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Dynamic stiffness modulus: the inverse of the slope of a load
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

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

verted to metric (SI) units as follows:

Multiply By To Obtain
inches 2.54 centimetres
feet 0.30L48 metres
square inches 6.4516  square centimetres
gallons (U. S. liquid) 3.785412 cubic decimetres
gallons (U. S. liquid) 3.785412 cubic decimetres
per minute per minute
_ounces (mass) 0.02834952 kilograms
pounds (mass) 0.45359237 kilograms
kips (mass) 0.45359237 metric tons
pounds per cubic inch 0.0276799 kilograms per
cubic centimetre
pounds per cubic foot 16.01849 kilograms per
. _ cubic metre
pounds (force) : L. 448222 newtons
kips (force) L, 448222 kilonewtons
pounds per inch 1.7512685 newtons per
centimetre
pound-feet 1.355818 newton-metres
kips per inch 1.7512685 kilonewtons per
centimetre
pounds (force) per. 0.689475T newtons per square
square inch ‘ centimetre
inches per second ' 2.54 centimetres per
. second
miles (U. S. statute) 1.6093L44 kilometres per hour
per hour
inches per second . 0.0254 metres per second
per second per second
feet per second per 0.3048 metres per second
second per second
(Continued)



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

Multiply By To Obtain
horsepower T45.6999 watts
degrees (angle) " 0.01TL45329 radians
Fahrenheit degrees 5/9 Celsius degrees or
Kelvins#*

* 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

BACKGROUND

Cufrently accepted methods for evaluating the load-carrying ca-
pacity of airport pavements 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 make accurate
and frequent evaluations of pavements extremely important to the airport
.owner since many facilities will need strengthening or rehabilitation to
meet this increased demand. These considerations dictate the need for
a procedure that permits rapid evaluation with a minimum of disturbance
to normal traffic operations. The use of nondestructive testing tech-
niques to determine the pertinent 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-
gation 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
imparted to the pavement by aircraft traffic.

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

Procedure ¢ is a more recent development.

-

—

* For convenience, symbols and unusual abbreviations are listed and
defihed on page 9.

13



. . Vibratory testing of materials was begun as early-as;1933:by the
. German Research Society: for Soil Mechanics and was further developed by
.the Royal Dutch Shell:Laboratory and the Transport-and Road Research
t Laboratory:in the United Kingdom. Most of the early vibratory:equipment
.consisted of counterrotating eccentric masses arranged to produce ver- '
trtical loadings. This equipment could be used to . vary .the:vertical: load
~and frequency, but these parameters could not: be: independently.varied.
+More recently, electrohydraulic and electromagnetic vibrators:have.been
~developed and used, both of which can apply constant.loads.at variable
sfrequencies.

The U. S. Army Engineer Waterways Experiment Station (WES).com-
.menced .vibratory testing of pavements in search of nondestructive evalu-
;ation procedures in cooperation.with Shell researchers:in*the. mid-1950's.
*These early tests by WES followed the procedures.used.by Shell re-
isearchersl The results of these early studies have been-reported.by
2,3 .Tests with .the Shell .vibrator
on pavement test secticns at .WES and:-at several military airfields in-
dicated that DSM values of.the:test sections determined from the load-

deflection relations could be correlated with:pavement performance.

: Heukelom and Fosterl and by Maxwell.

Meanwhile, tests to obtain wave propagation measurements in.pavements
were being conducted.at the American Association of .State Highway Of-
ficials Road Test,h at Foss-_Field;5 and on several other military-air-
fields.and roadways. Data collected from these have been used ‘to
develqp the correlation between modulus of elasticity E -and CBR
(Califbrnia Bearing'Ratio) shown in Appendix A. :Wave .propagation ‘tests
-were—alsovusedrté;measuye-changes in the strength with time of lime- and
cement-stabilized subgrades at Randolph.Air Forcée Base (AFB).6

The use of the deflection¥* of a loaded pavement surface to pre-

dict performance has long been an attractive evaluation concept because

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

1L



of the simplicity of such measurements. Surface deflection due to load-
ing has generally been accepted as an indicator of pavement performance,
particularly for flexible pavements.* However, it has been found
through tests of full-scale pavement test sections that deflection is
not a good indicator of the remaining life (or effects of past traffic)A
of either flexible or rigid pavements since there seems to be little or
no increase in deflection until failure occurs. An example of the re-
lationship between deflection and flexible pavement performance devel-

(f

oped ffom,various studies is presented in Appendix A. Similar relation-
ships have been developed independently by the California Division of
9 Although

these relationships have not been used directly in the development of

Highwa.ys8 and the Transport and Road Research Laboratory.

the evaluation methodology discussed herein, they are presented to
illustrate that deflection is at least an indicator of pavement
Performance.

