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LIST OF ABBREVIATIONS AND SYMBOLS

Tire contact area, sq in.

Numerical constant used in computing E90

o Cat e

Measurement of soil strength

Peak deflection, in.

Dynamic stiffness modulus: the inverse of the slope of a load
versus deflection plot, kips/in.

Modulus of elasticity, psi
Percent error

Limiting error for 90 percent of the errors (90 percent error),
in.

Equivalent single-wheel load: The load on a single wheel that
produces stresses or deflection equal to those produced beneath
a multiple-wheel assembly

Percent ESWL for the controlling number of wheels of the air-
craft for which the evaluation is being made

Vibrator frequency, Hz
Load factor )
Vibratory load, kips

Foundation strength factor

Vibrator static weight, kips
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§ % Factor ccmputed from Sp and t §
g, g Acceleration due to gravity, 32.2 ft/sec2 ;
; h Thickness of the concrete slab, in. i
? k Modulus of subgrade reaction, pci "
‘: 2 Radius of relaéive stiffness, in. é
T f n Number of measurements or errors ; ]
5 ) P Single-wheel or equivalent single-wheel tire contact pressure, ) j
: psi C
% . P,  Allovable gross aircraft load g g
% r * Relative change in pavement stiffness § g
3 § Sp Pavement system strength index . é
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SSF Subgrade strength factor
t Flexible pavement structure thickness above the subgrade, in.

v Error in deflection (difference .rom the average deflection of 1
measured deflection), in. 5

v Wave velocity, in./sec i

W, Number of controlling wheels used to determine ZESWL :
wm Total number of wheeis on all main gears of the aircraft for . g}
which the evaluation is being made !

Xpl Known input deflection (from the calibrated shake table), in.
Xp2 Measured deflection (from a velocity transducer), in.

a Load repetition factor

Y Wet density of materiai, pef

A Wavelength, ft .

Poisson's ratio
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o Mass density (y : g)
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

verted to metric (SI) units as follows:

Multiply

inches

feet

square inches

gallons (U. S. liquid)

gallons (U. S. liquid)
per minute

ounces (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 per second per
second

T T S Ty e

By
2.54
0.3048
6.4516
3. 785412
3.785k412

0.02834952
0.45359237
0.45359237
0.0276799

16.01849

L. 448222
k. uk48222
1.7512685

1.355818
1.7512685

0.6894 75T
2.5k
1.6093hk
0.0254

0.30L48

(Continued)
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U. S. customary units of measurement used in this report can be con-

To Obtain

centimetres

metres

square centimetres
cubic decimetres

cubic decimetres
per minute

kilograms
kilograms
metric tons

kilograms per
cubic centimetre

kilograms per
cubic metre

newtons
kilonewtons

newtons per
centimetre

newton-metres

kilonewtons per
centimetre

newtons per square
centimetre

centimetres per
second

kilometres per hour

metres per second
per second

metres per second
per second
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TONVERSISH FACTOES, . S. CUSTOMARY TO MET®IC (SI)

UNITS OF MEASYRSMENT {CONCLUDED )

Mulriply By To 9btain
horsepawer T45.6999 vatts
iegrees {angle) 9.017.5329 radians
Farrenheit aegrees 5/9 Celsius degrees or

Yelvins*

*

To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F - 32). To obtain Kel-
vin‘(K) readings, use: K = (5/9)(F - 32) + 273.15.
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INTRODUCTION

BACKGROUKD

Currently accepted methods for evaluating the load-carrying ca-
pacity of airport paﬁements require direct sampling techniques that are
both costly and time-consuming. Often, direct sampling requires the
closing of a pavement facility to traffic operations, which in turn
necessitates the rerouting and/or rescheduling 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 mak: accurate
and frequent evaluations of pavements extremely important to th: airport
'owner since many facilities will need strengthening or rehabilitation to
meet this increased demand. These considerations dictate the nced for
8 procedure that permits rapid evaluation with a minimum of disturbance
to normal traffic operations. The use of nondestructive testing tech-
niques to determine the per;inent characteristics of pavements offers
the best promise of serving this need.

Presently, there are three basic nondestructive testing tech-
niques under study. These are:

a. The use of steady state vibratory loadings and wave propa-
gaticn measurements to determine the thicknesses and physical
constants 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 resulting elastic deflections to determine a dynamic
stiffness modulus (DSM*) of the pavement, which can be cor-
related with pavement performance.

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

Procedures a and b have been the subject of considerable study, whereas

procedure ¢ ‘s a more recent development.

# Por convenience, symbols and unusual abbreviations are listed and
defii.:d on page 9.
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More =ly, <iecsrohydraulic and electromegnetic vibrators heve been

ieveicred =znd used, bosh of which czn aprly constant loads at varizble

The . S. Army Engineer Waterways Experiment Station (WES) com-

ikl

renced vibratory testing

&)

f pavements in search of nondestructive evalu-
on with Shell researchers in the mid-1950's.

i
nese early <ests by WES followed the vrocedurez used by Shell re-

- ceurcners. 1tne results of these early studies have been reported by
. 2,3

. - 1 .
relom and Foster” znd by Maxwell.?

e e e bty Mot~ —a -

Tests with the Shell vibrator
nest sections 2t WES and at several military airfields in-

dicated thazt DSM values of the test sections determined from the load-
‘ ieflection relations could be correlated witly pavement performance.

wa2nwnile, tests to obtzin wave propagetion measurements in pavements

b

ere being conductgd at the American Association of State Highway Of- 1;
ficials Road Test,u at Foss F‘ield,5 and on several other militery air- i
fields 2nd roadways. Data collected from these have been used to !
develop the correlation between modulus of elasticity E and CBR '
(Califoraia Bearing Ratio) shown in Appendix A. Wave propagation tests

were a2lso used to measure chenges in the strerngth with time of lime- and
cement-stabilized subgrades 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 1

(]

i # The term "deflection”" is used herein to describe the downward move-
‘ ment of a pavement surface as a result of vibratory loading. This

t movement is frequently termed "displacement," the accepted definition '

Cod for which is the difference between the initial position of a body
r Y and -any later position.

ey
&

{ aahe TS,
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of <he 3implicity of sush rceasurements. Surface deflectic- due to loai~
ing has generally been accepied es en indicator of paverment performance,
rarticulariy for flexible peverents.* However, it hes been found
Throught. tests of full-scele pavement test sections that deflection is
nu% & good irdicator of the remeining life (or effects of past traffic)
either flexible or rigid pevements since there seems to be little or
15 increase in deflection until feilure occurs. An exemple of the re-

ionship between deflection end flexible pavement performence devel-
ored from various studies is precented in Appendix A.T Similar relation-
ships have been developed independently by the California Division of
Highwayss end the Transport and Road Research Laboratory.9 Although
these relationships have nct been used directly in the development of
the evaluation methodology discussed herein, they are presented to
illustrate thet deflection is at least an indicator of pavement
verformance.,

A literature review of nondestructive eveluation techniqueslo
conducted in 1967 suggested that deflections caused by vibratory load-
ings on pavements could be used in an evaluation procedure if properly
correiated with performance data and existing direct sampling techniques.
Thus, during the WES full-scale multiple-wheel heavy gear load study
cenducted daring 1969-1970 to velidate pavement design, vibratory equip-
ment was used to monitor the performance of the pavement test sections.
Tests Lo determine load-deflection relations (DSM values) and wave prop-
agation were conducted periodically during this study. An analysis of
the results showed that the DSM values correlated well with the perform-
ance data. However, the wave propagation results were erratic, with

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 whizh have layers
of bituminous material (usually asphaltic concrete (AC)) overlying
layers of base and sublase 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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epperently es a functior ¢f the overburden pressures exhibited by the

jifferent pevement thicknesses. Results of these tests were published
1r .
372. The correletion between DSM velues and pavement performence

TR

Pde

el

n
encouraged gontinued work in this area et existing militery eirfields.

Further studies of the correlation between DSM and pavement per-

formance were conducted zt military airfields by applying vibratory loed- i
£ = Y 3

irgs =nd comparing the resulting DSM with allowable ioadings determined

hahte Rassiar diiad
4

. < os ; . .12 . . .
using existing eveluestion criteria. The materiel properties of the

pavements siudied were determined either from direct sampling or from ‘

iata ipn design and construction control records. A 9-kip¥ counterrotat-

]
| ing eccentric mess vibrator developed at WES was used for these tests. !

(This vibrator can apply a peak vibratory loading of 8,000 1lb and has

a2 frequency renge of 5 to 60 Hz.) Analysis of these results indicated
that the lozd-deflection relations of *the pavements (especially the
flexible pavements) were nonlinear tut tended to become more linear with

increasing magnitudes of applied load. Furthermore, with the heavier

+ m——— i Wontnn

applied loads, the resjonse 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- J
¢ 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 1b at frequencies ranging from 5 to 100 Hz, thus producing
& combined static plus peak dynamic load of 31 kips, approximately equal f
to one wheel load of the C-5A aircraft.
In addition to the 9- and 1l6-kip vibrators used by WES, other ’

|
‘ vibrators, both electrohydraulic and electromagnetic, have been de-
i veloped and used by various agencies. These vibrators produce peak

vibratory loads from 500 to 5000 1lb, Each of these vibrators has been

{

!

|

1
1 ‘ # A table of factors ior converting U. 8. customery units of measure-
ment- to metric (SI) units is presented on page 11. ) §
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¢f scme use in the overell ettempt to develop nondestructive evaluation
Lrocedures; however, no universally eccepted wethodology has emerged,
Lrizarily tecause of the problem in correlating pevement response and
pavem2nt performence. The fact that the nonlinear load-response rela-
tiuns of paevements are not fully understood is probably one of the msjor

cbstecles to the development of a satisfactory nondestructive evaluation

nethocdology.

- In 1972, the Federal Aviation Administration (FAA) initiated the .

1
1
P
i
]

POGN

study reported herein to develop within 2 yr a workable nondestructive
evaluation procedure for airport pavements. Based upon the availeble
data, the use of the DSM-pavement performance method was selected as the i
most «pplicable procedure to be developed in this period, with major i

yemphasis to be placed on improving the DSM versus allowable loading cor-

relation. Work on the development of the other two basic approaches to
L
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 udM-pavement performance approach required direct correlation
between the nondectructive DSM test results and the allowable loadings %
of pavements az determined by existing FAA evaluation methods.

The existing pavemeat design and evaluation methods for flexible
and rigid pavements were developed from numerous performance tests, f

13-ho beginning in 1926 for rigid pavements with

theories, and studies
the Westergeard analysis and in 1947 for flexible pavements with full-
scale test pavements using actual aircraft loadings. The procedures
that resulted from the study end interpretation of these performance
tests have been used to design and evaluate several hundred military
airfield pavements throughout the world and are documented in numerous
reports. The eveluation results have been checked against actual per-
formance and the procedure refined through review of continuing condi-

tion survey progreams, v
PURPOSES

. The primery purposes of this study were to select equipment for

17
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nondestructive testing of pevements, to develop a methodology for evelu-
eting the loed-cerrying cepacity of pavements using the selected equip-
ment, end to write an evaluetion procedure based on this methodology.
Specific obJectives of the study were to:
e. Study the characteristics of available nondestructive testing
equipment for determining the load-deflection (DSM) relations

of pevements and provide complete procurement specificetions
for the reccrmended equipment.

b. Develop correlations between the load-deflection relations
and existing pavement performence data as a basic methodology
for nondestructive evaluation.

¢. Develop from this methodology a step-by-step evaluation pro-
cedure for flexible and rigid airpcrt pavements.

d. Generate other data, as applicable, for use in validation,

refinement, and expansion of the three bacic types of non-
destructive date (i.e., wave propagation measurements, de-
flection basin measurements, and frequency responses of the
pavements).

Maximum adventage was taken of the equipment and data generated
during the several years of previous investigation. Results of previous
tests indicated tne need t» 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-
linearity of the load-deflection relations and pointed to the need for
standardizetion 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 farst objective of this study was to select and prepare pro-

curement specifications for recommended nondestructive testing equipment.

Because previous studies hed shown that the most useful type of equipmént

would be that employing steady state vibratory loadings, the study was
limited to an investigation of this type of equipment. Comparative

18
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ests were performed on a range of pavements with each type of vibrator
available. Since it was impractical to use each eveilable vibrator on
eecl. test pavement for comparison, the performence of each vibretor was
correlated with that of the WES 16-kip vibrator. Tests were elso per-
tormed to study the effects of vibrator static weight, peak vibratory
1l.ad, method of application of the vibratory load to the pavement (in-
cluading load plate type and size), frequency of loading, and mobility

and =2ase of operation of the recommended equipment. Performence require-
ments were selected and procurement specifications prepared based on
these evaluations.

The most important phase of the study to develop the evaluation
methnodology 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. Availatle pavement performance date from full-scale accel-
erated traffic tests and condition surveys of airports conducted over a
30-yr period were used in tpis phase of the study. The correlation was
made by performing both nondestructive and direct sampling tests at the
same locations on several airport pavements representing a range of
pavement conditions. The nondestructive test data collected included
DSH values, deflections for freguency sweeps from 5 to 100 Hz, deflec-
tion basin measurements, and wave propagation date. Direct sampling
deta collected included the thicknesses of all layers of material com-
prising the pavement, foundation strength values (CBR or modulus of sub-
grade reaction k values), concrete flexural strengths, and material
classifications. Data used in the asnalysis and development of the non-
destructive evaluation methodology ere summarized and tabulated in this
report. Other data collected which were applicable to other methods of
nondestructive evaluation ere presented in Appendix B.

Important to any nondestructive evaluation procedure is the
ability Lo assess adequately the various parameters which affect non-
destrucgive test measurements. Typical parameters are: (a) temperature
of bituminous materials, (b) warping or curling of concrete due to tem-

peratire or moisture gradients, (¢) changes in moisture conditions in
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the subgrade neteriels, and (d) freezing and thawing of the pavement
and subgrade materials. Limited tests were conducted to demonstrate the
effects of some of these paremeters 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 perameters.

Similerly, the effects of chemicel stabilization of leyers of
meteriels, strengthening of existing pavements with either similer or
nonsimilar materials (sucn as bituminous overlays of concrete pavements),
and reinforcing concrete pavements by verious methods were considered in
the development of the methodology but could not be properly assessed

within the time and funding constreints of the study.

20
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SELECTION OF EQUIPMENT

The convenience and desirability of nondestructive pavement eval-
uation have led to the development of several types of nondestructive
testing devices capasble of measuring losd-deflecticn responses of pave-
ments. However, since the characteristics of ihese devices very, 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 vibratory 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-
cped 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 ﬁavement layers to the same significant depth
as large present-day aircraft 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 lcad and frequency settings and is capable of
making deflection basin measurements.

The comparison tests consisted primarily of loed-deflection tests
of existing airport pavements; however, other types of tests such as
wave velocity and deflection basin measurements were made, depending
upon the capability of each vibrator. A 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 study, three were built by WES. Two of these are referred to by

21




Lt 4 ol o ke in )

their static weights, 9 and 16 kips.¥ The third, which hes negligible

static weight, is referred to by the maximum preloed thet it cen apply

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

under contract to the Air Force Veapons 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
compercially. There are five models of the Road Rater, but specifica-

tions and performence deta from only one, the Model 505, were available

for this study. Table 1 shows the maximum peak vibratory load, static

weight, loed plate diemeter, 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 genereting an 8000-1b vibratory load within a frequency range

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

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

cells and velocity transducers and applies the load with a 19-in,-diam
plate. Test results 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 aeflection plots st 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 automatic 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 forceﬂ
within the pavement system.
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9-kip vibrator
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Counterrotating masses in ¢-kip vibrator
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The vibrator macc assembly consists of an electrohydraulic actuator sur-
rounded by a 1¢ ,000-1lb lead-filled steel box. The actuator uses up to =z
2-in. double-amplitude stroke to produce za vibratory lnad ranging fronm

0 to 15,000 1b with 2 frequency range of 5 to 100 Hz for each load set-
ting. Electric power is supplied by =z 25-kw diesel-driven generator set.
The hydraulic power unit is diesel-driven and has a pump which can de-
liver 38 gpm at 3,000 psi.

Major items ot electronic =quipment are a set of three load cells,
which measure the loacd spplied to the pavement; velocity transducers
locuted on the 18-in.-diam steel load plate and at points away from the
load plate, which are calibrated to measure deficrtions; & servomecha-
rasm, which s2llows variation of frequency and load; an X-Y recorder,
wtich produces load versus deflection and frequency versus deflection
curves; and z printer, which prcovides data in digital form. Yrigure 3
shows an overall view of the 16-kip vitrator, and Figure 4 is a view of

the electronic equipment.

Figure 3. 16-kip vi'rator
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With this eguipment, the vibratory lcad can te varied at constant
frequencies and load versus deflection can be plotted. These load-
deflection datz are used to compute the DSM for a pavemeni structure.
Frequency can be varied frum zpproximately 5 to 100 Hz at constant force
levels Lo produce the frequency response of the pavement stiructure.
Also, at any selected load or frequency, 2 plot of the deflection Dasin
shape can be drawn using data from the velocity transducers. The 16-kip
vibrator can also be aised 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 1s repeated for different frequencies of loading, and the wave
velocity is obtained by multiplying the frequency times the correspond-

ine vavelengths as described in Appendix A.
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D hoerplp elestpohiydraalic vierator (Figure YY) differs from the

S

I

e Uive vibratorc in that it is not portable and has no fixed static
weeicht . I appliec a preload “hat igc obtained by jacking the hydraulic
ioding mechanicom apainct uw reaction vewm,  This vibrator is capuble of

delliverineg o peak vibratory loadl of 950,000 b at frequencies ranging

(o8

Figure 5. 50-kip vibrator

from O to 200 Hz and variable preloads of up to 50 kips. Although the
50-kip vibrator would not be considered as a standard test device due to
its size and lack of portability, it was used in this :tudy to determine
the effect of preload (i.e., of vibrator static weight) on deflection
measurements. Results of load-deflection tests were recorded on light-

- sensitive paper, from which data were reduced manually.

CERF NDPT VAN

The CERF NDPT van. (Figure 6) consists of a 35-ft-long trailer
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Figure 6. CERF NDPT van

that contains three compartments. The front compartment houses a 100-kw
generator. Th= 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. The electromegnetic vibrator weighs 6750 1b. The vibra-
tory load applied to the pavement is measured with three 112l rcells
mounted on a 2-in.-thick, 12-in.-diam load plate. A velocity transducer
and an accelerometer are located on the 12-in. load plate. The output
from the velocity transducer is integrated to obtain the di:placement
amplitude of the load plate. The frequency of the viorator is con-
trolled by a sweep oscillator. A servomechanism on the sween oscillator
is used to hold the load or acceleration at a desired level. The power
amplifier provides readout unito for load, displacement, and accelera=
tlon., Oix punel meters on the power amplifier are used to d:tect mal-
functions in the power amplifier unit. The instrumentation oom also

" contains data acquisition equipment, which includes a lh-ch: ael tape

23 Best Available Copy
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Civiey Doenedy st phnse gl e,
DYHARLECT

The Dynntlect io an electromechanical deviece (counterrotating
misy ) mounted on u-hrujlcr. Tt applies u penk vibratory load of 500 1b
ab o rixed frequency of 8 Hz, using the weight of the traier ag a reac-
tion mass.  The vibratory load is applied to the pavement through two
lb-in.-0D steel wheels spaced 20 in. center to center. Five velocity
sensors are used to measure the deflection of' the pavement. One sensor
iz located between the steel wheels, and the other four are spaced 1, 2,
4, ani 4 ft from the first one at right angles to the axis of the wvheels.
The Dynaflect produces numerical values of deflection at a fixed load
and frequency which are recordea manually from dial gage readings. Fig-

ure 7 shows the Dynaflect with its cover remcved.

Figure T. Dynaflect with cover removed
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ROAD RATER

The Road Rater is an electrohydraulic vibratory loading device.

VTR DT ol

In 21l models oi this device except the Model 600, the actuator, or hy-

T TT——

draulic ram, is mounted with the rod end upward (the opposite is true for
the 1l6~kip vibrator), and a weight mounted to the rod is hydraulically

osciilated to produce the vibratory load. The vibratory load is trans-

ferred to the pavement structure through two L~ by T-in. steel pads

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

Y

: loading pads and the other 1 ft away perpendicular to the axis of the

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

i merical values of deflection at variable frequencies and a fixed load

P which are recorded manually from dial gage readings. The smallest ver-
sion of this vibrator (Model 400) is 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 mass, Fig-
ure 8 shows the Model 400 truck-mounted vibrator, and Figure 9 shows the
2 trailer-mounted Model 505.

VIBRATOR COMPARISONS
BASED ON FIELD TESTS

L m——— —

As stated previously, the 16-kip vibrator was selected as the
basic vibrator with which the other devices would be compared. DSM val- ‘ ]
ues were used for comparison purposes. The methods of obtaining the 1y

i
ﬁ 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 from the slop: of the upper portion of the load-deflection

data curve as described in the section on the effects of vibratory load-

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 tha

;
4
|
|
ing. The dynemic load 1s increased to the maximum output of each machine i
)
;
9-kip vibrator in order to inerease the dynamic load. The DSM for the ;

other devices is the ratio of load to deflection obtained at a constant

dynamic load and frequency.

