V19"11TOlt AT .. M:QUl:NCY 0" II H a. 

o,�------, ....... -----� ... ------MO-'-------.� .. -------... -'-------.�--------,ioo _____ ..J __ 
oeM,, M IN/IN. 

Fi gure 26 . Load plate diameter versus DSM on WES 
temperature effects  test section 
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E· T (CL) SUllGRADE 

WES PRESSURE CCL LS 

SECT ION 

Figure 27 . Plan and section of the WES temperature 
effects test sect ion 

The tabulation below shows the tire contact areas of several 

civil aircraft . 

Aircraft 

Boeing 727 
DC-8-63F 
Boeing 747 
DC-l0-10 
-nc-1 0-30 
L-1011 
Concorde 

Tire Contact 
Area , sq in . 

210 
220 
205 
294 
331 
282 
247 

Given the variation in DSM values obtained with the different plate 

size s  and �he range of contact areas listed above , it was decided that 

a standard plate size - should be selected and that it should approximate 
the contact areas of the tires of the above aircraft . The 18-in . -diam 
plate "with a contact area of 254 sq in . was there fore selected. 
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ACCURACY TESTS WITH 16-KIP VIBRATOR 

The accuracy and reproduc ibility of test result s from the 16-kip 

vibrator were studied in order to determine confidence levels for the 

data collected. The following paragraphs present result s of laboratory 

calibrat ions and checks and fi eld tests to det ermine these factors . 

LABORATORY CHECKS 
ON VELOCITY TRANSDUCERS 

During field testing ,  five veloc ity transducers are calibrated 

to measure deflect ions induc ed by the 16-kip vibrator . One transduc er 

i s  mounted to the cent er of the 18-in. -diam load plate ,  and the other 

four are usually spaced at distances of 6 ,  20 , 32 , and 44 in.  from the 

edge of the load plate ( Figure 28 ) .  The typical response of one of the 

transduc ers for varying frequenc ies is shown in Figure . 25 .  The output 

o f the transduc ers in volts i s  directly proportional to veloc ity . De

flect ion can be computed from veloc ity by 

where 

d = peak deflection, in.  

V = wave veloc ity , in . /sec 

f = vibrator frequency,  Hz 

v d = 4Tir ( 1 )  

During the field test s ,  veloc ity i s  electronically integrat ed to provide 

data in terms of deflect ion . The transduc er signal is digiti zed so that 

deflect ion i s  provided to the X-Y plotter and the digital printer in 

inches of peak deflect ion . 

The transduc ers are less sensit ive at :Frequencies below 13 - Hz� 
Figure 25 shows that the typical response of the transducers i s  prac

t ically constant between 13 and 50 Hz . 

The ac curacy of the five veloc ity transducers was checked on a 

c alibrat ed shake table in June 1972 . The calibration of the shake table 

was based on an MB Model 124 vibrat ion transducer ( Serial No . 15939 ) 

which was calibrated by MB Electronic s .  The maximum percent error of 

the shake table was comput ed as 5 perc ent of the reading . The shake 
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Figure View o f  load. plate , load cell s , and velocity transducers of 
16-kip vibrator 



table had a maximum stroke of 0 . 5 i n .  F.a.ch transducer was vibrat ed at 

known deflections on the shake table , and the output signal from each 

transduc er was recorded on the 16-kip vibrator data ac qui sition syst em 

( D AS ) .  Comparisons between the known input ( shake table ) deflect ion and 

the measured output (transduc er ) deflect ion at a frequency of vibrat ion 

of 15 Hz are shown in Table 6 .  The accuracy of the DAS in measuring and 

rec ording deflection i s  shown in Table 6 as perc ent error . The perc ent 

error was comput ed as the measured deflect ion xp2 minus the known in

put deflection xpl divided by the known input deflect ion mult iplied by 

100 .  The DAS was calibrat ed exactly as in field operations . The known 

input deflect ion ranged from 0 . 5 x 10-3 to 30 x 10-3 in . , which i s  the 

full scale range of the transducers . The shake table was operated at the 

known input deflect ions spec ified in Table 6 ,  and the output of the ve

loc ity transduc er attached to the table was electronically integrat ed and 

recorded as measured deflect ion through the DAS .  The perc ent error was 

greater than 10 for only two measurements :  one measurement gave a 17 . 4  

perc ent error for veloc ity transducer No . 101 , and one measurement gave 

an 11 . 6  perc ent error for veloc ity transduc er No . 103 .  The larger per

c ent error� generally occurred at lower input deflect ions . Measured 

peak deflect ion for veloc ity transduc er No . 101 i s  shown in Figure 29 . 

FIELD CHECKS O N  
VELO CITY T RANSDUCERS 

Field tests were conducted in which the velocity transduc ers were 

checked against one another by plac ing the four mobile transduc ers at 

equal di stanc es from the load plate and recording the deflections at a 

constant load . The results  of three of these tests  are presented in 

Table 7 .  Also presented i n  Table 1 ar e 9 0  perc ent errors in deflection 

measurement s for each of the three test s and the 90 perc ent errors ex

pressed as perc entages of the average deflections for each of the three 

t est s . 

Once ·a number of measurement s have been made of a certain 

quant ity , the prec ision of a measuring instrument can be evaluated and 

it s accuracy est imat ed by comput ing the size of the limiting error for 
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De tlect!ont io·3 in. 
Known Inpu Meuured 

XEl X:e,g 

0 . 5 : 0. 413 ,  
l . O  0.985 
l . 5  l . 435 
2.0 1 .920 
2, 5  2 . 424 
3 ,0 . 2 . 902 
3 , 5 · 3 , 413 

0 . 5  o . 474 
1.0  1.075 
1 . 5  1 . 526 
2 . 0  2.01 
2 . 5  2 . 52 
3 .0 3 , 02 
3 , 5  3 , 52 

0. 5 0 . 452 
l,O  1 . 001 
1 . 5  1. 455 
2 . 0  1 . 902 
2 . 5  2 , 37 
3 .0 2.85 
3 , 5  3 , 31· 

0 . 5  o . 46o 
l.O 1.02 
1. 5 1 . 49 
2 . 0  1 . 96  
2. 5 2 ; 46 
3 �0 2 , 95 

0 . 5  o. 461 
1 . 0  1 . 02 
1. 5 1 . 51 
2 . 0  2 .00 2, 5  2 . 53 
3 ,0 3 . 01 
3 . 5  3 , 52 

Table 6 
AccJ:Y:&el Te1t ot 16-JC12 Vibt'ator 126!! 

De ec on 
Difference ' 

!SI. p 
(Xp2 • Xpl) 

io·3 
in. 

-0.087 
-0. 015 
-O.o65 
-o.080 
-0 . 076 
-0. 098 -0 .087 

-0.026 
+0. 075 +0.026 
+0. 01 
+0. 02 
+0,02 
+0. 02 

-0.048 
+0,001 
-0. 045 
-0. 098  -0.130 
-0.15  
-0.19 

-0.040 
+0.02 
-0.01 
-0.04 
-0. 04 
-0.05 

-0.039 
+0. 02 
+0.01 
+0. 03 
+0, 0l 
+0.02 

-3 ' Detlecticm.1 10 . in� . 
Percent Error · Known Input 
(!SI. /x 1> lOO i! i! x l l1 

Veloc!tz: Transducer No . 101 

17. 4 , 4. 0 
1 . 5  4, 5 
4,3 5 , 0  
4.0 7 , 5  
3 , 0  10.0 
3 ,3 20.0 
2 , 5  30.0 

Velocitz: Transducer No. 102 

5.2 ' 4.0 . 
7, 5 4 . 5  
1 . 7  5 ,0  
0. 5 7 . 5  
0 . 8  10.0 
0.7 20. 0  
0. 5 30.0 

Velocitz: Transducer No. 103 

9.6 4.0 
0 . 1  4 . 5  
3 . 0  5.0 
4,9  7 . 5  
5 . 2  10,0 
5 , 0  20.0  
5 ,4  

Velocity Transducer No. JP4 

8.o  3 , 5  
2 . 0  4.0 
0.1 4. 5 
2 . 0  5 .0  
1 . 6  7 , 5 . 1 .7  10; 0  

Velocity: Transducer No , 105 

7 . 8  4.0 
2,0  4, 5 0 . 7  5 , 0  

7 , 5  
1 .2 10.0  
0 . 3  20. 0  
0 . 5  30.0 
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Meaaured ·. 

X:e,g . 

3 . 897 �  
4. 370 
4.872 
7.302 · 
9,'963 . 19. 43 

29. 10 

4.04 . 
4,51 
5,03 
7 , 52 

10,60 
19.99 
30.20 

3 , 81 
4.265 
4,76« 
7 . 13 

10 . 09  
18 .87 

3 , 43 ;  
3 . 91 
4,39 · 
4,95 
7 , 40 · 10 . 45 '  

4.03 
4 . 50  
5 ,02 
7 . 50  

10.61 
19.84 
29.81 

'1 

Deflection 
Difference" 

!SI. p 
(Xp2 - xpl) · Percent' Error 

io·3 in. . Cts1./xp1> 100 . 
' ·�· 
! 

! ' 

-0. 103 . 3 , 2  
-0. 130 2.9 �· 
-0. 128 '. 2 . 6  
-0.693 '. 9.2 
-0.037 ' 0 . 4 · -0. 570 2.8  \ � -0.900 3 , 0  

+0. 04 '  l,O " 
+0.01 ·  0.2 
+0. 03 , o.6 
+0. 02 0 . 3 · ; ' +0.60 6 . 0 ' 
-0.01 o .o  
+0. 20 0.7 

-0. 19 . 4 ;8 . 
-0.235 5,2 
-0. 24 . 4.8 ' 
-0 .87 11.6 
+0�09 . 0 . 9  
-0 . 13 �  o.6  

-0. 07  2.0 · 
-0.09 · 2 .. 2. 
-0 .11 2 . 4  -0.05 l . O  
-0. 10 1 .3  +O. 45' 4, 5 

+0. 03 0.8 
+0. 02 0 . 4 , ,  

+0. 61 6 . 1  
-0.16 0.8 
-0.19 o.6  ) •  • ,  
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Table 7 

Deflection Measurement s with Veloc iti Tranducers at Egual Di stance s from Load Plate 

16-Kip Error v 
Vibrator (Average -
Recording Measured 

Date Channel Defiection2 in . Deflection} 2 in. 

25 May 1973 8 0. 003467 -0 . 000014 
7 0. 003443 -0 . 000010 
6 0 .003553 +0 .000100 
5 0 . 003348 -0. 000105 

Aver�ge 0. 003453 
26 May 1973 8 o. 005o46 -0. 000016 

7 0. 005021 -O .oooo41 
6 0 . 005079 +0 . 000017 
5 0 . 005104 +O .oooo42 

Aver�� 0. 005062 
16 Mar 1973 8 0. 001516 +0. 000063 

7 0. 001478 +0 . 000025 
6 0. 001380 -0 . 000073 
5 0 . 001438 -0. 000015 

Avera,ge 0. 001453 

Note: 16-kip vibrator �as set at a constant load of 10 kips . 

90 Percent 
Error E90 

( 1 . 6449/nl._v� ) 
E90 , Per-

cent of 
Average 

in . De flection 

0 . 000138 4 . oo  

0. 000060 1 . 18 

0 . 000096 6 . 61 
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DA T E :  6-7-72 

Figure 29 . Measured peak deflection versus 
known input peak deflection 

any given percentage. The limiting error for 90 percent of the errors 
is called the 90 percent error E90 • The equation for percent error 
can be written as 

where 
E p 
c p 

= percent error 

E - C l>7 p - p'1� 

= numerical constant ( for c p = c90 = i . 6449 )  

(2) 

L,v2 
= sum of  the squares of the errors, in which each error is 

the difference from the average deflection of the measured 
deflection 

n = number of measurements or errors 
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TPe E90 values expressed as percentage s of the average deflections for. 

the thre e test s  presented in Table 7 are plotted versus the average de

flections in Figure 30 .  
t•r------r------r------�----__,,.... __________ __ 

NOT•1 f."'!:,:f,'tl.c:?'o';.·�:\0 WITM 
C-ITANT 1.0AO CW 1e KIN. ----+-----+----f 
DATA ..... AL.IO "tt••NT•D 
IN TAllL.• 7. 

AVS"AOS OSl'L.•CTION, tN. 

Figure 30 • .  Percent error versus average 
deflection 

Another means of checking veloc ity transducers against one an

other i s  to inspect a deflection basin plot . Maximum deflection should 

occur at the load plate , and minimum de flection should occur at the 

velocity transducer farthe st from the load plate ( deflection should de

crease as  the di stance from the load plate increases ) .  Deflect ions at 

the other three transducers should fall between the maximum and minimum 

de flect ions . Thi� · check was applied throughout the testing program as 

the data were· collected, 

FIELD CHECKS ON LOAD CELLS 

Three load cells spaced near the edge of the load plate at 120-
deg angles to each . other are used to measure loads induced by the 16-kip 
vibrator . Two of these · load cells are vi sible in Figure 28.  

The load cells are 20 , 000-lb-capacity dynamic tension-compression 

cells . They have a safe overload limit of 150 percent of the rated ca

pac ity. and can withstand a maximum s ideload , without damage , of · 
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100 perc ent of the axial load capacity . The c ells have a certified 

calibration by the manufacturer and were calibrated at WES using stan

dardized 10 , 000- and 100 , 000-lb proving rings . The calibration accuracy 

of the load cells is 0 , 25 percent of the recorded load . Thus , for a 

vibratory load of 1 5 , 000 lb , the error due to the load cells would not 

exceed 37 . 5  lb . The load cells are electronically balanced and cali

brated at the beginning of each day of testing and are physically 

checked by comparing the static weight of the vibrator recorded ·by the 

cells with the known weight . 

REPRODUCIBILITY 
OF TEST RESULTS 

The 16-kip vibrator has three methods of recording load and 

deflection : 

a :  

b .  

An X-Y plotter which automatically rec.ords load versus de
flection on a continuous plot . Deflection can be scaled 
from this plot to four dec imal plac es , 

· 

A digital printer which prints loads and deflections to six 
decimal places on command . 

c .  An oscillograph which records wave forms . Load an4 deflec
.tion can be scaled to four dec imal places  from tne o�c illo
gra:ph output . 

Table 8 present s data collected from 21 site� and snows compari

sons between data collect ed using the X-Y plotter ( Column 1 ) and data 

collect ed using the digital printer ( Columns 2 and 3 ) tor the veloc ity 

transducers on the. , load plat e .  The data in Column 3 were col.J_ected as 

the load 'versus d�flection plots were being drawn . Data in Column 2 

were collected in an operation independent of that used to obtain data 

for Calwnns 1 and 3 ,  but the same electronic circuitry as that used 

for Column 3 was employed . Thus , the values in Columns 1-3 are inde

pendent measurements of the same quantity. Table 8 also presents the 

, 
E90 values and E9·0 values expressed as a percent of the average 

of the three de�lect ions for each of the 21 test sites . The data for 

t est sites B2 and B3A appear to contain errors larger than those 

normally encountered . If these data are arbitrarily discounted , the 
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Table 8 
Deflection Measurements and E20· 

Deflection at 101000-lb Peak Load and 12 Hz 1 in . Error v (Measured Deflec - E90 , Per-Column l Column 2 Col\.ll!Il 3 tion f'rcm Cited Column Minus 
Test Scaled fran Fran Channel 4 of Average De flection for Three 

E90 
cent of' ATerage 

Site Load Versus Frequency Defiection Columns} 1 in .  Average Defiect ion 
No. Date DeflectioDc Plot Swe� Printout Bas in Printout Column l Column 2 Column 3 --1e.:_ Defiection in. 

Bl 25 May 1973 o.003q · 0.003196 0.003184 -0.0001 +o.0001 +o.0001 0.0002 6.45 0.0031 

B2A 25 May 1973 0.0088 o.oo6150 o.oo8925 +o.0002 -o.0004 +o.00v3 0.0006 6.98 o.oo86 B2 29 May 1973 o.� 0.007325 0.010007 +o.0006 -0.0017 +o.0010 0.0025 27. 78 0.0090 
Di fference 0.0019 o.000625 o.001o82 o.0004 

B3A 26 May 1973 o.� 0.005879 o.006863 +o.0005 -0.0001 +o.0003 0.0010 15.15 o.0066 
B3 26 May 1973 0.0060 0.005594 0.006069 +o.0001 -0.0003 +o.0002 o. 0004 6.78 0.0059 

Dif'terence 0.004 0.000285 0.000794 0.0001 

WlA 30 May 1973 0.009'j 0.009197 0.009104 +o.0001 -0.0000 -0.0001 0.0002 2 . 17 ·  0 .0092 Wl 30 May 1973 0.0108 0.010417 0.0104()<) +o.0003 -0.0001 -0.0001 o.0004 3.81 0.0105 
Difference 0.001� 0.001220 0.001305 0.0013 

{]} 
W2A 31 May 1973 0.0050 o.0053o8 0.005174 -0. 0002 +o.0001 -0.0000 0.0003 5.77 0.0052 
W2 31 May 1973 o.oo48 o.oo4927 O. oo4996 -0.0001 +o.0000 +o.0001 0.0002 4 . o8  o.oo49 

Difference. o.� 0.000381 0.000178 0.0003 

Pl3A l Jun 1973 o.oo45 o.oo4144 o.004470 +o. 0001 -0.0003 +o.0001 o. 0004 9.0C) o.0044 
Pl.3 1 Jun 1973 0.003$ 0.003605 0.003723 -0. 0001 +o. 0000 +o.0001 0.0002 5 .56 0.0036 

Di fference 0.0010 0.000539 0.000747 o.0006 

Pl.4 1 Jun 1973 o.oo4
r 

o.oo4347 o.oo4636 +o.0001 -0.0003 +o.0000 0.0004 8 . 69 o.oo46 
Pl.4A 1 Jun 1973 0.005 o.oo4855 0.005ll3 +o. 0001 -0.0001 +o.0001 0.0002 4.oo 0.0050 

Difference o.oooJ.,� o.0005o8 o. 000477 o.0004 

J3 23 Jul 1973 0.0050 o.oo4956 0.005075 0.0000 0.0000 +o.0001 0.0001 2 . 00  0.0050 
J3A 23 Jul 1973 o.oo65 o.oo6934 o.oo6666 -0.0002 +o.0002 -0.0000 0.0003 4.48 o.oo67 

Di fference 0.0015 0.001978 0.001591 0.0017 

J4 25 Jul 1973 0.0035 0.003499 0. 003569 +o. 0000 -0. 0000 +o.0001 0. 0001 2.86 0.0035 
J4A 25 Jul 1973 0.0029 0.003137 0.003099 -0.0001 +o.0001 +o.0001 0.0002 6.67 0.0030 

Difference o.0()()6 0.000362 0. 000470 0-.0005 

J5 25 Jul 1973 0.0050 0. 005374 0.005009 -0.0001 +o. 0003 -0. 0001 o.0004 7.84 0.0051 
J5A 30 Jul 1973 o. C>OIK,l o.oo4928 o. oo4828 +0.0000 +o. 0001 -0.0000 0. 0001 2 . o8  o.oo48 

Di fference 0. 0002 o. 000446 0.000181 0.0003 

Jl 27 Jul 1973 0.0034 0.003366 0.003459 0.0000 0.0000 +0.0001 0.0001 2 . 94 0.0034 
J2 27 Jul 1973 0.0051) 0.005550 0.005786 +0 .0001 -0.0002 +0.0001 0.0003 5 .26 0.0057 



maximum E90 value for the other 19 test sites is  9 . 09 percent of the 

average deflection . 

The data in Table 8 indicate the differences in deflection that 

can be obtained on similar pavement s when deflection measurement s are 

made under the same climatic conditions . Test sites with similar num

bers ( e . g . , B2 and B2A ) were made at locations a few feet apart on the 

same pavement . Te st sites Bl , B2A , B2 , B3A,  B3 , WlA , Wl , W2A , W2 , Pl3A, 

Pl3 ,  Pl4 , a.nd Pl4A were on AC pavement s ,  and the others listed were on 

PCC pavements .  The maximum di fferences in deflection were 0 . 0017 in . 

for two measurement s on the same PCC pavement a.nd 0 . 0013 in . for two 

measurement s on the same AC pavement . In terms of DSM values , the 

average deflection data show that a variation of as much as 510 kips/in . 

was encountered on what was assumed to be the same type PCC pavement . 

This variation does not mean that the reliability of the equipment is  

within 510 kips/in . because the tests pre sented here as examples were 

run some distance apart on the same pavement . 

The 16-kip vibrator records deflect ions to six decimal places ; 

however , the ability of this vibrator to measure deflections accurately 

· to six dec_imal places  has not been proven , a.nd no information is  avail- · 

able on the ac curacy of other vibrator recording systems . In order to 

illustrate the range in magnitude s of deflection measurement s at dif

ferent .vibratory loads , data from a typical linear load-deflection test 

at 15  Hz are tabulated below. Deflections obtaine d us ing the lighter 

loads are shown as a ratio of the deflect ion at a 10-kip load . 

Vibratory 
· L-oad , kips 

0 . 5 
1 . 0  
5 . 0  
8 . 0  

10 . 0  

Deflection 
-in . 

0 . 00015 
0 . 0003 
0 . 0015 
0 . 0023 
0 . 0029 

Deflection at 10 Kips/Deflection 
at Vibratory Load 

19 . 3  
9 . 7  
1 . 9 
1 . 3 
1 . 0 

This tabulation shows that , at a vibratory load of 0 . 5 kip , the vi

brator must have the ability to measure a deflection 19 times smaller · 

than the deflection at a vibratory load of 10 kips . Thus , the deflec

tion c�eated by a vibrator c an  be so small that the devices which 
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measure deflection cannot accurately produce measurement s .  For example ,· 

the lower limit of the WES velocity transducer i s i considered to corre

spond to an approximat e de flection of 0 . 0005 in . Figure 29 shows that 

at a de flect ion of 0 . 5  x 10-
3 i n .  on a calibrated shake table , the de

flection recorded for velocity. transducer No . 101 was o . 4 x 10-3 in � 

or 80 percent of the shake table deflection . 

RECOMMENDED NONDESTRUC
TIVE TESTING EQUIFMENT 

The evaluation of the vibrators shows that vibratory test re sults 

are dependent on such characteri sti c s  as vibrator static weight , vibra

tory load , frequency of vibration , load plate type and size , and accu-

. racy of the recording equipment . Larger vibrators may give more accu

rate results on strong pavement s than smaller vibrators , . provided the 

recording equipment for both has the same limitations of accuracy , be

cause larger vibrators create de flections larger than those created by 

smaller vibrators . Analyt ical studie s  of data collected with the di f

ferent vibrators are under way which will provide more insight into the 

significance of the characteristics peculiar to a particular vibrator 

and the effect s these characterist ics have on pavement response . 

From res�t s  report ed in thi s section of the report , it is  con

cluded that a st andard vibrator must be selected for use with the non

de struct ive airport pavement evaluat ion procedure . The vibrator must 

have the capability to assess the st rength of heavy-duty flexible and 

rigid pavements adequately through appli cation of the heaviest load 
possible . The necessity for this type of load . i s  de scribed in Refer

ence 44 . Although a vibrator with. a constant static weight was used to 

collect data for development of the evaluation methodology described in 

this report ( the possibility of the need for variable mass was not rec

ognized when the 16-kip vibrator was designed) , it i s  recommended that 

the standard vibrator have a variable mass capability . Also , future 
work shquld relate the vibrator mass and force output to the various 

pertinent aircraft characterist ic s .  

Specifications for a recommended nonde struct ive test ing d�vi ce 



I ' 

are given in Appendix C .  ';rhe recouanended device . is  similar to .the 

existing 16-kip vibrator . and �s a - vibratory load capability · approaching 

16 kips with a frequency range of 5 to 100 Hz , , but it: has a · variab�e 

stat ic weight of · from 5 to 16 kips . 
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DEVELOPMENT OF . THE  EVALUATION METHODOLOGY 

The development of the nondestructive evaluat ion methodology 

consisted of correlating nondestructive test result s with the load

carrying capability of pavements as determined us ing direct sampling 

test procedures . The 16-kip vibrator was used to collect the nonde

structive load-deflect ion data neces sary for comput ing DSM values .  

Only the test result s and analyses used in developing the methodology 

are presented in this sect ion of the report ; however , some of the addi

t ional data collect ed during the program are present ed in Appendix B .  

TESTS CONDUCTED 

Data for this study were collect ed during the period November 

1972-December 1973 .  Pavement s s elected for testing were free of sur

fa� e defect s ,  ranged from weak to strong in relative strength , had been 

subj ected to negligible traffic ,  and were not under the influenc e of 

frost or subsequent thaw.  The following tabulation lists  the fac ilities 

where data were collected : 

Fac ility and Location 

Nat ional Aviation Fac ilit ies 
Experimental Center { NAFEC ) 
Atlantic City , N. J .  