A literature review of nondestructive evaluation techniques10
conducted in 1967 suggested that deflections caused by vibratory load-
ings on pavements could be used in an evaluation procedure if properly
correlated with performance data and existing direct sampling techniques.
Thus, during the WES full-scale multiple-wheel heavy gear load study
conducted during 1969-1970 to validate pavement design, vibratory equip-
ment was used to monitor the performance of the pavement test sections.
Tests to determine load-deflection relations (DSM values) and wave prop-
agation were.conducted periodically during this study. An analysis of
the results showed that the DSM values correlated well with the perform-
ance data. However, thevuéye,propagationvresults—wereferratic, 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 which have layers
of bituminous material (usually asphaltic concrete (AC)) overlying
_layers of base and subbase 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.

15



apparently as a function of the overburden pressures exhibited by the
different pavement thicknesses. Results of these tests were published
in 1972.ll The correlation between DSM values and pavement performance
encouraged continued work in this area at existing military airfields.

Further studies of the correlation between DSM and pavement per-
formance were conducted at military airfields by applying vibratory load-
ings and comparing the resulting DSM with allowable loadings determined
using existing evaluation criteria.12 The material properties of the
pavements studied were determined either from direct sampling or from
data in design and construction control records. A 9-kip¥ counterrotat-
ing eccentric mass vibrator developed at WES was used for these tests.
(This vibrator can apply a peak vibratory loading of 8,000 1b and has
“a frequency range of 5 to 60 Hz.) Analysis of these results indicated
. that the load-deflection relations of the pavements (especially the
flexible pavements) were nonlinear but tended to become more linear with
increasing magnitudes of applied load. Furthermore, with the heavier
applied loads, the resnonse seemed to be indicative of the entire depth
of pavement, whereas with tﬁe lighter loads the response appeared to be
greatly influenced by the upper layers of generally higher quality mate-
rials. Instrumented test sections were used to record deflection and
pressure at various depths to 12 ft under vibrator loadings of the 9-kip
vibratqr. 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
a combined static p1us_peak dynamic load of 31 kips, approximately equal
to one wheel load of the C-5A aircraft. »

In addition to the 9- and 16-kip vibrators used by WES, other
vibrators, both electrohydraulic and electromagnetic, have been de-
veloped and used by various agencies. These vibrators produce peak
vibratory ;oads from 560 to 5000 1b. Each of these vibrators has been

¥ A table of factors for converting U. S. customary units of measure-
ment- to metric (SI) units is presented on page 1l.
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of some use in the overall attempt to develop nondestructive evaluation -
procedures; however, no universally accepted methodology has emerged, '
primarily because of the problem in correlating pavement response and
Pavement performance. The fact that the nonlinear load-response rela-
tions of pavements are not fully understood is probably one of the majof
obstacles to the development of a satisfactory nondestructive evaluation
methodology.

In 1972, the Federal Aviation Administration (FAA) initiated the
study reported herein to develop within 2 yr a workable nondestructive
evaluation procedure for airport pavements. Based upon the available

data, the use of the DSM-pavement performance method was selected as the

most applicable procedure to be developed in this period, with major

emphasis to be placed on improving the DSM versus allowable loading cor-
relation. Work on the development of the other two basic approaches to
nondestructive evaluation of pavemeﬂts by several agencies including WES
has continued; however, as-yet, neither of these has been developed to
an acceptable confidence leyel. ‘

The DSM-pavement performance approach required direct correlation

"between the nondestructive DSM test results and the allowable loadings

of pavements as determined by existing FAA evaluation methods.

The existing pavement design and evaluation methods for flexible
and rigid pavements were developed from numerous performance tests,
theories, and studiesl3‘ho beginning in 1926 for rigid pavements with
the Westergaard analysis and in 1947 for flexible pavements with full-
scale test pavemepts using actual aircraft loadings. The procedures
that resulted from the study and 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 evaluation results have been checked against actual per-
formance and the procedure refined through review of continuing condi-

tion survey programs,

PURPOSES

. The primary pufposes of this study were to select equipment for
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nondestructive testing of pavements, to develop a methodology for evalu-
ating the load-carrying capacity of pavements using the selected equip-
ment, and to write an evaluation procedure based on this methodology.
Specific objectives of the study were to:
a. Study the characteristics of available nondestructive testing
equipment for determining the load-deflection (DSM) relations

of pavements and provide complete procurement specifications
for the recommendgd equipment.