Figures 10-13 are plots of DSM valuszs obtained with the 16-kip

pocvw oot
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Model 400 Road Rater

Figure 8.

oad Rater
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t. vibrator versus DSM values obtained with the 9-kip vibrator, the CERF
‘ HDFT van, the Dynaflect, and the Model 505 Road Rater, respectively.

The comparisons discussed in the follcwing paragraphs show the varia-

T

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

vibrator will be discussed later.

Figure 19 shows a graph of the 16-kip vibrator DSM values versus

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

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

in Figure 10 shows that, up to a DSM of about 2000 kips/in., the 9-kip
vibrator produces higher DSM than the 16-kip vibrator. Above a DSM of
2000 kips/in., however, the 9-kip vibrator produces lower values than

dats points were not obtained beyond 3500 kips/in. The line of best fit
the 16-kip vibrator. The standard error of estimate is +493 kips/in. b

measured along the 9-kip vibrator axis. L

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

Py
-

vibrator. The standard error of estimate is +527 kips/in. measured
along the CERF HDPT 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 shows that the Dynaflect generally gives higher DSM values
than the 1.6-kip vibrator. The standard error of estimate is +1310
kips/in. measured along the Dynaflect axis. However, it should be noted
that, if the Palmdale data are not considered, the standard error of
estimate is +415 kips/in. and the equation for the best-fit line is
Dynaflect uSM = 590 + 0.860 x 1l6-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
- vibrator versus DSM values obtained with the Model 505 Road Rater. DSM

" e o st
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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

e ga e g

+42b kips/in. meesured along the Road Reter axis.

The lack of agreement between vibrator results is due to the non-
linearity of pavement response and significent differences in the megni- i
tudes of the vibratory loads, vibrator static weights, frequencies of

loading, and contact areas. These results do not show that the 16-kip M

e

vibrator is the optimum size for airfield pavement testing. There is

obviously a need, however, for a standerdized vibrator and the 16-kip
§ 1 vivrator is recommended.

Ex FACTORS AFFECTING VIBRATORY TEST RESULTS
r Tests were made to eveluate the effects of such factors as vi-

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

plate size on load-deflection measurements.

VIBRATOR STATTC WEIGHT

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

-

‘ weight on the load-deflection measurements. The electrohydraulic sys- %
; tem of this vibrator was used to apply a prelcad (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 conditions beneath the vibrators de-
;
seribed in this repoct, & simplified load versus time relationship for

the 16-kip vibrator is ghown in Figure 14, This relationship is similar

n e e o oA AR A .

to those for the other vibratore except in magnitude of vibratory load.
E t The vibrator static weight FS is applied to the pavement surface, and T
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 vibrators is fixed, but that of the 50-kip vibrator (i.e., its

preload) can be varied up to & maximum of 50 kips. Tests with the i

50-kip vibrator were conducted on a flexible pavement test section at :
- |
WES described in Appendix R. !

]
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i Load and deflection data for items 2-5 of the WES flexible pave-
ment test section were plotted for prelbads 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 results indicate the significance of varying the

static weight of a vibrator.
VIBRATORY LOAD

Test results 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 derlec-
tion plot tends to curve in its lower portion and then become linear in
its higher portion on weak pavements. The plots 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 plots that have the same curvature, but gen-
erally, weaker flexible pavements produce load versus deflection plots
which show this teadency. Rigid pavements tend tc produce load-
deflection plots having less curvature then those of flexible pavements.

The nonlinear load-deflection plots show that the DSM will
vary when different portions of the curve or diflerent single point
loads are used to compuﬁe the DSM and ull other factors are constant.
This tendency 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 T10, 770, 690, and 650 kips/in.,
respectively. The fifth DSM value was obtained using the inverse of
the slope of the linear portion of the curve, and for this example is
k.2 kips ¢ 0.0074 in. = 570 kips/in. These two methods of computing
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DS& values for typical date are also used in Figures 18-21. DSM values
obtained with vibratory loads of 0.5, 1.0, 5.0, and 8.0 kips ranged from
97 to 26k percent of the values obtained using the linear portion of the
curve (Table 3).
This range in DSM values indicates & need either to establish a
standard vibratory loading or use the slope of the linear portion of r
the load-deflection curve. DSM values obtained using the linear portion
of the curve are lower values and are believed to represent the elastic .

properties of the materials of the entire pavement section and subgrade

rather than those of the upper layers of higher quelily 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-
deflection curves for constant frequency may show a nearly linear re-
sponse for some pavements over a range of frequencies; however, the most
linear response has generally been found, and has been indicated by

theory in Volume II,I‘l to beé at approximately 15 Hz. Earlier studies11

in which the 9-kip vibrator was operated over instrumented pavements

0.0100
noTE OATAI wERE on]go WITH
16=KIP VIBRATOR,
- ///” 10 Hz :
|
E‘ / / 13 Hz ! 4
%ooooo ’r/ 1
g /’;’—”‘ ”,/’//—w””V
4
/' 40 H2 i
///// A’b—"'—"
0.0023} . )
:::;/f"E::::::;,,,——""’ﬂf”' .
/ . .
°0 . 2 4 [ ] ] 10 [k ] 14 K]

LOAD, KPS

Figure 22, Typical load~deflection curves for frequencies of 10,
15,-and 40 Hz '
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indicated that 15 Hz was the optimum frequency, i.e., megnitudes of
stress and deflection measurements at 15 Hz were more proportional to
wheel loads throughout the range of depths considered then for measure-
ments at other frequencies ~f which the vibrator was capable.

Figures 23 and 2b show the deflection at various frequencies for

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

the results for .2 flexible pavement tcst sites, and Figure 2L shows

the results for 9 rigid pavement test sites. Physical properties of :

pavements at these test sites are presented in Tables 4 and 5, respec-

I

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

R

varies appreciably with changes in frequency; therefore, the DSM is
also a function of frequency.

It should be noted that the velocity transducers used with the

~ros s Mo

16-kip vibrator are always calibrated a+ 20 Hz. This calibration is
known to be valid for frequencies of from 13 to 50 Hz (see Figure 25).
There is a small error in deflections measured at Irequencies below

13 Hz due to the calibration at 20 Hz. This error resulis in mesasured

RS U

deflections 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 end 2L, P
It is recognized that the load-deflection relationship is depen-
dent on the frequency cf vibration and that the frequency responses of X
pavements can differ considerably. This research effort considered i
various quentities 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 existing pavement evaluation E
criteria. The DSM was selected as the standard measurement and a ;

frequency of 15 Hz was celected feor the reasons discussed previously.
LOAD PLATE SIZE

The load plate sizes of the vibrators evaluated in this study
veried considerably (Table 1). However, the effects of contact area on

test n2salts could not be studied during the vibrator comparisons

L8
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Tudle 4
Pryssca] Properties of Flexible Pavegents
AC Bage Courte Sdbsse ]
Tes? Thick- Thick- Thicks _Sdkreds v y
Site ness ness  Tleld »es Tield leld \
X Location Facility in Materiel in.. _CBR Matertal in,  _CAR. _deterisl = _GBR 258
s arec E-¥ runvay 3-2/L E-} (GP) 6 21 .- -- - L2 (S) 18 e
wo  NarEe Taxivay A 3 Black base 3 . Eel {GP) 3 % 2 (™) 18
X' OWFET Taxivay A 3 Black bdase 3 . -1 (GP) 7 100+ g-2 (2M) 18
LTI T Taxivay A 3 Black base 3 --  Z-1 {GP) 7 100+ -2 (W) 12 ':g
i Wilsineton Parring apron 9 Eor {GWr¥) L3 100+ - . - E-L (3P-87} 20
v dimingron 12 Fe0 (GWeGK) [ 100+ - .- =s  E-L (3P-5C) 0 b
N Mltiwre 5 Black base 12-1/2 - -5 {SP-5) 3 1 EL (a3 1k N
M Baltizore . Black bage 7 == B2 (GW-GH} 9 %P3 (SMe8C) I A
Bi  Kal*imore 5 Black buse Ge1/2  ae E-2 (GW-GH) 10-1/2 73 Ee? 13P-SM) 17 [
i
Fl*  Philadeliphis Fanvay %20 4 Black dasy [3 . Stone 8 - E-L (sM) 7 P8
e Famay el X Black bage 4lf2  -s  Srone 7-1/2 = BT (5M82) € 1
Fe Taxtvay Y 3 Black base 3 w«  Stone 4 s Fe2 (SP) 15 ’
£ anay 9%=2TL 1Y E-2 {GP-5") s 83 .- - em B2 (GRGN; O | 8
[ 2 Ranvay 5% L i) Fe2 {GF-57) s 100+ - . - L2 {cee5t) 20 L3
1
Wel® aanvilie Taxivay <leick < Blark dase 8 =s  Crushed stone 12 100+ '
Stone 7 BT M 2 |
Ny e <anway 2L=£0K 3 Black base H == Cruhed stone 3 [
Stone 3 .. L7 (ML, 17
Niate <UDy CLmPOR 9 Rlack dase 13 e Crushed stone 12 LY I-7 (ML, p¥3
-
ok W ‘oil =tabllizatien 3 Crashed stone [ 000 SP N $€  E-1l (CH) -
LLE LY LA 3
i x Bituminous-stabilized . - - e« Eell CH) - N
e P AC, gravelly
sand vith ©.5¢ £
filler
3 A 6 - K 3 - E-ll icH, 4 )
4 s A ¢ .. Bitusinous-atabilized 1% .- E-il CH) . . -
(i 9% AC, gravelly 4
sand .
) A (3 . Unstabilized gravelly 19 .- Le1l WH) o [ -
sani - «
3 Crusred lizestone é . Lean clay, 3.4 lixe 1% - E-1l (CH, 4 i R
N 3 rushed limestone 3 == lesn ¢lay, 10§ IC 15 - R (CH) A i,
N4 | 3 Crushed limestone 123 . - . . Iell (3 " :w
- ! $ .iayey gravelly sand 21 . . - . tell (CH) . _—
wate 6% ET .
I 5 teusned llmestone € .- Lean clay, 3% iiee oY - E-3) ‘Cr 3 .
¥C, 104 fly ash v
cu 3 Lean sy 112%, KC 2 - - - ae ESlL (CH) 4 ,
o s Sravelly sand (9%, 29 - - e ee Bl CK, “ !
w 03
R 3 Cla s.nd (9% K o5 - [ L .- =il R . T -
I 4 “rushed lirestone (3 - Gravelly sand 33 - E-11 C4 -~ .
.
i {

Nots  Test gite Licat'cas are l.ated on page 67 FAA soil classificat.ons ? are given first, foilowed Py Jnified Lodl Classification Systep** g
RYCILE ¥ TATentresss .
* Mara fumisred by “.te frgiveers, In~ , “herry Hill, N. .

st ‘ata Mupvighed Py Sre dlsy rngineering of Jacramento, ralif .
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Table 5

(1 [TXK-] Pavenpsnts
C Base Course Sirgle-
Test Thick- Flaxural Thick- Wheel
Site ness  Strangth ness k Subgrade Loed
Xo. Location Facility in. ~ pal Materisl in. pel _Material kips
X1 NarEC %3 runvey 7 810  E-1 (GW) 8 35 E-k (8P-5M) 2.3 "
L 4] N-8 runway 7 830  E-1 (W) 8 360 E-L (SP-SM) 26.6
] E-W runiay 10 724 E-1 (GW) 8 325 E-L (SP-8M¥) 36.7 .
mno E-¥ runway 7 ge8 k-2 (cP) 8 285 E-U4 (SP-SM) 2L.0
N1l E-¥ runvay 7 89k E-7 (ML-CL) 8 200 E-L {SP-3M) 2L.k
n3 Firehouse remp 7 910  £-2 (GP) 8 450 E-4 (sp-sM) 28.6
ns E-W runway 10 8L  E-T (ML-CL) 9 100 E-b (sP-sM) 37.1
. Mé KAFEC resp 15 760 .- -- 370 E-z (GP) Th.k
N17 ANG ramp 7-1/2 8z0 -- -- 156 E-6 (ML) 23.8
H Houstop Taxiwvay X 14 868 Soil-cement 9 205 E-6 (ML) 81L.4
H3 Taxivay X 12 929  Soil-cement € 375 E-6 (ML) Th.k
w7 Taxivay B 12 929  E-5 (8P-SM) 5-1/2 375 E-6 {ML) 64.0
H9 Texiwvey B 12-1/2 891  E-5 (sP-@M)  11-1/2 25 E-6 (ML) 66.6
H Taxivay B 12-1/2 8ok E-5 {sp-sM) 11 450 E-6 (ML} 67.4
J1  Jackson W runvey 9-1/2 754 Soil-cezent 6-1/4 190 E-7 (CL) 37.7
J2 ¥ runvay u 724 Soil-cement 175 BT (cL) %0.3 !
J3 Light plane razp 7-1/2 750  Soil-cement 4-3/% 230 E-7 (CL) 26.2 , 4
gL ¥ runvay 1-1/2 709  Soil-cement 6 195 E-7 (cL) 45.2 .
J5 ¥ runvay 8-3/4 966  Soil-cement 8 210 E-7 (cL) u8.2 k
17 Indianapolis Runway 4-22 11-3/4 900  Gravelly sand 20-3/L 280 E-Y4 (SP-sM) 57.6 ‘ 4
18 Runwvay L-22 12 1003 Gravelly sand 11-1/2 280 E-4 (SP-sM) €6.3
13 Taxivay A 1© 870  Gravelly sand 6 225 E-6 (Sp-sc) 55.8
117 Runvay 13-31 1-172 970  Gravelly sand 10-1/2 275 E-L (SP-sM) 59.8
120 Runvay 13-31 i 984  Gravelly sand 8-1/2 270 E-L (SP-sM) 8.6 ’ ;
122 Taxiwvay B 1-1/4 1015  Gravelly smd 8-1/L 230 E-5 (SM) 59.0
135 Terminal ramp  12-}/2 820  Gravelly sand 10-1/2 300 E-3 (GC) 8.4 . .
139 . Terminal ramp 12 870  Gravelly sand 10 290 E~1 (GW) 57.8 ;
140 Terninal ramp  -1/2 775  Gravelly sand  6-1/2 205 E-6 (sP-5C) 6€6.7 "“‘3‘

Note: Test site locations are lizted on page €7.
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Figure 25. Output versus frequency from velocity transducer No. 101
(input is a constant emplitude of deflection)

because of the many other factors that also veried. Tests were there-

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

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

sizes are shown in Figure 26. These tests were conducted on the flexi-

ble pavement test section shown in Figure 27.

2 o 7;
A 1
]
AT
10 TESY
STOTION
SYMBOL TEM
] 1
a 2
o] k]
-3 HOTE A PLAM AND SECTION OF THE 'és
TEMPERATURE EFFECTS TEST
SECTION ARE SHOWN IN FIGURE 27
DATA WERZ OBTAINED WITH 16-KIP
VIRRATOR AT FREQUENCY OF 18 H1.
4]
Q 100 200 300 400 00 800 700
DM, KIPS/IN

Figure 26. Load plate diameter versus DSM on WES
temperature effects test section
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The tabuwletvion below snows thre tire coniact areas of several

civil aircraft.

Tire Contact

Aircraft Aree, sg in.
Boeing 727 210
DC-8-63F 220
Boeing 747 205
DC-10-10 294
L[C-10-30 331
L-1011 282
Concorde 2ht

variation in DSM values obtained with tli2 different plate
it was decided that

Given the
sizes and the range of contact areas listed above.
a standérd plate size should be selected and that it should approximate
the contact areas of the tires of the gbove aireraft. The 18-in.-diam

plate ‘with a contact area of 25k sq in. was therefore selecied.
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The accurzcy 2nd reproducivility of test results from the 16-kip
vibrator were studied in order to determine confidence levels for the
dztz ¢ollected. The following paragraphns present results of laboratory
ralibrations and checks znd field teztz to determine these factors.

LABORATORY CHECKS

73 VELOCITY TRAIISDUCERS

During field testing, five velocity transducers are calibrated
to measure deflections induced by the 16-kip vibrator. One transducer
is mounted to the center of the 18-in.-diam load plate, and the other
four are usually spaced at distances of 6, 20, 32, and b4 in. from the
edge of the load plate (Figure 28). The typical response of one of the
transducers for varying frequencies is shown in Figure 25. The output
of the transducers in volts is directly proportional to velocity. De-

flection can be computed from velocity by

a = (1)
where
d = peak deflection, in.
V = wave velocityr, in./sec
f = vibrator frejuency, Hz

During the field tests, velocity is electronically integrated to provide
data in terms of deflection. The transducer signal is digitized so that
deflection is provided to the X-Y plotter and the digital printer in
inches of peak deflection.

The transducers are less sensitive at frequencies below 13 Hz.
Figure 25 shows that the typical response of the .ransducers is prac-
tically constant between 13 and 50 Hz.

The accuracy of the five velocity transducers was checked on a
calibrated shake table in June 1972. The calibration of the shake table
was based on an MB Mudel 124 vibration transducer (Serial No. 1593G)
which was calibrated by MB Electronics. The maximum percent error of

the shake table was computed as 5 percent of the reading. The shake
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taple had a maximum stroke of 0.5 in. Each transducer was vibrated at

L g e o e R R T

known deflections on the shake table, and the output signal from each
transducer was recorded on the l6-kip vibrator data acquisition system
(DAS). Comparisons between the known input (shake table) deflection and
the measured output (transducer) deflection at a frequency of vibration
of 15 Hz are shown in Table 6. Ths accuracy of the DAS in measuring and

recording deflection is shown in Table 6 as percent error. The percent

error was computed as the measured deflection X minus the known in-

p2
put deflection X divided by the known input deflection multiplied by

pl
100. The DAS was calibrated exactly as in field operations. The known
3 to 30 x 1073

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

input deflection ranged from 0.5 x 10~ in., which is the
known inpu. deflections specified in Table 6, and the output of the ve-
locity transducer attached to the table was electronically integrated and
recorded as measured deflection through the DAS. The percent error was
greater than 10 for only two measurements: one measurement gave a 17.h

percent error for velocity transducer No. 101, and one measurement gave

an 11.6 percent error for velocity transducer No. 103. The larger per-
cent errors generally occurred at lower input deflections. Measured
peak deflection for velocity transducer No. 101 is shown in Figure 29.

FIELD CHECKS ON

VELOCITY TRANSDUCERS

Field tests were conducted in which the velocity transducers were
checked against one another by placing the four mobile transducers at
equal distances 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 in Table T are 90 percent errors in deflection
measurements for each of the three tests and the 90 percent errors ex-
pressed as percentages of the average deflections for each of the three
tests.