Houston Intercontinental Airport , 
Houston , Tex . 

Washington-Balt imore International 
Airport , Baltimore ,  Md . 

G:re-ater 'w:Hmington- Mrport.,
Wilmington , Del . 

Philade lphia lnternational Airport , 
Philadelphi a, Pa . 

Jackson Muni cipal Airport , 
Jackson , Mi ss • 

Nashville· Metropolitan Airport , 
Nashville , Tenn . 

Weir Cook Munic ipal Airport , 
Indianapolis , Ind. 

Waterways Experiment Stat ion , 
Vicksburg , Mi ss . 

Letter Designation 
Used in Figures 

and Tables 

N 

H 

B 

p 

J 

NV 

I 

S and SS 



DIRECT SAMPLING TESTING PROGRAM 

The direct sampling tests consisted of det erminations of conven

tional soil and pavement para.meters through in-place tests and labora

tory tests of samples of the various pavement elements .  In-place tests . 

consisted of density and moisture content determinations and fowidation 

strength (CBR and/or plate bearing ) test s  on base and subgrade materials . 

In addition , pavement temperatures were recorded at most of the flexible 

pavement sites . Laboratory test s  were used to determine the gradation , 

plasticity index , clas sifi cation , and compaction characteristics of 

fine-grain materials and the tensile splitting and flexural strength of 

PCC samples .  Test methods used are described in References 42 and 45 • 

. Tables 4 and 5 show the pertinent physical properties obtained for the 

flexible and rigid pavement s ,  respectively. 

NONDESTRUCTIVE TESTING PROGRAM 

Before test pits were cut in the pavement s to perform the direct 

sampling tests , a series of nondestruct ive tests  was performed on each 

pavement , usually at two test sites  in the same vicinity . An outline of 

· the nondestruct ive test s which were performed at each test site when 

time allowed is  presented in Table 9 .  The nondestructive tests  were 

conducted on two test sites for each pavement in order to check the 

accuracy of the result s ;  however , the test pit was placed at one of 

these two sites , and only the DSM value for that site was used in anal

ysis . The load-deflection t est s were conducted with the 16-kip vibrator 

at a frequency o� 15 Hz . The load-deflection curves were adjusted for 

nonlinearity ( as described earlier in this report ) to compute the DSM 

values . 

SPECIAL TESTING PROGRAM 

In order to evaluate the effect s on DSM values of temperature 

variations in the AC surfacing layers ,  joint s in the PCC slabs , and 

freeze-thaw cycles , the following series ·of te sts was conducted. 

Effects of AC temperature . The obj ective of the temperature 

effects  study was to determine i f ,  when all other factors were held 
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Table 9 
Outline ot Nondestructive Te sts 

I .  Before start o f  testing each day, place velocity pickups on equal. 
radii around load plate and check tor accuracy within ,!5 percent 

II . Test s on both AC and PCC pavement s 
A .  Frequency sweeps 

1 .  Hold peak load at 10 kip s 
2 .  Record frequency and deflection of load plate only 

a .  Between O and · 40 Hz , proceed in 2-Hz intervals 
b .  Between 40 and 100 Hz ,  proceed in 5-Hz intervals 

B .  Load-deflection (DSM) measurements 
1 .  Vary peak load fran 0 to 15 kips 
2 .  Use frequency of 15 Hz and frequencies for which peak 

deflections occurred during freo.uency sweep 

C .  Defiection basin measurement s 
1.  Measure in direction parallel to flow of aircraft traffic 
2.  Measure at intervals of 2 kips for frequencies used during 

load-defiection measurement s 

D. Wave velocity measurements 
1 .  Measure in direction parallel to flow of aircraft traffic 
2 .  Measure at intervals of 10 Hz of loading frequency 
3 .  Limiting factors for maximum wave lengths 

a. For PCC pavement s ,  slab dimensions control 
b .  For AC -pavements ,  length of cable or strength of 

signal controls 

III .  Temperature tests on AC pavements 
A .  Install electronic thermometer probes on surface of -pavement 

and at dep�hs of 1 and 2 in . and at 2-in. intervals below 2-in. 
depth 

B .  Record temperatures in 2-hr intervals during testing period 

IV. Te sts on PCC pavement s 
A .  DSM profiles . 

1 .  Run three profile s with peak load to 1 5  kips 
2..- Begin- eacli- profile at slab center · 

3 . ·  Measure in three directions in 2- ft intervals 
a.  Run ·two profiles perpendicular to adj acent slab edges 
b • Run third profile exactly between other.-two 

4. · At slab edge , perform two te sts 
a. Perform one with slab edge and load plate edge 

coinciding 
b .  Perform one with slab edge bisecting load plate edge 

B ;  Joint efficiency determination 
1 .  Place load plate edge at slab edge 
2 .  Place two velocity pickup s in line perpendicular t o  slab 

edge on opposite sides and 6 in . fran edge of load plate 
3 .  Measure deflection at loads of 8 , 000, 10 ,000 , and 12 , 000 lb 

· I  



constant , variations in the temperature of the AC surfacing layer would · 
s ignificantly influence load-deflect ion measurements .  If so , a tempera
tur� adjustment factor , i . e . , a factor to adjust DSM result s to a common 

temperature ,  would be developed . 

A 25- by 75-ft test section at WES composed of AC on lean clay 

( E-7 , ML-CL* ) subgrade was used to study the effects  of temperature . 

The test section ( Figure 27 ) contained three 25- by 25-ft test items 

with AC thicknesses of approximately 4 ,  8 ,  and 14 in. To limit fluctua

tions in the subgrade moisture to a minimwn, the test section was con

structed on a hilltop , ditched on three sides , and provided with paved 

shoulders and ditches to allow for runoff of prec ipitation . Pavement 
temperatures were recorded with electronic thermometer probes installed 

at the surface of each item and at depths of 1 ,  2, and 4 in . in item l ;  

at depths of 1 ,  2 ,  4 ,  6 ,  and 8 in .  in item 2 ;  and at depths of 1 ,  2 ,  

4 ,  6 ,  8 ,  10 , and 11 . 5  in . in it em 3 ,  as  shown in  Figure 27 . · 

Nondestructive data for the test section were collected at 11 

different t imes . The data collected included DSM values measured at 

several frequenc ies , deflection basin measurement s ,  frequency sweeps 

with the vibratory load held constant , and wave veloc ity measurement s ;  

however , not all forms of nondestruct ive data were collected at each of 

the 11 test t imes . The discussion of temperature effects in the follow

ing paragraphs i s  limit ed to an analysis  of DSM values at 15 Hz since 

these data were used in developing the methodology . 

Temperature readings for each of the three it ems for the 11 test 

periods are shown in Figure 31 . Surface temperature readings were 

errat ic due to shadows ana wlna ana are therefore not shown . Recorded 
. 

pavement temperatures �t 1 in . below the surface ,  at the center , and 

at 1 in .  above the bottom of the pavement were averaged to determine 

the mean pavement temperatures . Mean pavement temperatures versus DSM 

values for each test item for each of the 11 test periods are shown in 

Figure 32 . Mean pavement temperatures varied between 61° and 124°F , 

* FAA 2 soil groups are given first , followed by the corresponding 
Unif!ed Soil Classificat ion System ( uscs ) 43 group • 
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w�th corresponding DSM variations between 1380 and 380 kips/in . The 

data fell into three groups according to the thicknesses of the three 

test items , and best-fit lines as determined by' the least squares method 

are drawn through each of the three groups in Figure 32 . 

The significance of temf>erature in DSM measurement s on the WES 

temperature effect s test section can best be seen in Figure 32 for the 

14-in .  item, in which the DSM doubled from 600 to 1200 kips/in . in a 

mean temperature range of 105° to 65°F .  

Dat a  from Washington-Baltimore Internat ional Airport , Baltimore , 

Md. , are shown in Figure 33 as an example of temperature variations over 

a short time period.  It can readily be seen that daily as well as 
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s�asonal temperature variations have a significant influenc e on , DSM re

sults .  Temperature corrections must therefore be applied in order to 

compare DSM measurements made at different mean pavement temperature s .  

Data from the temperature effect s te st section at WES were used t o  de

velop temperature adjustment factors shown in Figure 34 . Past observa

tions of temperature gradients in AC pavements have shown that prac

tically no daily temperature variations occur below a depth of approxi

mately 12 to 14 in .  Therefore , computations of mean temperature s of 

pavement s with AC thicknes ses greater than 14 in . ·should be based on 

the average of the t emperature at 1 in . below the surface , at the 

center ( depth of 7 in . ) ,  and at a depth of 13 in . It has not been 

established that the adjustment factors di scussed above are applicable 

to other flexible pavement s in which the pavement structure may be 

cons iderably different from that of this test section . 

However , the relationships shown in Figure s 32 and 34 were used 

in adj usting the DSM values measured to derive the flexible pavement 

evaluation curves present e� herein . It was assumed that the adj ustment , 

even though it may not have been exact for the pavement s i�volved,  

would provide a more realistic relationship between DSM values and 

allowable loadings . 

To make the temperature adjustments to the DSM values ,  a mean 

pavement temperature was required for each test . Since temperature 

data were not recorded during each DSM test , an Asphalt Institute 

procedure46 for predicting flexible pavement temperature s was used . 

This  method requires the use of daily maximum and minimum air tempera

ture s ror a )-day period preceding the test date . The 5-day mean air 

temperatures ( Table 10 ) and the measured surface temperatures (Table 11 ) 

were summed and then used with Figure 35 to predict pavement tempera

tures at the depths shown in Table 11 . Thes e  predi ct ed pavement temp

erature s were then used to compute the mean temperatures for the 31 

flexible pavements .  Also shown in Table 11 are mean temperatures com

puted for seven of the test sites where the pavement temperatures were 

measured with thermometer installations . The column in Table 11 titled 

"Means· of Determining Pavement Temperature" indicates whether the mean 
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Table 10 \ 
! 

�-Dal Mean Air Te!!meratures at Flexible Pavement Facilities ' ! 

High Air 'Low Air 5-� Mean . 

Temp· Temp- Air T•p-
Location Date ature 1 

°
F ature , 

°
F ature1 °:r 

Philadelphia 30 Nov 72 38 32 
1 Dec 72 46 3 5  
2 Dec 72 51 35 
3 Dec 72 61 34 
4 Dec 72 47 37 

27 May 73 55 50 
28 May 73 81 55 
29 May 73 81 65 
30 May 73 84 59 
31 May 73 77 61 67 

NAFEC 10 Nov 72 56 36 
11 Nov 72 54 45 
12 . Nov 72 59 45 
13 Nov 72 56 37 
14 Nov 72 55 4l 

Wilmington 25 May 73 57 54 
26 May 73 61 53 
27 May 73 58 51 l. 
28 May 73 82 56 
29 May 73 82 67 62 
30 May 73 82 58 65 

Baltimore 20 May 73 62 54 
21 May 73 67 51 
22 May 73 78 48 i 
23 May 73 63 55 '\ 

24 May 73 61 52 
25 May 73 55 51 59 
26 ' �  13 55 52 58 
27 Mey 73 " 57 72 
28 May 73 83 57 
29 May 73 80 64 6o 

Nashville 31 May 73 75 59 
1 Apr 73 60 49 
2 Apr 73 69 48 
3 Apr 73 62 45 
4 Apr 73 52 44 56 

WES soil 2 Sep 72 94 72 
stabili zation 3 Sep 72 97 69 
t est section 4 Sep 72 94 72 

5 Sep 72 94 70 
6 Sep 72 94 72 83 
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Table ll 
ruwpt TF?er•tur• tor rl!xible P!V!!!Qt hc111t1n 

THt 
lite 
..1.2... J.ocatiop 

Pl Pbiladelphia 
P2 
P5 
Pl3 

Pl4 

118 11An:c 
1120 llAFZC 
122 11An:c 
123 NAn:C 

Wl WUaington 

W2 WUaing\on 

Bl Baltiaore 

B2 

13 

NVl Na1hv ill• 
NV3 Naahvlll• 

· NV4 Nuhville 

11 .. a11re4 
AJ; lurtac• 

Thicknu1 T911p1rdlll'e 
� -..Jh_ ., 

5 Dec 72 
5 Dec 72 
5 Dec 72 
1 Jun 73 

1 Jun 73 

15 Nov 72 
15 Nov 72 
15 Nov 72 
15 Nov 72 

10 
6 
3-1/2 

14 

14 

3-1/4 
6 
6 
6 

30 May 73 9 

31 May 73 12 

25 May 73 17·1/2 

29 May 73 12 

26 May 73 10·1/2 

5 Apr 73 13 
5 Apr 73 8 
5 Apr 73 18 

52 
52 
52 
83 

29 
29 
41 
41 

99 

81 

57 

65 
65 
65 

BSl WES 1011 7 Sep 72 3 107 
100 
100 
100 
100 

Bl :::�i!!�i��n 16 Jun 70 15 
82 
83 
84 
85 
86 
87 
88 
89 
810 
Sll 
812 
Sl3 

• Frcm Table 10. 

16 Jun 70 15 
16 JUD 70 24 
16 Jun 70 3 

7 Dec 70 3 
7 Dec 70 
7 Dec 70 3 
7 Dec 70 3 
7 Sep 72 . 3 
7 Bep 72 3 
7 Sep 72 
7 s.p 72 3 
7 Sep 72 

70 
n 
72 
72 

105 
105 
105 
107 
107 

s .. ot 5·°"¥ 
Mean Air 

Tnlperature• and 
Mea1ured Surtace 
T!peratur• . • r 

165 

77 
77 
89 
89 

161 

146 

116 

151 

114 

121 
121 
121 

190 
183 
183 
183 
183 
127 
128 
129 
129 
185 
185 
185 
187 
187 

' lle&DI ot Mean 
Detenoining Pavement Pavement 

..1... ..L _  - - -
Tempera tu.re Temperaturet !!±, Predicted** Meaaured. 0 r  

50 50 48 48 47 
50 50 48 48 
50 50 
85 80 77 74 70 70 
73 73 73 73 73 73 74 
93 89 84 81 78 78 
84 84 82 80 78 76 76 

39 39 
39 39 39 39 
47 47 44 44 
47 47 44 44 

91 89 83 79 76 
95 92 87 83 80 
81 79 75 70 69 
75 75 73 73 72 

65 . 62 58 56 56 56 
64 64 65 66 66 66 66 66 
85 82 77 73 72 72 
84 81 78 76 71 70 
62 60 58 56 56 
56 56 57 58 58 59 

66 65 61 60 60 
66 65 61 60 60 
66 65 61 60 60 

107 103 
104 
104 
104 
104 99 

70 68 
70 68 
n 69 
n 69 

104 100 
104 100 
104 100 
106 lai! 
106 lai! 

87 
87 

59 

59 

85 
85 
85 85 

x 
x 
x 
x 

x 

x 
x 
x 
x 

x 

x 

x 

x 

x 
x 
x 

x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

x 

x 

x 

x 

x 

x 

x 

48 
49 
50 
76 

• 73 
83 
80 

39 
39 
46 
46 

83 
87 
72 
73 

59 
65 
77 
77 
58 
58 

62 
62 
62 

105 
92 
92 
91 

101 
69 
69 
70 
70 

lai! 
lai! 
lai! 
104 
104 

** Tomperaturu were predicted 1111nc licW'• 35. 
t The ..,.an pav-nt temperature ii thl awrac• nt the temperaturu tor 1 in. belOll th• 1urtace, thl center, and l in. above th• botto• ot 

the AC layer. 

77 



-\ 

� 
00 

1 6 0 

1 4 0 

LL 
o I 2 0  
r� 
t-� 1 0 0  
0 
t-
< 8 0  
Id a: 
::> 
t- 6 0  < a: 
Id 
D.. 4 0  � -

I.LI 
t-

2 0  

0 -....-...-----------��--------,,__ __ _._ _________ __,_ ________ __. __________ ..._ __ -J 

0 2 0  40 60 80 1 00 1 20 1 40 1 6 0 1 8 0 2 00 220 240 2 60 
PAVEMENT SURFAC E TEMPERATURE PLUS - 5- DAY MEAN A I R  TEM PERATURE, °F 

- . 

· - - ... ... 

Figure 35 .  Prediction of  flexible pavement t emperatures ( from Reference 17 ) 

- - -- ... - .·· 



t�mperature was computed from the predicted or measured temperature . 

For the test sites at which data were available to compute both measured 

,·.. 
and predicted temperatures , the differences  between the mean pavement 

temperatures ranged from 1°F ( at s ite W2 ) to 6°F ( at site Bl ) .  The 

mean pavement temperatures were used with Figure 34 to adjust the DSM 
1' • data as shown in Table 12 . 

Effects of freeze-thaw cycles .  To detennine the significance 

of changes in the DSM of frost-suscept ible pavement s which take place 

during freeze-thaw cycles , a study was made at Truax Field in Madison , 

Wis . , at five test s ites . Three of the test sites were on flexible pave-
. 

1 ments ,  and the other two were on rigid pavement s .  A summary of pavement 

I I 
' 

. and subgrade data at the five test sites i s  given in Table 13. These 

data are based on borings made to depths of approximately 6 ft and 

laboratory soil group classifications . DSM data for the frost study 

were obt ained with the 9-kip vibrator , which was le� on the jobsite 

for the duration of the study. Nondestructive data for the frost study 

were collected during five test periods that included the freeze , thaw , 

and normal periods . Two DSM tests were conducted near each test site 

for each of the five testing times , and the average value was recorded . 

Pavement and subgrade temperatures were measured with electronic ther

mometers , the probes of which were mounted on wooden supports and in

stalled in borings . One thermometer probe installation was in a flexi

ble pavement , and the other was in a rigid pavement . 

Result s of· DSM measurements ,  along with pavement and subgrade 

temperatures which were measured at the same time , are presented in 

Tables- 14 and 15 for th� rigid- and- flexible_ palT.ement_s_,_ r_e.sp_e_ct.iYely_. _ 

The DSM value for each period i s  shown as a percent of the DSM measured 

on 23 May , which was considered to be the normal period when the pave

ments were not being influenced by a freeze-thaw cycle . The percent 

values are given to show the relative differences in DSM values for the 

differe�t te st periods . DSM versus time for the five tests i s  presented 

graphically in Figure 36 . 

The data shown in · Figure 36 were obtained during two different 
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Table 12 

Temrature Ad,justment ot DSM Data 

Mean 
Tes t  AC Pavement Measured Adjus�ed 
Site . Thickness Temperature DSM DSM li2:.._ Location in.  O F  kiI?sbn .  kiI?sbn .  ,' 

Pl Philadelphia 10 48 2o40 1020 

P2 I 6 49 740 5 60 

P5 3-1/2 50 910 790 

Pl3 14 73 2780 3000 

Pl4 14 80 2120 2630 

Nl8 NAPEC 3 -1/4 39 770 630 

N20 NAFEC 6 39 1860 1170 

N22 NAFEC 6 46 lo40 740 

N23 NAPEC 6 46 980 700 

Wl Wilmington 9 87 860 1080 

W2 Wilmington 12 73 . 1940 2060 

Bl Baltimore 17-1/2 65 3120 2680 

B2 Baltimore 12 77 800 920 I 
B3 Baltimore 10-1/2 58 1630 1170 I " 

NVl Nashville 13 62 3200 2460 

NV3 Nashville 8 62 650 570 

NV4 Nashville 18 62 4160 3160 

SSl WES soil 3 105 610 730 

Sl s.tabilization 15 92 360 520 
test section 

s2· 
. _I 15 92 270 400 

S3 24 91 480 710 

s4 3 101 300 350 

S5 3 69 600 590 

s 6  3 69 680 670 

S7 3 70 570 570 

S8 3 70 1140 1140 

s9 3 102 750 900 

SlO 3 102 530 630 

Sll 3 102 600 710 

Sl2 3 lo4 560 680 
. 
Sl3 3 lo4 610 740 
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Table 13 , 
Pavement and Subgrade Data at Truax Field Test Sites 

Strata No . 
Bound 1 2 3 

Test Pavement Thick- Thick- Thick- Thick-
Site Type Thicknes s  ness nes s  nes s  ness 
_1!Q.:.. Pavement in . Soil· Grou:es in . Soil GrouEs in . Soil Grou:es in . Soil Grou:es in. 

IDB PCC 11 �-4 (SW) 53 E-3 ( GC-GM) 12+ 

2DB PCC 9 �2 ( GP-GM) 71+ 

3DB AC 1 El-2 ( GP-GM) 11 E-5 ( SP-SM) 18 E-9 (MH) 12 E-7 ( ML-CL ) Jo+ 

5DB AC 2 El-5 ( SP-SM) 16 E-7 (ML-CL ) 42+ 
CX> 6DB AC 5 �-5 ( SP-SM) 13 E-8 ( CL) 24 E-4 (SW)  18+ � 



en (\) 

22 Feb 1� 
Test PCC Average i of 
Site Thick- DSM DSM DSM on DSM 

--1!2!- ...!!!.!!.... ki(!S/in. � � !.� 
lDBA 2050 

lDBB 2150 

11 2100 123 

2DBA 2000 . 
2DBB 2050 

9 

Depth Bel.ow 
.Pavement 

SUrface1 in. 

0 30.8 37.2 

1 

&r 
&!low 30 

2 Below 30 

4 Below 30 

6 30.0 

8 30.5 

12 30. 5  

18 30.8 31.0 

24 31.0 31.4 

36 33.2 33.4 

48 31+. 5  35.0 

6o 36.0 37.0 

72 37. 5  38.3 

2 �  Feb n 
Average 

DSM 
kips/in. 

2030 

Table 14 

Results of DSM Measurements on PCC Test Sites 

i of 
DSM on 
� 

131 

2� Feb U 
Average i of 

DSM DSM DSM on 
ki(!S/in. kips/in. � 

900 
1200 

1050 61.8 

775 
8oo 

790 51. 0  

Temperature , °F 

36.0 

31.0 

31.2 

31.0 

30.5 

30.5 

30.3 

30.2 

31.5 

33. 3  

35.0 

36.5 

37.3 

DSM 
ki(!S/in. 

1225 

1425 

1800 

2050 

45 .5 
37.8 

37.6 

37.0 

37.3 

37.1 

37.3 
37.0 

36.9 

36.0 

35 .6 

36.4 

37.5 

Note : DSM value a taken on 23 Me,y 73 were considered not to be influenced by freeze-thav cycles • 

. ..  . .. -- �-

6 A(!r U a Mar n  2� � n 
Average i Of Average i) of Average 

DSM DSM on DSM DSM DSM on DSM DSM 
ki(!S/in. � ki(!S/in. ki(!s/in . � kips/in. ki(!•/in. 

1350 1550 
1600 1850 

1320 TI.6 148o 87.0 1700 

1650 1700 
1950 14oo 

1420 91 .5 l8oo 116.0 1550 

55.0 65.0 

46.4 62.0 

46.o 57.9 
44.6 55.7 

44.4 57.1 

44.o 55.0 
43.8 55.2 
43.3 55 .4 

42.5 56.2 

42.4 53.1+ 
42. 5  51.3 
42.8 1+9.0 

43.0 50.0 



Table 15 

Results of DSM Measurements on AC Test Sites 

24 Feb U 26 Feb U a Mar n 2 Mar 1J � Apr U 23 � n 
Test AC Average i or Average i or Average i or Average % or Average I or verage 
Site Thick- DSM DSM DSM on DSM DSM DSM on DSM DSM DSM on DSM DSM DSM on DSM DSM DSM on DSM DSM 

---.!2.:..- ....!!!!!_ kips/in. Ups/in. � kips/in. kips/in. � kips/in. kips/in. � - kips/in. kips/in. � kips/in. kips/in. � kips/in. kips/in. 
3DBA 1625 1300 70 28o 190 

3DBB 1650 1300 92 280 210 

7 1640 Bro 1300 650 81 40.5 280 140 200 

5IEA 1100 850 . 195 195 140 

5DBB 1050 850 190 180 130 

2 1130 837 850 630 192 142 188 139 135 

6DBA 580 6oo 282 200 24o 

6DBB 6oo 550 240 200 220 

5 590 256 580 252 261 113 200 87 230 

Depth Be1av Tenperature , OF Pavenent 
Surface I in • 

0 30.5 37.8 53.7 61. 5  86.o 

1 33.0 42.0 50.2 63 .8 80.0 

CX> 2 33.8 40.0 47.0 64.3 75 .3 
w 4 33.2 36.0 43.4 61.o 11.6 

6 31.5 31 . 5  40.5 55.8 69.0 

8 34. 5 32 . 5  38.2 51 .5 67.5 

12 31.7 31.0 37.4 47. 5  

18 32.0 32.0 33.0 42.6 

24 31.4 32.0 32.8 42.2 

36 35. 4  36.0 36.2 44.3 

48 36.8 36.1 36.2 44.1. 