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

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

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

_ pavements).

SCOPE

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

The first objective of this study was to select and prepare pro-
curement specifications for recommended nondestructive testing equipment.
Because‘brevious studies had shown that the most useful type of equipmént
would be that employing steady state vibratory loadings, the stu@y was
limited to an investigation of this type of equipment. Comparative

18
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tests were performed on a range of pavements with each type of vibrator -
available. Since it was impractical to use each available vibrator on
each test pavement for comparison, the performance of each vibrator was
correlated with that of the WES 16-kip vibrator. Tests were also per-
formed to study the effects of vibrator static weight, peak vibratory
load, method of application of the vibratory load to the pavement (in-
cluding load plate type and size), frequency of loading, and mobility
and ease of operation of the recommended equipment. Performance require-
ments were selected and procurement specifications prepared based on
these evaluations.

The most important phase of the study to develop the evaluation

methodology and thereby the evaluation procedure was the development of

correlations between the nondestructive test results and the evaluation
6f the load-carrying capacities of the pavement by direct sampling

Procedures. Available pavement performance data from full-scale accel-
erated traffic tests and condition surveys of airports conducted over a
30-yr period were used in 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
DSM values, deflections for frequency sweeps from 5 to 100 Hz, deflec-
tion basin measurements, and wave propagation data. Direct' sampling
data collected included the thicknesses of all layers of material com-
Prising the pavement, foundation strength values (CBR or modulus of sub-
grade reaction k "values), concrete flexural strengths, and material
classifications. Data used in the analysis‘and deveiopment,ofAthe_non,
destructive evaluation methodology are summarized and tabulated in this
Teport. Other data collected which were applicable to other methods of
nondestructive evaluation are presented in Appendix B.

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

Perature or moisture gradients, (c) changes in moisture conditions in
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tpevsubgrade materials, and (d) freezing and thawing of the pavement
and subgrade materials. Limited tests were conducted to demonstrate the
effects of some of these parameters and to develop correction factors;
however, the scope of the study was not sufficiently large to include
proper assessment of the effects of all of these parameters.

Similarly, the effects of chemical stabilization of layers of
materials, strengthening of existing pavements with either similar or
nonsimilar materials (such as bituminous overlays of concrete pavements),
and reinforcing concrete pavements by various methods were considered in
the development of the methodology but could not be properly assessed
within the time and funding constraints of the study.
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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 capable of measuring load-deflection responses of pave-
ments. However, since the characteristics of these devices vary, dif-
ferent measurements on the same test site can be expected from each.
Therefore, meeting thevfirst 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
cbmparison tests because it was readily available and it had been devel-
oped to produce a range of loadings including the largest vibratory load
possible with any of the transportable equipment. A large vibratory
load is preferred in nondestructive testing for two reasons: (a) the
vibrator should affect the favement 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
indepen@ently variable load and freduency settings and is capable of
making deflection basin measurements.

The compariéon tests consisted primarily of load-deflection tests
of existing airport pavements; howeVer, other types of tests such as
wave velocity an&.&eflee§ian-basin-measuremeﬁtsfwere—madeq'depending-
upon the capability of each vibratof. 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-l6-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
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their static weights, 9 and 16 kips.* The third, which has negligible
stétic weight, is referred to by the maximum preload that it can apply
to a pavement, 50 kips. The Civil Engineering Research Facility (CERF)
under contract to the Air Force Weapons Laboratory developed a fourth
vibrator referred to as the nondestructive pavement test (NDPT) van.

The other two vibrators, the Dynaflect and the Road Rater, are available
commercially. There are five models of the Road Rater, but specifica-
tions and performance data from only one, the Model 505, were available
for this study. Table 1 shows the maximum peak vibratory load, static
weight, load plate diameter, and frequency range of operation of each

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

9-KIP VIBRATOR

The 9-kip vibrator is a counterrotating eccentric mass machine
capable of generating an 8000-1b vibratory load within a frequency range
of-S to 60 Hz. It has a 9-kip static weight and is mounted in a trailer
with a gross weight of 15 kips.‘ This vibrator is equipped with load
cells and 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 deflection plots at variatle frequencies, i.e., the
load is changed by changing the frequency. A view of this machine is
shown in Figure 1. A closeup of the counterrotating masses is shown in

Figure 2.