Once a number of measurements have been made of a certain
quantity, the precision of a measuring instrument can be evaluated and

its accuracy estimated by computing the size of the limiting error for

7
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Table 6
Accuracy Test of 16-Kip Vibrator DAS

Deflection Deflection
Difterence Difference
-3 & -3 &
Deflection, 107 in. (4 X Deflection. 107 fn. (o Py
Xnown Input VMeasured 2 pl’ Percent Error { XKnown Input Measured p2 - “pl’ Percent Error 1
X1 X0 1073 in. (ij/xpl) 100 X X, 103 1n, (axp/xpl) 100 )
Velocity Transducer No. 101 i 3
; 0.5 0.113 -0,087 17.4 4.0 3.897 -0.103 3.2 1
o ' 1.0 0.985 -0.015 1.5 u.5 4.370 -0.130 2.9 -
1.5 1.435 -0,065 4.3 5.0 4.872 -0.128 2.6 * |
¢ 2.0 1.920 -0.080 4.0 7.5 7.302 -0.693 9.2 |
oy N 2.5 2.2k -0.076 3.0 10.0 9.963 -0.037 0.4 )
o 3.0 2.902 -0.098 3.3 20.0 19.13 -0.570 2.8
; i 3.5 3.43 -0.087 2.5 30.0 16 -0,900 3.0 ;
| 3
t i Velocity Transducer o. 102 \g
' 0.5 0.47% -0.026 5.2 4.0 .0k +0,04 1.0
‘ 5.0 1.075 40,075 7.5 4.5 4.51 +0.01 0.2
1.5 1.526 +0.026 1.7 5.0 5.03 +0.03 0.6
¥ 2.0 2.01 40,01 0.5 7.5 7.52 +0.02 0.3
2.5 2.5 +0.02 0.8 10.0 1 6C +0.60 6.0
‘ 3.0 3.02 +0,02 0.7 20.0 19.99 ~0.01 0.0
3.5 3.52 +0,02 0.5 30.0 20.20 +0,20 0.7 ]
%
3 . Velocity Transducer No, 103
0.5 0.452 -0.048 9.6 L.0 3.8 ~0.19 4.8 I
1.0 1.001 +0,001 0.1 4.5 k.265 -0.235 5.2 ;
t 1.5 1.155 -0,0L5 3.0 5.0 k.76 -0.2k L.8 !
2.0 1.902 -0.098 4.9 7.5 7.13 -0.87 1.6 i
) t 2.5 2.37 -0,130 5.2 10.0 10.09 +0.09 0.9 i
3.0 2.85 -0.15 5.0 20.0 18.67 -0.13 0.6 !
3.5 3.31 -0.19 5.4 - - - - {
Velocity Transducer No, 104 ;
;
0.5 0.460 -0.,0L0 8.0 3.5 3.3 -0.07 2.0 ¢
1.0 1,02 +0.02 2,0 4.0 3.91 -0.09 2.2 |
1.5 1.49 -0.01 0.7 u.5 4.39 <0.11 2.4 *‘
2.0 1.96 -0,04 2.0 5.0 4.95 -0.05 1.0 i
2.5 2.46 ~0.0% 1.6 7.5 7.0 -0.10 1.3 i
3.0 2.95 -0.05 1.7 10.0 10.45 +0.45 L5 i
i
. Velocity Transducer No. 105 !
0.5 0,161 -0.039 7.8 4.0 .03 +0.03 0.8 ;
1.0 1,02 +0.02 2.0 4.5 4,50 -~ -- |
1.5 1.5 +0.01 0.7 5.0 5.02 +0.02 0.k :
2.0 2.0¢ - -- 7.5 7.5 -- -- *
2.5 2,53 +0.03 1.2 10.0 10,61 +0.61 6.1 4
3.0 3.01 +0,01 0.3 20.0 19.8% -0,16 0.8 l
3.5 3.52 +0,02 0.5 30,0 29.81 -0.19 0.6
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FREQUENCY = 15 He
OATE 6772

MEASURED PLAK DEFLECTION, IN.
IVELOCITY TRANSDUCER NO 101}

ot i
w 107! w0"? 10!
KNOWN INPUT PEAK DEFLEGTION, IN
ICALIBHATED SHAKE TASLE)

Figure 29. Measured peak deflection versus
known input peek 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

e

Y (2)
wvhere
E = percent error
Cp = numerical constant (for E90 s Cp = 090 = 1.6k4k49)
232 = 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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The E90 values expressed as percentages of the average deflections for

the three tests presented in Table T are plotted versus the average de-

flections in Figure 30.
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~ MOTE: DATA WERE COLLECTED WiTH

S 18- KIP VIBRATOR AT A

N 2 — COMBTANT LOAD OF 10 XIPS,

L DATA ARE ALSO PRESENTED

g N TABLE 7, 28 MAY 73

o
K} ©,001 0002 9 000 © 004 © 008 0 008

AVERAQE DEFLECTION, IN.

Figure 30. Percent error versus average
deflection
Another means of checking velocity transducers against one an-

other is to inspect a deflection basin plot. Maximum deflection should
occur at the load plate, and minimum deflection should occur at the
velocity transducer farthest from the load plate (deflection should de-
crease as the distance from the load plate increases). Deflections at
the other three transducers should fall between the maximum and minimum
deflections. This 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 visible in Figure 28.

The load cells are 20,000-1b-capacity dynamic tension-compressian
cells. They have a safe overload limit of 150 percent of the rated ca-

pacity. and can withstand a meximum sideload, without damage, of

61
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100 percent of the axial loed capacity. The cells have a certified
calibration by the manufacturer and were celibrated at WES using stan-
dardized 10,000~ and 100,000-1b proving rings. The calibration accuracy
of the load cells is 0.25 percent of the recorded load. Thus, for a
vibratory load of 15,000 1lb, the error due to the load cells would not
exceed 37.5 1lb. The load cells are electronically balanced and cali-
brated at the beginning of each day of testing and are physically

checked by compering the static weight of the vibratcr recordad by the
cells with the known weight.

REPRODUCIBILITY
OF TEST RESULTS

The 16-kip vibrator has three methods of recording load =znd
deflection:

a. An X-Y plotter which automaticully records load versus de-
flection on a contiruous plot. Deflection can be scaled
from this plot to four decimal places.

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

c. An oscillograph which records wave forms. Load and deflec-
tion can be scaled to four decimal places from the oscillo-

graph output.

Table § presents data collected from 21 sites and shows compari-
sons between date collected using the X-Y plotter (Column 1) and data
collected using the digital printer (Columns 2 and 3) for the velocity
transducers on the load plate. The data in Column 3 were collected as
the load versus deflection plots were being drawn. Data in Column 2
were collacted in an operation independeut of that used to obtain data
for Columns L 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 E90 values expressed as a percent of the average
of the three deflections for each of the 21 test sites. The data for
test sités B2 and B3A appear to contain errors larger than those

normally encountered. If these data are arbitrarily discounted, the

-
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meximum 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
cen be obteined on similar pavements when deflection measurements are
made under the seme climatic conditions. Test sites with similar num-
bers (e.g., B2 and B2A) were made at locations & few feet apart on the
same pevement. Test sites Bl, B2A, B2, B3A, B3, WlA, Wl, W2A, W2, P13A,
P13, Pik, and FliA were on AC pavements, and the others listed were on
PCC pavexents. The maximum differences in deflection were 0.0017 in.
for two measurements on the same PCC pavement and 0.0013 in. for two

measurements on the same AC pavement. In terms of DSM velues, the

average deflection data show that a variation of as much =zs 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 presented here as examples were
run some distance apart on the same pavement,

The 16-kip vibrator records deflections to six decimal places;
however, the ability of thié vibrator to measure deflections accurately
to six decimal places has not been proven, and no information is avail-
able on the accuracy of other vibrator recording systems. In order to
illvstrate the range in magnitudes of deflection measurements at dif-
ferent vibratory loads, data from a typical linear load-deflection test
at 15 Hz are tabulated below. Deflections obtained using the lighter

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

Vibratory Deflection Deflection at 10 Kips/Deflection
Load, kips in, at Vibratory Load
0.5 0.00015 19.3
1.0 0.0003 9.7
5.0 0.0015 1.9
8.0 0.0023 1.3
10.0 0.0029 1.0

This tabulation shows that, at a vibratory load of 0.5 kip, the vi-
brator dust have the ability to mneasure a deflection 19 times smaller -
than the deflection at a vibratory load of 10 kips. Thus, the deflec-

tion created by a vibrator can be so small that the devices which
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measure deflection cannot accurately produce measvrements. For example,
the lower limit of the WES velocity transducer is considered to corre-
spond to an approximate deflection of 0.0005 in. Figure 29 shows that
at a deflection of 0.5 x 10"3 in. on a calibrated shaké table, the de-
Tlection recorded for velocity transducer No, 101 was 0.h4 x 10"3 in.
or 80 percent of the sheke table deflection.
RECOMMENDED NONDESTRUC-
TIVE TESTING EQUIPMENT

The eveluation of the vibrators shows thet vibratory test results
are dependent on such characteristics us 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 pavements than smaller vibrators, provided the
recording equipment for both has the same limitaticns of accuracy, be-
cause larger vibratcrs create deflections larger than those created by
smaller vibrators. Analytical studies of data :0llected with the dif-
ferent vibrators are under way which will provide more insight into the
significance of the characteristics peculiar to a particular vibrator
and the effects these characteristics have on pavement response.

From results reported in this section of the report, it is con-
cluded that a standard vibrator must be selected for use with the non-
destructive airport pavement evaluation procedure. The vibrator must
have the capability to assess the strength of heavy-duty flexible and
rigid pavements adequately through application of the heaviest load
possible. The necessity for this type of load is described in Refer-
ence b4, Although a vidrator with & 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 is recommended that
the standard vibrator have a variable mass capability. Also, future
work should relate the vibrator mass and force output to the various
pertinent sircraft characteristics.,

3pecifications for a recommended nondestructive testing device
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are given in Appendix C. The recommended device is similer to the
existing 16-kip vibrator and hes a vibratory load cepability approaching

16 kips with a frequency range of 5 to 100 Hz, but it has a variable
static weight of from 5 to 16 kips.
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DEVELOPMENT OF THE EVALUATION METHODOLOGY

The development of the nondestructive evaluation methodology
consisted of correlating nondestructive test results with the load-
carrying cepability of pavements as determined using direct sampling
test procedures. The 16-kip vibrator was used to collect the nonde-
structive load-deflection date necessary for computing DSM values.

Only the test results and analyses used in developing the methodology
are presented in this section of the report; however, gome of the addi-

tional data collected during the program are presented in Appendix B.
TESTS CONDUCTED

Data for this study were collected during the period November
1972-December 1973. Pavements selected for testing were free of sur-
face defects, ranged from weak to strong "n relative strength, had been
subjected to negligible traffic, and were not under the influence of
frost or subsequeat thaw. The following tabulation lists the facilities

where data were collected:

Letter Designation
Used in Figures
Facility and Location and Tables

National Aviation Facilities N
Experimental Center (NAFEC)
Atlantic City, N, J.

Houston Intercontinental Airport, H
Houston, Tex.

Washington-Baltimore International B
Airport, Baltimore, Md.

Greater Wilmington Airport, W
Wilmington, Del.

Philsdelphia International Airport, P
Philadelphia, Pa.

Jackson Municipal Alrport, J
Jackson, Miss,

Nashville Metropolitan Airport, NV
Nashville, Tenn.

Weir Cook Municipel Airport, I
Indianapolis, Ind.

Waterways Experiment Station, S and SS

Vicksburg, Miss.
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The direct sarpling tests coasisted of determinetions of convern-
ticnal soil and pavernent persreters through in-place tests end letore-

Tory tects uf sexples of the wvericus pavezent elecenis. In-plece testis

Dlesticity index, clessificetion, and compection cherecteristics of

Before test pits were cut in the vavements to perform the direct
sam...2g tests, a series of nondestructive tests was performed on each
pavement, usually at twc test sites in the same vicinity. An outline of
the nondestructive tests which: were performed at eech test site when
tire allowed is presented in Teble 9. The nondestructive tests were
conducted on two rtest sites for each pavement in order to check the
accurecy of the results; however, the test pit was placed at one of
these two sites, and only the DSH value for that site was used in anal-
ysis. The loed-deflection tests were conducted with the 16-kip vibrator
et a Trequency of 15 Hz. The load-defiection curves were adjusted for
nonlinearity (as described earlier in this report) to compute the DSM

values.
SPECIAL TESTING PROGRAM

In order to evaluate the effects on DSM values of temperature
variations in the AC surfacing leyers, joints in the PCC slabs, and

freeze-thaw cycles, the following series of tests was conducted.

Effects of AC temperature. The objective of the temperature

effects study was tc determine if, when all other factors were held

€8




e -

e TV Dy

Table 9
Outline of Nondestructive Tests

ITI.

Before start of testing each day, place velocity pickups on equal
redif arcund load plete and check for accuracy within +5 percent

Tests on both AC end PCC pavements
&. TFreaquency sweeps
1. Hold pesk load at 10 kips
2. Record frequency and deflection of load plate only
a. Between O and 40 Hz, proceed in 2-Hz intervals
b. zetween 40 and 100 Hz, proceed in 5-Hz intervals

B. Load-deflection (DSM) measurements
1. Vary reak load fram O to 15 kips
2. Use frequenry of 15 Hz and frequencles for which peak
deflections occurred during freauency sweep

C. Deflection basin measurements
1. Measure in direction parallel to flow of aircraft traffic
2. Measure at intervals of 2 kips for frequencies used during
load-deflection measurements

D. Weve velocity measurements
1. Meessure in direction vparellel to flow of aircraft traffic
2. Measure &t intervals of 10 Hz of loeding frequency
3. Limiting factors for meximum wavelengths
a. For PCC pavements, slab dimensions control
b. For AC pavements, length of cable or strength of
signal controls

Temperature tests on AC pavements
A. 1Install electronic thermometer probes on surface of pavement
and at depths of 1 and 2 in. and at 2-in. intervals below 2-in.

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

Tests on PCC pavements
A. DSM profiles
1. Run three profiles writh peak load to 15 kips
2. Begin each profile at slab center
3. Measure in three directions in 2-ft intervals
a. Run two profiles perpendicular to adjacent slab edges
b. PRun third profile exactly between other two
4. At slab edge, perform two tests
a. Perform one with slab edge and load plate edge
coinciding
b. Perform ong with slab edge bisecting load plate edge

B. Joint efficiency determination
1. Place load plate edge at slab edge
2. Place two velocity pickups in line perpendicular to slab
edge on opposite sides and 6 in. from edge of load plate
3. Measure deflection at loads of 8,000, 10,000, and 12,000 1b
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cgnstant, variations in the temperature of the AC surfacing layer would
significantly influence load-deflection measurements. If so, a tempera-
ture adjustment factor, i.e., a factor to adjust DSM results to a common
temperature, would be developed.

A 25- by T75-ft test section at WES composed of AC on lean cley
{E-T, ML-CL*) cubgrade 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 L, 8, and 1k in. To limit fluctua-
tions in the subgrade moisture to a minimum, 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 precipitation. Pavement
wemperatures were recorded with electronic thermometer probes installed
4t the surface of each item and at depths of 1, 2, and 4 in. in item 1;
at depths of 1, 2, Lk, 6, and 8 in. in item 2; and at depths of 1, 2,

n, 8, 10, and 11.5 in. in item 3, as shown in Figure 27.

liondestructive data for the test section were collected at 11
different times. The date collected included DSM values measured at
several frequencies, deflecﬁion basin measurements, frequency sveeps
with the vibratory 1n3d held constant.. and wave velocity measurements:
however, not all forms of nondestructive data were collected at each of
the 11 test times. The discussion of temperature effects in the follow-
ing paregraphs is limited to an aralysis of DSM values at 15 Hz since
~hese data were used in developing the methodology.

Temperature readings for each of the three items for the 11 test
periods are shown in Figure 31. Surface temperature readings were
erratic due to shadows and wind and are therefore not shown. Recorded
pavement temperatures at 1 in. below the surface, at the center, and
at 1 in. above the bcttom 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 12L4°7,

* F‘AA)"2 soil groups are given first, followed by the correspondlr
Unified Soil Classification System (USCS)h group.
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with corresponding DSM variations between 1380 end 380 kips/in. The
cata fell into three groups according to the thicknesses of the three
test itemsz, 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 temperature in DSM measuremeats on the WES
temperature effects test section can best be seen in Figure 32 for the
Lk-in. item, in which the DSM doubled from 600 to 1200 kips/in. in a
rean temperature range of 105° to 65°F.

Date from Wasnington-Baltimore Internationel Airport, Baltimore,

, &re shown in Figure 33 as an example of temperature variations over

P
>4
.

short time period. It can readily be seen that daily as well as
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Figure 33, Mean flexible pavement temperatures at Washington-~
dltimore International Airport, Baltimore, Md.
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seasonal temperature varigtions heve a significent influence on DSM re-
sults. Tempersture ccrr=ctions must therefore be applied in order to

s

compare DoM measurements made at differen*t meen pavement temperatures,
vala from the temperat wre effects test section at WES were used to de-
velcp temperature ad ustment factors shown in Figure 34. Past observa-
ticns of temperature gradients in AC pavements have shown that prac-
tically no deily temperatuare variations occur below a depth of approxi-
metely 12 to 14 in. Therefore, computations of mean temperatures of
pavements with AC tnicknesses greater than 14 in. should be based on
tne average of the tempereature at 1l in. below the surface, at the
center {(deptnh cf 7 in.), and &t & depth of 13 in. It has not been
es%ablished thet the adjustment factors discussed above are applicable
to other rlexible pavements in which the pavement structure may be
considerably different trom that of this test seciion.

Howe /er, tne relationships shown in Figures 32 and 54 were used
in adjusting the DOM values measured to derive the flexible puvement
evaluation curves rresented herein. It was assumed that the adjiuctment,
even though it may not have been exact for the pavements involved,
would provide s more realistic relationship between DSM values and
aliowable loadings.

To muke the temperature adjustments to the DSM values, a mean
pavement temperature was required Uor each test. Since temperatur=
datq were Qot recorded during each DSM tes*, an Asphall Institute
procedure“b for predicting flexible pavement temperatures was used.

This method requires tne use of daily maximum and minimum air tempera-
tures for a 5-day period preceding the test date. The S-day mean eir
temperatures (Table 1Q) and the measurea sucface temperatures (Table 11)
were summed and then used witn Figure 35 to predict pavement tempera-
tures at the depths shown in Table 11. These predicted pavement temp-
erttures were then used to compute the mean temperatures for the 31
flexible pavements, Also shown in Table 11 are mean temperatures com-
puted fo} seven ct the test sites where the pavement temperatures were

m:asured with thermometer installations. The column in Table 11 tiiled

"deans’ of Determining Pavement "emperature" indicates whether the nesn

PTI ) TN

2

czosdearYomns me

[P

.




————— e

02

6"

seaand qusuasnfps samyeradway Wed

1 1 ] L 9t s 14

OB |

*HE 2anIty

HO1DVv3 LNINILSNArGY IHNLYY2IENIL NS

| €1 21 1t 01 60 80 Lo 90 §°0 ¥ O

i-.;d»ld,vﬂiu'. P/ A T e o o -

g31VI0dVYHIX3 3H3IM
406 MOT138 SIAINIT 310N
Q3LVIOdU3ILNl —— = ———
2€ JUNOII NOHI QILVINDIVI R
RERER \\w\
N A
A2
27
=
\\&\\
o
\\\nn\\ 177
\‘\ yd Y \
e N R yi N

TN
d N/~ p ™~

(1
or
0os
o9 z
m
>
z
oL 3
<
m
z
m
08 z
pwry
-t
m
[<
os
m
P
>
-
oot ¢
bl
o
L]
o m
ozi
o€l

orl

75




Table

10

5-Day Mean Air Temperatures at Flexible Pavement Facilities

High Air Low Air 5-Day Mean
Temp- Temp- Air Temp-
Location Date ature, F ature, 'F ature, °F

Philadelphia 30 Nov 72 38 32
1 Dec 72 46 35
2 Dec 72 51 35
3 Dec 72 61 34

L Dee 72 L7 37 L2
27 May 73 55 50
28 May T3 81 55
29 May 73 81 65
20 May T3 8l 59

31 May 73 77 61 67
NAFEC 10 Nov 72 56 36
11 Nov 72 54 45
12 Nov T2 59 45
13 Nov 72 56 37

14 Nov 72 55 11 L8
Wilmington 25 May 73 57 54
26 May 73 61 53
27 May 73 58 51
28 May 73 82 56

29 Mey 73 82 67 62

30 May 73 82 58 65
Baltimore 20 May 73 62 54
21 May T3 67 51
22 May T3 78 148
23 May 73 63 55
24 May T3 61 52

25 May T3 55 51 59

26 May 73 55 52 58
27 Mey 73 57 T2
28 Mey 73 83 57

29 May T3 80 64 60
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 Ly 56
WES soil 2 Sep 72 9y 72
stabilization 3 Sep 72 97 69
test section 4 Sep 72 9y 72

5 Sep 72 gl 70 ’

6 Sep 72 9l 72 83

.
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temperature was computed from the predicted or measured temperature.

For the test sites at which deta were available to compute both measured
and predicted temperatures, the differences between the mean pavement
temperatures ranged from 1°F (at site W2) to 6°F (at site Bl). The

mean pavement temperatures were used with Figure 34 to adjust the DSM

data as shown in Table 12.

Effects of freeze-thaw cycles. To determine the significance

N oif changes in the DSM of frost-susceptible pavements which take place
during freeze-thaw cycles, a study was made at Truax Field in Madison,
Wis., at five test sites. Three of the test sites were on flexible pave-
ments, and the other two were on rigid pavements. A summery of pavement
.and subgrade data at the five test sites is 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
vere obtained with the 9-kip vibrator, which was left on the jobsite

for the duration of the study. HNondestructive 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-~
momete~s, 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.

Results of DSM measurements, along with bavement and subgrade

temperatures which were measured at the same time, are presented in
Tables 14 and 15 for the rigid and flexible pavements, respectively.
The DSM value fc each period is 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 D3SM values for the

' - different test periods. DSM versus time for the five tests is presented
graphically in Figure 36.