6o 4o.o 40.0 41.5 44 .1 

·72 41.0 41.2 40.5 44.5 

Note : DSM values taken on 23 148.7 73 vere consi.dered not to be influenced by free:r.e-thav cycles. I 
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s�ages in the winter freeze and spring thaw cycles .  The first series 

of tests in  February was c onducted when temperatures were below freez

ing to a depth of  24 in . The second series in February was conducted 

when temperatures were below freezing at depth of  24 in. but the top 

several inches had thawed. There was visible evidence that the thaw had 

·.• begun , i . e .  , water was seeping through cracks in the pavement . The 

other three series of tests were all conducted under what seemed to be 

normal condit ions for the pavement since the DSM values did not change 

significantly for any of the three test s .  The lowest observed DSM 

values for the P9C pavement s were recorded on 26 February when they 

were 61 . 8 and 51 . 0  percent of the values for the pavement s in a normal 

condit ion ( on 2 3  May ) . The lowest observed DSM value for the 7-in . AC 

pavement s was on 8 March when it was 40 . 5 percent of the value with the 

pavement in the normal condition .  DSM values for the 2- and 5-in . AC 

pavement s were never observed to be significantly below their values 

with the pavements in the normal condition . Evidently ,  no observations 

were made during the perio� when the 2- and 5-in . AC pavements were 

weakened by the thaw. The effe cts of pavement temperature or fluctua-

tions in tpe groundwater table on the nondestructive data obtained for 

the frost study have not been considered. The period during which the 

Truax Field pavement s were s ignificantly weakened by frost action was 

of short duration . From Figure 36 , it can be seen that on 24 February 

the DSM values for PCC pavement s were decreasing due to thawing action 

and had reached about 1400 kips/in . The DSM values remained below 

1400 kip·s/in . unt�l 6 March , and changes after 6 March were minor . These 
pavements were weakened .due to a thawing period of about 14 days . Re

sult s. of the studies at Truax Field indicate that the effects of frost 
1 •  can greatly influence DSM measurement s ( up to 837 percent for the flex-
'., . 
I · ible pavement ) .  However , developing a correction factor to DSM values 

i 
·' f 

for frost effects based on data collected at Truax Field i s  considered 

impractica� , part icularly because of the variations in subgrade condi

tions and poor drainage conditions apparent in May after the effects of 

frost thaw should have been negligible . In areas where frost is known 

to be h problem , the DSM tests can be performe d at periodic intervals to 
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ipclude the normal and the thaw periods for evaluation purposes , which 

will give the variation in load-carrying capacity due to frost effects 

and define the length ot the weak period due to thaw action .  

Effect s of test locat ion . The location of the DSM test in rela- · 

tion to j oints , free  edges of pavement structures ,  and wheel paths of 

aircraft can have an e ffect on the results obtained.  This is partic-

ularly important in rigid pavements where the edge of the slab and the 

j oint type can influence the DSM value . 

Figures 37-39 show results of DSM measurements on eight different 

I � I 

) '  

PCC slabs , with types of  j oints listed where thi s information was avail- • 

able . Figure 37 shows the results of DSM measurements on two di fferent 

. slabs , N-F and N-N . The letter following the N-N and N-F de signations 

represent s the direction from the center of the slab of the line along 

which the DSM measurements were taken . For example , line N-NN was from 

the slab c enter to the north edge of the slab , and N-NE was from the 

slab center to the east edge of the slab . Data in Figures 38 and 39 

are presented in a similar manner . The minimum DSM for each slab ex

pressed as a percentage of the maximum DSM for each slab yields the 

following -values :  

Slab No . 

N-N 
N-F 
H-1 
H-2 
J-1 
J-2 
J-3 . 
J-4 

Minimum DSM 
Maximum DSM 

25 
48 
43  
41 
27 
64 
40 
45 

x 100 

These  result s  show that considerable variations in · DSM values can be ob

tained for the same slab depending on the location of the vibrator on 

the slab . The maximum DSM value does not always occur in the center of 

the slab , a,lthough this is  generally the case .  DSM data to be used in 

development of the nondestructive evaluation methodology were taken at 

the centers of the slabs . More consistent result s were obtained at the 

slab center since the DSM at thi s location is least affected by the edge 
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condit ion and j oint type . The allowable load for rigid pavements ob

tained through conventional methods considers an edge loading. The 

nondestructive evaluation methodology developed in this study uses a 

correlat ion between this allowable load at the slab edge a.nd the DSM 

measured at the slab center . Therefore , DSM test s  for evaluation should 

be made at the slab cent er .  Joint and slab edge effect s ,  however , 

should not be considered unimportant in a nondestructive evaluation . 

Future research should concentrate on procedures for evaluating the e f

ficiency of PC C slab j oints and edge effects on the DSM te st results . 

Variations in pavement s are reflected in the DSM results . Fig

ure 40 shows the variations in DSM values in the transverse direction 

across a typical flexible pavement runway and taxiway . It should be 

noted that higher DSM values were measured along the wheel paths . This 

tendency , of c ourse , would be expected because of the compaction under 

aircraft loadings along the wheel paths . DSM tests , therefore ,  should 

be located within each area to be evaluated to reflect accurately the 

condit ion of the feature be.ing evaluated. 

NONDESTRUCTIVE EVALUATION METHODOLOGY 

FLEXIBLE PAVEMENT 

The methodology des cribed in the following paragraphs is used 

for the structural evaluation of flexible pavement . The maj or param

et ers affect ing the structural performance of flexible pavement are 

pavement thickne ss , soil strength , landing gear characteri stics , and 

number of load repetit ions . The pavement criterion to which the evalu

ation methodology is  related has been established through accelerated 

· traffic testing , studies of actual pavement performance ,  and material 

t d .  13 ,14 , 15 
s u ies .  

The nondestructive evaluation procedure for flexible pavement · 

de scribed in the next section of this  report uses a measurement of the 

overall rigidity in terms of the DSM of the total pavement system and 
. 

does not consider the maj or para.meters listed above independently . How-

ever , the relative e ffects of the maj or parameters can be considered 
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ipdependently through use of direct sampling relationships establi shed · 

from previous research studies . 

Development of the basic evaluation methodology for flexible 

pavements consisted of establishing a correlation between DSM and allow� 

able single-wheel load as shown in Figure 41 . This correlation was de

veloped for a single wheel having a tire contact area of 254 sq in . and 

for 1200 annual departures ( de sign life of 20 yr ) .  (As explained pre

viously, thi s area was selected because it i s  the area of the load plate 

on the 16-kip vibrator and it approximate s  the contact areas of tires 

used on many wide-bodied j et aircraft . ) The correlation shown in Fig

ure 41 was generated by performing DSM tests on several actual pavement s 

and correlating the result s with the allowable single-wheel load of the 

pavement structure as determined from conventional evaluation techniques 

us ing direct sampling test results . A�er the DSM versus allowable 

single-wheel load relation had been developed,  the evaluation methodol

ogy for use with multiple-wheel aircra� was based on exi sting inter

relationships between pave�ent thickness , load , load repetitions , soil 

strength , and landing gear characteristic s .  

The landing gear characteristics of tire spacing , arrangement , 

and contact area ( of one tire ) for multiple-wheel aircraft are con

sidered through the development of an equivalent single-wheel load 

( ESWL ) �  Curves have been established ( Figure s 42-44 ) which relate the 

ESWL , expressed as a percent of the load on the number of wheels used 

to establi sh . the ESWL , to depth from the pavement surface . These 

curves were devel.oped using the Boussinesq deflection equations , in 

which the ESWL is that load on a single wheel which will produce a max

imum deflection equal to the maximum de flection produced by a mult iple

wheel arrangement . It should be noted that the ESWL ( expressed as a 

percent of the gross aircraft load ) increases as the depth increases �  

This increase in ESWL with depth will cause different allowable multiple

wheel aircraft loads for two pavements ,  even though the pavements have 

the same DSM value . For example , a thin pavement on a strong subgrade ' 

and a thick pavement on a weak subgrade may have the same DSM but 

different evaluations  ( in · -terms of mult iple-wheel aircraft load ) 
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. .  

b�cause of  the thickness variations . 

The effects of load repetit ions on the allowable gross  aircraft 

load are considered using a load repet ition factor a • The load repe

tition factor is a fi.mction of the number of aircraft departures and the 

number of wheels considered in
.
e stablishing the ESWL . The load repeti

tion factor has been derived from performance tests on full-scale pave

ment sections . 20 ,21 , 47 The load repetition factors are independent of 

the pavement structure and can be determined from the curves shown in 

Figure 4 5 .  For simplicity ·in application , Table 16 presents load repe- . 

titian factors that have been prepared for the annual departure levels 

and for the aircra� and gear arrangements pre sented in Reference 14 . 

The thickne ss and soil strength parameters are considered through 

use of the CBR/p versus t/a/A. plot shown in Figure 46 , in which 

CBR = computed value of soil strength required under t to 
support the allowable single-wheel load determined from 
Figure . 41 .  

p = single-wheel or equivalent single-wheel tire pressure , psi . 
( For single-wheel aircraft ,  p is determined by dividing 
the wheel . load by the tire contact area ; for multiple
wheel aircraft , p is  det ermined by dividing the ESWL by 
the contact area of one tire . ) 

t = exi st ing thickness  of the pavement structure above the 
subgrade , in.  

A = contact area of one tire on an aircraft , sq in • 

. This plot was developed from the result s of numerous accelerated 
, 1  traffic tests  and. performance surveys . Data from these tests  and sur

veys
. wer·e combined · and plotted in the form of CBR/p versus t/ IA. , and . . 16 17 18 a best-fit c-urve was- then drawn through- the- dat-a- poi-nt-s= '- ' - for a.-

stand�rd load repetit ion level.  In order to make the curve applicable 

1· to any load repetition level , the load repetition factor a was added 

to the t //A term. This addition .to the relationship was technically 

correct . sinc e in the eyaluation of a pavement , the exi sting thickness  

has to be  adjusted (thickness  t is  divided by load repetition a )  to  
l • 

i' that required for the standard load repetition level in order to use the 

criteria . 

• In using the CBR/p versus t/a/A. curve , any one parameter can 
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Table 16 

Load ReEetition Factors for Flexible and Rigid Pavements 

. 

Aircraft Gear Typical 
Configuration Gros s  Load Re�tition

.
Factor for Cited Annual De:J?!!:ture Level for 20-Yr Desi&!! Life 

or Model Weight 1200 3000 . bOOO 121000 22.000 
Desi�tion kiES Flexible Rigid Flexible Rigid Flexible Rigid Flexible Rigid Flexible Rigid 

Single-wheel 30 0. 94 1 . 00 1 . 01 0 . 93 1 . 05 o.B6 1 . 11 0.79 1 . 14 0 . 75 
Single-wheel 45 0. 94 1 . 00 1 . 01 0 . 92 1 . 05 o.B5 1 .11 o.1B 1 . 14 0. 75 
Single-wheel 60 0 . 94 1 . 00 1 . 01 0. 91 1 . 05 o . B5 1 . 11 o.1B 1 . 14 0 . 74 
Single-wheel 7 5  0. 94 1 . 00 1 . 01 0. 91 1 . 05 o.B4 1 . 11 0.77 1 . 14 0. 74 

Dual-wheel 50 o.B4 0 . 97 o . B1 o .BB o . B9 o . B2 0 . 91 0.75 0 . 92 0 . 72 
Dual-wheel 7 5  o.B4 0 . 96 o. B1 o . B1 o .B9 o . B2 0. 91 o. 75 0 . 92 0 . 72 
Dual-wheel 100 o . B4 0 . 96 o . B1 o.�1 o .69 o . Bl 0. 91 0 . 7 5  0 . 92 0 . 72 
Dual-wheel 150 o . 64 0. 95 o . B1 o.66 o.B9 o .Bl 0 . 91 0 . 74 0 . 92 0.71 
Dual-wheel 200 o.B4 0 . 95 0 . 67 o. B6 o.B9 o.Bl 0. 91 0 . 74 0 . 92 0.71 

Dual-tandem 100 0 . 76 0.99 0 . 79 o . B9 o.Bo o. B3 0 . 61 0 . 77 o . B2 0.73 

\D Dual-tandem 150 0 . 76 0. 98 0 . 79 o . 88 0 . 80 0 . 82 o .Bl 0 . 76 0 . 82 o. 73 
\D Dual-tandem 200 0 . 78 0 . 97 0 . 79 o. 88 0 . 80 0.82 0 . 81 0.75 o . B2 0 . 72 

Dual-tandem 300 0 . 78 0.95 0 . 79 0 . 87 0.80 0 .81 0 .61 0 . 7 5  0.62 0 . 72 
Dual-tandem 400 0 . 78 0. 95 0 . 79 o . 86 o .Bo 0 . 81 0 . 81 0 . 74 o . B2 o.  71 

Boeing 727 173 o . 84 0. 95 0 . 87 o . B1 o .89 o . Bl 0. 91 o. 75 0 . 92 o .  71 
DC-8-63F 358 o . 1B 0. 95 0 . 79 o .B1 o .Bo o .B1 o .B1 0.74 0.82 0 . 71 
Boeing 747 778 0 . 10 0 . 97 0.10 o .BB 0 . 705 0 . 82 0 . 71 0 . 75 . 0 . 71 0. 72 
DC-10-10 433 o . 1B 0.96 0. 79 a . BB o.Bo o .B2 o . Bl 0. 75 0 . 82 0 . 72 
DC-10-30 5 58 0 . 78 0 . 96 0 . 79 o . B1 a.Bo o . B2 o .Bl 0 . 75 o. B2 0 . 72 
L-1011 428 o . 1B 0 . 96 0 . 79 o . BB o .Bo o . B2 0. 81 0 . 7 5  o.B2 0. 72 

Concorde 389 0 . 78 0 . 94 0 . 79 o . B6 a . Bo 0 . 80 0 . 81 0 . 74 o. B2 0. 71 
Boeing 737 111 o . B4 0 . 97 o .B1 o . B6 o .B9 o .B2 0 . 91 0 . 75 0. 92 0. 72 
Lockheed Electra 113 o.B4 0 . 96 o. B1 o. B1 o .B9 0 . 81 0.91 0.75 0 . 92 0 . 72 
DC-9 115 o.B4 0 . 97 o .B1 o:aB o . B9 0 . 82 0 . 91 0 . 75 0 . 92 0 . 72 
Convair BBO 188 0 . 78 0 . 97 0 . 79 0 . 88 0 . 80 0 . 82 o.Bl 0 . 76 o. B2 0 . 72 
Boeing 720 235 0 . 78 0 . 96 0.79 o .B6 0. 80 o.B2 0 . 81 o. 75 o . B2 0. 72 
Boeing 707 336 0 . 78 0 . 96 0 . 79 o.B1 o.Bo o.Bl o.Bl 0 . 75 o . B2 0 . 72 



b 0 

• 

0.001 
0 

2 

3 

4 

5 

1 

. 

'J 

I 
I 

I I 

o.o i 

/ 
v 

I
I 

J 
, I v 

CBR 
p 

v v 
. 

·._. 

, 
� � 

/ 

Figure 46 . CBR/p versus t /a/A 

0. 1 0  1 .0 

- -.--
� ...-

� � 

� 
, 



be determined if  the other values are known . Figures 41-46 can be used 

with the DSM to evaluate a flexible pavement for any aircraft . The DSM 

is  used to determine the allowable single-wheel load from Figure 41 . 

This allowable single-wheel load i s  considered to be the ESWL for any 

mult iple-wheel configuration and ,  when used in conjunction with the 

CBR/p versus t/a li. curve , can be used to calculate the theoret ical 

value of CBR required to support the aircra� for 1200 annual departures 

( for a 20-yr life ) .  This ESWL and the comput�d CBR value along with the 

pavement thickness and tire contact area can then be used to calculate 

the allowable gros s  aircraft load for the evaluated pavement for a given 

number of departures . 

Thi s methodology is for evaluation of critical pavement areas . 

For design purposes for high-speed taxiways , FAA uses 0 . 9  of the total 

pavement thickness t required for crit ical areas . The thickness  

reduct ion i s  used because these taxiways are used only by incoming air

craft , which are seldom fully loaded, and the aircraft are traveling at 

higher rates of speed and t�erefore impose less severe loadings on the 

pavement . There fore , high-speed taxiway pavements can be evaluated by 

· increasing_ the thickness by dividing by 0 . 9 ,  i . e . , the expression 

t/a/i. becomes t/O .  9a/i. • 

The resulting nondestruct ive evaluation procedure given in sub

sequent paragraphs for flexible pavement s uses the DSM to determine the 

pavement system strength index S , which is the allowable single-wheel p 
load divided .by a . contact area of 254 sq in . 

The term �/a. Ii. is  replaced by the term F
t . 

in the nondestruc

tive procedure . For a �ontact area of 254 sq in . and a traffic level of 

1200 annual departures (a  = 0 . 94 ) , the . Ft factor becomes 

t 
----- = o . 67t 
( o. 94 ) (  /254) 

For high�speed taxiways , Ft becomes 

t Ft =------- = 0. 074t 
( 0 . 9 ) ( 0 . 94 ) ( /254) 
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The term CBR/p i s  replaced by the term SSF/S in the nonde-p 
struct ive procedure where SSF i s  the subgrade strength factor . Once 

the term SSF is obtained,  then the relationship between Ft and 

SSF/S can be calculated from Figure 47 for any de sired aircra� and p 
load repet ition factors using the appropriate values for A and a • 

The term S is  used to calculate the allowable ESWL for the desired p 
aircraft from: 

s 
ESWL = _£ A 

The percent ESWL of the main gear tires is  obtained from Fig

ures 42 , 4 3 ,  and 44 . The allowable gross aircraft load is  then obtained 

from the equation : 

where : 

PG = o . 95 ( %ESWL ) {w ) c 

ESWL (W ) m 

PG = allowable gross aircraft load 

W = total numbe� of wheels on all main gears of the aircraft m 
%ESWL = value obtained from Figures 42 , 43 ,  and 44 

.W = number of controlling wheels used to determine the %ESWL c from Figures 42 , 43 , and 44 

The 0 . 95 factor is introduced in the above equation because 

5 . 0  percent of the gross aircraft load is  considered to be supported by 

the nose gear . 

Flexible pavement s with st abilized layers . The thickness t in 

the prec
.
eding discussion assumes a conventional flexible pavement con

sisting of an AC wearing surface and a crushed stone base course ,  with 

or without a granular subbase . Pavement structures to be evaluated 

must be converted to equivalent sections of conventional pavement to 

ac count for the variability in performance of different materials under 

traffic . Equivalency factors listed in Table 17 were developed from 

studies ?f performance of WES test sections . 48 The equivalency factors 

are based on a standard of 1. 00 for granu.ta.r subbase . For example , 

Table 17 shows that a layer of cement-stabilized sand-gravel in one pave

ment section will allow the same number of coverages to failure as a 
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Table 17 

Sunnnari Li stins of Materials and · ES).uivalenci Factors 

Stabilizing Surface Base Sub base 
Material Asent Course Course Course 

AC ( P-401 , P-408 ) Asphalt 1 . 70 1 . 70 l .  70 

Unbound crushed stone 
( P-209 ) 1 . 40 1 . 40 

Sand-gravel Cement 1 . 60* l. 60** 

Clay-gravel Cement 1 . 45* 1 . 45** 

Fine-grained soil Cement 1 . 25* 1 . 25** 

Clay-sand Cement 1 . 15* 1 . 15** 

. Clay-sand Fly ash 1 . 15** 

Sand-gravel or clay-
gravel ( P-201 , P-215 , 
P-216 ) t  Asphalt 1 . 50 1 . 50 

Fine-grained soil Lime l . lOtt 

Unbound granular material 
( P-154 ) L OO 

Note : Specifications for materials are taken from Reference 49. 

Subgrade 

I . le* 

* To use equivalency factor in .evaluation , unconfined compressive 
strength of layer must be 1000 psi . 

** To use equivalency factor in evaluation ,  unconfined compressive 
strength of layer must be 700 psi . 

t Bittiminous . 
t·� To use equivalency factor in evaluation , unconfined compressive 

strength of layer must be 200 psi .  
* To use equivalency factor in evaluation , unconfined compres sive 

· stiength of layer must be 100 psi . 
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layer of granular subbase which is  1 . 60 times as thi ck in a second pave-

\ ·  ment sectiOn
.
provided that other layers in the two pavement sections 

;, are equal in quality and thickness . 

i 
I 
! 

� 

I .  
! 

: ,  

i 
I 
r 
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The following examples illustrate the use of the equivalency_ 

factors for converting nonstandard pavement sections to standard sec-

tions . For these examples ,  a standard payement section is  defined as 

having a 4-in . AC ( FAA specification No . P-40149 ) wearing surface and a 

9-in . unbound crushed stone base course (FAA specification No . P-20949 ) ,  

with or without a granular subbase ( FAA specification No . P-15449 ) ,  

placed on a natural subgrade . 

Example No . 1 .  Assume a pavement section to be  evaluated has a 

·3-in . AC wearing surface , a 3-in . bituminous base , and a 6-in . granular 

subbase .  Compute the equivalent standard pavement section by first 

converting the existing section to an equivalent section of granular 

subbase material as follows : 

Equivalent 
. Layer Layer Sub base 
Thickness Equivalency Thickness  

La;y:er Material in . Factor in . 

AC 3 . 0  l .  70 5 . 1  
Bituminous. base 3 . 0  1 . 50 4 . 5  
Granular subbase 6 . o  1 . 00 6 . o  

Tot al equivalent granular subbase thi ckness = 15 . 6  

The thickness o f  AC required i s  4 in . The amount of granular subbase 

material· equivalent to 4 . 0  in . of AC is 4 . o  in .  ·x l .  70 { equivalency 

factor for AC ) = 6 . 8  in .· This leave s 15 . 6  in . - 6 . 8 in . = 8. 8 in. of 

granular subbase material . The required thickness of crushed stone base 

course is 9 . 0  in . or 12 . 6  in . of equivalent granular subbase { equiva

lency factor is  1 . 40 ) . For this example , the thicknes s  of granular sub

base is  less than the equivalent 9 . 0  in.  of thickness for the required 

crushed base , so the 8 . 8  in . of granular subbase will be converted to 

crushed stone base . The equivalent conventional pavement section 

thickness  t to be used in the evaluation methodology is  then 4 . o  in. 

of AC plus 6 . 3 in . ( 8 . 8  + 1 . 40 )  of crushed stone base , or 10 . 3  in. 
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Example No . 2 .  Assume a pavement section to be evaluated has a 
5 . 0-in . AC wearing surface ,  an 8 . 0-in . bituminous base , an 11 . 0-in. 
crushed stone subbase , and a second subbase of 14 . 0-in . granular 

material . 
Equivalent 

Layer Layer Sub base 
Thicknes s  Equivalency Thickness 

La�er Material in .  Factor in .  

AC 5 . 0  1 . 70 8 . 5 
Bituminous base 8 . o  1 . 50 12 . 0  
Crushed stone 

sub base 11 . 0  1 . 40 15 . 4 
Granular subbase 14 . o  1 . 00 14 . o  

Tot al equivalent granular subbase thickness = 49 . 9  

The total thickness of granular subbase equivalent to a 4 . 0-in .  layer of 

' . 
l 

I .  

. .  

( 

AC i s  4 . o  in . x 1 . 70 in . = 6 . 8  in .  The total thickness of granular sub- ·� 

base minus the thickness needed for a layer of AC = 49 . 9  in. - 6 . 8  in . 

= 43 . 1 in .  The total thickness of granular subbase equivalent to 9 in . 

of crushed stone base = 9 . 0. in . x 1 . 40 = 12 . 6  in . The remaining granu

lar subbase = 43 . 1  in . - 12 . 6  in. = 30 . 5  in. The equivalent conven-
. tional pav.ement sect ion thickness t to be used in the evaluation 

methodology is then 4 . 0  in . of AC plus 9 . 0  in . of crushed stone base 

(maximum allowable thicknes s  of base course material ) plus 30 . 5  in . of 

granular subbase , or 43 . 5 in. 

DSM-allowable single-wheel load correlation .  To convert sect ions 

tested in this study to equivalent sections of conventional pavement , 

the prev1ously de�cribed �rocedure for appJ.ying the equivalency factors 

was used . For the corrslation of DSM to allowable s ingle-wheel load , 

pavement with minimum thicknesses of AC and granular base as required 

by FAA42 were used . The se requirements for a single-wheel load are 

3-in . AC and base course thickness  varying as a function of load . There

fore , conversion of the test pavements to equivalent conventional sec

tions became a trial-and-error process to obtain a minimum thickness  of 

base  that was required by the computed allowable load. The measured 

thicknes s  of the test pavement s and the equivalent conventional sections 

are shown in Tables 4 and 18 , respectivelY.• Also shown in Tables 4 and 
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Test 
Site  

No . 