“16=KTP "VIBRATCR ]
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 force"
within the pavement system. )
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Table 1

Vibrator Characteristics

Static . 4
Maximum Peak Weight of Diameter of Frequency Range
Vibrator Type of Vibratory Load Vibrator Load Plate of Operation
Name Operation - kips kips in. Hz
9-kip Counterrotating 8.0% 9.0 19 5 to 60%*
16-kip Electrohydraulic 15.0 16.0 18 5 to 100
50-kip Electrohydraulic 25.0 -1 18 1 to 200
CERF NDPT van Electromagnetic ‘ 5.0 6.75 12 10 to 5000
Dynaflect Counterrotating 0.5% 1.6+t O \ 8
Road Rater
Model LOO Electrohydraulic 0.75 0.16 Two rectangular 10, 20, 25, 30, Lot
steel pads, 4 by
505 0.75 0.16 T in., spaced 10, 20, 25, 30, L0t
6 in. apart.
510 1.5 0.32 Sensor spaced 10, 20, 25, 30, LOt#
- between pads
5508 - -- S
600 ’ | 2.5 2.5 5 to 60

* The vibratory load is generated by unbalanced flywheels rotating in opposite directions. The

9-kip vibrator has two pairs of flywheels; the Dynaflect has one pair.
** The vibratory load is changed by changing the frequency.

+ This device has negligible static weight. It applies a preload (comparable to static weight of
a vibrator) that can be varied up to 50 kips by Jacking a hydraulic loading mechanism against a
reaction beam.

+t Static weight of entire apparatus.

$# Contact with ground is through two 16-in.-0D steel wheels spaced 20 in. center to center.

#+ This frequency range pf operation is for the standard model. Vibrators can be ordered that have
a variable frequency of operation.
§ This model has been discontinued.



Figure 2. Counterrotating masses in 9-kip vibrator
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The v1brator mass assembly consists of an e]ectrohydraulxc actuator sur-

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

22»Ln. double»amplltude stroke to produee a Vlbratory l@dd rangzng from
‘*0 to 15, OOO 1b with a frequency range of 5 to lOO Hz for each load set-

tlng ; Electrlc power ;s supplﬂed by a 25~kw &1eselndr1ven gen&?atar set.,

 The hydrduilc power un¢t is dleselmarlven ana has a pump Whlch can de~

fl1ver 38 gpm at 3, 000 psi.

Maaor 1tems o;‘electronlc equlpment are a set of three load cells,

~whlch measure the load applled to the pavement‘ ve1001ty %ran ducers

‘Vklocate& on. the 18~1n.-d1am stéel Joad plate and at points away from the

1Qad plate whlch are callbrafed to measure defieatlons,;a servamecha«
?nlsm, whlch allawv variatlan of frequency and load; an X-Y recorder,

‘;whlch pro&uces load versus deflection and frequency versus deflection

‘~curves~ and a prlnter, which provxdes aaﬁa in digital fwrm Flgure 3

shows an overall view of the 16-kip v1brator, and Flgure 4 ig a view of

thMEMmmucemnwme

Figure 3. 16-kip vibrator
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- Figure k. Eléctxcnic eqﬁi@ment in 16—kiy‘Vibra£Or

W1th thlv equlpment the vmbratory load can be varled at constant
‘frequeHCLes and load versus deflectlen can be plutted. These lOad-
defleﬂtlan data are used to compute the DSM for a paveﬁent $tructure,
‘Freqpency can be varled from approx1mately 5 to 100 Hz at coﬁstant force
levels to produce the frequency responae of the pavemant structure.
‘ Also at any selected load or frequency, a plot of the deflectlon ha51n
‘shape can be arawn uslng data from the veleclty transducer The l6»k1p
 v1brator can also be used to measure the ve1901ty of shear waves propa—
gated thrcugh~varlous pavement layers,  Wavelengths can be measured by
manually movxng a V&l@@lty transducer on the ground abservzng the
results on an osc1llcs ope and manually recordlng the results. This
kpracedure is repeated for dlfferent frequencies of loadlng, and the wave
Velodify is obtained by multiplyingkthe frequency times the correspond-

ing Wavelengths as described in Appendix A.
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50—KIP VIERATOR