' The 4ata shown in Figure 36 were obtainen during two different 3

9
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Table 12
Temperature Adjustment of DSM Data

., W, -
TR o 2y AT VI 5 2

Meen
Test AC Pavement Measured Adjusted
Site Thickness Temperature DSM DoM
No. Location in, °F kips/in. kips/in.
Pl Philadelphia 10 u8 2040 1020 :
P2 6 k9 750 560 )
P5 3-1/2 50 910 790 ‘ ;*
- P13 14 73 2780 3000 '
‘- PLY 14 80 2120 2630 a :
. S i3
‘ N18 NAFEC 3-1/h 39 770 630 4
120 NAFEC 6 39 1860 170 ‘
. ne2 NAFEC 6 46 100 Tis E
: g Ne3 NAFEC 6 L6 980 700
1 W1 Wilmington 9 87 860 1080
W2 Milmington 12 73 1940 2060
4] L. s
Bl Baltimore 17-1/2 €5 3120 2650 ]
B2 Baltimore 12 7 800 g8 ;
'. B3 Baltimore 10-1/2 58 1630 1170 |
: WYL Nashville 13 é2 3200 2460 ’
NV3 Nashvilie 8 62 650 570 1 i
- NVl Nashville 18 62 45160 3160 ’
SS1 WES soil 3 105 610 30
a o opelmie % 0o e
s2 15 92 270 430
3 $3 ol 91 480 710
Sk 3 101 300 590 ]
a 85 3 69 600 S0 'g
- s6 3 69 680 670 ]
S 57 3 70 570 570
28 | 58 3 70 1140 1140 ) o
| - ‘ 59 3 102 750 900 :
. 510 3 102 530 630
t s11 3 102 600 710 i
| 512 3 104 560 - 680 ‘
, 513 ‘ 3 104 610 740 '
80
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teges in ihe vinter freeze end spring thaw cycles. The first series
cbruary was conducted when temperatures were pelow freez-
ing to e desth of 2L in. The second series in Februery was conducted
wnen temperaiures were below freezing at depth of 2L in. but the top

s had thawed. There was visible evidence that the thew hed

tegun, i.e., water was seeping through cracks in the paverent. The

Ak

other ihree series of tests were all conducted under what seemed to be
- 1 X4

normzl conditicns for tae pavement since the DSM values did not chenge

significently for any of the three tests. The lowest ciserved DS !

were 61.8 and 51.) percent of the values for the pavemenis in z normal
conzition (on 23 X¥ay). The lowest observed DSM value for the T-in. AC
vaverments was on 8 March when it was LG.5 percent of the value with the -

ravement in the normel conaition. DSY va

'—J
=
14
[ 2]
’

r the 2- and S-in. AC

b ea e

paverents were never observed %o be signif below their values |-

(W
o
o
]
ot
[ )

«<

with the pravements in the normzl condition. Evidently, no observations i
were made during the period when the 2- and 5-in. AC pavements were i
weakened by the thaw. The effects ¢! pavement temperature or fluctua-
tions in the groundwater table on the nondestructive data obtained for

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

)

e e i bt oo ceshents ki cpbiards (e e o A

Truax Field pavements were significantly weakened by frost action was

or s* 'rt duration. From Figure 36, it can be seen that on 2L February
the DSM values for PCC pavements were decreasing due to thawing action
and kad reached about 1400 kips/in. The DSM values remained below

1400 2ips/in. until € March, and changes after 6 March were minor. These

pavements were weaxened due to a thawing period of about 14 days. Re-

Bl s e oan o o

sults of the studies at Truax Field indicate that the effects of frost

can greatly influence DSM measurements (up to 837 percent *ur the flex-

vr dharihlad B

ible pavement). However, developing a correction facts. to DSM values
for {rost effects based on data collected at Truax .ield is considered ;
impractical, particularly because of the variations in subgrade condi- '
tions anﬁ poor drainage conditions apparent in May after the effects of

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

tc be B problem, the DM tests can be performed at periodic intervals to

84
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include tThe normel enz the thew periods for eveluation purposes, whichr °
will give the veriztion in load-carrying capecity due to frost eifects

T the wesk period due to thaw zction.
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The “ocavicn of the DSM test in rela-

ion vy jolnts, tree ede.  of pavement structures, ana wheel paths of

't can have an effect on the results ovtained. This iz partic-

Joint type ceu iniluence the DSM value.

Figures 27-3G show results of LSY meesurements on eight different
0T slabs, with types of Joinus listed where tnis information was avail-
able. Figrre 27 snows the results of DSM measurements on two different
crlats, I-rF and I-lN. The letter following the li-l and H-F designation

rerresents the direction from the center of the slab of the line zlong

whict, tne CZM measurerments were taken. For example, line N-Hll was from
the slat center to the north <dge of the slab, and l-IE was from the
slab center to the east edge of the slab. Data in Figures =f and 39
are presented in 2 similar merner. The minimum DS for ezch slab ex-
pressed 23 2 percentage cf the maximum DSM for each slab yields the
tellcwing values:

Minimum DSM

b o, oyt 3" 100
=il 25
RESS L8
H-1 L3
-2 b
J-1 27
J-2 6L
J-3. L0
. J-U k5

These results show that considerable variations in DSM values can bte ob-
tained for the seme slab depending on the location of the vibrator on
+he slab. The maximum DSM valuc does not always occur in the cente. of
the slab, although this is generally the case., DSM data to be used i:
development of the nondestructive evaluation methodology were taken at
the centers of the slats. More consistent resalts were obtained at the

slab center since the DGM at this locatior is least affected by the eudpe
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8000

5000

[~ LAST MEASUREMENT WAS AT
SLAB CENTER (TYPiCAL)

4000
LINE TYPE
SYMsoL NO. JOINT
z N-FS DUMMY
& ——— N-FE EXPANSION
n- — G — -
g 3000 N-FW CONSTRUCTION
- ——.a— N-NS DOWELED
% e N-NN CONTRACTION,
fa W TIE BARS
~—..— N-NE KEYED
NOTE: DATA WERE OBTAINED WITH
16~ KIP VIBRATOR AT A
: 2000 FREQUENCY OF 15 Hz.
1000
. ‘ o
Y L 10 s 20 25

DISTANCE FROM JOINT, FT

{ - Figure 37. DSM versus distance from joint for slabs lI-F and N-N at
H . ¢
NAFEC
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8000
5000 —
Pt \
N
N\ A
/ ;\q“” /’-~_--—il
yl \ / LAST MEASUREMENT
4000 7’ \ WAS AT SLAB
CENTER (TYPICAL)
/\,_
. ” ~.
z [C:_ ~
% N\ /\ d
2 3000 ‘."\ ;/ ,/
b 4 \ / ) /
1'\ \-\ " / \ R
a ~J kV4
2000
LINE TYPE
SYMBOL NO. JOINT
H-1E -
—— K-1SE CORNER
————  H-1S CONSTRUCTION KEYED
1000 ———— H-2N -
. H-2NE CORNER
~Suem  H-2E CONSTRUCTION KEYED
W/ TIE BARS
NOTE: DATA WERE OBTAINED WITH
16~ KIP VIBRATOR AT A
FREQUENCY OF 15 Hz. .
0 3 10 15 20 25

DISTANCE FROM JOINT, FT

Figure 38. DSM versus distance from joint for slabs H-1 and H-2 at
Houston &
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condition and joint 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
correlation between this allowable load at the slab edge and the DSH
measured at the slab center. Therefore, DSM tests for evaluation should
be made at the slab center. Joint and slab edge effects, however,
should not be considered unimportant in a nondestructive evaluation.
Future research should concentrate on procedures for evaluating the ef-
ficiency of PCC slab joints and edge effects cn the DSM test results.
Variations in pavements are reflected in the DSM results. Fig-
ure 40 shows the variations in D3M 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 course, would be expected because of the compaction under
aircraft loadings along t..- wneel paths. DSM tests, therefore, should
be located within each area to be evaluated to reflect accurately the

condition of the feature being evaluated.
NONDESTRUCTIVE EVALUATION METHODOLOGY
I'LEXIBLE PAVEMENT

The methodology described in the following paragraphs is used
for the structursl evaluation of flexible pavement. The major param-
eters affecting the structural performance of flexible pavement are
pavement thickness, soil strength, landing gear characteristics, and
number of load repetitions. The pavement criterion to which the evalu~
ation methodology is related has been established through accelerated
tratfic testing, studies of actual pavement performance, and material

studies.13’lh’ls

The nondestructive evaluation procedure for flexible pavement
described 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 noé consider the major parameters listed above independently. How-

ever, the relative effects of the major parameters can be considered
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independently tnrough use of direct sampling relationships established
from previous research studies.

Development of the tasic evaluation methodology for flexible
pavements consistea of establishing a correlation between DSM and allow-
able single-wheel ioad ac shown in Figure 41. This correlation was de-
veloped for a single wheel naving a tire contact area of 25k sq in. and
for 1200 annaal departures (design life of 20 yr). (As explained pre-
viously, this zarea was selected because it is the area of the load plate
on the 16-kip vibrator and it approximates the contact areas of tires
used on many wide-bodied jet aircraft.) The correlation shown in Fig-
ure Ll was genersted by performing DSM tests on several actual pavemente
and correlating the results with the allowable single-wheel load of the
pavement structure as determined from conventional evaluation techniques
using direct sampling test results. After the DSM versus allowable
cingle~-wheel load relation had been developed, the evaluation methodol-
ogy for use with multiple-wheel aircraft was based on existing inter-
relationships between pavement thickness, load, load repetitions, soil
strengtn, and landing gear characteristics.

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 (Figures 42-Ll) which relate the
ESWL, expressed as a percent of the load on the number of wheels used
to establish the ESWL, to depth from the pavement surface. These
curves were developed using the Boussinesq defiection equations, in
which the ESWL is that load or a single wheel which will produce & max-
imum deflection equal to the maximum deflection produced by a multiple-
wneel arrangement. It should be noted that the ESWL (expressed as &
percent of the gross aircraft load) increases as the depth increases.
This increase ia ESWL with depth will cause different allowable multiple-
wheel aircraft loads for two pavements, even though the pavements have
the samé DEM value. For example, a thin pavement on a strong subgrade
and a thick pavement on a weak subgrade mey have the same DSM but

different evaluations (in terms of multiple~wheel aircraft load)
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Figure 43, ESWL curves for dual-tandem aircraft on flexible pavement
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sheel tire pressure, psi.

5 -
ngle-wheel zircraft, p is determined by dividing
el load by the tire contact area; for multiple-
irecraft, p is determined by dividing 1he ESWL by
tzct area of one tire.)

A = contact area of one tire on an aircrafi, sq in.

This plot was develored from the results of numerous accelerated

traffic tests and performance surveys. Deta from these tes < and sur-

veys were combined and piotted in the form of CBR/p ver-us t//x , and

a best-fit curve was then drawn through the deta points

7
16,17,18 for a

standard load repetition level. 1In order to meke the curv: . inlicable

to any l1oad repetition level, the load repetition factor o 15 added

to the t//A term.

This addition to the relationship was te hnically

correct since in the evaluation of a pavement, the existing thickness

has to be adjusted (thickness t is divided by load repetitior ) to

tnat required for the standard load repetition level in order *¢ ase the

criteria.

“In using the CBR,p versus t/a/A curve, any one parameter can
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btz determined if the ovher velues are known. igures Li-L6 can be used

witn the D8M to eveluete a flexible peavement for any aircraft. The DSM

4
3
3
~
5

is usedl to determine the 2lloweble single-wheel load from Figure hl.
This elleweble single-wheel loed is considered to be the ESWL for any
multiple~wneel configuration end, wnen used in conjunction with the

CBR/p versus t/avh curve, cen be used to calculate the theoretical

velue of CER required to suppori the zircraeft Tor 1200 annual departures

——

Tor & 20-yr life). This ESWL and the computed CBR value along with the
vavement thiczness and tire contact arei can then be used to calculate
the gilowable gross aircraft load for the evaluated pavement for a given 3
number of departures.
This 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 critical areas. The thickness ’
reduction is used because these taxiways are used only by incoming air- E
craft, vhich are seldom fully loaded, and the airecraft are traveling at
higher rates of speed and tperefore impose less severe loadings on the ’%
pavenment. Therefore, high-speed iaxiway pavements can be evaluated by H
inereasing the thickness by dividing by 0.9, i.e., the expression |
t/o/A beccmes t/0.9a/A . |
The resulting nondestructive evaluation procedure given in sub-
sequent paragraphs for flexible pavements uses the DSM to determine the
pavement system strength index SD , whicn is the allowable single-wheel i
load divided by a contact area of 254 sq in. -4
The term t/a/x is replaced by the term Ft in the nondestruc-
tive procedure. For a contact area of 254 sq in. and a traffic level of

0.94), the Ft factor becomes

1200 annual depvartures (o

P —— % 06Tt |

v (0.94)(V/25%) |

* For higi-speed taxiways, Ft becomes

ket s aata

F = t = 0. OTht . )

| ' Y (0.9)(0.94)(/25F) !
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ne term CER/p is replaced by the term SSF/Sp in the nonde-

s}

s the subgrade strength factor. Once

o

airantive procedure woere S32
the term S3F Is cotzined, then <he relationship between F_ and

v
SLE/S cern te ceiculsted from Figure 47 for any desired aircraft and
epetition faetors using the eppropriate values for A and « .
’ne terrm S Is uled 1o caloulate the allowable ESWL for the desired
alresrs .t Irom:

S
ESWL = 2
B

The percent RIWL of Lhe main gear tires is obtained from Fig-
The allowable gross aircraeft load is then obtained

from the equetion:

o - S'v\'L(Wm?
G 0.95(FESUL) (W )
w.ere:
PG = wllowable gross aircraft load
wm = totul number of wheels on all main gears of the aircraft

ESWL = value obtained from Figures L2, 43, and Ll

W = number of controlling wheels used to determine the ZESWL
from Figures 42, L3, and Lk

The 0.95 factor is introduced in the above equation because
5.0 percent of tne gross alrcraft load is considered to be supported by

the nose gear.

Flexitle pavements with stabilized layers. The thickness t in

the preceding 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
account for the variability in performance of different materials under
traffic. Equivalency factore listed in Table 17 were developed from
studies of performance of Wk test sections.h8 The equivalency factors
are besed on a standard of 1.00 for granular subbase. For example,

Table 17 shows that a loyer 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

summery Listing of Mseterjels and Ecuivalency Factors

Stebilizing Surface Base  Subbase

Agent Course Course FCourse Subgrade

AC (F-LCi, F-LOE,; Asphalt 1.70 1.70 1.70 — .
Urnoound c¢rashed stone

(¥-209) -- - 1.40 1.40 —_
Jend-gravel Cement - 1.60% 1, 60%% -~ )
clay-gravel Cement - 1.45% 1 45%% - g
Fine-grained soil Cement -- 1.25%  1.25%% - L4
Clay-send Cement ——  1.15%  1.15%% - t’
Clay-sand Fly ash - - 1. 15%% - }
Sand-gravel or clay- |

gravel (F-201, P-215,

F=2163~ Aspnait - 1.50 1.50 -
Fine-grained soil Lime -

- 1.10t+ 1.10%

(P-15h) - - 1.00 —

Unbound grunualar material

Note: Specifications for materials ars teken from Reference 49,
#

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. !
¥ Bituminous.

o

*¥

i
To use 2quivalency factor in evaluation, unconfined compressive
strength ol layer must be Z00 psi.

t To use equivalency factor ir evaluation, unconfined compressive
strength of layer must be L0O0 psi.
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layer of grenular subbase which is 1.60 times as thick in a second pave-

rent section provided that other lsyers in the two pavement sections

are equal in quality and thickness.

The following examples illustrate the use of the equivalency

factors for converting nonstandard pavement sections to standard sec-

3 . tions. For these examples, a standerd pavement sectiorn is defined as

having a L-in. AC (FAA specification lo. P—hOlhg) wearing surface and a

. . 9-in. unbound crushed stone base course (FAA specification No. P—2O9h9),

with or without a granular subbase (FAA specification No. P-lshh9),
’ pleced on a natural subgrade.

Example No. 1.

Assume a pavement section to be evaluated has a

SIUpREES
L

3-in. AC wearing surface, a 3-in. bituminous base, and a 6-in. granular

subbase. Compute the equivelent standard pavement section by first

converting the existing section to an equivalent section of granular
subbase material as follows:

Equivalent 2
* Layer Layer Subbase i
Thickness Equivalency Thickness i

Layer Material in. Factor in, i ?
AC 3.0 1.70 5.1 i
Bituminous base 3.0 1.50 4.5 }
Granular subbase 6.0 1.00 6.0 !

r——

Potal equivalent granular subbase thickness = 15.

1
The thickness of AC required is 4 in. The amount of granular subbase

material equivalent to &4

.0 in. of AC is %.0 in. x 1.70 (equivalency
factor for AC) = 6.8 in.

This leaves 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 thickness 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 tc be used in the evaluation methodology is then h.p in.

of AC plus 6.3 in. (8.8 # 1.L40) of crushed stone base, or 10.3 in.
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Exarple No. 2. Assume & pavement section to be evaluated has e

9.0-in. AC weering surface, an 8.0-in. bituminous base, an 11.0-in.
cruched ston¢ subbase, and 4 secund subbase of 14.0-in. grarular

A
!

material,

Equivalent

Layer Layer Subbase

Thickness Equivalency Thickness
Layer Material in. Factor in.
AZ 5.0 1.70 8.5
Bitumircuz base 8.0 1.50 12.0

Crushed stone

3ubbace 11.0 1.40 15.4
Granular cubbase k.0 1.00 14,0

Total equivalent granular subbase thickness = 49.9

& total ‘hicknese of granular subbase equivalent to a 4.0-in. layer of
AC iz Wouoin. 2 1,70 in. = 4,9 in. The total thicknevs of granular sub-
base minds the tnickness needed tor a layer of AC = 9.9 in, - 6.8 in.

= 4%,1 in. The tctal thickness of granular subbase cquivalent to 9 in.
of oraaced 3tone Lase = 9.0 in. < .40 = 12,6 in. The remzining granu-
far subbase = 43.1 in. - 12.6 in. = 30.9 in. The equivalent conven-
tional preavenment section thickness t  to be used in the evaluation
method:slogy 15 then 4.0 in., of AC plus 9.0 in. of crushed stone base
(maximum allowable thickness of base course materinl) plus 30.5 in, of

srunular subtase, or 43,9 in.

DeM-ailowatle single-wheel load correlation., To corvert sections

tested in thic ctudy to equivaient sections of conventional pavement,

the rreviously described procelure for applying the equivalency factors
w1 used, For the correlation of DSM to allowable single-wheel load,
pavement Wwith micirmum thicknesses of AC and granular base as requireq

by F‘M.h‘2 were used. These requirements for a single-wheel load are

3-in. AC and bagse cource thickness verying 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
buse that was required by the computed allowable load. The measured
thickness of the test pavements and the equivalent conventional sgctioas

are shown in Tables I and 18, respectively. Also shown in Tables L and
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Table 18

Equivalent Conventional Flexible Pavement Thicknesses

Single-
Test AC Base Subbase Wheel
Site Thickness Thickness Thickness Load
_do. in. in. in. kips
’ M8 3.0 4.1 0 19.6
320 6.6 0 27.3
ez 7.0 0.3 29.8 '
. nes 7.0 0.3 29.4 |
Wl 9.0 1.5 46.2
H
we 11.0 4.6 76.0 /1
Bl 11.0 10.8 89.3 i
B2 10.0 7.2 61.9 ]
B3 11.0 b7 65.2
Pl 8.0 10.7 35.0 :
p2 7.0 9.3 2.5
PS 7.0 1.2 7.4
P13 12.0 7.k 105.9
P1k 12.0 5.6 91.h4
vy 1k.0 19.5 15h. 4 ﬁ
V3 10.0 7.1 52.6 ;
vy 14.0 20.0 158. 4 ‘
Ss1 10.0 26.6 60.1 {
S1 6.0 8.3 13.4 i
s2 6.0 10.2 16.2 v
S3 8.0 20.5 39.0 !
Sh 7.0 14,6 25.1 '
S5 7.0 1k.9 25.7
S6 7.0 17.2 29.8 i
ST 7.0 22.4 30.8 i
58 8.0 17.7 32.8 !
S9 10.0 23.6 51.7 :
S10 8.0 18.4 34,2
S11 10.0 25.4 56.T
s12 7.0 16.3 28.1 -
S13 Y 10.0 26.6 60.1 '
. !
i
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l@ are data for pavements that were constructed at WES to study the per-
formance of stabilized materials. These stabilized pavements are de-

noted by the letter "S,” such as S1. The equivalent sections were then

used with the subgrade CBR of each pavement to compute the allowable
load for a single wheel having a 25lL-sq-in. contact area for a load rep-
etition level of 1200 annual departures of a 20-yr life (24,000 depar-
tures). These alloweble single-wheel loads shown in Table 18 were then
plotted against the DSM measured on each pavement as shown in Figure L4l.
The inclusion of the stabilized pavement data in Figure 41 shows that
the stabilized pavements when converted to equivalent conventional pave-

ments tend to have the same general relatiznship between DSM and allow-

able load as do the pavements without the stabilized layers.