Nl8 
N20 
N22 
N23 
Wl 
W2 
Bl 
B2 
,B3 
Pl 

P2 
P5 
P13 
Pl4 
NVl 

NV3 
NV4 

· ss1 
81 
S2 

83 
84 
S5 
86 
S7 

88 
89 
SlO 
811 
812 
813 

Table 18 

Equivalent Conventional Flexible Pavement Thicknesses 

Single- . I 
AC Base Sub base Wheel 

Thickness  Thickness Thickness  Load 
in. in . in . ki;ES 

3 . 0  4 . 1  0 19 . 6  
6 . 6 0 27 . 3  
1 . 0  0 . 3  29 . 8  
1 . 0  ,o .  3 29 . 4  
9 . 0 1 . 5 46 . 2  

11 . 0  4 . 6  76 . 0  
11 . 0  10 . 8  89 . 3  
10. 0 7 . 2  61 . 9  
11 . 0  4 . 7  65 . 2  

8 . o  10 . 7  35 . 0  

1 . 0  9 . 3 24 . 5  
7 . 0 1 . 2  27 . 4  

12 . 0  7 . 4 105 . 9  
12 . 0 5 . 6  91 . 4  
14 . o  19. 5 154 . 4  

10 . 0 7 . 1 · 52 . 6 
14 . o  20 . 0 158 . 4  
10 . 0 26 . 6  60 . 1  

6 . o 8 . 3  13 . 4  
6 . o  10 . 2  16 . 2  

8 . o  20 . 5  39 . 0  
7 . 0 14 . 6  25 . 1  
7 . 0 14 . 9  25 . 7  
7 . 0 17 . 2  29 . 8  
1 . 0  22 . 4  30 . 8  

8 . o  . 17 . 7 32 . 8  
. 1._Q. Q 23 .-6- 51-. 7-

8 . o  18 . 4  34 . 2  
10 . 0 25 . 4  56 . 7  

7 . 0  16. 3 28 . 1  
10 . 0 26 . 6  60 . 1  
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18 are data for pavements tqat were constructed at WES to study the per- · 
formance of  stabilized materials . These stabilized pavements are de

noted by the letter "S , "  such as Sl. The equivalent sections were then 

used with the subgrade CBR of each pavement to compute the allowable 

load for a single wheel having · a 254-sq-in. contact area for a load rep

et it ion level of 1200 annual departures of a 20-yr life ( 24 , ooo depar

tures } .  These allowable single-wheel loads shown in Table 18 were then 

plotted against the DSM measured on each pavement as shown in Figure 41 . 

The inclusion of the stabilized pavement data in Figure 41 shows that 

the stabilized pavement s when converted to equivalent conventional pave

ments tend to have the same general relationship between DSM and allow

able load as do the pavement s without the stabilized layers . 

Equivalent section for evaluation . Minimum AC thicknesses of 

3 in . for single-gear aircraft , 4 in. for dual- and dual-t andem-gear air

craft , and 5 in . for wide-body aircraft are required in critical areas 
42 by FAA criteria. Base course thickness requirement s for all aircraft 

vary from 6 to 14 in . Subbase thi ckne ss requirements vary from zero to 

approximately 60 in.  Base course and,  consequently ,  subbase course 

thicknes ses depend on gross aircraft weight s as di scus sed earlier . 

Therefore , to  determine the exact thicknes s  of an equivalent section to 

which an exist ing section must be converted , the allowable aircraft load 

must be known . The thicknesses can be determined by a trial-and-error 

process , similar to that used for the DSM-single-wheel load correlation , 

which must be repeated for each of the gear configurations . For example ,  

-if - an  -evaluation --is -to be -ma.de -i'nr _a .dua.1-_gear a.ircraf't ., the material in 

excess of  4 in. of AC and 6 in. of equivalent crushed stone base is 

converted to granular subbase for the first trial section . Then , an 

allowable load can be computed using a measured DSM and the first trial 

pavement section thickness . This allowable load can be used with the 

section thickness to enter Figure 3-4 of AC No . 150/5 320-6B42 to deter

mine if �he base course thickne ss  requirements are satisfied for the 

calculated load. If not , the calculat ion of the load us ing different 

base thicknesses must be repeated until the requirements are satisfied. 
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Instead of this trial-and-error process which must be repeated 

for each gear configuration and pavement type , it is  recommended that 

each pavement that i s  to be evaluated be converted to an equivalent sec

tion containing an average thickne ss of 4-in . AC and 9-in . crush�d stone 

base  with any remaining material converted to granular subbase . The 

total thickness , t , of the equivalent pavement section is  then used 

in the expression t/a/A in the evaluation proces s .  The nondestruc

tive procedure is  less sensitive to change s in t than to changes in 

DSM. A comparison of several aircraft loads computed using the total 

pavement section thickne sses determined by these two methods and the 

t same DSM values for both thicknesses gave values of load which differed 

by a maximum of .:!:,2 percent . 

RIGID PAVEMENTS 

Many parameters affect the load-carrying capacity of rigid pave

ment s .  The maj or parameters affecting the structural performance that 

can be c onsidered in an evaluation methodology at the present time in

clude the pavement thicknes's ,  strength of the concrete , strength of the 

. foundation , loading geometry , and number of load repet it ions . Other 
i \ l  factors include temperature and moisture effect s ,  material stability I 

and durability , and change s in material properties due to chemical and 

physical changes ; and , while these are not considered quantitatively , 

they are accounted for . · That is , the pavement performance criterion 

to which the evaluation methodology is related has been established 

through .accelerated traffic testing on actual pavement s ,  long-term 

studies of pavement- p_p_rformance_ under actual operating _ conditions at 
. 

existing airports ,  and material studies , both in the laboratory and in 

the f
.
ield . Thus , the effects of these influencing factors on the over

all ability of the pavement to carry loads satisfactorily is inherent 

in the performance criterion . Specifically , these factors are con

sidered by the use of a design safety factor applied in accordance with 
1i• anticipated traffic usage . 

The basic rigid pavement methodology involves establi shing a cor

relat�on between DSM and an allowable single-wheel loading as shown in 
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F�gure 48. The correlation was developed for a stress  repetition level · 

representative of 1200 annual departures of a single wheel having a tire 

contact area of 254 sq in. The correlat ion shown in Figure 48 was gen-

erated by performing DSM tests  on several actual pavements and correlat-

ing the DSM with the allowable s ingle-wheel loading of the pavement sec-

tion determined with conventional evaluation techniques using material 

properties (thickness , subgrade modulus , and flexural strength ) mea

sured during direct sampling � 

To determine the allowable loading for aircraft having gears with 

di fferent geometries , relationships between the loads of these aircraft 
\ 

and a single-wheel load with a contact area of 254 sq in . were developed . 

These relationships are based upon the equivalency of maximum bending 

stre ss in the concrete slab . That i s ,  relationships were developed 

which permit the determination of the load of any geometry that will 

result in the same maximum bending stress in the concrete slab as that 

produced by the allowable single-wheel load determined by correlation 

with the DSM . The bending .stress is a function of  load , slab thickness , 

modulus of elasticity and Poisson ' s  rat io of the concrete , and founda

tion modulus . The radius of relative stiffness  1 i s  then used to in

terrelate the loading geometrie s .  The relat ionship o f  1 versus load 

factor F i s  sh�wn in Figures 49-52 and was developed using the Pickett 

and Ray influence charts , 32 , 33 which are based upon the theory of thin 

: ' 

. 1  ' 

I ., 

,, 
! 

• '  

slabs or  plates on  a dense liquid · or  Winkler foundat ion as presented by i.. 

Westergaard. �2-25
.
' 30 In these figures , the radius of relative st iffness 

-R. -i s  - computed - as. 

where 

1 = 2 12 ( 1  - . \)  )k 

h = thickness of .the concrete slab , in. 

v = .Poisson ' s ratio of concret e 

It is  evident that properties of the concrete and foundation 

must be determined in order to compute 1 , If the modulus of elast ic-
6 . . 

ity E and Poisson ' s ratio .. v are assumed as 6 x 10 psi and 0 . 20 ,  
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r�spectively ,  the �omputation of t would be reduced to 

1 = 26 , 9  � 
If E i s  assumed as · 4  x io6 psi , the expression becomes 

1 = 24 . 2  � 
The difference in values of t for the two di fferent values of E is 

10 perc ent . Therefore , the error introduced by assuming reasonable 

values of E is  not c onsidered significant to warrant the precise de

termination of E • The value of 6 x 106 psi for E was used in the 

development of the methodology presented' here . 

Although the value of is a function of the thicknes s  

of the slab should b e  determined accurately either by direct measure

ment or from as-built construct ion drawings . The t value is a func 

t1on of ( l/k )1/4 , for whi�h the modulus of soil reaction k , which 

is equal to the foundation strength factor Ff , is normally deter-

mined by � plate bearing test . However , a value can be assigned k 

based upon subgrade soil group ( clas sification ) without seriously 

affecting the accuracy of the re sult s .  Figure 5 3  presents the relation

ship between the FAA and USCS subgrade soil groups and the thickness 

and type of base course and yields the value of k that can be expected 

to occur directly. beneath the concrete slab . (Approximate interrela

tionships of several soil classifi cations and bearing values are shown 

in Figure 54 . ) The rel�tionship shown in Figure 53  is  based upon actual 

tests and represents  normal conditions ( i . e . , nonfrozen , normal den

sities ; normal percent of saturation ; and a fairly high quality of 

granular base course material ) .  

The load factor F i s  the ratio of single-wheel load on a 

contact area of 254 sq in . to the gross aircraft load having a specified 

gear geometry , both of which will produce the same bending stress in 

the concrete slab . Stresses were computed with the gear oriented 

so that the maximum bending · stress would be produced in the bottom of 
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the slab , at and parallel to the edge of the slab .  For the aircra� 

considered , the nose gear and the main gears are spaced far enough 

apart so that the stress  induced in a slab by one of the gears is  in

dependent of the stress induced by any other gear. As a consequence , 

the stress for an aircraft was computed by considering the effects of 

one main gear . It was assumed that 95 percent of the load was carried 

on the main gears , and the gross aircraft load was computed considering 

this distribution of load and the number of main gears for the partic

ular aircraft . 

The effect s of stress repet ition levels on the allowable gross 

aircraft load are considered by use of load repetit ion factors (Ta-

ble 16 ) .  Load repetition factor s are a function of the aircraft gear 

geometry , the lateral di stribution of aircraft traffic on the pavement 

being evaluated , and the traffic volume , and are independent of the 

pavement structure . As will be seen , each gear configuration has a load 

repetition factor assigned based upon the number of wheels , tire con

tact area,  and wheel spacing . In addition , the load repet ition factor 

varies depending upon the usage of the pavement facility . For evalua

tion purposes , pavement usage has been considered to be that described 

in Reference 42 : the interior width of runways and the entire width 

of primary taxiways are considered to be critical pavement areas re

ceiving concentrated traffic , while high-speed taxiways are considered 

to receive less  traffi c for reasons outlined previously for flexible 

pavement . For design purposes for high-speed taxiways , FAA uses 0 . 9  

of the slab thicknes s  h required for critical areas . A ratio of 1 . 18 

was found to exi st between the evaluated loads using the full thickness  

and 0 . 9h • Therefore , the procedure described previously for evalua

tion of  critical pavement areas can be used for high-speed taxiways by 

mult iplying the result ing allowable load by 1 . 18.  

The relationship between allowable loads for various traffic 

volumes c an. be expressed mathematically by considering a pavement 

sect ion having certain properties . Since the stress induced in a 

slab is  directly proportional to the load ( assuming a constant contact 

area ) , - the allowable load for any stress repetition level can be found 
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by multiplying the load for a standard number of stress repetitions 

by the ratio of the safety ( design )  factors for the two stress repe

tition levels .  The allowable load for any stress repetit ion level may 

be found by multiplying the allowable load at the standard stress 

repet ition level by the ratio �f the safety ( design ) factors for the 

two stress repetition levels . 

The load repetition factors listed in Table 16 are the quotient s 

of the safety ( design )  factors for a standard stress repetit ion level 

for 1200 annual departures ( 20-yr pavement life ) o·f a single wheel 

having a tire contact area of 254 sq in.  divided by the safety ( design ) 

factor for a stress  repetit ion level computed for the indicated air

craft type for the indicated traffic volume and a 20-yr pavement life . 

The load repetition factor thus defined accounts for the differences  

in the factors for converting aircraft departures to stress repet it ions 

for the single wheel with a 254-sq-in . contact area and the various 

aircraft . Since the safety ( design )  factors for parti cular stress 

repetition levels are indep�ndent of the loading producing the stress 

repetitions , the allowable aircraft load at the desired traffic level 

may be compute d  by multiplying the aircraft load obtained from Fig

ures 49-52 by the appropriate load repetition factor . 

It should be noted that load repetit ion factors were computed 

by assuming that only departures are critical , i . e . , stress repetitions 

resulting from landing operations are ignored. Although the methodology 

c an accommodate 'the effects of landings , these effects do not warrant 

-the sophist i c-at-i o;n ·  -in -a.ns.ly-si-s -that i s  -nee-e-s sary. Normally , landing 

operations are only additive on the runway s ince en route to the apron , 

incoming aircraft use different taxiway systems than do departing 

aircraft . On runways and high-speed taxiways , the reduced loads and 

high speeds of landings produc e stresses significantly lower than 

those of the more heavily loaded departing aircraft , and thus the 

effects on .pavement life are significantly less . Aircraft departures 

were converted to stress  repet it ions ( coverages ) by the method sug-
·47 gested by Brown and Thompson for taxiways and runway ends . Safety 

( desigh ) factors for the various traffi c levels were obtained from 
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C\ll"Ves  presented by Hammitt et ai . 21 

Rigid pavements with stabilized layers . The thickness  h in 

the preceding discussion of rigid pavements assume s a conventional 

rigid pavement consisting of a. layer of PCC with a thickne ss h on 

a granular subbase and/or a subgrade . Pavement structures to be 

evaluated which contain a stabilized layer beneath the layer of PCC 

must be converted to an equivalent thickness of PCC without a stabili zed 

layer . This can be done by a procedure given in FAA AC 150/5 320-6B42 

from which Figure 55 i s  taken . The procedure requires knowledge of 

the modulus of elast icity of the subbase (to 1 , 000, 000 psi for soil

cement ) and the thickne ss of the two layers .  

Example . Assume a pavement section has a concrete layer with 

h1 
= 14 in . and a subbase of soil-cement with h2 

= 9 in . 

Equivalent thickness  = ( h1 ) (r )l . 33 

change in pavement stiffness  

hl 14 1 . 56 = - = 
h2 9 

. 6 E = 1 x 10 psi 2 

From Figure 55 , 

in . 

r = 1 . 16 

where 

Equi va:lent thickness  = ( 14 . 0 ) ( 1 . 16 )1 • 33 = 

r = relative 

17 . 0  in . 

Thi s  procedure was used to compute equivalent pavement thicknesses for 

those rigid pavement test sites which contained stabilized layers .  

These equivalent pavement thickne sses were then used to compute the 

allowable single-wheel. loads for the correlation with DSM shown in 

Figure 48 • . The same procedure for computing equivalent thicknesses 
. 

for rigid pavements with stabili zed layers should be used in the eva1- · 

uation procedure . 
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NONDESTRUCTIVE EVALUATION PROCEDURE 

· . The procedure presented in this section of 'the report is based on 

nondestruct ive testing in which a steady state vibratory loading is ap

plied and the resulting elastic . deflection is  measured to determine a 

DSM. This procedure is designed to replace .under some condit ions and 

supplement under other conditions the existing procedure based on soil 

and pavement sampling and testing for the evaluation of allowable gross 

aircra� loads of conventional flexible and rigid pavements as defined 

in Reference 42 . The condit ions under which the nondestructive evalua

tion procedure replaces  or supplement s the existing procedure will be 

indicated in this section of the report . A nondestructive evaluation 

based on the procedure will be valid only for the conditions existing at 

the time of the tests and will not account for changes due to such fac

tors as environment or moisture in the subgrade . These factors should 

be accounted for as deemed neces sary through conventional procedures .  

NONDESTRUCTIVE TESTING EQUIPMENT 

Several models of transport able vibrators have already been de

scribed . These models differ in details of operation , size , and config

uration , but the test methods for all of them are basically the same . 

The basic procedure consists of  bringing a mass in contact with the 

pavement , exc iting the mass with a steady state vibration , and monitor

ing the applied vibratory load and the result ing elastic deflection of 
. . 

· the pave�ent surface . The evaluation procedur� presented herein must be 

used with a vibra.t.:or with- the same- stati-c . weight - and- cont-act- - plate- size

as the existing 16-kip vibrator , or the vibrator described in Appen-

dix C using the 16-kip mas s .  Use of vibrators other than the 16-kip 

size to collect data for use with the procedure may introduce errors 

since the evaluation methodology was developed around data collected 

with the 16-kip vibrator . Figures 10-13 show that all vibratory devices 

do not give ·the same results . 

DATA COLLECTION 

�he form of nondestructive data that was selected during 
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deyelopment of the methodology described previously is  called the DSM 

(dinamic stiffness modulus ) .  "Dynamic"  differentiat es thi s data from 

that obtained under very slow loading condit ions , normally referred to 

as "static loading, "  and implies a condition of  steady state vibratory 

loading . "Stiffness modulus" denotes that the measurement i s  determined 

from the slope of the load-deflection plot and reflect s the rigidity of 

the pavement being tested . Determination of the DSM for a test site re

quires only a few minutes , including the time for sett ing up equipment , 

recording data , and calculat ing the DSM. Figure 56 shows a typical de

flection versus load plot measured at 15 Hz . The DSM is the slope of the 

deflection versus load plot , which in Figure 56 is 4 550 kips/in . Many 

load-deflection plots are nonlinear along their lower portions and must 

be adjust ed as di scussed previously to obtain the DSM . The linear por-

t ions of the plot s are used to compute DSM values because ,  of the vari

ous forms of nondestructive data studied , DSM values computed in thi s 

manner gave the best correlation with aircraft gross weights . Correla

tions are shown in Figures �l and 48 . 

Determinations of allowable multiple-wheel aircraft loads us ing 

DSM values . require that pavement thickness t be known for flexible 

pavement s and that the foundation strength factor Ff and pavement 

( slab ) thickness h be known for rigid pavements .  It is not nec essary 

that these paramet ers be known for each nondestructive test location . 

For uniform condit ions , s�ch as a critical area where the pavement thick

ness varies only within construction toleranc es and soil conditions do 

- not -vacy '-Signi f'i c�ntly_., AVfil"Age values oS t or Ff and h can be as

sumed for the entire area being evaluated . The allowable aircraft loads 

are not sensitive to changes in these values to a degree that the accu

racy of the evaluat ion will be significantly affected by the use of aver

age values . The values of t or Ff and h for each area of uniform 
45 c ondition to be evaluated can be determined from small aperture test ing 

or construction records , and Ff can be estimated from curves presented 

in this section of the report . If neither the required direct sampling 

data nor drawings are available , the first step in the evaluation should 

be  to perform DSM tests on 
. . the features to be evaluated so that DSM 

122 



0.0 1  25 

0.0 1  00 

z o .oo 75 
z 
Q 
I-

....... u UJ I\) .J w IL UJ a so o .oo 

-

o .oo 25 

0 

I /9 ,.,,,,}, 7� 
. F A C I L I T Y :  AIRPORT US.A. 

TEST N O . :  Jll 
. H z : c_ 

L OC A T I O N :  RWY tJ -2� Pl?OF/l.£ 

" S T A T I O N :  f02 -f'�2.5 IZ.$' N £ 
T Y PE P A V E M E N

°
T :

0 Pee 
TH I C  K N  ES!;: 

-

D S M  _,.SSO 
T E M PE R A T U R E :  

R E M A R K S :  

r0. 14 KIPS 
I --

12.0 - 0. 1 8  S/ N OSM =o.0026_0 = 4550 K I P  I . 

. 

... . . . :::, ....... :·.-i 

11.62 KIPS\. 

... . -· :-- : ... t_ • 

� 

-
0 

_l,---. .--

2 4 

� � L------' _______. 

6 B 
LO A D ,  K I PS 

1 0  

�igure 5 6 .  Deflection versus load ( sample plot ) 

1 2  

" 

__,__,_ .. - -

0. 0026" 

' 
1 4  1 6  



1 

profiles of the features can - be plotted . These profiles will show fea- · 

ture s for which direct sampling tests are - nece ssary by indicating signif

icant change s in DSM values .  Such changes can be caused by variations 

in pavement thickness . subgrade strength, or pavement condition . Only 

one dire ct sampling test will be neces sary in a particular area when 

there i s  little variability in the DSM result s .  

SELECTION OF TEST LOCATIONS 

DSM tests are made to locate and define weak areas on a pavement 

facility , to provide a rational basi s for selection of test pit loca

tions for in-place tests , to rate the DSM of one pavement fac ility 

against that of another pavement , and/or to det ermine the allowable 

r ' gross aircraft load for a pavement using the evaluation curves presented 

herein . 

The nondestruct ive evaluation of a runway , taxiway, ramp , or 

other fe ature - should be performed by dividing the feature - into areas 

according to the traffi c patterns , critical and noncrit ical areas , ages , 

traffic histories , and type of pavement structure . The boundaries of 

these areas can be drawn approximately from construction drawings and 

observations of airport personnel prior to obtaining the DSM measure

ments ; however , the vibrator · result s  can be used to locate the bound

aries generally through comparisons of DSM measurement s for the various 

areas . 

The evaluating engineer may choose to perform no tests in areas 

which have no traffic or several hundred tests in the critical , heavy 

traffic , main gear path areas . DSM data from each test area should be 
' . 

arranged in some logi cal order so that they can be studied . A form , 

similar to Table 19 , for each pavement type is sugge sted. Data in Ta

ble 19 are arranged in descending order of DSM values to show the extent 

of weak areas . In addit ion to DSM values ,  this table also shows test 

site locations and numbers . In determining allowable gross aircraft 

t loads using the evaluation procedure presented herein , a representative 

DSM value i s  obtained by subtracting one standard deviation from the 

arithmetic mean . 
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Column l Runva;i: Station 

46+oo 
4o+OO 42+00 44+00 lB+OO .4B+oo 
64+00 62+00 5B+oo 
6o+OO 3B+oo 14+00 
lo+OO 16+00 36+00 66+00 12+00 B+OO 
3o+OO 32+00 34+00 6B+OO 2B+oo 5o+OO 
6+00 4+00 

52+00 7o+OO 24+00 26+00 2+00 
72+00 o+oo 22+00 74+00 54+00 
56+00 
2o+OO 

Table 19 
Tabulat ion ot DSM Values (Example), Airport. USA 

Run-;y lo. 10L-200R, Critical Area No. l, Main Gear Wheel Path 

ColUllll 2 
Ottaet to Lett Column 4 Column 5 or Right ot ! Column � 

tt Teat Site No. DSMi ' kipa7i n. DSMi - DS�EAN 
lOL 24 1360 2Bo 
lOR 2i 1320 240 lOL 22 1300 220 
lOR 23 1290 210 
lOL lB 1290 210 
lOR 25 1240 . 160 
lOR 33 1230 150 
lOL 32 1200 120 lOL 30 1200 120 
lOR 31 llBO 100 
lOL 20 llBO 100 
lOL 8 llBO 100 
lOL 6 llBO 100 
lOR 9 1170 90 
lOR 19 1170 90 
lOL 34 1170 90 
lOR 7 1160 Bo 
lOR 5 1140 60 
lOL 16 1130 50 
lOR 17 1110 30 
lOL 18 1110 30 
lOR 35 lOBO 00 
lOR 15 1070 -10 
lOL 26 1060 -20 
lOL 4 1060 -20 
lOR 3 1060 -20 
lOR 27 1020 -60 
lOL 36 1000 -Bo 
lOR 13 970 -110 
lOL 14 950 -130 
lOL 2 900 -lBO 
lOR 37 BBO -200 
lOR l Bio -270 
lOL 12 Boo -2BO 
lOL 38 750 -330 
lOL 2B 750 -330 
lOR 29 740 -340 
lOR 11 740 -340 

Column 6 
(DSM1 - DS�F.Aii 

7B ,4oo . 
57 , 600 4B ,400 
44,100 44, 100 25 , 600 
22 , 500 14 ,400 14 , 400 10,000 l0,000 10,000 
l0,000 B,100 B,100 B,100 6 ,400 3 ,600 
2, 500 900 900 0 

100 400 
400 400 3,600 6 ,400 12,100 16,900 32,400 

40,000 72 ,900 7B,400 lOB,900 lOB,900 115 ,600 115.600 
I(osMi - Ds�8)2 

• i ,141,100 
DSMl + DSM2 + DSM3 • • •  DSM3B DS� • 3 • lOBO kips/in. 