1he 50wklp electrchyaraullc v1brator (Figure;s) &iff@rs frbm ‘the

aﬁlag mechanlsm‘agalnst a reactlon‘beam. Thms v1brator is capable of

~ Figure ‘5.~ ~ iSO*kip‘vib:éatcr

iwb19 preleads of up to SQ kvpsz AlthoLgh Thef

'f&ct of preload (L e.5 of v1brator statle welght) on defiectlwn

fmeasurements‘; Results of 1oad~deflect10n tests were recorded on llght~

f88n51t1ve paper frcm whlch data were reduced manualWy
CERF NDPT VAN

The CERF NDPT van. (Figure 6) consists of a 35-ft-long trailer
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‘11gure 6 :CERF{ND?T~V@E‘
;that contalns three compartments. ~The~frontiéompartmEnt houses‘a:lOO-kw
generator.~ The mldéle oampartment houses a field power qupply unlt

traﬂ%?ormer, v1brator, and aoollng unit. The rear comp&rtment hou%es

the ins trumentatlon the p?lnc1pal component of which is a power ampll—
~fier‘consol@. The electromagnetlc v1brator~we1ghs 6750 1b. The v1bra-‘
fory lcad applled to the pavement is measured with three load cells
mounted on a 2~1n.-thlck 12-in. —dlam load plate. A velocity transducer
‘and an acnelerometer are iocated on the 12-in. load plate. ‘Thekoutput
from the veloclty transducer is 1ntegrated to obtaln the dis placement
dmpllﬁude of the load plate.‘ The freguency of the vibrator is con-
‘troWled by a Sweep oaclllator. :A‘sefvomeChaniém on thé sweepkosaillator
is used to hold the load or acceleration at akdesired level. The power
amplifiér provides readout units for load, displacement, and acceléra~
fion. Six panel meters on the power amplifier are used to detect mal-
‘funutlvns in the power ampllfler unit. The instrumentation room also

centains data acquisition equipment, which includes a lh-channel tape
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deck an X«Y pl@tter ‘and an OaClllOaCOpe, and dlgltal dzsplay units for

:tlme, 1oad and phase &ng]e.

- DXNAFLECT

The Dynaflect ig an elecﬁramechanlcal device {counterr@tatlng
!kfmass) mounted on a iralier.: It appixss a peak v1braﬁory load of 500 1b
“at a flxeé frequéncy of 8 Hz, ualng the we1ght of the trdller as a reac-
:?:thﬁ maqs.; The‘v1bratory load ;S~applled tokthe pavement through two
?l6vin‘~OD steel wﬁeels spacéd 20 in. center to center. fFive velocity
‘:Se“ors are used to measure the deflectlon of the pavement. Oﬁé:Sensor
1gzs‘Jucated matween the steel wheels, and the other four are spaced 1, 2,
kf3 ‘and L oft f?om the first cne at rlght angles to the axlc of the wheets.
;The~Dynaflect produces numevlcal values of deflectlon at a flyed load
frequency whlch are. recorded manually from dlal gage readlﬁgs. Fig-

kUre T shows the Dyn&fl?ﬂt w1 th its cover removed.

Figure 7. Dynaflect with cover removed
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ROAD RATER

The Road Rater is an electrohydraulic vibratory loading device.
In all models of this device except the Model 600, the actuator, or hy-
draulic ram, is mounted with the rod end upward (the opposite is true for
the 16-kip vibrator), and a weight mounted to the rod is hydraulically
oscillated to produce the vibratory load. The vibratory load is trans-
ferred to the pavement structure through two 4- by T-in. steel pads
spaced 6 in. apart. Two velocity sensors, one located between the steel
loading pads and the other 1 ft away perpendicular to the axis of the
pads, measure deflection of the pavement; The Road Rater produces nu-
merical values of deflection at variable frequencies and a fixed load
which are recorded manually from dial gage readings. The smallest ver-
sion of this vibrator (Model 400) 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
trailer-mounted Model 505.

VIBRATOR COMPARISONS
BASED ON FIELD TESTS

As stated previously, the 16-kip vibrator was selected as the
basic vibrator with which the other devices would be compared. DSM val-
ues were used for comparison purposes. The methods of obtaining the
DSM values from the data, however, differed with each vibrator. DSM
~values for the 16-kip vibrator, the 9-kip vibrator, and the CERF NDPT van
f—are-obtained-fron'the-siope‘of‘thE‘upper‘portion of the load-deflection
[ data curve as described in the section on the effects of vibratory load-
ing. The'dynamic load is increased to the maximum output of each machine
"during a test. The 16-kip vibrator and the CERF NDPT van produce the
DSM at a constant frequency, whereas the frequency is increased on the
9-kip yibrator in order to increase 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 values obtained with the 16-kip
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Figure 9.

Model 505 Road Rater
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v@brator versus DSM values obtained with the 9-kip vibrator, the CERF
NDPT van, the Dynaflect, and the Model 505 Road Rater, respectively.

The comparisons discussed in the following paragraphs show the varia-
tions in data obtained with these four vibrators. Accuracy of the 16-kip
vibrator will be discussed later.