Equivalent section for evaluation. Minimum AC thicknesses of

< in. for single-gear aircraft, 4 in. for dual- and dual-tandem-gear air-
craft, and 5 in. for wide-body aircraft are required in critical areas

by FAA criteria.hz Base course thickness requirements for all aircraft
vary from 6 to 1k in. Subbese thickness requirements vary from zero to
approximately 60 in. Base cours~ and, consequently, subbase course
thicknesses depend on gross aircraft weights as discussed earlier.
Therefore, to determine the exact thickness of an equivalent section to

which an existing 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 made for a dual-gear aircraft, 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 allowalble load can be used with the
section thickness to enter Figure 3-4 of AC No. 150/5320—63h2 to deter-
mine if the base course thickness requirements are satisfied for the
calculated load. If not, the calculation of the load using difforent

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 is to be evaluated be converted to an equivalent sec-
tion containing an average thickness of L-in. AC and 9-in. crushed 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 process. The nondestruc-
tive procedure is less sensitive to changes in t than to changes in
DSM. A comparison of several aircraft loads computed using the total
pavement section thicknesses determined by these two methods and the

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-
ments. The major parameters affecting the structural performance that
can be considered in an evaluation methodology at the present time in-
clude the pavement thickness, strength of the concrete, strength of the
foundation, loading geometry, and number of load repetitions. Other
factors include temperature and moisture effects, material stability
and durability, and changes 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 pavements, long-term
studies of pavement performance under actual operating conditions at
existing airports, and ﬁaterial studies, both in the laboratory and in
the field. 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
anticipeted traffic usage. .

The basic rigid pavement methodology involves establishing a cor-

relation between DSM and an allowable single-wheel loading as shown in
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Figure L8. 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 5q in. The correlation shown in Figure L8 was gen-
erated by pertorming DSM tests con several actual pavements and correlat-
ing the DS with the allowable single-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.

Toc determine the allowable loading for aircraft having gears with
different 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
'stress in the concrete slab. That is, relationships were developed
which permit the determination of the load of any geometry that will
result in the seme 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 ratio of the concrete, and founda-
tion modulus. The radius of relative stiffness & is then used to in-
terrelate the loading geometries. The relationship of & versus load
factor F is shown in Figures 49-52 and was developed using the Pickett

32,33

and Ray influence charts, which are based upon the theory of thin

slabs or plates on a dense liquid or Winkler foundation as presented by

22-25,30

Westergaard. In these figures, the radius of relative stiffness

£ 1is computed as

4=l Eh~ .
12(1 - vk
where
h = thickness of the concrete slab, in,
v = Poisson's ratio of concrete
ft is evident that properties ofithe concrete and foundation
must be determined in order to compute £ . If the modulus of elastic=-

ity E and Poisson's ratio v are assumed as 6 x 106 2si and 0.20,
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respectively, the ¢ouopatetion of £ would be reduced to

The difrerence in values of % for the two different values of £ is
13 percent. Therefore, the error introduced by assuming reasonable

velues of E 1is not considered significant to warrant the precise de-

(U UTYURPU STy PTG | R

o
: : o . . :
termination :f E . The value of 6 x 10° psi for E was used in the

tevelopment of the methodology presented here.

. . . h
Althougn the value of £ 1is a function of h3/

, the thickness !
o' the slab should be determined accurately either by direct measure- j

ment or from as-built constructiorn drawings. The £ value is a func-

tion of (3./)1)1/h , fcr which the modulus of scil reaction k , which i

"

is equal to the foundation strength factor F_ , is ncrmally deter-

mined by a plate bearing test. However, a vaiue cen be assigned k
pased upcn subgrade $o0il group {classification) without seriously ‘
af’ecting the accuracy of the results. Figure 53 presents the relation-

ship between the FAA anc USCE subgrade soil groups and the thickness

and type of base course and yields the vulue of k tnat can be expected

to sccur directly veneath the concrete slab. (Approximate interrela-

tionships of several s0i. classifications and bearing values are shown
in Figure Si.) The relationchip shown in Figure 53 is based upon actual
tests and represents normel conditions (i.e., nonfrozen, normal den-

sities; normal percent cf saturation; and a fairly high quality of

B0 Naa e on it P ot m + n  ae e

granular base course material).

The load factor ¥ 1is the ratio of single-wheel load on a o

contact area of 254 sq in. to tne gross aircraft load having a specified

gear geometry, both of whicn will produce the same bending stress in

e -~

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 sleb, et and parellel to the edge of the slab. For the aircraft
considered, the nose gear and the mein gears are spaced far enough
apart so thet the stress induced in a slab by one of the gears is in-
dependent of the stress induced by eny other gear. As a consequence,
the stress for en aircraft was computed by considering the effects of
one main gear. It waes 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 mein gears for the partic-
uler gircraft.

The effects of stress repetition levels on the allowable gross

aireraft losd are considered by use of load repetition factors (Ta-

ble 16). Load repetition Tfactors are a function of the aircraft gear

geometry, the lateral distribution 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 repetition factor
varies depending upon the ussge 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
1o receive less traffic for reasons outlined previously for flexible
pavement. For design purposes for high-speed taxiways, FAA uses 0.9
of the slab thickness h required for critical areas. A ratio of 1.18
was found to exist 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
multiplying the resulting allowable load by 1.18.

The relationship between allowable loads for various traffic
volumes can be expressed mathematically by considering a pavement
section having certain properties. Since the stress induced in a
sleb is directly proportional to the load (assuming a constant contact

area),'the allowable load for any stress repetition level can be found

17




by multiplying the load for e stendard number of stress repetitions
by the ratio of the sufety {design) factors for the two siress repe-
tition levels. The zu.lowaeble load for any stress repetition level may
be found by multiplying the a2llowsble load at the standard stress
repetition leve! by the ratio of tne szfety (design) factors for the
twe strecs repetit.on levels.

The load reretiticn fectors listed ir Table 16 zre the quotieats
oL the satety (aesign, factors for a standard sirass repetition level
for 1700 annual lepartures {(20-yr pavement life) of a single wheel
navins & *ire comtact area ot 254 zq in. divided by the safety (design)
factor for u Jtress repetition level computed for the indicated air-
craft type for the indicated traflfic volume and a 20-yr pavement life.
The load repetition factor thus defined sccounts for the differerces
in the factorc for converting alrcraft departures to stress repetitions
for the single wheel with a 25h-sq-in. contact area and the verious
aircraft. Since the safety (design) factors for particular stress
repetition leveis ere independent of the loading producing the stress
repetitioms, the allowable alrcrafti load at the desired traffic level
may be ccmputed by multiplying the aircraft load obtained from rig-
urec 4)-52 by the appropriste load repetition factor.

1t cnouls be noted that load repetition fuctors were computed
by assuming that only departures are critical, i.e., stress repetitions
resulting from lunaing orerations are ignored. Although the methodology
can u:cormodate the effe~ts of landings, these effects do not warant
the sophistication in anglysis that is necessary. Normally, landing
operations are only sdditive on the runway since en route to the upron,
incoming wlrcraft use different taxiway systems than do departing
aircraf. On runways anc high-speed taxiways, the reduced loads and
high speeds of landings produce stresses significantly lower than
those of the more heuvily loaded departing aircraft, and thus the
effects on pavement life are significantly less. Alrcraft departures
were converted to stress rep?bitions {coverages) by the method sug~
VT

gested by Brown and Thomjscn for taxiways and runway ends. JSafety

(design) factors for the various traffic levels were obtained from
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curves presented by Hemmitt et al.21
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Rigid pavements with stabilized layers. The thickness h 1in

the preceding discussion of rigid pavements assumes & conventional

rigid pavement consisting of a layer of PCC with a thickness 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 stabilized
layer. This can be done by & procedure given in FAA AC 150/5320-613h2
from which Figure 55 is taken. The procedure reguires knowledge of

the modulus of elasticity of the subbase (to 1,000,000 psi for soil-

cement) and the thickness of the two layers.
Example. Assume a pavement section has a concrete layer with

hl = 14 in. and a subbase of soil-cement with h2 = 0§ in.

1.33

Equivalent thickness = (h,)(r)
chunge in pavement stiffnéss

where r = relative

= l% = 1.56 in.

:J'I =

2

E2 =1 x 106 psi.

From Figure 55, r = 1.16 ‘%
Equivalent thickness = (14.0)(1.16)*°33 = 17.0 in. ‘
This procedure was used to compute eguivalent pavement thicknesses for
those rigid pavement test sites which contained stabilized layers.

These equivalent pavement thicknesses were then used to zompute the

allowable single-wheel losds for the correlation with DSM shown in

Figure 48. The same procedure for computing equivalent thicknesses g

for rigid pavements with stabilized layers should be used in the eval-

o 2

uwation procedure,

H
H
b
H
:
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NONDESTRUCTIVE EVALUATION PROCEDURE

The procedure presented in this section of the report is based on
nondegtructive testing in which a steady state vibratory loading is ap-
plied end the resulting elastic deflection is measured to determine a
DSM. This procedure is designed to replace under some conditions and
supplement under other conditions the existing procedure based on soil
end pavement sampling and testing for the evaluation of allowable gross
eircraft loads of conventional flexible and rigid pavements as defined
in Reference k2. The conditions under which the nondestructive evalua-
tion procedure replaces or supplements 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 necessary through conventional procedures.

NONDESTRUCTIVE TESTING EQUIPMENT

Several models of transportable 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 proredure consists of bringing a mess in contact with the
pavement, exciting the mass with a steady state vibration, and monitor-
ing the applied vibratory load and the resulting elastic deflection of
the pavement surface. The evaluation procedure presented herein must be
used with a vibrator with the same static weight and contact plate size
as the existing 16-kip vibrator, or the vibrator described in Appen-

dix C vsing the 16-kip mass. 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 duta collected
with the 16-kip vibrator. Figures 10-13 show that all vibratory devices

do not give the same results.

DATA COLLECTIOHN

The fora of nondestructive data that was selected during

121

v
o g e aare & et B M Ik
oo e e = e B .

A




development of the methodology described previously is called the DSM

(dynamic stiffness modulus). "Dynamic" differentiates this data from

that obtained under very slow loading conditions, normally referred to

as "static loading,"

and implies a condition of steady state vibratory
loading. "Stiffness modulus" denotes that the measurement is determined
from the slope of the load-deflection plot and reflects 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 setting up equipment,
recording data, and calculating 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 4550 kips/in. Many
;oad-deflection plots are nonlinear along their lower portions and must
be adjusted as discussed previously to obtain the DSM. The linear por-
tions of the plots are used to compute DSM values because, of the vari-
ous forms of nondestructive data studied, DSM values computed in this
manner gave the best correlation with aircraft gross weights. Correla-
tions are shown in Figures 41 and L48.

Determinations of allowable multiple-wheel aircraft loadc using
DSM values .require that pavement thickness t be known for flexible

pavements and that the foundation strength factor F and pavement

f
(clab) thickness h be known for rigid pavements. It is not n-cessary

. that these parameters be known for each nondestructive test loc.:.tion.

For uniform conditions, such as a critical area where the pavem'nt thick-
ness varies only within construction tolerances and soil condit:ions do
not vary significantly, average values of t or Ff and h ¢ n be as-
sumed for the entire area being evaluated. The allowable aircr.ft loads
are not sensitive to changes in these values to a degree that the accu-
racy of the evaluation will be significantly affected by the use of aver-
age values, The values of t or F_ and h for each area of uniform

f
condition to be evaluated can be determined from small aperture testing

45
or construction records, and Ff can be estimated from curves presented
in this section of the report. If neither the required direct campling

data nor drawings are available, the first step in the evaluation should

be to perform DSM testc on the features to be evaluated .o thet DéM
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profiles of the features can bLe plotted, These profiles will show fea-
tures for which di}ect sumpling tests are necescary by indicating signif-
icant changes in DSM values. Ouch changes can be caused by variations

in pavement thickness, subgrade strength, or pavement condition. Only
one direct sampling test will be necessary in a particular area when

there is little variability in the DSM results.
SELECTION OF TEST LOCATIONG

DGl tests are mude to locate and define weak areas on a pavement
facility, to provide a rational basis for selection of test pit loca-
tions for in-place tests, to rate the DSM of one pavement facility

against that of another pavement, and/or to determine the allowable

‘gross aircraft load tor a pavement using the evaluation curves presented

herein.

The nondestructive evaluation of a runway, taxiway, rump, or
other feature should be performed by dividing the feature inlo areas
according to the traffic patterns, critical and noncritical areas, ages,
traffic histories, and typé of pavement structure. The boundaries of
these areas can be drawn approximately from construction drawings and
observations of airport perzonnel prior to obtaining the DSM measure-
ments; however, the v brator results can be used to locate the bound-
aries generally thrcugh comparisons of DSM measurement:s for the various
areas.

The evaluating engineer may choose to perform nc 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 logicai order so that they can be studied. A form,
similar to Table 19, for each pavement type is suggested. Data in Ta-
ble 19 are arranged in descending order of DSM values to show the extent
of weak areas. In addition to DSM values, this table also shows test
site locations and numbers. In dqtermining allowable gross aircraft
loads ufing the evaluation procedure presented herein, a representative
DSM value is obtained by subtracting one standard deviation from the

arithmetic mean.
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Table 19

[ MV [} ) 3,
WHunwvay No, 10L-200R, Critical Area No. 1, Main Gear Wheel Fath
Column o
Offuet to Left 2olumn f
. Column b Column 5 "
Column or Right of ¢ Col oM wipslim. el *
Rurvey Gtation re Teat Site No. UM, kips/in, LM, = DSMy o (voMy - O0y)
w6400 10L 24 1360 280 78,00
L0+00 10K 21 1320 240 5T,690
42+00 1oL 22 1300 220 WB,L00
Whe00 10R 23 1290 210 LL,100
1800 10L 18 1290 210 Lk, 100
LB+0O 10R 25 1240 160 25,600
400 10R n 1210 140 22,500
52400 10L 32 1200 120 14,400
58400 10L 30 1200 120 14,400
60000 LOH 3l 1180 100 10,000
38400 oL 20 1180 100 10,000
14e00 an 8 1180 100 10,000
10+00 Wb 6 1180 100 19,000
16+00 ;IR 9 1170 90 8,100
36400 10R 19 1170 90 8,100
€£6+400 10L 3 1170 90 ¥,100
12400 10K 7 1160 Ho 6,409
8+00 105 5 11L0 60 3,600
30+00 10L 16 1130 50 2,500
12400 10R 17 1110 30 900
14400 1oL 18 1110 30 900
8400 10R 35 1080 00 9
28400 10R 15 1070 -10 100
50+00 0L 26 1060 =20 Loo
6+00 ‘oL b 1060 =20 400
L+00 10R 3 1060 -20 Loo
£2+00 10R 27 1020 -60 3,600
70+00 10L 36 1000 -80 f,,L00
24+00 10R 13 970 -110 12,100
26400 10L 14 950 -130 16,900
2+00 0L 2 900 -180 32,400
72400 10R N 880 -200 40,000
0400 10R 1 810 -270 72,900
22400 10L 12 800 -280 78,400
Th+00 10L 38 750 -330 108,900
5L+00 10L 28 750 =330 108,900
56430 10R 29 TL0 =340 115,600
20400 10R 1 140 ~340 115,600
2
2 (voMy - poy)S = 1,000,100
DSM, + DEM, + DSM,...DSM
1 2 3 38
DSMMEAN . 0 = 1080 kips/in.

The standard deviation,

vhere n

cemputed,

NOTE:

or

S (standard deviation) "fi‘lsé‘lgg = 173 kips/in.

{s the number of DSM, vhich is 38 in the example above, and DSM

Representative DSM = 1080 - 173 = 907 ~ 910 kips, in.

S , can also be computed by the formula

Tosm\*

s _JE(D:PQ)? . (

-1

s -\/2 peK, - oMy )’

n

n/

{

denotes the particular DSM value being

When the number of DSM is less than 30, the formula for the standard deviation becomes

- -.:x)znu@!_nZDsMi * n(nsuﬁm):

s .JX(WMi)z

n-1
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) When D3 values zre to te used to determine allowable gross air-
craft loads using the evalaation curves presented herein, it is recom-
mended that DOM tests be spaced et equal intervals within the areas to
be evaluated. However, no fewer than 30 DSM tests should be performed
within each of the areas for major feztures, such as primary runways and
taxivays, to provide a statistically representative sampling of the DSH
for that pavement feat,ure.Sl iever should fewer than 11 tests be per-
formed in any area being evaiuated. 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 linc 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 pavements should always be performed at the slab centers. The
DSM may vary considerably with location of the tests on a particular
slab, as explained previously. DSM data for DSM versus gross aircraft
load curves for rigid pavements contained herein were collected at the
slab centers, and the evalua%ion methodology is based on making the

tests at that location.
CURRECTIONS 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 rises or falls during the year, so does the load-carrying capacity.
It is difficult to determine what set of coaditions ic best representa-
tive of the "average" losd-carrying capacity. DSM tests made when the
pavements are under the influence of frost tnaw, and probably in their
weakest condition, 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 nonconservative results and no indication of the relatively
low DSM values which would be measured during frost thaw. The relation-

ship between the highest and lowest possible DSM values which could be
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measured for a particular site has not been determined, nor has the rela-
tionship between the highest and lowest load-carrying cepacities of a
particuler site. Therefore, a correction for the effects of frost tha
or environment has not been developed. Beceause of the lack of a correc-
tion factor and because there dre periods of high DSM values and load-
carrying capacities during the year, it is recommended that the DSM
tests be performed during the period of the jyear when conditions are as
near average as can be jJudged by experience. In particular, DSM measure-
ments should be made when pavements or subgrades ere not under the in-
fluence of frost or subsequent thaw, unless the evaluation is being made
specifically to study frost effects on the length of time which DSM are
influenced or on relative changes in DSM values.

One effect of higher temperatures on flexible pavements is to
lower DSM values. This effect is magnified as the thickness of the AC
layer increases. Results of tests described previously on test pavements
at WES to study temperature effects were used to produce the relation-
ship shown in Figure 34. The mean pavement temperature is determined by
averaging the temperatures recorded at 1 in. below the surface, at the
center, snd at 1 in. ebov: Lhe boktom 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 gross
load relstionships contained herein. The adjustment factor obtained
from Figure 34 is multiplied times the DSM. However, the data used to
develop Lhe relationship in Figure 3L were for a particular pavement and
subgrade type and therefpre may not be applicable to pavements that dif-
fer greatly from it. Also, the temperature correction curves in Fig-
ure 34 were extrapolated below mean pavement temperstures of 60°F,

The mean pavement temperature at the time DSM tests are performed
is determined by installing thermometers in the pavement sections. Ther-

mometer installations in flexible pavements should consist of a minimum

¥ An adjustment temperature of TO°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 TO®F.
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o1 three thermorevters in & vertical line wicth one at 1 in. below the
surface, tne &t the center, und one at 1 in. above the bottom of the AC

layer. If DSM tests are pertformed on the same location near each ther-

nometer instellation during the warmest and coolest pavement tempera-
turec each day during the test period, then & correletion between DSM
values and mcz2n pavement temperatures can be established for the pave- .
ments. Trie correlation can then be used either to verify or modify the
retationship: shown in Figure 34 so that DSM data can be adjusted to the

standard temperature of TO°F,

An alternciive method in which the mean pavement temperature may

i be predicted from air temperzature data has been developed by the Asphalt
Institute. Datye required are the maximum eand minimum air temperatures

fur each of the 9 days immediately prior to the date the DSM tests are i

made ani the pavement surface tempecature at the time of the DSM tests.

Pavement temperatures at various depths can then be estimated from Fig- %

ure 35. The estimated temperatures in the AC at 1 in. below the surface,

&t the center, und at 1 in. above the botitom of the AC layer can be

averaged to obtain the mean pavement temperature.

DETERMINATION OF i
i ALLOWABLE AIRCRAFT LOADILIG !
Deterrmination of the allowable aircraft loading for a pavement re-
tuiles determination of the representative DM value for the pavement,
application of the DSM to the appropriate DSM versus allowable single-

wheel lcad curve, and modification of the results with the proper curves

and factors presented in the following paragraphs. The use of this pro-
celire for pavement evaluation isc subject to the following restrictions:

a. The DSM must obe determined using a vibrator with a static

’ weight of 16 £ips and load plate diameter of 18 in.

f b. The DSM must be computed using the slope of the linear por- t
1 tion of the deflectioa versus load curve,
‘ ¢. The DSM must be measured at 15 Hz. .
!
d: A temperature adjustment must be applied to the DSM on flexi-
) ble pavements.
; €. Tre DSd for rig:d pavements must be measured at the slab

center.
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The moduli of elasticity of the respective pavement layers
under investigation must decrease with depth. For example,
the methodology is not applicable for pavements with an AC
layer over a PCC layer or pavements with an unbound material
contained between two layers of PCC.

T T P TR

FLEXIBLE PAVEMENT
EVALUATION PROCEDURE

Step 1. Using the DSM corrected for nonlinearity and adjusted to

the standard temperature, determine the pavement system strength index

Sp from Figure 57.

Step 2. Using the total thickness of flexible pavement structure

! above the subgrade, compute the factor Ft for critical pavements as

LR . .

i
4
i
i
!
I
1
i
t
i
;

F, = 0.06Tt
and for high-speed taxiways as
‘ Ft = 0,074t |
If the pavement structure contains stabilized layers or if the AC is not

equal to 4 in. in thickness and/or the crushed stone base course is

not equal 1o 9 in. in thickness, an equivalent pavement thickness must

be computed as described under the section on flexible pavements with
stabilized layers. Actual thicknesses may be obtained from construction

drawings, or core holes when drawings are not available. One core hole

to measure thickness may suffice for several DSM tests in a given pave-

ment feature.