S ( standard deviat ion) ·�1•1;g·100 • 173 kips/in. 

RepreHntative DSM • lOBO - 173 • 907 '"' 910 kips/in. 

The standard deviation , S • can also be computed by the formula 

vhere n 1B the number ot DSM, vhich 1a 3B in the example above , and DSMi denotea the part icular DSM value being 
computed. 
ROTE: When the number ot DSM 1B leu than 30, the formula tor the atandard deviation become• 

or 

s 
.
jI(osM1)2 - 20s�IDsM1 + n(Ds�EAN)2 

n - l 
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· When DSM values are to be used to determine allowable gross air

cra� loads using the evaluation curves presented herein , it is recom

mended that DSM tests be spaced at equal intervals within the areas to 

be evaluated . However ,  no fewer than 30 DSM tests should be performed 

within each of the areas for maj or features , such as primary runways and 

taxiways , to provide a statistically representative sampling of the DSM 

for that pavement feature . 51 Never should fewer than 11 tests be per

formed in any area being evaluated . Additional tests might be desirable 

on certain pavements ,  particularly in areas where weak conditions are 

found . On runways and taxiways , tests should be made on alternate sides 

of the center line along the main gear wheel paths . Tests on parking 

aprons should be located in a grid pattern . 

DSM tests for the determination of allowable gross aircraft loads 

of rigid pavement s should always be performed at the slab centers . The 

DSM may vary considerably with loc ation of the tests on a particular 

slab , as explained previously . DSM data for DSM versus gross aircra� 

load curves for rigid pavements contained herein were collected at the 

slab centers , and the evaluation methodology is based on making the 

tests at that location . 

CORRECTIONS TO DSM VALUES 

The environment or time of the year when DSM tests are performed 

significantly influences the results as can be seen in the discussion on 

temperature and in Figure 36 . As the DSM value for a particular test 

site  rise.s or falls . during the year , so does the load-carrying capacity . 

-It -i-s - difficult to'  -determine -what ·set o-f condit ions is  best representa

tive of the "average" lo�d-carrying capacity . DSM tests made when the 

pavements are under the influence of frost thaw , and probably in their 

weakest condit ion , would give conservative evaluation results . Likewise , 

DSM tests made in the late fall when the subgrade is normally dry and 

temperatures are not extreme , or tests made when subgrades are frozen , 

would give n'onconservative results and no indication of the relatively 

low DSM values which would be. measured during frost thaw. The relation

ship be�ween the highest and lowest possible DSM values which could be 
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measured for a particular s ite has not been determined , nor has the rela

tionship between the highest and lowest load-carrying capacities of a 

particular site .  Therefore , a correction for the effects of  frost thaw 

or environment has not been developed. Because of the lack of a correc

tion factor and because there are periods of high DSM values and load

carrying capac ities �uring the year, it is recommended that the DSM 

t ests be performed during the period of the year when conditions are as 

near average as can be judged. by experienc e .  In particular , DSM measure

ment s should be made when pavements or subgrades are not under the in

fluence of frost or subsequent thaw, unless the evaluation is being made 

spec ifically to study frost effects on the length of time which DSM are 

influenc ed or on relat ive changes in DSM values . 

One effect of higher temperatures on flexible pavement s is  to 

lower DSM values .  This effect i s  magnified a s  the thickness of the AC 

layer increases . Results of t ests described previously on test pavements 

at WES to study t emperature effects were used to produc e the relat ion

ship shown in Figure 34 . The mean pavement temperature is determined by 
. 

averaging the temperatures recorded at 1 in . below the surface ,  at the 

c enter , and at 1 in . above the bottom of the AC layer . Figure 34 can be 

used to adjust the DSM values to a common temperature , to compare values 

for a given pavement feature or for different features , and to correct 

DSM values to an adjusted temperature* for use in the allowable gro ss 

load relationships contained herein.  The adjustment factor obtained 

from Figure �4 is .multiplied times the DSM. However , the data used to 

develop the relat ionship in Figure 34 were for a particular pavement and 

subgrade type and there:t:ore may not oe appifoaoie to pavement·s th.at· dif;;. 

fer greatly from it . Also,  the temperature correction curves in Fig

ure 34 .were extrapolated below mean pavement temperatures of 60°F . 

The mean pavement temperature at the time DSM tests are performed 

i s  determined by installing thermometers in the pavement sections . Ther

mometer installat ions in flexible pavement s should consist of a minimum 

* An adjustment temperature . of 70°F is suggested when the DSM is to be 
used with the procedure contained herein because the DSM data used to 
develop the methodology were adjusted to 70°F . 

127 



of. three thermometers in a vertical line with one at 1 in . below the 

surfac e ,  one at the c enter , and one at 1 in . above the bottom of the AC 

layer . If DSM tests are performed on the same location near each ther

momet er installation during the warmest and coolest pavement tempera

tures each day during the test period, then a correlation between DSM 

values and mean pavement temperatures can be established for the pave

ments . This correlation can then be used either to verify or modify the 

relationships shown in Figur e  34 so that DSM data can be adjusted to the 

standard temperature of 70°F . 

An alternative method in which the mean pavement temperature may 

be predicted from air temperature data has been developed by the Asphalt 

Institute . 46 Data required are the maximum and minimum air temperatures 

for each of the 5 days immediately prior to the date the DSM test s are 

made and the pavement surface temperature at the time of the DSM tests . 

Pavement temperatures at various depths can then be est imated from Fig

ure 3 5 .  The estimated temperatures i n  the AC at l in . below the surfac e ,  

at the center , and at l in • .  above the bottom of the AC layer can be 

averaged to obtain the mean pavement temperature . 

DETERMINATION OF 
ALLOWABLE AIRCRAFT LOADING 

Determination of the allowable aircraft loading for a pavement re

quires determination of the representative DSM value for the pavement , 

application of the DSM to the appropriate DSM versus allowable single

wheel load curve , · and modification of the result s with the proper curves 

--and _fae-tor-S -presented in -the -foll0-wing paragraphs� The use of this pro

cedure for pavement evaluation is  subj ect to the following restrict ions : 

a .  

b .  

c .  

d ;  

e .  

The DSM must be determined using a vibrator with a static 
weight of 16 kips and load plate diameter of 18 in. 

The DSM must be computed using the slope of the linear por
tion of the deflection versus load curve . 

The DSM must .be measured at 15 Hz . 

A temperature adjustment must be applied to the DSM on flexi
ble pavement s . 

The DSM for rigid pavement s must be measured at the slab 
center . 
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f .  The moduli of elasticity of the respective pavement layers 
under investigation must decrease with depth. For example , 
the methodology i s  not applicable for pavements with an AC 
layer over a PCC layer or pavements with an unbound material 
contained between two layers of PCC . 

FLEXIBLE PAVEMENT 
EVALUATION PROCEDURE 

Step 1 .  Us ing the DSM corrected for nonlinearity and adjusted to 

the st andard temperature , determine the pavement system strength index 

S from Figure 57 . p 

Step 2 .  Us ing the total thickness of flexible pavement structure 

above the subgrade , compute the factor Ft for critical pavements as 

· and for high-speed taxiways as 

Ft = 0 . 074t 

· If the pa�ement structure contains stabili zed layers or if  the AC i s  not 

equal to 4 in . in thickness and/or the crushed stone base course i s  

not equal t o  9 i n .  in thickness , an equivalent pavement thickness must 

be computed as described under the section on flexible pavement s with 

stabilized layers . Actual thicknesses may be obtained from construction 

drawings , or . core. holes when drawings are not available .  One core hole 

to measure thickne ss may suffice for several DSM tests in a given pave

ment �eature . 

Step 3 .  Using Ft determined i n  Step 2 ,  enter Figure 47 and 

determine the ratio of the subgrade strength factor SSF to the pave

ment system strength index Sp 

Step · 4 .  Compute the subgrade strength factor SSF by mult iplying 

the ratio SSF/S by the value of S determined in Step 1 .  p p 

Step 5 .  Evaluate the pavement for any aircraft desired using the 

follo�ing steps : 
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a .  Select the aircra� . or aircraft main gear configuration for 
which the evaluation is to be made and determine the tire 
contact area A of one wheel of the main landing gear from 
Table 20 . 

b .  Select the annual departure level for a 20-yr life for each 
aircraft for which the evaluation is being made and determine · 
the load repetition factor for each aircraft from Table 16 . 

c .  Compute Ft for each aircraft for which the evaluation is 
being made for critical pavements as 

d .  

e .  

f .  

t F = -t a"VA 

and for high-speed taxiways as 

t 

0 . 9a"VA 

Enter Figure 47 with Ft and determine SSF/S
P • 

Compute Sp for the aircraft in question by dividing SSF 
determined in Step 4 into SSF/Sp determined in Step 5�. 
Multiply S by the tire contact area A from Step 5� to 
obtain the �SWL of the aircraft for which the evaluation is 
being made . 

Enter Figure 42 , 43 ,  or 44 with the total pavement thickness 
t and .determine the percent ESWL for the controlling number 
of wheels of the aircraft for which the evaluation is being 
made , i . e . , if the aircraft has a dual-wheel assembly with a 
dual spacing of 26 in . , use Curve 4 in Figure 42 or , if the 
evaluation is for the Boeing 747 aircraft , use the Boeing 747 
c�e i� Figure 44 . 

S..• · The allowable gross aircraft load for ' the pavement being eval
uated and for tha trrlf'ic- v-0lume scl.eeted- is - then- obta-ined - by 
the following �omputation: 

where 

Allowable gross aircraft load = �i:r. (U (0�;5) 
ESWL = determined by Step 5!:_ 

%ESWL = determined by Step 5! 
W = number of controlling wheels used to determine c the %ESWL from Figures 42 , 43 , or 44 · 
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Table 20 

Aircraft Tire Contact Areas and Total 

Number of Ma.in Gear Wheels 

Aircraft Gear Typical Tire Total 
Configuration Gross Contact No . of 

or Model Weight Area Main Gear 
Designation kips sq in.  Wheels 

Single-wheel 30 190 . 2 
Single-wheel 45  237 2 
Single-wheel 60 271 2 
Single-wheel 75 297 2 
Dual-wheel 50 148 4 

Dual-wheel 75 162 4 
Dual-wheel 100 170 4 
Dual-wheel 150 222 4 
Dual-wheel 200 237 4 
Dual-tandem 100 99 8 

Dual-tandem 150 127 8 
Dual-tandem . 200 148 8 
Dual-tandem 300 198 8 
Dual-tandem 400 237 8 
Boeing 727 . 173 210 4 

DC-8-63F 358 220 8 
Boeing 747 778 245 16 
DC-10-10 4 33 294 8 
DC-10-30 558 331 10 
L-1011 428 282 8 
Concorde 389 247 8 

-Boeing :7-37 111 174 8 
Lockheed Electra 113 182 4 
DC-9 115 165 4 
Convair 880 188 152 8 
Boeing 720 235 188 8 
Boeing 707 336 218 8 
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Wm = total number of wheels on all main gears of the air- · 

craft ( i . e . , wheels on the nose gear are not in
cluded ) for which the evaluation is  being ma.de ( see 
Table 20 ) 

RIGID PAVEMENT 
EVALUATION PROCEDURE 

Step 1 .  The DSM is used to enter Figure 58 and determine the al

lowable single-wheel load. 

Step 2 .  The radius o f  relative stiffness  1 is  computed as 

1 = 26 . 9  

If the subbase i s  stabilized , an equivalent pavement thickness must be 

computed as described beginning in the section on rigid pavement with 

stabili zed layers .  The foundation strength factor Ff is determined 

from Figure 53 using the subgrade soil group classification . 

St ep 3 .  Using i , determine the load factor F from Figure 49,  

50,  51 , or _ 52,  depending upon the gear configuration of the aircraft for 

which the evaluation i s  being made . 

St ep. 4 .  Multiply the allowable single-wheel load from Step 1 by 

F determined from Step 3 to obtain the gross aircraft loading . 

Step 5 .  Multiply the gross aircraft loading from Step 4 by the 
. . 

appropri�te load repetition factor from Table 16 to obtain the allowable 

gross aircraft loading for crLtic.aL axeas. for the- pavement being- eval• 

uated .  For the case of high-speed taxiways , the computed allowable 

gross
.
load should be increased by multiplying by a factor of 1 . 18 .  

St ep 6 .  The allowable loading obtained from Step 5 assumes that 

the rigid pavement being evaluated is structurally sound and functionally 

safe . The �omputed allowable loading should be reduc ed if one
.
or more 

of the conditions outlined in the following section exist at the time of 

· the evaluation. 
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R�UCTION OF CAPACITY 
OF DISTRESSED PAVEMENTS 

Data used in the correlations of DSM and gross aircraft weight 

were collected from areas on pavements which were free of surface dis

tress ; therefore , for the evaluation curve s presented herein to be valid ,  

the DSM values used t o  enter the curves should be obtained from pave

ment s that appear to be in good condit ion . There are many conditions of 

di stress within pavement systems which significantly affect the DSM and,  

similarly , the allowable capacity ; but these two factors are not neces

sarily affected by the same percentages of di stress  at a given location .  

The inability t o  treat the distressed condition accurately i s  inherent 

in the procedure presented herein and in all known direct sampling 

evaluation procedures ,  and results from the inability to de scribe the 

influencing fact ors accurately under all loading and environmental con

ditions . These conditions are recogni zed ,  however , and their effect s 

on the pavement system can normally be accounted for by engineering 

judgment . Examples of the ponditions caused by di stress and the proba

ble general changes which take place in DSM values as a result of these 

condit ions are presented in Table 21 for flexible pavement s and in Ta

ble 22 for rigid pavement s .  Most of these influencing conditions will 

be readily evident from a vi sual examination of the pavement system , and 

the importance of such an examination cannot be overemphasized . 

For the conditions of di stress for which the change in DSM is 

shown in Table 21 . as "None , "  the DSM measured on a pavement which has the 

indicate'd defi ciepcy may be used to enter the evaluation curve ( Fig-

ure 57 } as if no- distre• s- existed-. Tests- for· the purpose or usihg the 

evaluation curve should not be performed on the remaining types of dis

tressed areas ; however ,  tests in these areas can be used as indications 

of relat ive strength. In determining the pavement s�stem strength in

dex of a pavement which is predominantly affected by one of the types of 

distress which influence the DSM , the DSM test s should be performed on 

pavement areas that appear to be in good condition and the extent of 

distressed areas should be noted in the evaluation report . Studies are 

under way to determine the s ignificance of DSM in di stressed areas . 
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Table 21 

:Expected Cha.nge in DSM on or near a Di stressed Area of 

Flexible Pavement Compared with DSM on a 

Similar Area in Good Condition 

Type of Distress 

Alligator cracks 

Edge cracks 

Joint cracks 

Shrinkage cracks 

Slippage cracks 

Channeling or 
depre ss ion 

Corrugat ions or 
shoving 

Upheaval 

Potholes 

Cause* 

Base failure · 

Lack of lateral or 
shoulder support 

Weak seam or poor bond 

Volume change in as 
phalt or subgrade 

Lack of bond between 
surface and base 

Consolidation or lat 
eral movement of 
underlying layers 

Lack of stability in 
asphalt mixture 

Subgrade swelling 

Too little asphalt , too 
thin an asphalt sur
face , too many fines , 
or poor drainage 

* As described in Reference 52 . 
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Expected Change in 
DSM Due to Distress 

Decrease 

None 

None 

None 

None 

Increase if consolidation 
occurs ; decrease if 
lateral movement occurs 

None 

Decrease 

Decrease 



. .  
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Table 22 

Expected Change in DSM on Distres sed Slab s of Rigid 

Pavement Compared with DSM on Similar 

Type of Distre ss 

Pumping pavement* 

Slabs ih Good Condition 

Expected Change in DSM 
Cause Due to Distress 

Subbase or subgrade Decre.ase 
failure caused by 
excessive moisture 
and/or voids cre -
ated by loss of 
material 

Structural cracking** Traffic greater than Increase if compaction of 
subbase or subgrade 
takes place ; decrease 
if effective slab size 
is reduced or subgrade 
fails 

· and/or spall:ing de sign 

* Pumping may be indicated by excessive straining and/or the presence 
of foundation materials on the pavement surface . Pumping action can 

. often -be ·observed during' or immediately following rains . 
** Cracking may or may not be as sociated with such condit ions as pump- · 

ing , swelling soils , differential frost heave , and slab warping . 
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DSM tests for the purpose of using the rigid pavement evaluation 

curve ( Figure 58 ) should always be run near the cent ers of slabs which 

c ontain no structural deficiencies . Pavements which contain slabs with 

distress conditions listed in Table 22 should be evaluated as described 

below: 

a .  

b .  

c .  

When evidenc e of pumping is present but the pavement slabs 
are still structurally sound , the allowable single-wheel load 
determined from the DSM tests should be reduc ed by 10 perc ent 
if over 25 perc ent of the slabs are pumping . 

If a visual examination shows that 30 to 50 perc ent of the 
slabs have structural cracking due to loading , the allowable 
single-wheel load determined by the DSM tests should be re
duced by 25 percent . Likewise ,  if there is evidenc e of j oint 
distress or failure ,  which may be characteri zed by exc essive 
spalling along the j oint s ,  in 30 to 50 percent of the slabs , 
the allowable single-wheel load determined by DSM tests should 
be reduc ed by 25 percent . 

If more than 50 perc ent of the slabs show structural distress 
( i . e . , cracking due to load or j oint failure ) ,  the pavement 
should be classed as "failed" and not evaluated. 

MONITORING ACCURACY 
OF VIBRATOR MEASUREMENTS 

The · accuracy of the vibrator should be established to give the 

evaluating engineer confidenc e in the measurements . Errors in the cali

bration and operation of the electronic equipment can be large enough to 

influence test results  significantly. The characteristic s of the vibra

tor determine the required checks on the accuracy of that vibrator , and. 

a system of checks will have to be worked out by the vibrator operator 

or -the eva·luating · -engine-er . Howevez , -a. general description of checks 

which can be performed on the 16-kip vibrator may be helpful . The deter

minat ion of DSM with the 16-kip vibrator involves the measurement of 

two quantities , the vibratory load and the result ing deflection of the 

pavement surfac e .  As discussed previously in the section on accuracy 

tests with the 16-kip vibrator , two types of accuracy tests can be per

formed on the systems which measure these quantities . The first type of 

accuracy test is the laboratory test . A laboratory test can be performed 

on the load c ells to establish calibration ac curacy. A laboratory test 
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can also be performed on the veloc ity transducers to check readings 

against a calibrated velocity transducer . The second type of accuracy 

test is the field test . Repeatability of results can be periodically 

checked by conducting duplicate  tests at a test s ite . Veloc ity trans

duc ers can be checked against one another by plac ing a portable velocity � 

transducer near the load plate and comparing the resulting deflection ob

tained by the portable transducer with that obtained by the transducer 

fixed to the load plate . The .load cells can be checked statically by 

recording the static weight of the vibrator and comparing this with the 

known static weight . Multiple measurements on the same test site can 

also be compared . In addition to laboratory and field tests , the equip

ment specifications should be checked to determine if the specified 

ranges in equipment operation are sufficient . 
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CONCLUSIONS AND RECOMMENDATIONS 

This study has resulted · in the development of a nondestructive 

pavement evaluation procedure for flexible and rigid civil airport pave

ments and complete equipment spec ifications for a vibratory device suit

able for use with this procedure as well as for future developments in 

the procedure . It is recommended that the proc edure be used along with 

other methods of evaluation as a tool for the structural evaluation of 

civil airport pavement s .  

The following specific studies are recommended to refine and 

verify the nondestructive evaluation procedure : 

a .  Addit ional study o f  various types of vibrators should be made 
to determine their applicability to particular job require
ments . Additional study of the effect s of different vibrator 
static weights , vibratory loads , and load plate sizes is also 
suggested. The design of future vibrators should be based on 
the range of pavement strengths to be investigated and pos
sibly on the characteristic s of the vehicles which will be 
using the pavement . 

b .  Relationships should be developed to allow nondestructive 
evaluation of composite pavements such as PCC overlaid with 
AC . 

c .  Additional data should be collected and analyzed to refine 
and verify the procedure further . Pavement and subgrade 
properties of the test sites used in developing the DSM versus 
allowable single-wheel load correlations presented herein 
should be studied to determine which factors caused the range 
in gross aircra� loads for a given DSM. Attempts to develop 
reasonable empirical and theoretical relationships between 
vibrator data and allowable loads should be encouraged and 
-reviewed -in -the -interest -of -developing more accurate and 
universal relationships than are now available .  New or un
tried theories or empirical relationships should be checked 
and verified over a sufficient time to indicate if the new 
methods can predict pavement performance under traffic 
conditions . 

d .  A study should be made of the effects of PCC slab dimensions 
and j oint types on DSM data . The load transfer across j oints 
can be measured with the vibratory techniques , but a technique 

. i·s needed to interpret these measurements .  

e . Additional effort .should be made to develop further the 
temperature adjustment factor . A universal temperature ad
justment factor · ·should be derived which will allow deflection 
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data to be adjusted and thereby compared at a common tempera� 
ture . Pavement sections similar to the WES temperature 
effects test section should be constructed on different foun
dation strengths for this purpose . The warping effect s ,  if  
any , of  PCC pavement s on nondestruct ive data need 
consideration . 

f .  Several other items of  concern which were considered during 
collection of the data but are not covered in the report 
should also be given more consideration :  

( 1 )  A detailed study should be made of deflections measured 
in instrumented pavement sections at NAFEC , the Nashville 
Metropolitan Airport , and the WES 'temperature effects 
test section in order to relate pavement response to 
aircra� loadings with that to vibratory loadings . Also , 
the effect ive mass of the pavement structure being vi
brate� under di fferent vibratory loadings needs to be 
determined. Additional data on instrumented pavement s 
may also be needed . 

( 2 )  Wave propagation measurement s do not offer immediate 
promise as a pavement evaluation tool . Previous studies 
have shown that wave velocity measurements are greatly 
influenc ed by pavement thickne ss and other factors which 
are not fully understood . To be of pract ical use , the 
measurement technique s must be improved to provide a 
unique velocity for a given material ; and corresponding 
data interpretation and application procedure s must also 
be developed . Technique s such as recording wave veloc
ities through probes inserted into the pavement layer to 
be studied may eliminate the overburden effects . A study 
conducted on small-scale test pavement s could allow re
finements and necessary improvement s to the wave prop
agation data collection techniques . The velocity data , 
which are us ed to compute elasti c  constants for the pave
ment layers ,  could then possibly be used with theoret ical 
procedures being developed , not only for evaluation but 
for design of pavement systems . 

( 3 ) More thought should be given to the problem of directly 
relating deflection data and pavement performance .  De
flection data alone can be used only to predict failure 
when the mode of failure is structural . For example , 
when the mode of failure is  funct ional , rutting may have 
re sulted from compaction by traffic ; the pavement ele
ment s may have become stronger although the pavement may 
be judged as failed because the surfac e is rough . As 
the materials are compacted ,  deflection data will indi� 
cate a strength gain up to and beyond the point at which 
failure is supposed to have occurred. A system to com
plement deflection measurements whereby thi s example and 
similar cases can be evaluated should be developed . 
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( 4 ) Further study of the effects of pavement overlays on 
nondestructive testing results should be undertaken in 
the form of carefully constructed and controlled test 
sections . Three test sections on subgrades of three 
different strengths would probably be sufficient to de
termine what effects the original subgrade strength has 
on nondestructive data as the overlay thickness is 
increased . 
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APPENDIX A :  DEFLECTION-PERFORMANCE RELATIONSHIPS AND 
CORRELATIONS BETWEEN DYNAMIC E-MODULUS AND CBR 

DEFLECTION-PERFORMANCE RELATIONSHIPS 

The U .  s .  Army Engineer Waterways Experiment Station (WES ) , 7 the 
8 ' 

California Divi sion of Highways , and the Transport and Road Research 

Laborator� have developed independently similar relationships between 

surface deflection ( elastic rebound ) and performance for flexible pave

ment s .  These deflection-performance relationships �re shown in Fig-

ure Al .  The California Division of Highways curve shown is for 3-in . 

asphalt ic concrete pavements and was developed by monitoring the perfor

mance of selected California highway pavements on which deflection mea

surement s were made . This relationship was originated in 1955 by Hveem53 

and has sinc e been improved by additional data . The Transport and Road 

Research Laboratory curve , first published in 1972 , is  for a rolled as

phalt surfac ing over a wet-mix slag bas e .  The WES curve was developed 

from data collect ed on several full-scale performance test pavements us

ing aircraft loads , and also' includes data collected on some highway 

pavement studies such as the American Association of State Highway Of

fic ials (AASHO ) and the Western Assoc iation of State Highway Officials 

(WASHO ) road tests . The aircra� loads were on single wheels with loads 

from 20 to 150 kips . The pavement sections consisted of varying thick

nesses of asphaltic concrete surfac e ,  base , and subbase over a variety 

of subgrade types .  Thi s  relationship was developed in 1970 ; however , 

the data on which it i s  based were obtained many years prior to that . 
. . 