Figure 10 shows a graph of the 16-kip vibrator DSM values versus
the 9-kip vibrator DSM values. DSM values for the 16-kip vibrator
ranged from about 800 to 7800 kips/in.; however, a significant number of
data points were not obtained beyond 3500 kips/in.  The line of best fit
in Figure 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
the 16-kip vibrator. The standard error of estimate is +493 kips/in.
measured along the 9-kip vibrator axis.

Figure 11 shows a graph of the 16-kip vibrator DSM values versus
CERF NDPT van DSM values. DSM values for the 16-kip vibrator ranged
from about 4LOO to 5800 kips/in. The best-fit line in Figure 11 shows
that the CERF NDPT van geneéally yields lower DSM than the 16-kip
vibrator. The standard error of estimate is #527 kips/in. measured
along the CERF NDPT van axis.

Figure 12 shows a graph of DSM values obtained with the 16-kip
vibrator versus those obtained with the Dynaflect. DSM values for the
16-kip Qibrator ranged from 1200 to T100 kips/in. The best-fit line in
Figure 12 shows that the Dynaflect generally gives higher DSM values
than the 16-kip vibrator. The standard error of estimate is +1310
kips/in. méasured.along‘ﬁhe 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 DSM = 590 + 0.860 x 16-kip DSM . All the data shown in Fig-
ure 12 were collected on continuously reinforced concrete pavements,
and it is not known why the data from Palmdale did not correlate well
with those from Midway and O'Hare.

Figure 13 shows a graph of DSM values obtained with the 16-kip
vibrater versus DSM values obtained with the Model 505 Road Rater. DSM
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for the 16-kip vibrator ranged from about 400 to 3400 kips/in. The
best-fit line in Figure 13 shows that the Road Rater generally gives
higher DSM than the 16-kip vibrator. The standard error of estimate is
+42L kips/in. measured along the Road Rater axis.

The lack of agreement between vibrator results is due to the non-
linearity of pavement response and significant differences in the magni-
tudes of the vibratory loads, vibrator static weights, frequencies of
loeding, and contact areas. These results do not show that the 16-kip
vibrator is the optimum size for airfield pavement testing. There is
obviously a need, however, for a standardized vibrator and the 16-kip

vibrator is recommended.
FACTORS AFFECTING VIBRATORY TEST RESULTS

Tests were made to evaluate the effects of such factors as vi-
brator static weight, vibratory load, frequency of vibration, and load

plate size on load-deflection measurements.
VIBRATOR STATIC WEIGHT

The 50-kip vibrator wﬁs 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 preload (comparable to static
weight) to the test pavement by the hydraulic loading mechanism reacting
against a load frame. The vibratory load was generated by a force
applied to the preload and then released.

To demonstrate the loading conditions beneath the vibrators de-
scribed in this report, a simplified load versus time relationship for
the 16-kip vibrator is shown in Figure 1L4. This relationship is similar
to those for the other vibrators except in magnitude of vibratory load.
The vibrator static weight Fs is applied to the pavement surface, and
then the vibratory load Fd
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

is generated. The vibratory load can be

preload) can be varied up to a maximum of 50 kips. Tests with the
50-kip vibrator were conducted on a flexible pavement test section at
WES deécribed in Appendix B.
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) Load and deflection data for items 2-5 of the WES flexible pave- -
ment test section were plotted for 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 1l6-kip vi-
brator. Figures 1T7-21 illustrate a characteristic of data obtained on
séme pavements with the 16-kip vibrator, i.e., the load versus deflec-
tion plot tends to curve in its lower portion and then become linear in
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 tendency. Rigid pavements tend to produce load-
deflection plots having less curvature than those of flexible pavements.

Ihe nénlinégr load-deflection plots show that the DSM will
vary when different portions. of the curve or difﬁgrént,single_point_
loads are used to compuﬁe the DSM and all other facfors are constant.
This tendency is illustrated in Figure 17. The vertical arrows are
drawn at loads of‘O.S, 1.0, 5.0, 8.0, and 10.2 kips. For the single-
point deflections gt the first four of these loads, the DSM values
(load divided by deflection) are T10, T70, 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

L.2 kips ¢+ 0.0074 in. = 570 kips/in. These two methods of computing
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Table 2
Vibrator Preload (Static Weight) and DSM (50-Kip Vibrator)