Step 3. Using F, determined in 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 multiplying
the ratio SSF/Sp by the value of Sp determined in Step 1.

Step 5. Evaluate the pavement for eny aircraft desired using the
following steps: )
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Select the asircraft or aircraft main gear configuration for
vhich the evaluation is to be made and determine the tire
contact area A of one wheel of the main landing gear from
Table 20.

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 Teble 16.

Compute F_ for each aircraft for which the evaluation is
being mede for critical pavements as

and for high-speed taxiwaeys as

F, = t
0.9aVA

Enter Figure 47 with Fy

Compute S5, Tor the aircraft in question by dividing SSF
determined in Step 4 into SSF/Sp determined in Step 5d.
Multiply §8,, by the tire contact area A from Step 5a to
obtain the ESWL of the aircraft for which the evaluation is
being made.

and determine SSF/Sp .

Enter Figure 42, 43, or Wl with the total pavement thickness
t and determire the percent ESWL for the controlling number
of wheels of the aircraft for which the evaluation is being
mede, 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 T4T aircraft, use the Boeing TUT
curve in Figure Lk,

The allowable gross aircraft load for the pavement being eval-
uated and for the traffic volume selected is then obtained by
the following <omputation:

. W
Allowable gross aircraft load = ESHL <L> (ﬁ-)

FESWL \ W .95
where
ESWL = determined by Step Se
%ESWL = determined by Step S5f
wc = number of controlling wheels used to determine

the %ESWL from Figures 42, 43, or kk °
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Table 20

Aircraeft PTire Contact Areas and Total

Number of Main 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 4s 237 2
Single-wheel 60 271 2
Single-wheel 15 297 2 %.
Dual-wheel 50 148 Y
Dual-wheel 75 162 L ’
Dual~wheel 100 170 ly
Dual-wheel 150 222 4
Dual-wheel 200 237 L
Dual-tandem 100 99 8 {
Dizal-tandem 150 127 8
Dual-tandem . 200 148 8 ;
Dual-tandem 300 198 8 '
Dual-tandem 400 237 8 b
Boeing 727 173 210 4 |
DC-8-63F 358 220 8 ‘
Boeing Tu4T 778 245 16 ;
DC-10-10 433 29k 8 |
DC-10-30 558 331 10 «
L-1011 428 282 8 ']
Concorde 389 247 8 :
Boeing T37 111 17h 8 x
Lockheed Electra . 113 182 L ,
DC-9 115 165 4 <
Convair 880 188 152 8
Boeing T20 235 188 8
Boeing TOT 336 218 8 .
.
E
, 4
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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 made (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 of relative stiffness & is computed as

§f o’

Fe

% = 26.9

If the subbase is stabilized, an equivalent pavement thickness must be
computed as describded beginning in the section or rigid pavement with
stabilized layer-. The foundation strength factor Ff is determined
from Figure 53 using the subgrade soil group classification.

Step 5. Using &, éetermine the load factor F from Figure 49,
50, 51, or 52, depending upon the gear configuration of the aircraft for

vhich the evaluation is being made.

Step 4. Multiply the allowable single-wheel load from Step 1 by

F determined from Step 3 to obtain the gross aircraft lcading.

Step 5. Multiply the gross aireraft loading from Step k by the
appropriate load repetition factor from Table 16 to obtain the allowable
gross aircraft loading for critical areas 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.

Step 6. The a)lowable loading obtained from Step 5 assumes that
the rigid pavement being evaluated is structurally sound and functionally
safe, The computed allowable loading should be reduced if one or more
of the conditions outlined in the following section exist at the time of

the evaluation.

.
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REDUCTION 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 evaluetion curves presented herein to be valid,
the DSM values used to enter the curves should be obtained from pave-
ments that appear to be in good condition. There are many conditions of
distress 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 distress at a given location.
The inability to treat the distressed condition accurately is inherent
in the procedure presented herein and in all known direct sampling
evaluation procedures, and results from the inability to describe the
influencing factors accurately under all loading and environmental con-
ditions. These conditions are recognized, however, and their effects
on the pavement system can normally be accounted for by engineering

Judegment, Examples of the conditions caused by distress and the proba-

ble general changes which teke place in DSM values as a result of these
conditions are presented in Table 21 for flexible pavem.nts and in Ta-
ble 22 for rigid pavements. Mest of these influencing conditions will
be readily evident froum a visual examination of the pavement system, and
the importance of such an examination cannot be overemphasized.

For the conditions of distress for which the change in DSM is
shown in Table 21 as "None," the DSM measured on a pavement which has the
indicated deficiency may be used to enter the evaluation curve (Fig-
ure 57) as if no distress existed. Tests for the purpose of using 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 relative strength. In determining the pavement system strength iu-
dex of a pavement which is predominantly affected by one of the types of
distress which influence the DSM, the DSM tests should be performeé on
pavemenf areas that appear to be in good condition and the extent of
distressed areas should be noted in the evaluation report. Stud;es are

under way to determine the significance of DSM in distressed aveas.
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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 specifications for a vibratory device suit-
able for use with this procedure 2s well as for future developments in
the procedure. It is recommended that the procedure be used azlong with
other methods of evaluation as a tool for the structural evaluation of
civil eirport pavements.

The following specific studies are recommended to refine and
verify the nondestructive evaluation procedure:

a. Additional study of various types of vibrators should be made
to determine their applicability to particular job require-
ments. Additional study of ihe effects of different vibratior
static weights, vibratory loads, znd 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 characteristics of the vehicles which will be
using the pavement.

|o*

Relationships should be developed to allow nondestructive

evaluation of composite pavemenis such as PCC overlaid with
AC,

[0

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 Lo determine which factors caused the range
in gross aircraft 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 perfcormance under traffic
conditions,

1=8

A study should be made of the effects of PCC slab dimensions
and joint types on DSM data. The load transfer across joints
can be measured with the vibratory techniques, but a technique
is needed to interpret these messurements.

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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Table 22

Expected Chsznze in DS¥ on Disiressed Slabs of Rigid

Paverent Compered with DSM on Similer
~

Expected Change in DSM
Tme of Distress Cause Due to Distress

Pumping pavement® Subbase or subgrade Decrease
failure caused by

excessive moisture

and/or voids cre-

ated by loss of

material

Ctructural cracking?* Traific greater than  Increase if compaction of
and/or spalling design subbase or suvbgrade
takes place; decrease
if effective slab size
is reduced or subgrade
fails

* Pumping may be indicated by excessive straining and/or the presence
of foundation materials on the pavement surface. Pumplag action can
often -L» observed during or immediately following rains.

#%¥ Cracking may or may not bz associated with such conaitions as pump-
ing, swelling soils, differential frost heave, and slab warping.
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D5M tests for ithe purpose of using the rigid pavement evaluation
curve {Figure 5&) should 2lways be run near the centers of siabs which
contain no structural deficiencies. Pavements which contain slabs with

distress conditions listed in Table 22 should be evaluated as described
below:

g

When evidence of pumping is present but the pavement slabs
are still structurally sound, the aliowable single-wheel load
determined from the DSM tests should be reduced by 10 percent
if over 25 percent of the slabs are pumping.

|

If a visual exemination shows that 30 to 50 percent 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 evidence of joint
distress or feilure, which may be characterized by excessive
spalling along the joints, in 30 to 50 percent of tne slabs,

the allowable single-wheel load determined by DSM tests should
be redvced by 25 percent.

(g

f more than 50 percent of the slabs show structural distress
(i.e., cracking due to load or joint 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
ev: .atiag engineer confidence in the measurements. Errors in the cali-
bration and operation of the electronic equipment can be large enough to
influence test results significantly. The characteristics 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 evaluating engineer. However, a general description of checks
which can be performed on the 16-kip vibrator may be helpful. The deter-
mination of DSM with the 16-kip vibrator involves the measarement of
two quantities, the vibratory load and the resulting deflection of the
pavement surface. 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 cells to est.blish calibration accuracy. A laboratory test
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can aiso be performed on the velocity transducers to check readings
agéinst a calibrated velocity transducer. The second type of accuracy
test is the field tes™. Repeatability of results can be periodically
checkea by conducting duplicate tests at a test site. Velocity trans-
ducers can be checked ageinst one another by placing a portable velocity
transducer near the load plate and compering 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 specifications for a vibratory device suit-

able for use with this procedure zs well as for future developments in

the procedure. It is recommended that the procedure be used along with

other methods of evaluation as & tool for the structural evaluation of :
civil eirport pavements.

The following specific studies are recommended to refine and
verify the nondestructive evaluation procedure:

a. Additional study of various types of vibrators should be made
to determine their applicability to particular job require-~
ments. Aaditional study of the effects of different vibratlor
static weights, vibratory loads, znd load plate sizes is also .
suggested. The design of future vibrators should be based on 2
the range of pavement strengths to be investigated and pos- ;
sibly on the characteristics of the vehicles which will be .
using the pavement. L

o

Relationships should be developed to allow nondestructive

. . . X i
evaluation of composite pavements such as PCC overlaid with [
AC. i

o

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 Lo determine which factors caused the range
in gross aircreft loads for a given DSM. Attempts to develop
reasonable empirical and theoretical relastionships between
vibrator data and asllowable loads should be encouraged and b
reviewed in the interest of developing more accurate and

universal relationships than are now available. New or un- f
tried theories or empirical relationships should be checked »
and verified over g sufficient time to indicate if the new

methods can predict pavement performance under traffic .
conditions.

=5

A study should be made of the effects of PCC slab dimensions
and joint types on DSM datu. The load transfer across joints
can be measured with the vibratory techniques, but a technique
is 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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2 . . data to be adjusted and thereby compared at a common tempera-
ERE ture. Pavement sections similar to the WES temperature

%A effects test section should be constructed on different foun-
_% 3 dation strengths for this purpose. The warping effects, if
¥ any, of PCC pavements on nondestructive data need

3 consideration.

‘,\ 2‘

: 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:

ko (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

- aircraft loadings with that to vibratory loadings. Also,
A the effective mass of the pavement structure being vi-
E W brated under different vibratory loadings needs to be

E . determined. Additionsl data on instrumented pavements
’ may also be needed.

(2) Weve propagation measurements do not offer immediate
N promise as a pavement evaluation tool. Previous studies
'k ' have shown that wave velocity measurements are greatly
E 3 influenced by pavement thickness and other factors which
. are not fully understood. To be of practical use, the
4 measurement techniques must be improved to provide a
ﬁ ; unique velocity for a given material; and corresponding
. 3 t data interpretation and application procedures must also
| J. be developed. Techniques such as recordirg wave veloc- '
| P ities through probes inserted into the pavement layer 1o
. - be studied may eliminate the overburden effects. A study
conducted on small-scale test pavements could allow re-
e finements and necessary improvements to the wave prop-
RE agation data collection techniques. Tie velocity data,

; f !: which are used to compute elastic constants for the pave-~
. ment layers, could then possibly be used with theoretical
: procedures being developed, not only for evaluation but

for design of pavement systems.

p (3) More thought should be given to the problem of directly

- relating deflection data and pavement performance. De-
. SN | flection data alone can be used only to predict failure f
' when the mode of failure is structural. For example, .
when the mode of failure is functional, rutting may have ?
resulted from compaction by traffic; the pavement ele-
ments may have become stronger although the pavement may
\ be judged os failed because the surface is rough. As
< N ) the materials are compacted, deflection data will indi-
3 . ) 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 this example and
similar cases can be evaluated should be developed.

-
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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 whav effects the original subgrade strength has
on nondestructive data as the overlay thickness is
increased.




APPENDIX A: DEFLECYION-PERFORMANCE RELATIONSHIPS AND
CORRELATIONS BETWEEN DYNAMIC E-MODULUS AND CBR

DEFLECTION~-PERFORMANCE RELATIONSHIPS

The U. S. Army Engineer Waterways Experiment Station (WES),7 the
-alifornia Division of Highways,8 and the Transport and Road Research
Laboratory9 have developed independently similar relationships between
surface deflection (elastic rebound) and performance for flexible pave-
ments. These deflection-performance :elationships are shown in Fig-
ure Al. The Califoin’a Division of H.ghways curve shown is for 3-in.
asphaltic concrete pavements and was developed by monitoring the perfor-
mance of selected California highway pavements on which Aeflection mea-
surements were made., This relationship was originated in 1955 by }{veem53
and has since been improved by additionel dava. The Transport and Road
Research Laboratory curve, irst published in 1972, is for a rolled as-
rhalt surfacing over a wet-mix slag base. The WES curve was developed
from data collected 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-
ficials (AASHO) and the Western Association of State Highway Olficials
(WASHO) road tests. The aircraft loads were on single wheels with loads
from 20 to 150 kips. The pavement sections consisted of varying thick-
nesses of asphaltic concrete surface, base, and subhase over a variety
of subgrade types. This relationship was developed in 1970; however,
the data on which it is based were obtained many years prior to that.

The relationships shown in Figure Al indicate that deflec®ion is
a measure of pavement performance, although the relationship is not pre-
cise. A similar relationskip has not been developed for rigid pavements
because of the lack of adequate information.

CORRELATIONS BETWEEN
DYNAMIC E-MODULUS AND CBR

Wave propagetion measurements can be conducted on pavements to

obtain dynamic E-moduli for the pavement layers. The test procedure

consists of placipy a vibrator on the pavement surface, generating a
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stgady state vibration at selec.ed frequencies, and monitoring the wave
form with velocity transducers placed on the surface at various distances
from the vibrator. By use of an appropriate phase-marking circuit and
an oscilloscope, the length of the wave can be 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
puint 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

V= fA

where

f
A

frequency, Hz

wavelength, It
The process is repeated at cther frequencies to establish a relationship

between wavelength and velocity. Dynamic E~moduli can then be determined
from

¥

TEo= (1 4 vV
where

Poisson's ratio

<
1}

©
L]

mass density = y/g where vy 1is the wet density of the mate-

rial, pef, and g is the acceleration due to gravity,
32.2 ft/sece

Wave propagation measurements made at the AASHO Road Test,h Foss
Field,5 and other locations showed that the effective depth of propaga-
tion through pavement 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 comperi-
son of this relationship with the correlation developed previously by the
Royal Dutch Shell Laboratoryl is shown in Figure A3. The dats in Fig-
ure A2 were obtained from vibratory measurements made at the surface of
flexible pavements; the dynamic E-mcduli were taken at the one-half
wavelengéh that would place the E-moduli at depths that would correspond

to base, subbase, and subgrade materials of known CBR's,
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COVERAGES TO FAILURE

FElastic deflection versus coverages to failure for single- and multiple

Figure Al.
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record.  nis infcrzmaticn consisis rrimerily 5f <he results of Lwg sep—
arate zudie a3z

averent perforrmance Ltady end 2 study of the effect
L
.

of the pavemeni surface leyer on the nondes

(dynamic stiffness modulus) test resulie to pa
studies of the performance of two soil stabilization test sections at
the U. . Army Engineer Waterways Exgerirment S
stabilization test sections consisted of five test items each of flexi-

ble and rigid pevement construction. Traific was applied To two wraffic

[

anes in each test section with 200- and 2Lk0-kip twin-tandem test load

carts. Layouts o7 the flezible and rigid pevement test sections are
&
ly

shown in Figures Bl and B2, respective To determine if the 1f-kip
=3 ’ 2

vibrator could be used to monitor chenges in pavement strength with
erformance, DSM data were obtained on the test items at periodic inter-

vals during traffic testing.
FLEXIBLE PAVEMFNT TxST SECTION

Tuble Bl presents results of DSM tesis for five different periods
ottained during the trafficking of the flexible pavement items. The
data in Table Bl were taken a: 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 2Lh0O-kip lane. DSM values for the flexible pave-

ment 200-kip lane sheowed only a slight increase during trafficking and

then a decrease at the time of failure. Tests made at the same time in
the 2L0-kip lane where no traffic had been applied showed a considerable
i strength increase in items 1 and 3. This increase in strergth could

probably be attributed to a strength gain with time in the stabilized
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msers. After treffic, the DEM veiues of el11 items in the 2L40-kip lane
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i
ned teen reduced to those of the corresponding items in the 200-kip lane.

It would appear fron the DSY deta that the strength »f the stabilized
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secticns wes increasing due to the strength gein but et the seme time

o 2
- <

(2

fects uf traffic were reducing the strength. The DSM values did
not relate well 1o the number of coverages to failure in either traffic
lzne. An 2xamination of the strength of the pavement leyers as indicated
by the CBR vzlues shown in Teble B3 shows that many of the items had

an incresase in CBR. Itum L showed a decrease in CBR of the stabilized

a
s

clayey -and tase after traffic. Although the test items were considered
failed due to the distress of the surface layer end conditions of con-
solijation, the CBR datz indicete that in general the pavement structures
&ay have actually gained in strength. This development may explain the
lzck of correlation between DSM values and pevement performance for

these test items. Although the pavements were considered failed because
of the surface distress, the pavement life could have been restored with

e leveling overlay.
RIGID FAVEMENT TEST SECTION

The DSM data for the rigid pavement test items, es shown in Table
Bi, were very limited and therefore no specific conclusions are drawn.
However, the differences in performance between jitems 1 and 2 and be-
tween items 3 and b were not significant. Determination of the precise
failure poirnt wes sometimes difficult. As with the flexible test sec-
tion, factors other than structural support may have affected the pave-
ment performsnce. Table B5 shows physicel propertiess of the pavement
items before and after traffic. Items 1 and 2 were constructed with
fibrous concrete, while items 3 and s were constructed with plain Port-
lend cement concrete (PCC). The performance of these matericls 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 U4 were
nearly the same, as would be expected from the similar pavement struc-

ture. The performance cf items 3 and 4 were identical in the 200-kip
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twin-tandem lene, but item 3 {with the bituminous base) performed better

L. g v e
s o Ay e L

than item 4 under the 2b0-kip twin-tandem load. The coverage level at
failure for item 3 in the 240-kip twin-tandem lane is given as & range
in Table B5, which indicates that it was difficult to determine when
failure actuzlly occurred. In general, the DSM values showed that the
strength of item 1 was aspproximately equal to that of item 2 and that
item 3 had aprroximately the same DSM as item 4. Also, the performances

of items 1l and 2 were similar, as were these of items 3 and k.

EFFECT OF BOUND PAVEMENT
ELEMENT THICKIESS OW DSM

The purpose of this study was to derive a method for the nonde-
structive dectermination of overlay pavement thickness requirements. The
study was conducted at three test sites: Philadelphia International
Airport, the WES temperature effects test section, and Shreveport Re-
gi~onal Airpurt. Data collected for another project at Biggs Army Air-

field are also presented because of applicability to the objectives of

this study. Only at Shrevegort Regionel Airport did circumstances allnw
measurements before and after pavements were overlaid. At the other
sites, overlay thickness plots are based on DSM messurerents on pavements
of different thicknesses on the same type subgrade.

The Philadelphiaz International Airport pavement used in the over-
lay study was completed about lovember 1972. Tests were performed 5 Dec-
ember 1972 before any traffic was allowed on the runway. Pavement
surface temperatures were between W0 and 52°F for all the tests. The
pavement sections on which DSM measurements were made are shown in Pig-
ure B3. These bituminous sections varied in thickness from L 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 28k+75 and 285+00 at
32 ft from the center line. The subgrade beneath the test locations

was in the E-1 (GP-Gil) or E~2 (GM) soil group.* The results of the DSM

¥ The corresponding Unified Soil Classificatior System group is given

in parentheses after each Federal Aviation Administration (FAA) soil
group.
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megsurements on the different pavement sections are presented in Table B6
and are shown in Figure Bl in the form of a DSM versus bituminous pave-
ment section thickness graph. If it is assumed that meking DSM measure-
ments on pavements of different thicknesses with about the same subgrade
is analogous to meking DSM measurements on a pavement which has been
overiaid, the slope of the best-fit line through the points in Figure Bk
shows that the DSM is increased by sporoximately 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-T
(ML-CL) soil group. Pavement surface temperatures were 109°F on the
b-in. item, 86°F on the 8—iq. "tem, and 98°F on the 1lk-in. item. The
results of DSM measurements on the different pavement sections are
presented in Figure B5 in the form of a DSM versus AC pavement section
thickness plot. The slope of the line through the points in Figure BS
shows that the DSM increased by 30.3 kips/in. for each inch of additional
pavement thickness.

Pavement sections at Biggs Army Airfield at E1l Paso, Texas, on

which DSM measurements were made for this study are shown in Figure B6.

The pavement was several years old, and the amount of traffic on the

1
1

pavement was not known; however, the surface appeared to be in excellent
condition. The PCC pavement thicknesses were 9, 19, and 24 in. The
subgrade under the three sections was in the FAA E-5 (SP-SM) or E-6
(8P-8C) soil group. The results of DSM measurements on the different
pavement sections are shown in Figure B7 in the form of a DSM versus PCC
pavement section thickness plot. The slope of the straight line through
the poinﬁs in Figure BT shows that the DSM increased by 370 kips/in. for
each inch of PCC pavement added.