The relatiohships shown in Figure Al indicate that deflection is 

a measure of pavement performance ,  although the relationship is not pre

cise . A similar relationship has not be.en developed for rigid pavements 

because of the lack of adequate information . 

CORRELATIONS BETWEEN 
DYNAMIC E-MODULUS AND CBR 

Wave propagation measurements can be conducted on pavements to 

obtain dynamic E-moduli for the pavement layers .  The test proc edure 

consists of placing a vibrator on the pavement surface ,  generating· a 
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steady state vibration at selected frequencies • and monitoring the wave · 

form with velocity transducers placed on the surface at various distances 

from the vibrator . By use of an appropri�te phase-marking circuit ·and 

an oscilloscope , the length of the wave can �e determined .  This is  done 

by locating a point on the surface where the phase marker coincides with 

the peak ( or trough ) of a wave and then moving the transducer to another 

point where the marker coincides with the next corresponding peak ( or 

trough ) .  The distance measured on the :surface between the points is  one 

wavelength . The wave velocity V can be determined from 

where 

f = frequency , Hz 

A = wavelength ,  ft 

v = f). 

The process i s  repeated at other frequencies to establish a relationship 

between wavelength and velocity . Dynamic E-moduli can then be determined 

from 

where 

E = 2 ( 1  + v ) pV2 

v = Poisson ' s  ratio 

p = mass density = y/g where y is the wet density of the mate
rial , pc f ,  and g is the acceleration due to gravity , 
32 . 2  ft /sec2 

4 Wave propagation measurements made at the AASHO Road Test , Foss 

Field ,5 and other locations showed that the effective depth of  propaga

tion thrciu&h pave�ent layers was approximately one-half the measured 

wavelength . Data collected from these studies have been used to develop 

a correlation between E-modulus and CBR shown in Figure A2 . A compari

son of this relationship with the correlation developed previously by the 
1 Royal Dutch Shell Laboratory is shown in Figure A3 . The data in Fig-

ure A2 were obt ained from vibratory measurements made at the surface of 

flexible pavement s ;  the dynami c E-moduli were taken at the one-half 
. . 

wavelength that would place the E-m.oduli at depths that would correspond 

to base , subbase , and subgrade materials of known CBR ' s .  
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APPENDIX B :  RELATED NONDESTRUCTIVE DATA 

During this study , some information was collected that was not 

used as direct input to the development of the evaluation methodology ; 

therefore , these results are presented in thi s appendix as a matter of 

record . Thi s information consists primarily of the result s of two sep

arate studies : a pavement performance study and a study of the effect 

of the pavement surfac e layer on the nondestructive results . 

PAVEMENT PERFORMANCE STUDY 

The obj ective of the pavement performance study was to relate DSM 

( dynamic stiffness modulus ) test results to pavement performance through 

studies of the performance of two soil stabilizat ion test sections at 

the U .  S .  Army Engineer Waterways Experiment Station (WES ) .  The soil 

stabilization test sections consi sted of five test items each of flexi

ble and rigid pavement construction . Traffic was applied to two traffic 

lanes in each test sect ion with 200- and 240-kip twin-tandem test load 

cart s .  Layouts of the flexible and rigid pavement test sections are 

shown in Figures Bl and B2 , respect ively . To determine if  the 16-kip 

vibrator could be used to monitor changes in pavement strength with 

performance , DSM data were obtained on the test items at periodic inter

vals during traffic testing . 

FLEXIBLE PAVEMENT TEST SECTION 

Table Bl pre sent s result s of DSM tests for five different periods 

obtained during the traffi cking of the flexible pavement items . The 

data in Table Bl were ta.Ken at the center of each item .  Table B2 shows 

results of  tests conducted at different positions in the items during 

the last two test periods . Traffic was applied to the 200-kip lane 

first and then to the 240-kip lane . DSM values for the flexible pave

ment 200-kip lane showed only a slight increase during trafficking and 

then a de.crease at the time of failure . Tests made at the same time in 

the 240-kip lane where no traffic had been applied showed a considerable 

strength increase in items 1 and 3 .  This increase in strength could 

probably be attributed to a strength gain with time in the stabilized 
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layers . After traffic ,  the DSM values of all items in the 240-kip lane · 

had been reduced to those of the �orresponding items in the 200-kip lane . 

It would appear from the DSM data that the strength of the stabilized 

sections was increasing due to the strength gain but at the same time 

the effects of traffic were reducing the strength . The DSM values did 

not relate well to the number of coverages to failure in either traffic 

lane . An examination of the strength of the pavement layers as indicated 

by the CBR values shown in Table B3 shows that many of the it ems had 

an increase in CBR . Item 4 · showed a decrease in CBR of the stabilized 

clayey sand base after traffic . Although the test items were considered 

failed due to the di stress of the surface layer and conditions of con

solidation , the CBR data indicate that in general the pavement structures 
may have actually gained in strength . This development may explain the 

lack of correlation . between DSM values and pavement performance for 

these test items . Although the pavements were considered failed because 

of the surface distress , the pavement life could have been restored with 

a leveling overlay.  

RIGID PAVEMENT TEST SECTION 

The ·DSM data for the rigid pavement test items , as shown in Table 

B4 , were very limited and therefore no specific conclusions are drawn. 

However ,  the differences in performance between items 1 and 2 and be

tween items 3 and 4 were not significant . Determination of the precise 

failure point was sometimes difficult . As with the flexible test sec

tion , fa�tors
.
other_ than structural support may have affected the pave

ment performance .  · Table B5 shows physical properties of the pavement 

items before and after traffic . Items 1 and 2 were constructed with 

fibrous concrete , while items 3 and 4 were constructed with plain Port

land cement concrete ( PCC ) • .  The ·performance of these materi als is dif

ferent ; the fibrous concrete can withstand greater deflections than the 

plain PCC . For this reason , the DSM value may not have the same meaning 

on the different pavement types . The DSM values of items 3 and 4 were 

nearly the same , as would be .expected from the similar pavement struc

ture . The performance of items 3 and 4 were identical in the 200�ip 
. 
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t�n-tandem lane , but item 3 (with the bituminous base ) performed better 

than item 4 under the 240-kip twin-tandem load. The coverage level at 

failure for item 3 in the 240-kip twin-tandem lane is  given as a range 

in Table B5 , which indicates that it was difficult to determine when 

failure actually occurred. In general , the DSM values showed that the 

strength of item 1 was approximately equal to that of item 2 and that 

item 3 had approximately the same DSM as item 4 .  Also , the performances 

of items 1 and 2 were similar � as were these . of items 3 and 4 .  

EFFECT OF BOUND PAVEMF..NT 
ELEMENT THICKNESS ON DSM 

The purpose of this study was to derive a method for the nonde

structive determination of overlay pavement thickness requirements .  The 

study was conducted at three test sites : Philadelphia International 

Airport , the WES temperature effect s test section , and Shreveport Re

gional Airport . Data collected for another proj ect at Biggs Army Air

field are also presented because of applicability to the obj ectives of 

thi s study . Only at Shreveport Regional Airport did circumstanc es allow 

measurement s before and after pavements were overlaid . At the other 

sites , overlay thickness plots are based on DSM measurements on pavements 

of different thicknesses on the same type subgrade . 

The Philadelphia International Airport pavement used in the over

lay study was completed about November 1972 . Tests were performed 5 Dec

ember 1972 before any traffic was allowed on the runway. Pavement 

surface temperatures were between 40 and 52°F for all the test s .  The 

pavement sections �n which DSM measurements were made are shown in Fig

ure ·B3 .  · rrnese bituminous 'Sections -varied i.n -thi.ckness i'rom 4 in . at 

stations 284+75 , 285+00 , 305+00 , 305+25 � 349+75 , and 350+00 at 112 ft 

from the runway center line to 13 in . at stations 284+75 and 285+00 at 

32 ft from the center line . The subgrade beneath the test locations 

was in the E-1 ( GP-GN ) or E-2 ( GM )  soil group . *  The results of the DSM 

* The corresponding Unified ·soil Classification System group is given 
· in parentheses after each Federal Aviation Administration ( FAA ) .soil 

group. 
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me�surements on the different pavement sections are presented in Table B6 

and are shown in Figure B4 in the form of a DSM versus bituminous pave

ment section thickness  graph . If it is assumed that making DSM measure

ments on pavements of different thicknesses with about the same subgrade 

is analogous to making DSM meas'urements on a pavement which has been 

overlaid • the slope of the best-fit line through the points in Figure B4 

shows that the DSM i s  increased by approximately 310 kips/in . for each 

inch of bituminous pavement added . 

The WES temperature effects test section on .which DSM measurements 

were made for this study is shown in Figure 27 of the main text . The 

temperature effects test section was completed in June 1973 , and the 

tests for this study were made on 2-3 August 1973 . No traffic had been 

allowed on the section at that time . The asphaltic concrete (AC ) pave
ment thicknesses were 4 . 3 , 8 . 2 ,  and 14 . 2  in . in the section . The sub

grade beneath the test locations was lean clay , which is  in the FAA E-7 

(ML-CL ) soil group . Pavement surface temperatures were 109°F on the 

4-�n .  item,  86°F on the 8-i� . item, and 98°F on the 14-in . item .  The 

results of DSM measurement s on the different pavement sections are 

presented �n Figure B5 in the form of a DSM versus AC pavement section 

thickness plot . The slope of the line through the points in Figure B5 

shows that the DSM increased by 30 . 3  kips/in . for each inch of additional 

pavement thickness . 

Pavement sections at Biggs Army Airfield at El Paso , Texas , on 

which DSM measurements were made for this study are shown in Figure B6 . 

The pavement was �everal years old, and �he amount of traffic on the 

pavement was not known ; nowever , the surface app�ared to be in excellent 

condit i on .  The- PCC pav�ment thicknes see- were- 9-, 19 -, and- 24- in . The
subgrade under the three sections was in the FAA E-5 ( SP-SM ) or E-6 

( SP-SC ) soil group . The results of DSM measurements on the different 

pavement sections are s?own in Figure B7 in the form of a DSM versus PCC 

pavement se�tion thickness plot . The slope of the straight line through 

the points in Figure B7 shows that the DSM increased by 370 kips/in .  for 

each inch of PCC pavement added. 
. 

"Test s ites for the overlay study at Shreveport Regional Airport 
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are shown in Figure B8 . Test s .were performed on these sites in October 

1972 and March and October 1973 . Pavement sections as they existed in 

October 1972 be fore the overlay are shown in Figure B9 . They were of 8 ,  

10 , or 11 in.  o f  PCC and 1 in.  of subbase (FAA Specification P-15449 ) or 

6 in . of lime-stabilized subbase on an unknown subgrade . The original 

PCC pavement was constructed about 1952 and was overlaid with AC in 

1973 . The overlay was placed in three layers , each of which was begun 

at station 73+00 and carried to station 0+00 before the next layer was 

begun . When nondestructive tests were performed iri March 1973,  the 

first layer was complete for the entire runway length , and the second 

layer was complete between stations 73+00 and 55+50 except for a 25-ft 

strip on �he west side of the runway between stations 64+00 and 55+50 .  

When nondestructive tests were performed in  October 1973 , all three 

layers were complete .  Data collected on the three dates are shown in 

Table B7 , and overlay thickness and DSM are plotted for the three dates 

in Figure BlO . There were 11 test sites . The data show that , as the 

overlay thickness was increased as compared with the DSM on the PCC , the 
I 

DSM increased for both test dates at four test sites : l ( station 1+63 ) ,  

4 ( station �+60 ) ,  lO ( station 8+98 ) ,  and 15 ( station 56+79 ) ;  decreased for 

the first tests on the overlay and increased for the second test on the 

overlay at three test sites : 16 ( station 62+30 ) ,  30 ( station 67+63 ) ,  and 

3l ( station 67+63 ) ; and decreased for both test dates at two test sites : 

ll ( station 46+24 ) and 17 ( station 67+63 ) .  At test s ites 13( station 50+04 ) 

and 14 ( station 50+04 ) ,  the first tests on the overlay showed an increase 

in the DSM as a result of the overlay , and the second tests on the over

lay showed the DSM value. to be between the value of the PCC with no 

overlay and the value obtained for the first tests on the overlay . Tests 

showed the densities of the layer of overlay at the eleven test sites 

to range between 133 . 5  and 150 . 6  pcf.  No densities were obtained for 

the bottom layers at th!ee test sites . The mean temperatures of AC 

overlays we�e approximately 57°F in March 1973 and 81°F in October 1973 . 

TemperatUre corrections were not applied to the data.  Average values 

for the data from Shreveport ·Regional Airport are shown in Table B8 . 
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'fable Bl 
Sunnarz of' DSM Val.ues at l� Hz and Cover!!!es to Failure for the Flexible Pavement Test Section 

I Se;e I2 i!! Oct 1J !! Mar 13 20 A;er 1J 
CaVer- Temper- Temper- Temper- Temper-

Teat ages to Traf'f'ic DSM ature CO"f'er- DSM ature Caver- DSM ature Cover- DSM ature Cover-
Item � � � _o_.,. _ � lt1;es/in. � � ki;es/in. � � ki;es/in. � � 

1 36{,() 1 750 105 0 615 79 1200 8li0 78 336o 580 70 366o 

2 36{,() l 525 105 0 520 79 1200 700 78 336o 625 70 36{,() 

3 7820 l 595 105 0 500 79 1200 8li0 78 336o 645 70 7820 

4 l2li0 · 1  5(j() 107 0 li60 79 1200 76o 70 l2li0 

5 2500 l 610 107 0 620 79 1200 76o 78 2500 805 70 2500 

1 6oo 2 750 105 0 720 79 0 1200 74 0 960 70 0 

2 liOO 2 525 105 0 610 79 0 7li0 74 0 720 70 0 

3 620 2 595 105 0 910 79 0 l2BO 74 0 1280 70 0 

4 l20 2 5(j() 107 0 6(,() 79 0 780 82 0 6(,() 70 0 

5 liO 2 610 107 0 770 79 0 800 82 0 76o 70 0 

� V1 w 

Note: Temperature vu measured 1lpproximately 2 in. belov the pavement surface. 

11 !!!z 13 
Temper-

DSM ature 
ki;es/in. � 

6li0 90 
520 90 
5li0 90 
670 90 
8li0 90 

Cover-
_!!!!!._ 

6oo 
liOO 
620 

l20 
3li0 
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Table B2 

DSM at l� Hz Before and After Traffic for the Flexible Pavement Test Section 

Location Lane 2 Before Traffic Lane 1 After Traffi c Lane 2 After Traffic 
Te st on DSM Temperature DSM Temperature DSM 
Item Te st Item kiI?sLin • .  . °F kiI?sLin . °F kiI?sLin . 

1 We st 1/4 po int lo80 70 580 (640 70 
Center point 960 70 near 640 . 
East 1/4 point lo80 70 failed 

area) 

2 West 1/4 point 680 70 625 70 680 
Center point 720 70 520 
East 1/4 point 600 70 465 . 

3 We st 1/4 point 1580 70 680 70 
Center point 1280 70 645 ,  596 ,* 70 540 

1000** 
East 1/4 point 1500 70 600 70 56o 

4 We st 1/4 point 800 70 
Cente r point 660 70 670 
East 1/4 point 750 70 760 70 580 

5 We st 1/4 point 750 70 810 
Center point 760 70 850 70 Blto 
East 1/4 point 830 70 950 

. 
Note : Temperature was measured approximately 2 in . below the pavement surface .  

* Asphaltic concrete remove d. 
** Out s ide of traffic lane . 

Temperature 
°F 
90 

90 
90 
90 

90 

90 

90 
90 
90 
90 
90 
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Table 13 
8-rY of' Field Teat Data on Flexible Pavement Test Section 

Teat 
� Material 

1 AC 
Cruabe4 IS-atone 
1-n clq vitb loJ tl7 .. ". 3J lS-, 

2j PC .  
._"7 ci.., subgrade . 

2 AC 
1- clq with W PC 
•-"7 ci.., nbp'U. 

3 AC 
OraTel.lJ' a&D4 wi tla 5J PC 
._"7 cla;f subp'ad.e 

4 AC 
Cla;fq AD4 with 5J PC 
Be&"J' ci.., llUbgrade 

5 AC 
Crushed limestone 
GraTel.lJ' Miid vith pluti,cit7 index (PI) 

or 3 
llea"J' clq aubgrade 

l AC 
Cruahed liaeatone 
Lean Cla;f vith loJ fl7 U�0 3J liae, 

2j PC 
lea"J' Clllif 

2 AC 
Lean cla;f vi th l2j PC 
l•TJ' cla;f subp'ade 

3 AC 
GraTel.lJ' sand with 5J PC 
lleaTJ' clllif au'bgrade 

Ii AC 
Clqq nn4 vitla 5J PC 
B•TJ' clllif subp'ade 

5 AC 
Crushed lS-sto-
GraTel.lJ' sand vitb PI or 3 

• 8-"J' clllif aullgrade 

Construction Data 
Depth Below Water Dry Traf'fic 

Pavement Content Denait7 Coverages 
Surf'ace, in. £!!!!.... percent _p.£.L to Failure 

Lane 1 :  �np Tvin-Ta.llclem Aaae11 

0 366o 
4 llO+ 1.0 151.9 

9 94 17.7 96. 5  
. 33 3 . 3  30.9 87.3 

0 366o 
3 105 16.0 . 102.9 

28 3.6 30.2 86. 5 
0 7820 
3 150+ 3.2 133 .4 

28 3 .6 30.3 87.0 

0 13Bo 
3 150+ 8.9 U6 .9 

28 3 .7 30.5 86.9 

0 2500 
3 104 2.4 145.7 

9 56 5.4 136.7 
42 4.2 29.9 89.2 

La.De 2: 240-l:ip Tvin-Tand- Aa•-!!!.I 

0 6oo 
4 llO+ 1.0 151.9 

9 94 17.7 96. 5  
33 3.3 30.9 87 .3 

0 liOO 
3 105 . 16.o 102.9 

28 3 .6 30.2 86 . 5  

0 620 
3 150+ 3.2 133 . 4  

28 3 .6 30.3 87.0 

0 120 
3 150+ 8.9 u6.9 

28 3 .7 30.9 86.9 

0 340 
3 104 2.4 145•7 
9 56 5.4 136.7 

42 4.2 29.9 89. 2  

lote: AC • aapbal.tic concrete,; PC • portland c-t. I 

After Traffic Test Data 
·Inside Traffic Lane Ol.ltaide Traffic Lane 

Water Dry Water Dry 
Content Denaiey Content Densiey 

£!!!!.... percent � £!!!!.... percent -1!£L 

65 2 . 3  154.3 75 3 . 3  147.0 

123 20.4 100.1 97 23 . 5  97. 4  
1 31. 4 88.2 8 30.2 87.2 

150+ 15.9 108.3 150+ 14.6 ll3 .4 
1 29. 8  89.2 1 30.3 69.0 

150+ 150+ 
5 30. 6  89 .0 3 32.1 86.1 

70 13 . 1  llB.O 150+ ll.9 122.6 
1 27. 3  92.IJ 8 25.8 91.2 

150+ 1.9 155.2 150+ 1.2 152.2 

52 5 . 2  141..0 57 5.1 140.5 
2 . 5  3 3 . 3  86.5 4.3 32 .5 87.2 

141 1.1 153.2 105 1.2 lli6.8 

l.26 20. 4  100.7 147 25.6 96. 3  
4.2 32 . 6  86.7 4.1 35.4 83. 5  

150+ 15.1 109.8 144 14.8 lo6. l  
5 31.6 87.4 3 .6 33 .9 84.2 

150+ 3 . 3  137.0 150+ 2.8 13 5-3 
1.5 . 32 .9 85.8 1.8 34.1 

150+ 14.0 ll6. 4  150 14.1 U6. 4 
6 29. 6  90.4 3.9 29. 4  69.8 

133 2 . 0  158.9 133 2.0 155.5 
24 4.4 138 . 5  25 5.1 143.3 

3 .9 32 .3 87.4 3.4 32.0 87.4 



�ble Bli .  

DSM Values. S.t 15 Hz . and  Coveryes to Failure for Rigid Pavement Test Sectiao. 
Coverages 11 Jul 12. 1 SeE zg 2 Mar 7J 

Test to Tr·affic DSM DSM DSM. 
Item Failure nane · kips/in . ·  Coverages kips/in. Cove ryes kips/in. Coverapa 

1 3000 1 960 0 88o 3000 
2 rno 1 830 0 
3 .  6360 1 26oo 0 
4 636o 1 2500 0 

1 1010 2 . 1190 0 
2 740 2 1210 0 

...., 3 1200-1500 2 3330 0 V1 0\ 
4 74o 2 3400 0 

· ------ � : 1'-- . .. -- ·-- ---�..-..-·-.....,,._ ----� 



...... V1 -:.i 

'!'able B5 

SUlll!Wll'Y of Field Test Data on Ri(Qd Pavement Test Section 

Af'ter Traffic Data 
Depth Construction Data lane 1: 200-Ki,E Assemb!l 
Below 

Pavement 
Test Surface 
Item Material in. 

1 Fibrous concrete 0 
Lean clay K:sL• 7 
Heavy clay 27 

2 Fibrous concrete 0 
Clay gravel with � PC 4 
Heavy clay 21 

3 PCC 0 
Asphalt base 15 
Heavy clay 21 

4 PCC 0 
Lean clay with � PC  15 
Heavy clay 21 

Plate 
Bearing 
k Value 
---1!£!_ 

175 
47 

545 
85 

99 
84 

J.67 
40 

Water 
Content 
percent 

15 .9 
29.8 

34 .1 

32.2 

15 .8 
33 .1 

Dey Coverages 
Density to 
__.l!£!_ Failure 

3000 
104 . 2  

89 .l 

lj{O 
135 .0 

85.0 

6360 

87.0 

6360 

86.1 

Note : No tests were performe4 o n  item 5; k • modulus o f  subgrade reaction . 
• Membrane-enveloped soif layer . 

Plate 
Bearing water Dey 
k Value Content Density 
---1!£!_ percent � 

230 15 .2 100.6 
l8o 

490 118 33 .1 85 . 5  

71 

200 
68 . 5  33 .3 86.o 

lane 

Coverages 
to 

Failure 

1010 

74o 

1200- 1500 

74o 

2: 2IiQ:Kil! As semb!l 
Plate 

Bearing Water Dey 
k Value Content Density 
---1!£!_ percent __.l!£!_ 

250 12 . 5  100.1 
200 27. 7  92.1 

375 

164 33 .5 

328 23 .3 
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Table � : 
DSM Value s and Bituminous Pavement Thicknesses at . . . , _ , ,  .. . ... . : PhU&��l;ehia . ��·1:"'-!t,ion� A�!)?Ort 

· n1stanc� �ituminous · · 

tr an Paven,'l.e?l t 
Center iine 7hickrl.e ss 

ft Station in .  

µ2 �84+75 4 
285+00 
305+00 
305+25 
349+75 
35o+OO 

82 284+75 8 
285+00 
305+00 
305+25 

. 349+75 
35o+OO 

. 44 273+00 9 
273+25 
284+75 
285+00 
349+75 
35o+oo 

32 _349+'75 ll 
35o+oo 
305+00 
30!)+25 

284+75 13 
285+00 

158 

DSM kips/in . 
760 
690 
680 
670 
710 
680 

Average 700 

1940 
1800 
1960 
1960 
1700 
1760 

Average 1850 

2120 
2160 
2000 
2040 
1860 
1920 

·
Average 2020 

2120 
2580 
2660 
2840 

Average 2550 

3800 
3080 . 

· Average . 3440 

f ! 
t 
f 

t 
I 
I 
I. 
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Table E7 

DSM Values Before arid Af'ter Overlal at ShreveEort Regional Ai!:Eort 

11-12 Oct 1272 b-7 Mar 127:3 2 Oct 127:3 
Approximate DSM DSM DSM 

Test PCC Before Overlay Af'ter Overlay After Overlaz Densitz1 12cf 
Site Thickness Overlay ihickness Overlay Thickness  Overlay Bottom Middl.e Top 
No . in . ki12sLin . in . kiJ2Slin • in . kiJ2Slin • L�er La�r Layer 

1 10 1960 3 . 5  2320 8 .25 258o 145 .1. 1.47 . 4  150. 4  

4 10 1620 2 .75 216o 1 . 0  2420 1.47 . 5  1.47 . 6  148 . 8  

1.0 8 820 4 . 25 . l.46o 8.25 l.78o 1.50 � 6  149 . 6  1.46. 3  

1.1 1.0 218o 1. .75 2120 6.25 2o40 Crumbled 1.44 . 4  147 . 3  
....... 1.3 8 1.340 2 . 75 - 1.820 6 . 75 l.68o 1.43 .3  1.45 .1. 1.48 . 2  V1 \0 

Averages* 1.580 3 . 0  1980 

1.4 8 l.48o Not mea- 1.880 7 . 5  1.720 Could not sep- 149 . 4  
sured arate layers 

1.5 8 116o 6. 5 2000 8 . 75 2100 1.44 . 4  150 . 3  149 . 2  

16 1.0 ·2640 7 . 25 2200 8 . 75 3340 Crumbled 1.49 . 3  148 . o  
1.7 1.1 3o40 6 . 5  2140 9 . 0  1.740 1.40 .3  149 . 9  146 . 6  

30 8 1.760 6 . o  1.280 9 . 0 l.88o 139 . 2  149 .4 145 . 0  

31. 8 1.900 7 . 25 1.300 8 . 75 2460 133 . 5  146 . 5  142 . 3  
Averages** 2100 6 . 7  1780 

Averages t  1.81.0 8 . o  2160 

* For approxiniately 3 in . of overlay (tests on 1. laye
.
r of overlay ) in pl.ace 6-7 March 1973 . 