Item 2 C Item 3 i . Item 4 Item 5
Maxime " Maximm Maximm Maximm
Preload Peak Percent Peak ' Percent Peak ) Percent  Peak Percent
(Static Dynamic of Dynamic of Dynamic DSM Average of Dynamic of
Weight) Load DSM 5-kip .Load DSM - 5-kip Load kips/in. DSM S-kip Load DaM S-kip
kips ~ kips kigs[in. DSM _ kips kigs[in. DSM kips Run 1 Run 2 kips/in. - DSM kips kigs[in. DA
5 k.1 ) 1070 -— 5.3 2160 -— T.3 1950 2090 - 2020 — 6.7 2060 -—
10 6.5 1550 1ks5 ° 7.5 3080 1,3 11.0 2620 2880 2750 136 12.1 3360 163
15 8.6 1850 173 11.9 37K0 173 1k0 3150 2830 2990 W8 12.9 3820 185
20 9.0 2050 192 9.9 3740 173 17.9 2980 32k0 3110 158 15.9 %300 208
30 10.0 2560 2k0 12.5 k580 212 15.0 3340 3810 3580 177 16. 4 kkoO 21k
kO 11.1 3070 287 9.9 5180 2k0 16.1 k000 k280 kiko 205 13.3 ks60 222

50 10.9 3220 ‘301 12.0 5320 2k6 12.1 3800 -_ 3800 188 13.0 kk20 215
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DSM values for typical data are also used in Figures 18-21. DSM values
obtained with vibratory loads of 0.5, 1.0, 5.0, and 8.0 kips ranged from
97 to 264 percent of the values obtained using the linear portion of the
curve (Table 3). , .

This range in DSM values indicates 8 need either to estéblish a
standard vibratory loading or use the slope Qf the linear portion of
the load-deflection curve. DSM values thained using thé lineéf portion
of the curve are lower values .and are believéd to represehf the elastic
properties of the materials of the entire p€vement'section and subgrade

rather than those of the upper layers of higher quality materials.
FREQUENCY OF VIBRATION | ’

Pavement response to vibratory loading varies witﬂ the,frequency
of vibration and pavement structure as shown in Figure 22. Thé idad-
deflection curves for constant frequenéy méy show a nearly linear re-
sponse for some pavements over a range of frequencies; however, the mdst
linear response has generally been found, and(has been indicated by
theory in Volume II,hl to bé at approximately 15 Hz. Earlier studiesll

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

0.0078 - /’ﬂ¢‘~m&:'
z // 15 Hz
gauuo ':_;,,f‘ ﬂ””"’,,f””‘
g . /// ////_____‘ 40 Hz
0.0025 / — —

LOAD, KiPS

Figure 22. Typical'lodd-deflection curves for frequencies of 10,
15,-and 40 Hz , )
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Table 3

Variations_in Computed DSM Values

Fig- DSM at o.s-ki§ Load DSM at 1.0-kip Load DSM at 5.0-kip Load DSM at 8.0-kip Load
ure DSM#* Percent of Percent of Percent of Percent of
No. kips/in. kips/in.** DSM* kips/in. *¥* DSM* kips/in.** DSM* kips/in, ** DSM*

17 570 ' 710 125 770 135 690 121 650 114
18 1170 2500 ' 214 2500 214 1850 158 1670 143
19 1890 5000 264 3340 177 2940 156 2660 1

20 2580 2500 97 3340 129 3120 121 2960 115
21 3370 5000 149 5000 149 3850 114 3480 104

* TInverse of slope of }oad versus deflection plot in its linear range.
Load divided by deflgction.



indicated that 15 Hz was the optimum frequency, i.e., magnitudes of
stress and deflection measurements at 15 Hz were more proportional to
wheel loads throughout the range of depths considered than for measure-
ments at other frequencies of which the vibrator was capable. _

Figures 23 and 24 show the deflection at various frequencies for
a constant load of 10 kips using the 16-kip vibrator. Figure 23 shows
the results for 12 flexible pavement test sites, and Figure 24 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-
tively. As shown by the data in these figures, the deflection response
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
16-kip vibrator are always calibrated at 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 frequencies below

13 Hz due to the calibration at 20 Hz. This error results in measured
deflections at 5 Hz that are approximately 20 pércent lower than actual
values; the amount of error gradually decreases to a negligible . amount
at. 13 Hz. Corrections for this error were not applied to the data
shown in Figures 23 and 2k. ,

It is recognized that the load-deflection relationship is depen-
dent on the frequency of vibration and that the frequency responses of
pavements can differ considerably. This research effort considered
various ‘quantities 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
criteria. The DSM was selected as the standard measurement and a

frequency of 15 Hz was selected for the reasons discussed previously.
LOAD PLATE SIZE