“Test sites for the overlay study at Shreveport Regional Aifport
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ere shown in Figure B6. Tests were performed on these sites in October
1972 and March and October 1973. Pavement sections as they existed in
October 1972 before the overlsy are shown in Figure B9. They were of 8,
10, or 11 in. of PCC and T in. of subbase (F2A Specification P—lShhg) or
6 in. of lime-stabilized subbase on an unknown subgrade. The original
PCC pavement was consztructed about 1952 and was overlaid with AC in
1973. The overlay was placed in three layers, each of which was begun
at station T3+00 and carried to station 0+00 before the next layer was
begun. When nondestructive tests vere performed in March 1973, the
first layer was complete for the entire runway length, and the second
layer was complete between stations T73+00 and 55+50 except for a 25-ft
strip on the 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 B1G6. There were 1l test sites. The data show that, as the
overlay thickness wag incregsed as compared with the DSM on the PCC, the
DSM increased for both test dates at four test sites: 1(station 1+63),
L{station 3+60), 10(station 8+98), and 15(station $6+79); decreased for
the first testc on the overlay end increased for the second test on the
overlay at three test sites: 16(station 62+30), 30(staticn 67+63), and
31(station 67+63); and decreased for both test dates at two test sites:
11(station 46+2k) and 17(station 67+63). At test sites 13(station 50+0k)
and lbk(station 50+0k), 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 velue 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 pef. No densities were obtained for
the bottom layers at three test sites. The mean temperatures of AC
overlays were approximately 5T°F in March 1973 and 81°F in October 1973.
Temperatdre corrections were not applied to the data. Average values

for the data from Shreveport Regional Airport are shown in Table BS.
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Table B6

DSM Values and Bituminous..Pavement Thicknesses at

Philadelphie International. Airport

Distance B;fuﬁiﬁbus‘
Taxiwey from Pavement
or Center Line Thickness DSM

Runway £t Staticn ___in. kips/in.
9R-2TL 112 284475 L 760
285+00 690
305+00 680
305+25 670
349+75 710
350+00 680
Average T00
82 284+75 8 1940
285+00 1800
305+00 1960
305+25 1960
© 3Lo+75 1700
350+00 1760
Average 1850
Txy A Ly 273+00 9 2120
273+25 2160
284+75 2000
285+00 2040
349+75 1860
350+00 1920
Average 2020
9R~2TL 32 349475 11 2120
350+00 2580
305+00 2660
305+25 2840
Average 2550
284+75 13 3800
285+00 3080
Average . 3440
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Teble B8

Average Thickness and DEM Velues for

Shreveport Regional Airport Overlay

Number Average Change in
of Overlsay Average DSM After Change per Inch
Test Thickness DSM Qverlay of Overlay
Date Sites in, kips/in. kips/in. kips/in.
11-12 Oct 72 5 0 15680
. +400 +133
6~7 Mar T3 5 3.0 1980
11-12 Oct T2 5 0 2100
-320 -48
6-7 Mar T3 5 6.7 1780
11-12 Oct T2 11 0 1810
+350 +4)
9 Oct T3 11 8.0 2160
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NOTE PAVEMENT SURFACE TEMPERATURES WERE ®
BETWEEN 40 AND 52°F FOR ALL DSM TESTS.
3500 DSM TEST LOCATIONS ARE SHOWN IN S'GURE B3.
DATA ARE TABULATED IN TABLE B6.
DATA WERE DIBTAINED WITH 16-KIP
VIBRATOR AT A FREQUENCY OF 15 K. (]
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Figure Bk. DSM versus bituminous ravement section thickness
at -Philadelphis International Airport
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9 THICK —P=#" . .

\ 6" AGGREGATE BASE COURSE

12" COMPACT D SUBGRADE

PRESTRESSED CONCRETE

75

19" THICK —

2T
St

6" AGGREGATE BASE COURSE

12" COMPACTED SUBGRADE

REINFORCED CONCRETE

5C

6" AGGREGATE BASE COURSE

12" COMPACTED SUBGRADE

PLAIN CONCRETE

Figure B6. Pavement cross section of
taxiway T-3 at Biggs Army Airfieild
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DSM
PCC TEST TEST
THICKNESS IN. STATION NUMBERS

8 8+ )

50+ 04 B
56479 15

67+63 30,31
10 1463 1
360 ]
B ]
62430 16
1 67463 n

25’ 12.5' |

125’ | 12.5' \

8" GRANULAR SUBGRADE COURSE
COMPACTED TO 90% OF MOD AASHO DENSITY

SECTION WITH 8" OR 10" PCC Gras shec povse)-

25/ /2.5
/2.5 /2.5 l

7" LIME-STABILIZED SUBGRAD

6/ GRANULAR SUBGRADE COURSE
COMPACTED TO 90 % OF MOD AASHC DENSITY—" ru SUBBASE COURSE

(FAA SPEC P~154)
SECTION WITH {I¥ PCC

Figure B9. Pavement sections before overlay at Shreveport
Regional Airport
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APPENDIX C: EQUIPMENT SPECIFICATIONS

INTRODUCTION

Basically, three types of tests are used to obtain input for non-
destructive pavement evaluation: dynamic stiffness modulus (DSM), fre-
quency response, and wave propagation tests. Although the evaluation
methodology presented in this report uses only the DSM test, future
refinements and expansion of the technology will no doubt require all
of the measurements that will be described below. The objective of this
appendix is to provide procurement specifications and general operating
procedures for nondestructive testing equipment recommended for use in
.evalueting the load-carrying capacity of airport pavements. The recom-
mended machine will be capable of performing the load-deflection and
wave propagation tests used for input to the nondestructive pavement
evaluation methodology discussed in the main text of this report. The
equipment design provides for rapid testing and quick removal of the
machine from the pavement facility for emcrgency aircraft operations,
direct vest results for on-site analysis, and mobility for transfer of

the equipment to any airport within the United States.
DSM TEST

DSM is the ratio of vibratory load to deflection and is obtained
by a sweep of 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 and the vibratory loed, a
variable mass (static weight) vibrator is recommended. The size of the
vibrator should probably be dictated by the type aircraft for which a
pavement is evaluated, and the static weight of the vibrator should be
proportional to the gross aircraft weight, although this was not proven

in the main text.
FREQUENCY RESPONSE TEST

. The frequency response is also developed from load-deflection
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dats by a sweep of frequency {(range of 5 to 100 Hz) et & constant vibra-
tory load. The frequency response shows how a pavement structure reacts
to the dymamic force at different frequencies, and may become important

in evaluating vavements for different aircraft speeds.

WAVL PRCPAGATICH TEST

The wave propagation test uses a 50-1b electrodynamic vibrator

in conjunction with the lurger ribrator to measure the velocity of shear . v

waves proiagated theoough various layers of a pavement structure. The

wave velocities are used witn elastic theory to compute a dynamic

\ E-modulus, modulus of elesticity, ror each pavement layer.

STECIFICATIONS

A general description ¢of each conponent of the nondestructive
testing (liDT) system is given in the following paragraphs and ic followed

by a set of specifications for each component.

TRUCK~TRAILER UNIT

The large vibrator, power supglies, and electronic eguaipment arc
cortained in a semitrailer as shown in Figure Cl. The 36-ft semitrailer i
i iz 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 & small four-wheel trailer containing the vibrator was
also studied, tut there appeared to be no advantage tc that syctem., The
semitrailer unit is recommended vecause it is easier 10 maneuver over
test locations and s&ll equipment is contained in the one trailer, which '
simplifies maintenance., Specifications will be listed later in this !
; appendix for 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 vibratory load is generated by the electronically controlled
l double~action hydraulic piston. The hydrouvlic piston is oriented with

the rod end attached to the lozd plate on the pavement, ard the reaction
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mess is mounted to the “~dy of the piston. The reaction mass is oscil-
lated vertiéally (raised an. _owered) at the specified frequency and
with a magnitude to produce the desired dynamic force level. Either
force or frequency can be held constant while the other quantity is au-
tomatically varied at & specified sweep rate.

The fixed static weight of the vibrator being used ir the Federal
Aviation Administration research study is 16 kips. Results of the study
show the DSM to be dependent on the vibrator static weight, vibratory
load, and load plate size. The vibrator weight and the vibratory load
should probably be determined by the pavement type and the aircraft for
which the pavement is to be evaluated. Therefore, the proposed vibrator
is one of variable mass and can range from 5 to 16 kips. A "stacked-mass"
concept (shown in Figure Cl) is used to allow the static weight of the
vibrator to be changed easily. The vibrator load plate size 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 hydraulic power supply must be designed for the maximum force
output. The 38-gpm pump similar to that used with the existing 1l6-kip
vibrator is therefore rejuired. A 25-kw electric generator is recom-
mended to provide ample electric power. These units are specified in

detail in this appendix.
INSTRUMENTATION

Load~deflection measurements. The exiciing date recording package

was designed for measuring peak values of vibratory load and deflection
at the load plate. The proposed system allows for recording peak values
of vibratory load and dyhamic deflection, as well as frequency of vibra-
tion, on a set of X-Y recorders. Load-deflection data at constant fre-
quency or deflection-frequency data at constant load can be displayed on
these recorders, and the test results can be inspected and checked as
the field tests are performed. Specifications for the load-deflection
instrumentation will be presented subsequently.

a. DLS8M. Figure C2 is a block diagram showing the overall se-
quence of the NDT process using a dynamic lrad-deflection

175




SeEiP GSOILL ATOR ¢ mEsgEvce
TP GSLILL AT — — WY ERT TUC T EREY
—{  SFicP U5 e — —— — —{ CONCTERT FRAELIENLY
SDL6AS —i ; | SKEEPFORLE J
L iAVIMCHTOR
© TUNTRGLLER  fe
i 31858 ]
-]
SERVG SUPLIFIER
VB ASALRL
ACTUATIR
l PGSITIN
» FEEDBALK
‘ FGRCE
Y SERVD YALVE FEEDBACK
&
|
ACTUATGR A5
{ ‘ REACTION HASS
FORCE SIGRAL
, TRANSTUCER CORDITICNING
! X
] TUNING FREDUENCY J .
3 TRACKING
FILTER N
PAVEMENT
TRANSFER FUNCTION 3
DC - FREQUENCY
VELOGITY SIGHAL _ {
TRANSOCER "l  CORDITIONING INTEGRATOR )
L—.—’ _ -
DYNAIIC STIFFNESS
| FREQUENCY § RESPONSE MODULUS .
i | x Recoroer X-Y RECORDER
] v
| . oL ol -
' x> -
) f L

! firare C2.0 slock diaspram o

the DT process using s dynimin
10ad=12tection resronce




L

- i il i b b A i e

Ie

resronse. A steedy stete vibreztory loced is epplied to the
oeverent through an 18-in.-diam steel plete. Three lced
cells rounted on the plate record the vibretory loed end

e feedback for control of the electrohydraulic vibratcr.
ad ce’l signels are electronicelly surmed end condi-
oned for input into the X-Y recorder. A wvelocity trensducer
so cowted on the loed plate produces a signel thet is
2etronically integreted end -t to the plotter. With the
bretory load and deflection connected to the exes of the

* , the loed cen be increzsed at a constant frequency
from zero to meximunm force and thus provide a load-deflection
relationship of a pavement. This load-deflection curve is
used to ovtain the DSM.

Freguency response. In the second type of dynamic 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
vhile maintaining a constant load magnitude. The results
of this second type of te.. show the pevement responsze at
different rates of loading, and it is therefore termed a
frequency response test.

Other reesurements. The instrumentation for recording other
measurements, such as deflectics basin shepe and phase dif-
ference, can be added to the system in the future if desired.
A digital printer or megnetic tape could also be added; one
or the other would be needed to recora deflection basin
shapes.

Wave provagetion 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

this test includes a 50-1b electrodynamic vibrator, velccity transducers

for monitoring the wave output, & phase meter for measuring the phase

change between wave signal peaks, and rzlated amplifiers and filters.

A block diagram of the équipment is shown in Figure C3. The electrohy-

draulic vibrator is used for the vibration source in the low-freguency

range (below 500 Hz), which provides velocity data for the subgrade

material.

The electrodynamic vibrator is used Ior obtaining velocity

data for the other pavement layers, which generally require frequencies

to about, 3000 Hz for the surface layer. Velocity transducers are used

for monitoring the propagaied waves up to frequencies of about 600 Hz,'

above which frequency accelerometers are required. The change in phase

-
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with chenge in frequency is recorded on the X-Y recorder for the full
frequency éange. With the trensducers positioned a known distence epart,
the wavelength end therefore the velocity of propagation cen be computed
for any frequency within the date range. The shear wave velocity cen
then be used to produce velues of shear modulus end elastic modulus

using elestic theory. These elastic constants ere useful for theoreticel
analysis uf pavements. Specifications :ior the weave-velocity iastrumen-

tation will be presented in this appendizx.
ESTIMATED COSTS

Estimation of costs for the construction of an NDT mechine such

acs the one described in this eppendix is difficult. The costs of the

‘component parts, especially the electronic components, vary with dif-

fereat suppliers and have been steadily increasing for some time. The
estim.te given below is within approxzimetely 20 percent error based on

197k costs.

) Estimated
Item Cost
AracLos $ 25,000.00
Trailer 8,000.00
Generator (25 kw) 5,000.00
Vibretion unit (electrohydraulic vibrator, 50,000.00
power package, and controls)
Vibrator reaction mass 10,000.0C
Instrumentation packages:
Load-deflection measurements 40,000.00
Wave velocity measurements 15,000.90
Labor for assembly cof system 25,000.00

TOTAL $178,000.00

SPECIFICATIONS FOR~TRACTOR-
TRIJCK UNIT AND SEMITRAILER

TRACTOR-TRUCK UNIT

3

Cab. The cab shall be of the cab-over-engine type with a hydrau-
lic tilt system. The cab shall be furnished with, but not limited to,
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tne Soleowing: eajustzble driver's seet, windshield wiper and wesher,

peided v.ryl upholstery, mester, air ncorn, seet Leits, and ell lighis

o]

equired by Federal regulations.

cnes3sis. The front exle shall Te reted at not less then 9,000 L1b,

= -

znd the rear shall bte & dusl-tanden axle reted at not less thea 38,000 I1b.

The rear axle suspencion shall Be an gir-ride assembly. The wheelbase of '
tie vehicie shall be not grester than 160 in., end the wheels shell be of
steel or sluminum with not .ess itran 10:00x2C, i2-ply tires. The vehicle !

srell e fitted with dual fuel tank

t

with 2z combired capacity of not less

tnan 80 gel, an emergency air tank, and a fifth wheel assembly.

Engine transmission. The engine shall be not less than a six-

~ylinder with tWwo- or four-stroke .ycle, and shell develcp nct less than

[® o]
Q
[dn]
[
o
|

ry
ct

(o]

=y
o+

orque at 1200 rpm, and not less than 230-trake horsepower

at 2105 rpm. The engine shall be equipped with, but not limited to, z2n

are

Cii Lmilu air cieaner, full-flow oil filter, air compressor, fuel filter,

and zny other equipment that is standerd with the menufacturer. The P
sransmission shell be of the manual type and provide a minimum shift
range of 8.5:1, with the loest gear ratio such that, with an engine

speed of 2100 rpm, 2 road speed of rnot less than 65 mph will be possible.

Fcological requirements. The noise level shall be less than

86 db when tested in accordance with Federal requirements and shall also
meet the recommended inside-cab noise level. Smcke shall not be visible
from the exhaust while the engine is in operation, except during the

rocesc of shifting gears.

e

SE4ITRAILER UNIT-

The van trailer to be furnished under this specification shall be
the product of a manufacturer who is normally engaged .n the fabrication
of standard trailers. The trailer shall be a tandem-axle, dual-wheel,
drop freme capable of carrying a payload of 40,000 1b. It shall have
a king pin designed for tow by a tandem-axle truck with a standard fifih
wneel., Features not described or :pecified herein shall be to manufac-

turer's standard.

i30




. The length of the trailer shall be nominel 26 ft from the drop to
the reer. 1£ngth ahead of the drop shall accormodete a tandem-axle truck
end shall not be less then 10 ft.

The height shell not exceed 11 ft 6 in. overall.

The width shell not exceed 8 ft (outside).

The exterior finish shall be smooth aluminum sheet or steel sheet
with manufacturer's standard paint application.

The interior shell 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 gerage type, maximum opening. Door
shall have manufacturer's standard locking device.

) Five side doors as shown in the pian view of Figure Cl shall be
centered in their respective compartmenls. The operations compartment
shall have a 5-ft double door on each side. 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. ‘

Axles shall be tandem, 18,000-1b minimum rating per axle, and
shall have an air-ride suspension.

Brakes shall be air powered, 16--1/2- by T-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.

Lights and wiring shall be a 12-v system and shall comply with
current Interstate Commerce Commission Safety Code. Lights snall in-
clude, but not be limited to, turn signals, tail lights, dual stcp
lights, license light, and clearance and identification lights.

The van trailer shtll be weathertight and doors shall have dcor

seals (v;eatherproofing)w
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SPECIFICATIONS FOR VIBRA-
TION UNIT AND POWER SUPPLIES

PAVEMENT VIBRATICH UNIT

The pavement vibration unit consists of the actuator with servo
valve, eccumlators, end reaction mass; hydraulic power supply; and
electronic controls. The vibretion unit described herein shell be capa-
bie of producing a maximum vibratory load of 15,000 1b end maintaining
the maximum load tnrough a frequency range of 10 to 100 Hz. The unit
shall ve designed and constructed to perform in an amopient environment
of 0 to 120°F and 10 to 90 percent relavive humidity. 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 jower package at d tie generator set for at least one full
day's opera*ion.

HYDRODYHNAMIC ACTUATOR UNIT

The hydrodynamic actuator shall be a double-acting piston-cylinder
device to convert hydraulic energy into a controllcble mechanical energy.
This unit shail be so designed and constructed s to eliminate any resc-
nances within the operating frequency range. The unit shall be capabie
of providing a 2-in. double-amplitude stroke through a force range of
¢ to 15,000 1b and a frequency range of 5 to 100 Hz with a velocity
capability ¢f up to 9 in./sec. The hydraulic actuator sheall have an
integral manifold with the servo velve and asccumulstor directly mounted
1o the manifold us shown in Figure Clb. The actuator shell have a
steel baseplate for vertical inverted mounting, 30 in. square and b in.
thick. The retracted height of 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 accuator shall be so designed and constructed as

to gllow continuous operation throughout the performance spectrum speci-

fied and withstand a 5000~1b side load on the rod end. There shall be
a d-c-type displacement transducer with an external core positioning

adjustment con.ained in the actuator body. Full-flow 10-u line
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filters shall be provided complete with a remote pressure drop indicator
and not lesé than one change of filter elements. All hydraulic connec-
tions 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 shell be a high-performance single-stage type
mounted directly tu the ectuator as shown in Figure Cl with a minimum
anount of plumbing between the actaator ports and the power ports of the
serve valve. The servo valve driver assembly shall consist of & perma-
nent magnet assembly and a movable driver coil suspended in an air gap
within the megnet structure. The serve valve shall have & moving coil
airectly coupled to the spool. The valve spool and moving coil shall
be located be ween two helical-wound springs t> 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 50 gpm at a 2500-psi valve drop and a corresponding 6 gpm to
a meximum of 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 vaelve shall be furnished with a d-c-type
linear displacement transducer so designed and constructed that no moving
parts 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 npll leaskage at 1000 psi shall be not greater
then 0.8 gom. The full-flow frequency range shall be 0 to 500 Hz at the
low~-flow rating and 0 to 170 Hz at a high-flow range. A 25-u filter
shkall be mounted at the input of the servo valve to eliminate foreign
matter from entering the chamber. The hysteresis shall not be more than
0.25 percent of the stroke.

An accumulator package with a force stroke rating of not less
than 100,000 1b/in. which provides peak system flow requirements and

reduction of line-pressure fluctuations shall be supplied with all
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necessary hoses and fittings for connectior Tc the servo valve. The
accuruwlator packags 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 actuetor.
AYDRAULIC PUWER PACKAGE

The power packsge shall be skid-mounted and forced-air cooled

and provide sufficient hydraulic energy %o drive the actaator unit on a

cortipuous basis for 10-hr intervals at any given set of performance
conditions within the speciiied performence srectrum. Mounted directly
to tae pazkage for .ocal ope 'etion shall be start and stop buttons,
reservoir oil temperature gage, oil level sight gage, hydreuwlic pressure
‘output adjustment with pressure gage, and eny other iteiis standard with
the manufacturer. Remote controls required are covered in 2 separate
section. The main hydraulie prossure pump shall be driven by a diesel

engine with continuous net brake horsepower of not less than 75 at

1800 rpm or greater as required for the performance specified. "The main
pressure pump shall be a pressure-compensated axisl~piston purp with a

; manually variable displacement end cshall be capable of supplying not

less than 38 gpm at 3000 psi. The pressure compensator shall be elec-
trically operated with provisions for locsi and remote adjustment of

opergting pressure from 500 to 3000 psi with local and remote pressure
readout devices at the adjustment stations. There shall be a pressure

resief bypass or equivalent device 1o prevent system pressure from ex-

ceeding a 3000-psi maximum operating limit and no udjustable relief
device to maintain pressure on return line to prevent cavitation. :

The diesel e¢ngine, the hydraulic pump, zir-cooling system, and

—

hydraulic oil recervoir shall be mounted as one unit and shall be not

more than 12 ft long or 5 ft wide. The 0il reservoir cshall be at least

100 gal and shali have a low-level shutoff device to shut the system
) down if the oil level falls below design level, and a thermostatically
controlled electric immersion heater(s) of sufficient size to maintain f
a UO°F oil temperature in a O°F environment. A thermostatically con- j’

trolled forced-air cocling system shall be provided to maintain the oil '
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temperature within allowable limits while the system is operating under
full load éhroughout 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-
nished for connecting the components and shall have corresponding quick
comections and identification code. All electrical cables and connec-

tions shall be oil- and vibration-resistant 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
placed. 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 identified to
correspond to the proper interconnecting cables to be attached. The
console shall have & wiring harness(es) in which all interconnecting
cables are routed from one component to other components. The console

shall contain, but not be limited to, the following items.