** For approximately 6 in . of overlay (tests on 2 layers of overlay) in place 6-7 March 1973 . 
t For approximately 9 in . of overlay (tests on 3 layers of overlay) in place 9 October 1973 . 



Table B8 

Aver!ie Thicknes s a.nd DSM Values for 

Satev•Egll Re1ional Air�rt Overlal 

Number · Average Change in 
ot Overlay Average DSM After Change per Inch 

Test. Thicknes s  DSM Overlay of Overlay 
Date Sites in. kips/in . kips/in . kips/in . 

l ll-12 Oct 72 5 · o . 1580 
+400 +133 ( 

6-7 Mar 73 5 3 . 0  1980 I ll-12 Oct 72 5 o .  2100 
-320 -48 !.. 6-7 Mar 73 5 6 . 7 1780 [ 

ll-12 Oct 72 ll 0 1810 I +350 +44 
9 Oct 73 11 8 . o  2160 l 

I 
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Figure Bl . Plan apd section of WES soil stabilization test section ( flexible pavement ) 
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Figure B3 . DSM test locations and pavement sections for Philadelphia 
International Airport 
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Figure B6 . Pavement cross section of 
taxiway T-3 at Biggs Army Airfield 
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APPENDIX C :  EQUIPMENT SPECIFICATIONS 

• 
[ 
I INTRODUCTION 

Bas ically , three types ?f tests  are used to obtain input for non-. 

destruct ive pavement evaluation :  dynamic stiffnes s  modulus ( DSM ) , fre-

t quency response , and wave propagation test s .  Although the evaluation 

methodology presented in thi s· report uses only the DSM test , future 

refinement s and expansion of the technology will no doubt require all 

) 

( . I 

of the measurements that will be described below. The obj ective of this 

appendix is  to provide procurement specifications and general operating 

procedures for nondestructive testing equipment recommended for use in 

.evaluating the load-carrying capac ity of airport pavements .  The recom

mended machine will be capable of performing the load-deflection and 

wave propagation tests used for input to the nonde structive pavement 

evaluat ion methodology di scus sed in the main text of this report . The 

equipment de sign provides for rapid te sting and qui ck removal of the 

machine from the pavement facility for emergency aircraft operations , 

direct test results for on-site analysis , and mobility for transfer of 

the equipment to any airport within the Unit ed States . 

DSM TEST 

DSM is  the ratio of vibratory load to deflection and is obtained 
by a sweep o� dynamic force at a constant frequency . The DSM is a value 

representative of. the overall strength of the composite  pavement struc

ture . Since the mass of pavement affected during a DSM determination is 

dependent on both the vibrator static weight anq the vibratory load , a 

variable mass (static weight)_ vibrat_or . ia  recoIP .. mended.- The size- of- the-

vibrator should probably be di ctated by the type aircraft for which a 

pavement i s  evaluated , and the static weight of the vibrator should be 

proportional to the gross aircra� weight , although this was not proven 

in the main text . 

FREQUENCY RESPONSE TEST 

• The frequency re sponse i s  also d�veloped from load-deflection 
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d�ta by a sweep of frequency ( range or
"' 
5 to 100 Hz ) at a constant vi bra..: 

tory load. The frequency response shows how a pavement structure reacts 

to the dynamic force at different frequencies , and may become important 

in evaluat ing pavement s for different aircraft speeds . 

WAVE PROPAGATION TEST 

The wave propagat ion �est uses a 50-lb electrodynamic vibrator 

in conjunction with the larger vibrator to measure the velocity of shear 

wave s propagated through various layers of a pavement structure . The 

wave velocities are used with elastic  theory to compute a dynamic 

E-modulus ,  modulus of elasticity , for each pavement layer . 

SPECIFICATIONS 

A general description of each component of the nondestructive 

testing (NDT ) system i s  given in the following paragraphs and is  followed 

by a set of specifications for each component . 

TRUCK-TRAILER UNIT 

The large vibrator , power supplies , and electronic equipment are 

· contained . in a semitrailer as shown in Figure Cl . The 36-� semitrailer 

is towed by a tandem-axle tractor unit . An alternate system in which 

the generator and hydraulic  power supply were mounted on the single unit 

truck that tows a small four-wheel trailer containing the vibrator was 

also studied ,. but there appeared to be no advantage to that system. The 

semitrailer unit i s  recommended because it i s  easier to maneuver over 

test locations a�� all equipment i s  contained in the one trailer , which 

simplifies maintenance • •  Specifications will be listed later in this 

appendix ·ror ·the tractor..:truck unit and a semitrailer suitable for 

modifying into an NDT trailer . 

VIBRATOR UNIT 

The vibrator is  lowered to the pavement surface , and a steady 

state v±bratory load is  generated by the electronically controlled 

double-act ion hydrauli c  piston . The hydraulic pi ston is oriented with 

the ro.d end attached to the load plate on the pavement , and the react ion 
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mS;s s i s  mount ed t o  the body o f  the pi ston . The react ion mas s i s  o s c il

lated vert ically ( rai sed and lowered ) at the specified frequency and 

with a magnitude to produce the desired dynami c forc e  level . Either 

force or frequency can be held constant while the other quant ity is au

tomatic ally varied at a speci fied sweep rat e .  

The fixed stat i c  weight o f  the vibrator being used in the Federal 

Aviation Ad.mini strat i on res earch study is 16 kips . Result s of the study 

show the DSM to be dependent on the vibrator stat i c  wei ght , vibratory 

load , and load plat e s i ze . The vibrator weight and the vibratory load 

should probably be determined by the pavement type and the aircraft for 

which the pavement i s  to be evaluated . Therefore , the proposed vibrator 

is one o f  variable mas s  and c an  range from 5 to 16 kips . A " stacked-ma s s "  

c onc ept ( shown in Figure Cl ) i s  used to allow the static weight of the 

vibrator t o  be changed easily .  The vibrator load plate s i ze can be 

varied with interchangeable plates of 12 , 18 , and 30 in . in diameter . 

Although the vibrator can be varied from a small unit to a large 

one , the hydrauli c  power supply must be designed for the maximum force 

output .  The 38-gpm pump s imilar to that used with the exi sting 16-kip 

vibrator i �  there fore required . A 25-kw electric generator i s  recom

mended to provi de ample electric power . The s e  units are specified in 

detail in thi s appendix . 

INSTRUMENTATION 

Load-deflection measurement s .  The exi sting data recording package 

was de signed for measuring peak values of vibratory load and deflection 

at the load plat e � The propo sed system allows for recording peak values 
. 

of vibratory load and dynamic deflect ion , as well as frequency of vibra-

tion ,  · on a set of X-Y recorders . Load-deflection dat a at constant fre

quency or deflection-frequency data at. constant load c an be displayed on 

these recorders , and the test result s can be inspected and checked as 

the field tests are performe d .  Spec ifications for the load-deflection 

instrume�tation will be pres ent ed subsequently . 

a .  DSM . Fi gure C 2  i s  a block diagram showing the overall se
quence o f  the NDT proc e s s  using a dynami c load-deflection 
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response .  A steady state vibratory load is  applied to the 
·pavement through an 18-in . -diam steel plate .  Three load 
cells mounted on the plate record the vibratory load and 
provide feedback for control of the electrohydraulic vibrator . 
The load cell signals are electronically summed and condi
tioned for input in�o the X-Y recorder . A velocity transducer 
also mounted on the load plate produces a signal that is 
electronically integrated and input to the plotter . With the 
vibratory load and deflection connected to the axes of the 
plotter , the load ·can be increased at a constant frequency 

i '  
from zero to maximum force and thus provide a load-deflection 
relat ionship of a pavement . This load-de flection curve is 
used to obtain the DSM.  

I 
; ! 

b .  
' 
; 
! 

Frequency response.  In the second type of dynami c load
deflection test , the vibratory load on the recorder is re
placed with the frequency of loading . The frequency is  
then varied through a range of approximately 5 to  100 Hz 
while maintaining a constant load magnitude . The re sult s 
of thi s second type of te st show the pavement response at 
different rates of loading , and it is  therefore termed a 
frequency response test . 

I 

f 
I 

) 

I 

c .  Other measurements .  The instrumentation for recording other 
measurements ,  such as deflection basin shape and phase dif-
ference , can be added to the system in the future if desired . 
A digital printer or magnetic tape could also be added;  one 
or the other would be needed to record deflection basin 

. shapes .  

Wave propagat ion measurements .  In order to determine an E-modulus 

for individual pavement layers , the velocity of shear waves propagated 

from steady state vibration is  measured .  The equipment for performing 

thi s test includes a 50-lb electrodynamic vibrator , velocity transducers 

for monitoring the wave output , a phase meter for measuring the phase 
. . 

change between wave signal peaks , and related amplifiers and filters . 

A block diagram of the �quipment is  shown in Figure C3 .  The electrohy

drauli c vibrator is used for the vibration sourc e ih t1ie row-frequency 

t range (below 500 Hz ) ,  which provides velocity data for the subgrade 

material .  The electrodynami� vibrator i s  used for obtaining velocity 

data for the other pavement layers , which generally require frequencies 

to abou� 3000 Hz for the surface layer . Velocity transducers are used 

r '  for moni taring the propagated waves up to frequencies of  about 600 Hz , . 

above which frequency accelerometers are required. The change iq phase 
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j l r w;tth change in frequency is  recorded on the X-Y recorder for the full 

r frequency range . With the transducers positioned a known distance apart , 

r . the wavelength and therefore the velocity of propagat i�n can be computed 

( for any frequency within the data range . The shear wave velocity can 

f '  then be used t o  produce values o f  shear modulus an d  elastic modulus 
.l 
( . using elastic theory . These elastic constant s are useful for theoret ical 

( analysis of pavements .  Specifications for the wave-velocity instrumen-

f ' ·  tation will be presented in this appendix. 
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ESTIMATED COSTS 

Estimation of cost s for the construction of an NDT machine such 

as the one described in this appendix is difficult . The costs of the 

' component parts , espec ially the electronic components ,  vary with dif

ferent suppliers and have been steadily increasing for some time . The 

estimate given below is  within approximately 20 percent . error based on 

1974 cost s .  

Tractor 

Trailer 

Generator · {25 kw ) 

Item 

Vibration unit ( electrohydraulic vibrator , 
power package , . and controls ) 

Vibrator reaction mass 

Instrtimentation packages :  
· Load-deflection measurements 

Wave velocity measurements 

Labor for assembly of system 

SPECIFICATIONS FOR . TRACTOR
TRUCK UNIT AND SEMITRAILER 

TRACTOR-TRUCK UNIT 

TDTAL 

Estimated 
Cost 

$ 25 ,000 . 00 

8 , 000 . 00 

5 , 000 . 00 

50 ,000 . 00 

10 , 000 . 00 

40 , 000 . 00 
15 ,000 . 00 

25 , 000 . 00 

$-178-, 000 . 00 -

Cab . The cab shall be of the cab-over-engine type with a hydrau

lic ti1t system. The cab shall be furnished wit� , but not limited to , 
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the following : adj ustable driver ' s  seat , windshield wiper and washer , 

padded vinyl upholstery , heater , air horn , seat belts , ·  and all light s 

required by Federal regulations . 

Chassi s .  The front axle shall be rated at not le ss than 9 , 000 lb , 

and the rear shall be a dual-tandem axle rated at not le ss than 38 , 000 lb . 

The rear axle suspension shall be an air-ride assembly . The wheelbase of 

the vehicle shall be not greater than 160 in . , and the wheels shall be of 

steel or aluminum with not less  than 10 : 00x20 , 12-ply tire s .  The vehicle 

shall be fitted with dual fuel tanks with a combined capacity of not less 

than 80 gal , an emergency air tank , and a fifth wheel assembly . 

Engine transmi ssion .  The engine shall be not less than a six-

· cylinder with two� or four-stroke cycle , and shall develop not less than 

Boo lb-ft of torque at 1200 rpm , and not less than 230-brake horsepower 

at 2100 rpm. The engine shall be equipped with , but not limited to , an 

oil bath air cleaner , full-flow oil filter , air compressor , fuel filter , 

and any other equipment that i s  standard with the manufacturer . The 

transmi ssion shall be of tHe manual type and provide a minimum shift 

range of 8 . 5 : 1 ,  with the lowest gear ratio such that , with an engine 

speed of 2100 rpm , a road speed of not less than 65 mph will be possible . 

Ecological requirement s .  The noi se level shall be less than 

86 db when tested in accordance with Federal requirement s and shall also 

meet the reco.mmended inside-cab noise level . Smoke shall not be vi sible 

from the exhaust while the engine is in operation , except duting the 

process -of shifting gears . 

SEMITRAILER UNIT · 

The van trailer to be furnished ·under thi s  specification shall be 

the product of a manufacturer who is normally engaged in the fabrication 

of standard trailers . The trailer shall be a tandem-axle , dual-wheel , 

drop frame capable of carrying a payload of 40 ,000 lb . It shall have 

a king pin ·designed for tow by a tandem-axle truck with a standard fifth 

wheel . Features not described or specified herein shall be to manufac

turer ' s  standard . 
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The length of the trailer shall be nominal 26 ft from the drop to· 
the rear . Length ahead of the drop shall accommodate a tandem-axle truck 

and shall not be less than 10 � .  

The height shall not exceed 11 ft 6 in.  overall . 

The width shall not exceed 8 ft ( out side ) .  

The exterior fini sh shall be smooth aluminum sheet or steel sheet 

with manufacturer ' s standard paint application. 

The interior shall be unfinished,  without insulation . 

Flooring shall be wood , tongue and groove , with the bottom surface 

treated to prevent wood from being soaked by road spray. 

The rear door shall be roll-up garage type , maximum opening . Door 

shall have manufacturer ' s  standard locking device . 

Five side doors as shown in the plan view of Figure Cl shall be 

centered in their respective compartments . 

shall have a 5-ft double door on each side . 

The operations compartment 

The instrumentation com-

partment shall have a 30-in. door . The generator compartment shall have 

a 3-ft double door on each side . Height of all doors shall be maximum 

allowable . 

Axies shall be tandem , 18 , 000-lb minimum rating per axle , and 

shall have an air-ride suspension . 

Brakes shall be air powered ,  16-1/2- by 7-in . minimum surface 

area. 

Wheels. shall be dual , demountable rims with 10 : 00x20 , 12-ply 

tires . A spare wheel shall be furnished and stored in a wheel carrier . 

Mud flaps shall be installed at rear wheels . 

The landing gear . shall be a two-speed vertical screw type . 

Light s and wiring shall be a 12�v system and shall comRl� with 

current Interstate Commerce Commission Safety Code . Lights shall in

clude , but not be limited to , turn signals , tail lights , dual stop 

lights ,  license light , and clearance and identification light s .  

The van trailer shall b e  weathertight and doors shall have door 

seals (�eatherproofing ) .  
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S?ECIFICATIONS FOR VIBRA
TION UNIT AND POWER SUPPLIES 

PAVEMENT VIBRATION UNIT 

The pavement vibration �it consists of the actuator with servo 

valve , accumulators , and reaction mass ;  hydraulic power supply ; and 

electronic controls . The vibration unit described herein shall be capa

ble of producing a maximum vibratory load of 15 , 000 lb and maintaining 

the maximum load through a frequency range of 10 to 100 Hz . The unit 

shall be designed and construct ed to perform in an ambient environment 

of 0 to 120°F and 10 to 90 percent relative humi dity . The block diagram 

of Figure C3 shows the vibration unit control system. A fuel tank shall 

. be provided in the semitrailer to supply diesel fuel to the engines on 

the hydraulic power package and the generator set for at least one full 

day' s operation . 

HYDRODYNAMIC ACTUATOR UNIT 

The hydrodynami c ac�uator shall be a double-acting piston-cylinder 

devi ce to convert hydraulic energy into  a controllable mechanical energy. 
· This unit .shall be so designed and constructed as to eliminate any reso

nances w�thin the operating frequency range . The unit shall be capable 

of providing a 2-in. double-amplitude stroke through a force range of 

O to 15 , 000 lb and a frequency range of 5 to 100 Hz with a velocity 

capability of up to  9 in . /sec . The hydraulic actuator shall have an 

integral manifold with the servo valve and accumulator directly mounted 

to the mani fold �s shown in Figure Clb . The actuator shall have a 

steel baseplate for ve
.
rtical inverted mounting , 30 in . square and 4 in . 

-thic-k .  -The -retracted -height -o-f -the actuator shall be not less than 

18 in . , and the extended height shall be not greater than 24 in.  includ

ing the 4-in . -thick baseplate . The actuator rod diameter shall be not 

less than 5 in . The actuator shall be so de signed and constructed as 

to allow continuous operation throughout the performance spectrun1 spec i-

fied and withstand a 5000-lb side load on the rod end. There shall be 

a d-c-type displacement transducer with an external core positioning 

adjus�ment contained in the actuator body • .  Full�flow 10-µ line 
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f�lters shall be provided complete with a remote pressure drop indicator 

and not less than one change of filter elements .  All hydraulic connec

t ions between the actuator and power supply shall be of the quick-connect 
type with all hose ends permanently identified as to their respective 

ports . All electrical cables and connectors shall be oil- and vibration

resistant with all ends permanently identified. 

The servo valve shall be a high-performance single-stage type 

mounted directly to the actuator as shown in Figure Cl with a minimum 

amount of plumbing between the actuator ports and the power ports of the 

servo valve . The servo valve driver assembly shall consist of a perma

nent magnet assembly and a movable driver coil suspended in an air gap 

within the magnet structure . The servo valve shall have a moving coil 

directly coupled to the spool . The valve spool and moving coil shall 

be located between two helical-wound springs to minimize null drift as 

specified below. The servo valve shall have the capability of obtaining 

different flow ratings by interchanging springs . The flow ratings shall 

have a range from a minimum .of not more than 8 gpm to a maximum of not 

less than 5 0  gpm at a 2500-psi valve drop and a corresponding 6 gpm to 

·a maximum qf 31 gpm at 1000-psi valve drop . The spool shall be flow

compensated to reduce the effect of fluid flow force on the spool . Con

venient , externally adjustable hydraulic load damping and null adjustment 

shall be provided. The servo valve shall be furni shed with a d-c-type 

linear displacement transducer so designed and constructed that no moving 

part s are in contact with each other . The output of this transducer will 

be inserted into the servo amplifier in order to stabilize the electro

hydraulic system.  The nµll leakage at 1000 psi. shall be not greater 

than 0 .  8 gpm... The. full-flow. frequency. range sha-11· be-- 0 - t·o - 500 - Hz- at- the

low-flow rating and 0 to 170 Hz at a high-flow range . A 25-µ filter 

shall be mounted at the input of the servo valve to eliminate foreign" 

matter from entering th_e chamber . The hysteresis shall not be more than 

0 . 25 percen� of the stroke . 

An accumulator package with a force stroke rating of not less 

than 100 , 000 lb/in . which provides peak system flow requirements and 

reductton of line-pressure fluctuations shall be supplied with all 
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n�cessary hoses and fittings for connection to the servo valve . The 

accumulator package shall be mounted with the servo valve at the base of 

the actuator as shown in Figure Cl . Figure Cl shows the package at the 

top of the actuator . 

HYDRAULIC POWER PACKAGE 

The power package shall be skid-mounted and forced-air cooled 

and provide sufficient hydra'Q.lic energy to drive the actuator unit on a 

continuous basis for 10-hr intervals at any given .set of performance 

conditions within the specified performance spectr�. Mounted directly 

to the package for local operation shall be start and stop buttons , 

reservoir oil temperature gage , oil level sight gage , hydraulic  pressure 

·output adj ustment with pre ssure gage , and any other items st andard with 

the manufacturer .  Remote controls required are . covered in a separate 

sect ion . The main hydraulic pre ssure pump shall be driven by a di esel 

engine with continuous net brake horsepower of not les s than 75 at 

1800 rpm or greater as required for the performanc e specified . The main 

pres sure pump shall be a pressure-compensated axial-piston pump with a 

. manually variable displacement and shall . be capable · of supplying not 

less than 38 gpm at 3000 p si . The pre ssure compensator shall be elec

trically operated with provi sions for local and remote adjustment of 

operating pres sure from 500 to 3000 psi with loc al and remote pressure 

readout devices at the adjustment stations . · There shall be a pressure 

relief bypass or equivalent device to prevent system pre ssure from ex

ceeding � 3000-psi . maximum operating limit and no adjustable relief 

device to maintain pressure on return line to prevent cavitation. 

The diesel en_gine_, the nydraulic pump , air-cooling system, and 

hydraulic  oil reservoir shall be mounted as one unit and shall be not 

more than 12 ft . long or 5 � wide . The oil reservoir shall be at least 

100 gal and shall bave a low•level shutoff device to shut the system 

down i f  the oil level falls below de sign level , and a thermostatically 

cont roll�d electric immersion heater ( s ) of sufficient size to maintain . 

a 4o°F oil temperature in a ·o°F environment . A thermostatically con

trolle� forced-air cooling system shall pe provi ded to maintain the oil 
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t�mperature within allowable limit s while the system i s  operating under · 

full load throughout the ambient temperature range specified . The 

system shall be provided with controls for starting the engine at a pump 

pressure of 0 psi . 

All hydraulic connections between actuator unit and power package 

shall be of the quick-connect type and shall be permanently marked to 

correspond to  the proper hose ends . All hydraulic hoses shall be fur

ni shed for connecting the component s and shall have corresponding quick 

connections and identification code . All electrical cables and connec

tions shall be oil- and vibration-re sistant with ends properly marked .  

ELECTRONIC CONTROL UNIT 

The control console shall contain all the remote controls neces

sary for the operation of the vibration system . The control racks in 

which the equipment is  mounted shall contain a rear door , side panels , 

a louvered top panel , and blank filler panels where no equipment is 

plac ed . The console shall contain blowers necessary to cool adequately 

the equipment mounted in it throughout the 0-120°F range . The console 
. shall have all the input/output connectors and terminals ident ified to 

correspond to the proper interconnecting cables to be attached. The 

console shall have a wiring harne ss ( es ) in which all interconnecting 

cables are routed from one component to other components .  The console 

shall contai� , but not be limited to , th� following items . 

Pump control module . The pump control panel shall include , but 
' 

not be Iimi ted tq ; the following : a "master off" switch to deenergize  

the entire control network , a pressure pump "ready" and "on" switch , a 

pressure "increase" and "decrease" switch with_ pressure indicator., - a- low

oil level indicator , a high oil temperature indicator , a pressure drop 

through filter indicator , and a resettable running-time indicator . All 

switches shall be the illuminated push-button type . The pump controls 

shall have . a  built -in interlock system to prevent mi soperation of the 

hydraulic power supply. The power requirements for the control system· 

shall be 95 to 120 v ,  60 Hz , single phase .  
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· Servo controller . The servo controller shall contain an electronic 

amplifier for use in closed-loop control applications . It shall include 

a main frame with the central electronics , metering , power supplies for 

internal circuit s ,  and power to drive external transducers that complete 

the closed-loop system. The controller shall be capable of receiving 

and controlling two input s , one of which shall be a feedback voltage 

( actuator position control ) and a command signal . The input sensitivity 

shall be 0 . 25 to 10 v RMS .  A ·  span shall be on the front panel . for ad

justing the command signal from l to 100 percent of maximum with an ac

curacy of 0 . 5 percent . The span control shall be a continuously variable 

10-turn potentiometer with a microdial knob . There shall be an input 

gain control to set the gain of the command signal for proper system 

calibration .  There shall be a feedback control which sets the feedback 

gain level for the system and shall be the primary calibration between 

output response and input command level . There shall be a switch to 

select an input to · a· panel meter to monitor the input command feedback 

and power supply levels .  T�ere shall be a connector available to monitor 

continuously the output of the feedback channel . There shall be a con

trol to balance the feedback. Thi s  control shall be the primary zero 

system centering control . 

There shall be a switch to calibrate the servo system. This 

switch �hall provide a positive s ignal peak , a negat ive signal peak , or 

the maximum peak of the signal being calibrated at the system comparator . 

There shall be a switch to select either the input command signal or the 

feedback ; which�ver· is being calibrated . While the system is  in opera

tion , the switch should pe in the operate mode . The calibration standard 

shall -.be £0 .) percent of full scale . The calibration accuracy shall be 

1 perc ent of full scale . The feedback system shall be any type : random , 

sine , periodic , or mixed. 

There shall be a floating d-c power supply for any transducer 

used in the .system. The voltage output of the power supply shall be two 

fixed vaiues of 10 and 24 v DC , and a continuously variable output of 

5 to 25 v DC . A 10-turn potentiometer with a calibrated microdial read

out sha:ll be mounted on the front panel to optimi�e the closed-loop 
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sy�tem. The span of the adjustment shall be 2 to 102 percent or 50 to l . " 

A set point control shall be provided to supply a d-c command signal used 

primarily to set the initial static actuator position . A secondary func

t ion of thi s control is  its use in system calibration , at which time it 

shall provide the primary reference against which all other system signal 

levels are compared. A toggle switch shall be on the front panel to set 

the direction 'in which the set point is applied to the load. There shall 

be a zero control to trim the servo loop so that changes in gain setting 

do not cause variations in the set point level . This control shall be 

used for system zero centering . A limiter control shall be used to hard

clip the error signal amplitude for use as a limit on system frequency 

response .  This control shall be supplied with an uncalibrated looking 

dial , but shall be used for uncalibrated reference reading only . The 

feedback selector shall be a switch suitable to select a syst em feedback 

signal from either input or both inputs , depending on proj ect require

ments .  A stability control shall control the gain or slope of the servo 

loop response at lower levels .  At the center , the system response shall . 
be flat , while to the right of center , it shall produce an increase .  

There shall be a stability gain control t o  set the range over which the 

stability control shall be effective for the correction of low-level 

system nonlinearity. An overload indicator shall provide a visual indi

cation if  the maximum signal levels are exceeded . There shall be an 

illuminated power switch to give an indication that the servo controller 

is energi zed from the power line . There shall be an INT CAL switch to 

provide � cycled d-c square wave command signal corresponding to !_10 on 

the SET POINT control in .the "O-db" position , and in the "-20-db" posi

tion ,  a similar signal corresponding to +l on the SET POINT control . 

The repetition frequency of the calibrate signal shall be variable by 

an internal control . 
The output unit shall have a Master Dither control to set the 

dither level to be used to reduce the effects of spool binding the servo 

valve • .  In the full counterclockwise position , the dither level shall . be 

zero . There shall be an internal switch available to select between the 

internaily originating dither and the externally originating dither . 
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Tpe maximum dither amplitude derived from the internal dither oscillator 

shall be approximately 50 percent of full scale as indicated on the servo 

controller . A dither frequency control shall be supplied so that when 

internally derived dither is selected , the dither frequency control shall 

provide continuous frequencies
. 

from 400 and 2000 cycle s .  A lock-type 

phase swit ch level shall be provided with two positions : plus and minus . 

Thi s switch, when reversed ,  shall in turn revers e the current direction 

applied to the servo valve coil . A three-position range switch shall be 

supplied to select a full-scale current range from 8 to 40 ma . This 

switch shall be set to agree with the full-scale range of the servo 

valve current requirements .  A valve balance control shall provide an 

independent d-c balancing current which shall be used generally to 

fine-trim any slight mechani cal offset whi ch might occur in the valve 

spool during the time of no signal input condit ions . A test swit ch shall 

be supplied for setting the valve balance control , which momentarily 

remove s the input · signal so that balancing may be conducted on the valve 

itself free of any other SY,stem unbalances . A monitor output connector 

( BNC type } shall be provided to provide a volt age proportional to the 
· output cw::rent level . It shall be short-circuit-proof and shall not be 

capable of being inadvertently switched . 

Sweep osc illator . The control unit shall contain a Spectral Dy

namics Model SD 104A-5 sweep oscillator , or equivalent . 

Amplitude s ervo monitor . The control unit shall contain a Spec

tral Dynamics Model SD 105B-l servo monitor , or equivalent . 

25-kw GENERATOR SE!' 

The generator set shall be powered by a diesel engine that pro

vides sufficient horsepower at 1800 rpm to give the specified performance 

of the generator set . The epgine shall be provided with a 12-v electric 

starting system and a 12-v negative ground alternator . The engine shall 

be wate� cooled and provided with radiator , blower fan , and positive 

action gear-driven centrifugal water pump for continuous operation in 

an ambient temperature of 125°F .  The engine shall have a hydrauJ,,ic 
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goyernor capable of  regulating the voltage within :!_2 percent . The engine 

shall be lubricated with a gear-driven oil pump and shall have an easy

to-change oil filter that filters particles as small as l� µ .  The system 

shall include an oil cooler that will maintain oil viscosity and lubri

cating qualities in an ambient temperature of 125°F . The engine shall 

be supplied with a. residential exhaust silencer for minimized noise and 

shall have the necessary flexible exhaust fittings . The engine shall 

have an instrument panel consisting of an engine start-and-stop switch , 

tachometer , water temperature gage , oil pressure gage , and battery

ch�rging ammeter . 

The generator shall be a revolving field, a-c generator with 

built-in , statically regulated , statically exc ited system and shall con

form to National Electrical Manufacturers Association standards . The 

generator shall provide single-phase ,  115-/230-v , 60-Hz power through a 

wye connection with a continuous rating of not less than 25 kw at 0 . 80 

power factor and shall have a standby rat ing of not less than 30 kw. 
The generator shall have proyisions to adjust the terminal voltage within 

:!_5 percent of the rated voltage . The system shall be provided with 

Class B insulation in the stator and Class F insulation in the rotor . 

The generator shall be directly connected to the engine crankshaft . A 

solid-state voltage regulator shall automat ically maintain :!_2 percent 

voltage regulation from no load to full load. A wall-mount ed generator 

control panel equipped with ammeter , voltmeter, frequency meter , phase 

selector switches , _ and breakers shall be provided .  

SPECIFICATIONS FOR · INSTRUMEN
TATION FOR LOAD-DEFLECTIQN TESTS 

· The purpo.se o.f the instrumentation- package- is- to - :measure - the - re

sponse of pavement s when subj ected to dynamic steady state sinusoidal 

loading conditions . The vari�us components are shown in the block dia

gram of Figure C2 and are described below. The spec ifications given 

here spec�fy· particular models and part numbers . The proposed system 

should contain these or equi v.alent components .  
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FORCE TRANSDUCERS (LOAD CELLS ) 

The force transducer• in the design are BLH Electronics  Model 

U3Ll 2 0 , 000-lb load cells . This load cell was selected because of its 

high natural frequency , physic� height , low deflection, and high ac

curacy under applicat ion of side and eccentric loads . The strain gage 

load c ell was selected over the crystal type so that a static load could 

be measured. Weighing the reaction mass is  an excellent means to verify 

the load cell calibration. Three of these load cells spac ed 120 deg 

apart are used to measure the total force of 31 , 000 lb ( static weight 

of 16 , 000 lb plus maximum vibratory load of 15 , 000 lb ) in the proposed 

machine . 

The s ignal conditioning for the load cells includes bridge bal

ance ,  single shunt calibration , and scale valve (gain ) contr'ol capabil

it ies .  The amplifier frequency re sponse shall be flat from 1 to 1000 . 

All the above capabilities are included on a printed circuit board fabri

cated at the U. S. Army Engineer Waterways Experiment Station .  The Burr

Brown Model 3061/25 instrumentation amplifier is used . An operational 

ampli fier . is used to sum the output of the three load cell amplifiers . 

VELOCITY TRANSDUCERS 

The dynamic deflection of the pavement is  sensed with a velocity 

transducer .  The velocity transducer was selected for several reasons , 

the maj or reason being that a seismic mass displacement transducer that 

would measure the. maximum antic ipated deflection { approximately 0 . 025 in . ) 

would be unreaso�ably large and heavy. The velocity transducer shall 

have a low natural frequency and a high sensitivity to measure extremely 

smal l -deflections � (0 .. 0005 -in . -) in -strong ps.v-ement -systems . A Mark Pro

duct Model L-1-U veloc ity transducer has a high sensitivity and good 

· natural frequency-size relationship . ' The size of the veloc ity transducer 

is usually inversely proportional to its natural frequency . However ,  

an extremely low natural frequency increases the fragility of the trans

ducer.  A 1-Hz velocity transducer could not survive in the environment 

of the pavement vibration system. 
• The signal condit ioning for the velocity �ransducer shall have 
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a.znpli fication cont inuously variable from 10 to 1000 and a means for in

serting a sine wave voltage into the input of the amplifier to simulate 

a known velocity. A printed circuit board employing a Burr-Brown Model 

3061/25 amplifier provides these requirement s .  An operational a.mplifie� 

integrator printed circuit is  used to operate between 2 and 100 Hz and 

to convert velocity to deflection . 

DATA RECORDER 

An X-Y recorder i s  used to plot a load versus deflection or fre

quency versus deflection curve . A rack-mounted Hewlett Packard Model 

135 X-Y recorder was selected because the electrostatic paper hold-down 

is  a favorable feature for fi eld work. 

Equipment for the constant frequency with load variation capabil

ity is a simple circuit cons isting of a multiplier , an integrator , and 

an oscillator , whi ch were designed and used . The sine wave input from 

the oscillator is  cormected to the X-input of the multiplier . The out

put of the integrator is  attached to the Y-input of the multiplier . The 
. 

sine wave voltage i s  held constant in both amplitude and frequency . 

The load variations are controlled by changing inputs and param

eters of the integrator circuit . With proper controls the force can be 

made to increase � hold, de crease , or reset to zero • 

. SPECIFICATIONS 

The instrumentation for the load-de flection test s shall conform 

to the following specifications : 

I .  Force transducer 

A .  Full scale 20 , 000 lb 

B .  Performance : 

1 .  Rated output ( RO )  3 mv/v 

2 .  . Calibration accuracy in 0 . 25 percent RO 
cbmpression 

3 .  Nonlinearity 0 . 10 percent RO 

4 .  Hysteresis 0 . 10 percent RO 

5 .  Repeatability 0 .  02 percent · .RO 
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6 .  Creep 

7 ,  Output variance between 
tension and compression 
load 

C .  Electrical : 

1 .  Exc itation , recommended 
maximum 

2 .  Zero balance 

3 .  Terminal resistance : 

a .  Input 

b .  Output 

4 .  Electrical connections 

5 .  One bridge 

6 .  Insulation resistance : 

a .  Bridge to ground 

.b .  Shield to ground 

D .  Temperature : 

l .  Range : 

a .  Compensated 

b. Safe 

2 .  · Effect on span 

3 .  Effect on zero balance 

E .  Overload and adverse load 
ratings : 

1 .  · Safe overload 

2 .  Ultim�te overload 

3 ,  Maximum side load with
out damage 

4 . . Maximum bending moment 
wi�hout damage 

5 .  Maximum torque applied to 
center thread without 
damage 
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Q . 05 percent RO 

0 . 30 percent RO 

12-v AC or DC 

l .  0 perce
.
nt RO 

350 !. 5 oluns 

350 !. 3 .  5 oluns 

Bendix connector 
( PC 02C-12-100 ) 

5 x 109 oluns 

2 x 109 oluns 

+15 to ll5°F 

-65 to 200°F 

0 . 0025 %/°F 

0 . 0025 %/°F 

150 percent rated 
capacity 

300 perc ent rated 
capacity 

100 percent axial 
load capacity 

50 percent axial 
load capac ity in 
inch-pounds 

30 percent axial 
load capacity in 
inch-pounds 
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6 .  Fatigue rating : 

a .  3-mv/v full-scale 
capacity 

b. 1 . 5-mv/v full-scale 
capa�ity 

F. Natural frequency 

G .  Deflection at rated capacity 

H. Dimensions : 

1 .  He ight , maximum 

2 .  Maximum hori zontal 
dimension 

3 .  Mounting bolt 

4 .  Center bolt 

II .  Signal conditioning (load cells ) 

A.  Power supply : 

1 .  _Amplifier power supply , 
dual output 

2 .  Bridge excitation , dual 
output 

3 .  Regulation : 

a .  Line 

b .  Load 

c .  Ripple and noi se 

d .  Remote program 
resistance 

e .  Remote program 
voltage 

f .  'Temperature 
coefficient 

4 .  a-c input 

5 .  Power : 

a .  Amplifier supply 

b .  Bridge excitation 
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1 x 106 cycles 

1 x 108 cycles 

Greater than 5 kHz 

2 x 10-3 to 
5 x lo-3 in . 

2 in . 

5-9/16 in . 

3/8-16 

1-14 NF-2 

�15-v DC at 1 .  4 amp . 

5 v at 2 .  7 amp 

0 . 01% + 1 mv 

0 . 01% + 1 mv 

250 µv 

1000 ohms , v ,  nominal 

Volt/volt 

0 . 01% + 300 µv/°C 
with external pro
gramming resistor 

0 . 015% + 300 µv/ °C 
with internal pro
gramming resistor 

105- to 132-v AC 

125 w 

80 w 



B. 

6,  Overshoot 

7 .  Temperature : 

a .  Operating range 

b .  Storage range 

8. Overload protection : 

a .  Thermal 

b .  Electri cal 

9 .  Input and output 

10 . Convection cooled 

11 . Current limit : 

a .  Amplifier supply 

b .  Bridge supply 

12 . Physical : 

a.. Weight : 

Amplifier supply 

, Bridge supply 

-b .  -Size-: 

Amplifier supply 

Bridge supply 

No overshoot on power 
turn-on , turn-off , 
or power failure 

-20 to 71°c 

-55 to 85°C 

Thermostat : auto
mat ic reset when 
over-temp condi
tion is eliminated 

External overload pro
tection : automatic  
electronic current
limi ting circuit 
limits the output 
current to a preset 
value , thereby pro
viding prot ection 
for the load as 
well as power supply 

On terminal strip at 
rear of chassis 

110% of 40-C rat ing 

140% of 40-C rat ing 

8 lb 

6 lb 

4-29/32 by 4-29/32 
by 5 in . 

3-3/16 by 3-3/4 
by 6-1/2 in . 

Bridge balance . The bridge balance shall be capable of 

adjust ing the . output volt age of the bridge to 0 v while 

the load cell is under a one-half scale load ( 1 . 5 �v/v ) .  
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The potentiometer shall be a film type for stability and 

continuous operation . The limiting resistor shall be of 

either wire or metal film construction so that a minimum 

unbalance will occur with changes in temperature . 

C .  Shunt calibration. The load cell bridge should be capable 

of being single-shunted with five resistors having the fol

lowing resistance : 320 ,  160 , 80 , 40 , and 20 kilohms . The 

resistors shall be connected to a rotary swit ch in such a 

manner to  be able to simulate both tension and compression 

loads . The resistors shall be wirewound , with 0 . 25 percent 

tolerance and a temperature coefficient of .:t,0 . 00002 ohms / 

ohm/0c.  The wattage rating shall be nominally 1/4 w. 

D.  Amplifier : 

1 .  Gain : 

a. Nonlinearity at 
gain = 100 

b. Temperature coef
fic'ient at 
gain = 100 

2. Output : 

a .  Rated voltage 

b .  Rated output current 

c .  Impedance DC -1 kHz 

3. Input : 

a .  Impedance differential 

· b .  Impedance common mode 

c .  Voltage range 

d. Common- mode- re-j ecti-on : 

at G = 10 min 

at G = 1000 bal source 

4. Offsets and noise : 

a .  Input max 

b .  Output G = 1000 : 
· vs temperature 
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Continuous 10 to 1000 

.:t,0 . 02% 

0 . 001%/°C 

.:t,10 v 

+10 ma 

0 . 1  ohm 

50 megohms 

10 megohms 

+10 v 

74 db 

100 db 

+l mv 

+3 mv/ °C 



vs supply 

vs t ime 

c .  Output G = l :  

vs temperature 

vs supply 

vs time 

d.  Bias current each input : 

at 25°C 

vs temperature 

e .  Input noise G = 100 : 

0 .  01 to 10 Hz : 

Voltage P-P 

Current P-P 

10 Hz to 10 kHz : 

Voltage RMS 

Current RMS 

f .  Outp�t noi se , G = 1 :  
Volts , RMS 1 0  H z  to 
10 kHz 

5 .  Dynamic response :  

a .  Small signal frequency : '  

For +1% flatness , minimum 

For 3-db flatnes s ,  
minimum 

. b .  Settling time to  
within +10 mv of 
final output 

c .  Slew rat e  

a. 7uil power G = 10 

6 .  Power requirement s :  

a .  Rated yoltage 

b. Voltage range 

c .  Quiescent supply 
cur:i:-ent , maximum 

7 .  Temperature range : 

a .  Specification 
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.:!:,50 mv/v 

+10 mv/month 

+20 µv/°C 

;!.200 µv/v 

50 µv/month 

+20 na 

+l . O  na/ °C 

5 µv 

200 Pa 

5 µv 

50 Pa 

8 µv 

15 kHz 

50 kHz 

100 µsec 

1 . 2  v/µsec 

20 kHz 

.:!:_15-v DC 

;!.12- to +18-v DC 

· +14 ma 

o to 70°C 
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b .  Operating 

III . X-Y recorder 

A. Input range s :  

1 .  0 . 5 , 1 ,  5 ,  10 , and 50 mv/in . 

2 .  0 . 1 ,  0 . 5 , · 1 ,  5 ,  and 10 v/in . 

3 .  Continuous vernier between 
ranges 

B .  Input : 

c .  

D .  

E .  

1 .  Floating 

2 .  Maximum voltage 

3 .  Polarity reversal swit ch 
on front panel 

4 .  Parallel front and rear 
connectors 

5 .  Resistance , all ranges 

6 .  Common mode : 

a .  110 db DC 

b .  90 db at 50 Hz and 'above 

Slewing speed : 

1 .  Fast response 

· 2 .  Slow response 

Acceleration : 

1 .  Y-axis 

2 .  X-axi s 

Accuracy 

F. Linearity (terminal based ) 

G .  Resettability 

H .  Overshoot , maximum . 

-40 to 85°c 

500-v DC or AC 

1 megohm 

30 in. /sec 

15 in . /sec 

3000 in. /sec2 

2000 in . /sec2 

+0 . 2  percent full -
scale (FS ) 
(:t_O. Ol%/°C ) 

+O . l  percent FS 

+O . l  percent FS 

l percent FS 

· I .  Zero !3et may be placed anywhere on the writing areas or 

electrically off scale up to one full scale from zero 

index . 

J .  Environmental :  

1 .  Temperature operati'ng o to 55°C 
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2 .  Humidity at 4o0c Less  than 95 percent 

K. Mi scellaneous : 

1 .  Writ ing : 

a .  Servo-actuated ink pen 

b .  Area , 10 by 15 in. 

2 .  Electrostatic holddown . Vacuum holddown not 
accept able . Special paper not required .  

3 .  Electric pen lift 

4 .  Dimensions : 15-3/4 in . high , 19 in.  wide , 

6-1 /2 in . deep 

5 .  Rackmount structure integral with unit 

6 .  Power : 120-v AC ;t,10 percent , 50 to 400 Hz 
at 175-v AC 

7 .  Weight : 30 lb 

IV . Signal conditioning ( velocity transducer ) · 

A. Shall use same power supply as load cell amplifiers . 

B .  Amplifier same type specified in  II-D . 

C .  Calibration·: 

l .  The system shall have a calibration potentiometer 
where a preselected voltage can be set with a 
voltmeter to less than l percent ec curacy . The 
potentiometer shall be a 20-turn ( nominal ) film 
element potentiometer for each channel of signal 
conditioning . The voltmeter used shall be a John 
Fluke Model 887AB or equal . 

2 .  The system shall contain a calibration switch ( Double
pole , double-throw ) which shall switch both the 
high and low sides of the input amplifier from the 
transducer to the calibrated pot entiometer for the 
calibration of the system and then back to the 
velocity transducer for operation.  

3 .  The calibration voltage set i s  based on the calibra
tion sensitivity (volts/inch/second ) of the partic
ular velocity used on that channel . It should . be 
set as · accurately as possible because it is  the 
standard for the entire system. 

y. Velocity transducer ( L-1-U ) 

A.  Natural frequency ;t,0. 75 Hz 4 . 5 Hz 

B .  Coil resistance 500 ohms 

c .  Output voltage sensitivity 1 .  5 v/in . /sec 
(nominal ) 
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D .  Coil inductance ( henries ) 0 . 127 

E .  Damping 0 . 7  of critical 

F .  Natural frequency change Less  than 0 . 25 
with tilt at 15 deg 

G .  Stroke (travel) 1/16 in . 

H .  Weight 22 oz  

I .  Without base 2-1/2 in. high , 
2-7/8 in . in 
diameter 

VI . Tracking filter, Spectral Pynamics Model SD122 

Hz 

The Spectral Dynamics equipment and X-Y recorders can be used 

in both the wave velocity measurements and the DSM tests • 

. SPECIFICATIONS FOR INSTRUMENTA
TION FOR WAVE VELOCITY MEASUREMENTS 

The vibrator for use in wave velocity determinations shall be an 

electrodynamic type and shall have a minimum full-scale output of 50-lb 

force peak and be force-limited at low frequencies by only the displace� 

ment of it s armature . The -vibrator shall be capable of generating a 

sine wave force over a frequency range of 5 to 10 , 000 Hz . The vibrator 

shall be light (weight ) enough to be easily moved about by one man . 

The contr�l system for the vibrator shall be compatible with the 

electrohydraulic system used in the load-deflection test s .  The control 

system shall consist of a sweep frequency oscillator , amplitude servo 

monitor , tracking filter , power amplifier , piezoelectric load washer , 

and charge amplifier . The bscillator shall generate a sine wave output 

from l to 10 ,000 ·Hz at a constant voltage level and a d-c voltage lin

early proportional to ftequency . The constant sine wave voltage shall 

drive the amplitude servo monitor . The am�litude servo monitor shall 

automatically adjust the input to. the power amplifier , as corrected by 

the load . washer feedback , t� keep the output of the vibrator at a con

stant load level while· the system is  being swept through the desired 

frequen�y range . This feedback loop is necessary so that damage of the 

vibrator suspension will not occur at some resonant or antiresonant 

frequency. The power amplifier shall have a power output large �nough 
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t9 drive the vibrator to full scale without damage . A piezoelectric 

ac celerometer can be used on a feedback element to keep a constant ac

celeration , or a piezoelectric load washer can be used a� : a  force control 

device . The latter · i s , desirable since this  would be a protective device 

for the vibrator , since an electr.odynamic vibrator is quite eas ily de

stroyed by . excessive power applied to its input . The tracking filter in 

the feedback · circuit i s  there to clean up the feedback signal from the 

load washer so that only the frequency generated by the oscillator shall 

be input to the amplitude servo monitor for force control . This reduces 

the total system noise and adds stability in the system . 

The modulated 100-kHz output of two identical channels consisting 

of accelerometers , charge amplifiers , . and tracking filters is applied ·· 

to the reference and signal input of a phase meter .  The tracking filters 

and phase meter shall be part of a system. Thi s · is the only · acceptable 

way to measure the phase · angle between two signals · where the signal · 

amplitude i s  subject · to radical changes · as the frequency is being · swept . 

The modulat ed 100-kHz outpu� allows the phase meter to see a constant 

frequency and · amplitude . The direct current proportional to phase i s  

' inserted i�to the ordinate o f  the X-Y recorder and the linear direct 

current · proportional ' to · frequency ( from the oscillator ) ·  is inserted ·  into 

the abscissa .  The vibrator is  preset · to vibrate at a given force · level 

and then i s  swept · over ·  the · de sired frequency · range . A '  plot of phase · 

versus frequency · is  generated ·on the X-Y plotter . 

The · following equipment is  suggested for the vibrator and it s . 

contro1· ·system : 

Number 
Required ; 

3 

3 

l 

l 

l 

Item 
Accelerometer , Edevco Model 2219E 

Charge amplifier , Ki stler Model 503D 

Track�ng filter ,  dual channel , Spectral Dynamics  
Model SD122 . 

Phase meter 9  . Spectral Dynamics Model SDllO . 
X-Y recorder , Hewlett Packard . 

( Cont inue.d ) 
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N.umber 
Required 

.1 

. 1 

1 

1 

1 

Item ( Concluded ) 

Oscillator , Spectral Dynamics  Model SD104A-5 

Amplitude servo monitor , Spectral Dynamics Model SD105B 

Tracking filter , Spectral Dynamics Model SD131S 

Load washer � Kistler Model 901A 

Vibrator and amplifier , Ling or MB/Gilmore 
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