Pump control module. The pump control panel shall include, but

not be limited to, the following: & "master off" switch to deenergize
the entire control network, a pressure pump "ready" and "cn" switch, a
pressure "increase" and "decrease" switch with pressure indicator, a low
0il 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 misoperation of the
hydraulic povwer supply. The power requirements for the control system

shall be 95 to 120 v, 60 Hz, single phase.
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Servo controllier. The servo controller shall contasin an electronic

emplifier fbr use in clcsed-loop control applications. It shall include
a main frame with the centrel electronics, metering, power supplies for
internal circuits, and power to drive external transducers that complete
the closed-loop system. The controller shall be capable of receiving
and controliing two inputs, one of which shall be a feedback voltage
(sctuator 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 1 to 100 percent of maximum with an ac-
curacy of 0.5 percent. The span control shell be & continuously varisble
10-turn votentiometer 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 contrsl which sets the feedback
galn level for the system and shall be the primary calibration between
output response and input commend level. There shall be & switch to
select an input to a panel meter to monitor the input command feedbvack
and power supply levels. There shall be & connector available to monitor
continuously the output of the feedback channel. There shall be a con-
trol to balance the feedback. This control shall be the primary zero
system centering control,

There shail be & switch to calibrate the servo system. This
gwitch shall provide a positive signal peak, a negative signal peak, or
the maximum peak of the signel being calibrated at the system comparator.
There shall be a swite to select either the input commend signal or the
feedback, whichever is being calibrated. While the system is in opera-
tion, the switch should be in the operate mode. The calibration standard
shall be +0.5 percent of full scale. The calibration accuracy shall be
1 percent 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 values of 10 and 2k v DC, and & continuously varisble output of
5 to 25 v DC. A 10-turn potentiometer with a calibrated microdiai read-

out shall be mounted on the front panel to optimize the closed-loop
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system. The span of the adjustment shall be 2 to 102 percent or 50 to 1.
A set point'control shall be provided to supply a d-c command sigual used
primarily to set the initial stetic actuator position. A secondary func-
tion of this 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 varietions in the set point level. This control shall be
used for system zero centering. A limiter control shall be used to hard-
¢lip the error signal amplitude for use as a limit on system frequency
response. This conurcl 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 system feedback
signal from either input or btoth inputs, depending on project require-
ments. A stability control shall control the gain or slope of the servo
loop response at lower level§. At the center, the system response shall
Je flat, while to the right of center, it shall produce an increase.
There shall be a stability gain control t5 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 energized from the power line. There shall be an INT CAL switch to
provide a cycled d-c square wave command signal corresponding to +10 on
the SLT POINT control in the "0-db" position, and in the "-20-db" posi-
tion, a similar signal corresponding to 11l on the SET POINT control.

The repevition 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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The maximum dither amplitudc derived from the internal dither oscillator
shall be aﬁproximaﬁ:ly 50 percent of full scele as ind.cated on the servo
controller. A dither frequency control shall be supplied so thet when
internally derived dither is selected, the dither frequency control shall
provide continuous frequencies from 400 and 2000 cycles. A lock-type
phase switeh level stall be provided with two positions: plus and minus.
This switch, when reversed, shall in turn reverse the current direction
applied to the servo valve coil. A three-~position range switch shall be
suprlied to select u 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 generslly to
fine-trim any sli¢ht mecnanical offset which might occur in the valve
spool Jduring the time of no signal input conditions. A test switch shall
be supplied for setting the valve balance control, which momentarily
removes the input signal so that balancing mey de conducted on the valve
itself free of any other system unbalances. A monitor output connector
(BNC type) shall be provided to provide a voltage proportional to the
output current level. It shall be short-circuit-proof and shall not be

capable of being inadvertently switched.

Sweep oscillator. The control unit shall contain a Spectral Dy-

namics Model SD 10LA-5 sweep oscillator, or equivalent.

Amplitude servo monitor. The control unit shall contain a Spec-

trel Dynemics Model SD 105B-1 servo monitor, or equivalent.
25-kw GENERATOR SET

The generator set shall be powered by a diesel engine that pro-
vides sufficient horsepowe. at 1800 rpm to give the specified performance
of the generator set. The engine shall be provided with a 12-v electric
starting system and s 12-v negative ground alternator. The engine shall
bte water cooled and provided with radiator, blower fan, and positive
action gear-driven ceatrifugal water pump for continucus operation in

en ambient temperature of 125°F., The engine shall have a hydraulic
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governor capable of regulating the voltage within +2 percent. The engine
shall be lubricated with & gear-driven oll pump and shall have an easy-
to-change oil filter that filters particles as small as 19 u. The system
shall include an o0il cooler that will meintain 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 oattery-
charging ammeter.

The generator shall be e revolving field, a-c generator with
built~in, statically regulated, statically excited system and shall con-
form to National Electrical Manufacturers Associat&on standards. The
generator shall provide single-phase, 115-/230-v, 60-Hz power through a
wye connection with a continuous rating of not less taen 25 kw at 0.80
power factor and shell have a standby rating of not iess 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 directiy connected to the engine crankshaft. A
solid-state voltage regulator shall automatically maintain +2 percent
voltage regulation from no load to full load. A wall-mounted 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 purpose of the instrumentation package is to measure the re-
sponse of pavements when subjected to dynamic steady state sinusoidal
loading conditions. The various components are shown in the block dia-
granm of Figure C2 and are described below. The specifications given
here specify particular models and part numbers. The proposed system

should contain these or egquivalent components.
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. FCRCE TRA%NSDUCERS (LCAD CZiLs)

Tne forze trensducerz irn the design ere BLE Electronics Model
- U3Il 20,230-1b loed ceils. Trnis load celi was selected tecause of iis
rign neturel :rreguency, okysical height, low deflection, end high ec-
de

curesy under ervliceiiscn of side and excentric ioeds. The sirein gege

Zzed cell wes seiectel over the crystal type so that a2 stetic lcoed couid
te msa2sured. Weighing the reaction rass is en excellent reens to verify

the loed cell celidreticn. Tnree of these lced cells spaced 120 deg '

zert ere used to ceasure the totel force of 31,000 1o (static weight
cf 1€,000 1b plus ceximm vibratory loed of 17,000 1b) in the proposed
rechine.

Thne signal conditioning for the loed cells includes bridge tal-

ence, single shunt celibration, and sceie valve {(gein) conircl capebil

ities. Tne emrlifier frecuency response shall be flat from 1 to 10060.

ot

/11 the gbove cepebilities are included on & printed circuit board fabri-~

2 .

ceied at the U. S. Army Engineer Weterways Experiment Station. The Burr-

Brown Model 3061/25 instrumentation emplifier is used. An operaticnal ;

amplifier is used to sum the output of the three load cell amplifiers.
. VELCCITY TRANSDUCERS

The dynamic deflection of the pavement is sensed with a velocity
transducer. Tne velocity transducer was selected for several reasons,
the major reason being thet a seismic mass displacement transducer that
would meesure the meximum anticipated deflection (epproximately 0.025 in.)
would be unreasonably large and heavy. The velocity transducer shall
have a low natural frequency and a high sensitivity to measure extremely
small deflections (0.0005 in.) in strong pavement systems. A Mark Pro-
duct Model L-1-U velocity transducer has a high sensitivity and good

5 natural frequency-size relationship. The size of the velocity transducer
& is usually inversely proportional to its naturel frequency. However,

i an extremely low natural frequency increases the fregility of the trans-
ducer. .A 1-Hz velocity transducer could not survive in the environment
of the pavement vibration system.

" The signal conditioning for the velocity transducer shall have
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zonTanususly verieble from 16 £0 1007 end & <ens for in-
serting & sine wave viliege ints the input of the explifier to sicuvlate

2 fowrn velszizy. A printed circuit toard erzploying a Burr-Brown Model

querncy versus deflection curve. & rack-rounted Hewlett Packard NModel
135 X-Y recorder was selected because the electrostatic paper hold-down
is a fazvorable feeture for field work.

Esuiprent for the constent freguency with load variaiion capabil-
ity is z simple circuit consisting of a multiplier, an integrztor, and
zn oscillatvor, which were designed and used. The sine wave input from
the oscillator is connected 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 is held cbnstant in both amplitude and frequency.

The load variations are conirolled by changing inputs and param-
eters of the integrator circuit. With proper controls the force can be

made to increase, hold, decreese, or reset to zero.
SPECIFICATIONS

The instrumentation for the load-deflection tests shall conform

to the following specificetions:

I. Force transducer

A, Full scale 20,000 1b
B. Performance:
1. Rated output (RO) 3 mv/v
2. Calibratio? accuracy in 0.25 percent RO
compression
. 3. Nonlinearity 0.10 percent RO
L. Hysteresis 0.10 percent RO
) 5. Repeatability 0.02 percent .RO
191
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D.

s cmpression
load
Electricel:
1. ZExcitation, reccrmended
ceximpm
2. Zero belance
3. Terminel resistance:
a. Input
b. tout
k. Electricel -omnections
5. One bridge
6. 1Insulation resistance:
a. Bridge to ground
©. Shield to ground
Temperature:
1. Renge:
a. Compensated
b. Safe
2. Effect on span
3. Effect on zero balance
Overload and adverse load

ratings:

1. Safe overload
2. Ultimete overload

3. Maximum side load with-
out damage

4., Maximum bending moment
without damage

5. Maximum torque applied to

center thread without
damege
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0.95 perceast O

.39 percent RO

12-v AC or IC

1.0 percent RO

350 +
350 + 3.5 ohms

Bendix connector
(pC 02Cc-12-100)

5 chms

o)
5 x 10” ohms
2 x 109 ohms

+15 to 115°F
-65 to 200°F
0.0025 %/°F
0.0025 %/°F

150 percent rated
capacity

300 percent rated
capacity

100 percent axial
load capacity

50 percent axial
load capacity in
inch-pounds

30 percent axial
load cepacity in
inch-pounds




&. l.3-mv/v fuli-scale
capecity

"

. leiural freguency

o

. leflecticn a

»
W

ot

rated cepacity

Dirensions:

s

(5

. Height, maximum
2. Maximum horizontal
dimension
Hounting bolt
L. Center bolt

v

II. Bignel ccnditioning (load cells)

A. Power supply:

1. Amplifier power supply,
dual outpui

2. Bridge excitation, dual
output

3. Regulation:
‘ a. Line
b. Load
Ripple and noise

d. Remote program
resistance

e. Remote progrem
voltage

f. Temperature
coefficient

4. a-c input
‘ | 5. Power:
. a. Amplifier supply

! . b. Bridge excitation
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Greater than 5 klz

2 % 1073 to
5 % 103 in.

2 in.

5-9/16 in.

3/8-16
1-14 NF-2

#15-v IC at 1.k amp

5vat 2.7 amp

0.01% + 1 mv

0.01%7 + 1 mv

250 uv

1000 ohms, v, nominal

Volt/volt

0.01% + 300 pv/°C
with external prc-
gramming resistor

0.015% + 300 wv/°C
with internal pro-
gramming resistor

105- to 132-v AC

125 w
80 w
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12.

B. Bridge balance.

Uverzh

[
Q
[}

Terperature:

a. Operating range
b. Storage range
Cverloed protection:

2. Thermel

b. Electrical

Input and output

Convection cooled

Current limit:

a. Amplifier suppdly

b. Bridge supply

Physical:

a. Weight:
Amplifier supply
.Bridge suprply

b. Size:

Amplifier supply

Bridge supply

lic uversheot on power
fturn-oi, van-off,
or power failure

-0 to T1°C
=45 to §5%C

Thermostat: autc-
ratic reset when
cver-temp condi-
tion is elinminaied

External overload pro-
tection: automatic
elecironic current-—
1imiting circuit
limits the ocuiput
current Lo z pre:zet
value, thereby pro-
viding protection
for the load as
well as power supply

On terminal strip at
rear of chassis

110% of L0-C rating
140% of L0-C rating

8 1b
6 1b

4-29/32 by 4-29/32
by 5 in.

3-3/16 by 3-3/h
by 6-1/2 in.

The bridge balance shall be capable of

adjusting the output voltage of the bridge to 0 v while

the load cell is under a one-half scale load (1.5 mv/v).
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Tne potentiometer shell be e film type for stability and

continuocus operetion.
either wire or

unbelance will

Shunt celibration.

The limiting resistor shell be of
metel f£ilm construction so thet a minimum

occur with changes in temperature.

The loed cell bridge should be capable

of being single-shunted with five resistors heving the fol-

lowing resistance:

320, 160, 80, 40, and 20 kilohms. The

resistors shall be ~onnected to a rotary switch in such e

manner to be able tc simulete both tension and compression

loads.

The resistors shall be wirewound, with 0.25 percent

tolerance and e temperature coefficient of *0.00002 ohms/

ohm/°C.

Amplifier:

1.

Gain:

a. lionlinearity at
gain = 100

b. Temperature coef-
Ticient at
gain = 100
Output:
a. Rated voltage
b. Raied output current
¢. Impedance DC -1 kHz
Input:
a. Impedance differential
b. Impedance common mode
c. Vdltage range
d. Common mode rejection:
at G = 10 min
at G = 1000 bal source
Offsets and noise:
a. Input max
b. Output G = 1000:

vs temperature
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The wattage rating shall be nominally 1/4 w.

Continuvous 10 to 1000
+0.02%

0.001%/°C

+10 v
+10 ma

0.1 ohm
50 megohms
10 megohms

+10 v

Th db
100 db

+1 mv

+3 mv/°C
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V5 supply
vs time
c. OCutput G = 1:
vs temperature
vs surply
vs time
d. Bias current each input:
at 25°C
vs tempersature
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. Cutput noise, G = 1:
Volts, RMS 10 Hz to
10 kHz

Dynamic response:
a. Smell signal frequency:®
For +1% flatness, minimun
For 3-db flatnesc,
minimum
b. Settling time to

within +10 mv of
final output

¢. Slev rate

d. Full power G = 1n
Power requirements:
a. Rated voltage

b. Voltage range

¢. Quiescent supply
current, maximum

Temperature range:

a. Specification
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150 av/v

+10 mv/month

+20 uv/°C
+200 uv/v

50 uv/month

20 ne

+1.0 nz/°C

S uv
200 Pa

5 uv
50 Pa
8 uv

15 kHz
50 kHz

100 usec

1.2 v/usec
20 kHz

+15-v DC

12~ to #18-v DC

+14 me

0 to 70°C
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b. Opereting ~k0 to 85°C

X-Y recorder

A,

(9]

Input ranges:
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

Input:
1. Floating
2. Maximum voltage 500-v DC or AC

3. Polarity reversel switch
on front panel

L. Parallel front and rear
connectors

5. Resistance, all ranges 1 regonm

6. Common mode:

a. 110 db DC
b. 9Q db at S50 Hz and
above

Slewing speed:

1. PFast response 30 in./sec

2. Slow response 15 in./sec

Acceleration:

1. Y-axis 3000 in./sec2

2, X-axis 2000 in./sec®

Accuracy +0.2 percent full
scale (FS)

(+0.01%/°C)
10.1 percent FS
Resettability 10.1 percent FS

Linearity (terminal based)

Overshoot, maximum 1 percent FS

Zero set may be placed anywhere on the vriting arees or
electrically off scale up to one full scale from zero
index.

Environmental:

1. Temperature operati:g 0 to 55°C
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2. Hurmidity at Lk0°C Less tnhen 95 percent
K. Miscellerecus:
1. Writing:
a. Servo-actusted ink pen
©. Area, 10 by 15 in.

2. Electrostatic holddown. Vacuum holddown not
ecceptable. Special paper not required.

3. Electric pen 1lift

4. Dimensions: 15-3/b4 in. high, 19 in. wide,
6-1/2 in. deep

5. Reckmount structure integral with unit

6. Power: 120-v AC +10 percent, 50 to 400 Hz
at 175-v AC

T. Weight: 30 1b

IV. Signal conditioning (velocity transducer)

A. Shall use seame pover supply a&s load cell amplifiers.
B. Amplifier same type specified in II-D.
C. Calibration:

1. The system shall have 2z calibration potentiometer
where a preselected voltage can be set with o
voltmeter to less than 1 percent accuracy. 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, doubie-throw) which shall switch both the
high and low sides of the input amplifier from the
transducer to the calibrated potentiometer for the
calibration of the system and then back to the
velocity transducer for operation.

3. The calibration voltage set is based on the caiibra-
tion sensitivity (volts/inch/second) of the partic-
wlar velocity used on that channel., It should be
set as accurately as possible because it is the
standard for the entire system.

V. Velocity transducer (L-1-U)

A. Natural frequency +0.75 Hz 4.5 Hz
B. Coil resisiance 500 ohms
‘ C. Output voltuge sensitivity 1.5 v/in./sec
(nominal)
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Coil inductance (henries) 0.127
Damping 0.7 of critical
F. HNaturel frequency change Less than 0.25 Hz
with tilt at 15 deg

Stroke (travel) 1/16 in.

Weight 22 oz

Without base 2-1/2 in. high,
2-7/8 in. in
diameter

VI. Trecking filter, Spectral Dynamics Model SD122

The Spectral Dynamics equipment and X-Y recorders can be us 4
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 50~1lb
force peak ond be force-limited at low frequencies by only the displace-
ment of its armature, The wvibrator shall be capable of generating a
sine wave force over a frequency range of 5 to 10,000 Hz. The vibrator
shell ve light (weight) enough to be easily moved about by one man.

The control system for the vibrator shall be compatible with the
electrohydraulic system used in the load-deflection tests. The control
system shall consist of a sweep frequency oscillator, amplitude servo
monitor, tracking filter, power amplifier, piezoelectric load washer,
and charge amplifier. The oscillator shall generate a sine wave output
from 1 to 10,000 Hz at a constant voltage level and a d-c voltage lin-
early proportional to rrequency. The constant sine wave voltage shall
drive the amplitude servo monitor. The amplitude servo monitor shall
automatically adjust the input to the power amplifier, as corrected by
the load washer feedback, to keep the output of the vibrator at a con-
stant load level while the system is being swept through the desired
frequengy range. This feedback loop is necessary so that damage of the
vibrator suspenrsion will not occur at some resonant or antiresonant

frequency. The pover amplifier shall have a power output large enough
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to drive the vibretor t¢ full scale witnout demege. £ piezoelectiric
accelerometer can be used ~» a leedback element to keep m constant ac-—
celeration, or & pilezoelectric loud washer can be used as a force control
device. The latter is desirable since this would be a proteciive device
for tne vibretor, since an electrodynamic vibrator is gquite easily de-~
stroyed by wxcessive power applied to its input. The tracking filter in
the feedback circuit is there %o 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 totel cystem noise and adds stability in the system.

The modulated 100~kHz output of two identical channels consisting
of accelerumeters, charge emplifiers, 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 4 gystem. This is the only acceptable
way to measure the phase angle between two signals where the signal
amplitude is subject to radical changes as the frequency is being swept.
The modulated 100-kHz output allows the phase meter to see a constunt
frequency and amplitude. The direct current proportional to phase is
inserted into the ordinate of the X-Y recorder and the linear direct
current proportional to frequen-y {(from the oscillator) is inserted into
the abscissa. The vibrator is preset to vibrate at a given force level
and then is swept over the desired frequency range. A plot of phase
versus frequency is generated on the X-Y plotter.

The following equipment is suggested for the vibrator and its

control system:

Number
Required Item
3 Accelerometer, Edevco Model 2219E
3 Charge amplifier, Kistler Model 503D
1 Tracking filter, dual channel, Spectral Dynamics
Model SD122
T Phase meter, Spectral Dynamics Model SD110
1 X-Y recorder, Hewlett Packard

(Continued)




Sk 2

Number

Required

1

L

Ttem (Concluded)

Oscillator, Spectral Dynemics Model SD10LA-5

Amplitude servo monitor, Spectral Dynamics Model SD105B
Tracking filter, Spectral Dynemics Model SD131S

Load washer, Kistler Model 901A

Vibretor and amplifier, Ling or MB/Gilmore
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