The load plate sizes of the vibrators evaluated in this study

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

test nésults could not be studied during the vibrator éomparisons
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Table U

sical Pr ties of Flexible ts
AC Base Coyrse ba
Test Thick- Thick- Thick- > __Subgrade
Site ness ness PField ness Tield Feld
No. _ Location Facility in. Material 0. _OR Materiel in,  _CBR _Meterial = _CBR
M8  NAFEC E-¥ runwvay 3-1/4 E-1 (GP) . 6 7 - - - B-2 (M) 18
R0  NAFEC Taxivay A 3 Black base 3 .- E-1 (GP) [ 6 E-2 (3M) 18
K22  MAFEC Taxivay A 3 Black base 3 -- E-1 (GP) 7 100+  E-2 (8M) 18
M3 NAFEC Taxivay A 3 Black base 3 -- E-1 (OP) 7 100+ E-2 (M) 18
w1 Wilmington Parking apron 9 -2 (OW-GM) s 100+ - .- - E-4 (8P-8C) 20
W2 Wilmington 12 E-2 (OW-GM) 6 100+ - - = E-k (8P-8C) 20
Bl Baltimore 5 Black base 12-1/2 -- -5 (8P-8M) 6 67  E-k (sM) 14
B2  Baltimore [3 Black base 7 e E-2 (OW-OM) 9 96 E-3 (3M-8C) 14
B3  Baltimore H Black base 5-1/2 ==  E-2 (GW-GM) 10-1/2 73  E-2 (SP-8M) 17
Pl*  Philadelphia Runwvay 4-22 " Black base 6 =  Stone 8 - Bl (M) 7
Pes Runvay b4-22 4 Black base k1/2 <=  Btone 7-1/2 =  E-7 (54-8C) 6
P5# Taxivay U 3 Black base 3 e  Stone 6 sy -2 (8P) 15
P13 Runvay 9R-27L 15 E-2 (oP-0C) 5 83 - - -= B2 (GP-aC) 20
P14 Runvay 9R-27L 1 E-2 (GP-GC) H 100+ .- - -=  E-2 (0P-GC) 20
NV1* Nashville Taxivay 2L-20R s Black base 8 - Crushed stone 12 100+
Stone 7 .- E-7 (ML) 12
NV3es Runway 2L-20R 3 Black base H == Crushed stone 6 62
Stone [ .- -7 (ML) 12
Nliss Runwvay 2L-20R H Black base 13 .- Crushed stone 12 45 -7 (ML) 12
881 wEs 801l stabilization 3 Crushed stone 6 100+ GP 33 56  E-11 (CH) 4
test section
81 3 Bituminous-stabilized 12 - - - e~ E-11 (CH) I
(2.9% AC) gravelly
sand with 6.5%
filler
82 3 AC 6 - AC 6 - E-11 (CH) 1Y
83 3 ac 6 e Bituminous-stabilized 15 = E-11 (CH) 4
(2.9% AC) gravelly
sand
8k 3 AC 6 .- Unstabilized gravelly 15 .. E-11 (CH) [
sand
85 3 Crushed limestone 6 =« Lean clay, 3.5% lime 15 «=  E-11 (CH) b
86 3 Crushed limestone 6 e«  Lean clay, 10§ PC 15 = E-11 (CH) L
87 3 Crushed limestooe 21 -- .- . - E-11 (CH) N
88 3 Clayey gravelly sand 21 -- - - = E-11 (CH) L
with 6% PC
89 3 Crushed limestone 6 =+  Lean clay, 3% lime, 25 .- E-11 (CH) 3
2% PC, 108 fly ash
810 3 Lean clay (12%) PC 25 - o R - I-11 (CH) N
811 3 Gravelly sand (5%) 25 .- .- - - E-11 (CH) 4
PC
812 3 Clay sand (5%) PC 25 - - - -« E-11 (CH) L
813 3 Crushed limestone 6 -- Gravelly sand 3 = E-11 (CH) 4

Note: Test site locations are listed on page 67. FAA soil classifications'2 are given first, followved by Unified Soil Classification 8ylul“3

s in parentheses.

g¥oup,
* Data furnished by Site Engineers, Inc., Cherry Hill, N. J.
#» Data furnished by Brandley Engineering of Sacramento, Calif.
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Table 5

[} V! t

Test ‘ : m’fgk- Flexurel TRIeE: haer
Sito ness Strength ness k Subgrade . [Load

Location Yacility An. pai Material in. - ped _Msteriel . kips
N7 RATEC N-S runvay . 4 810  E-1 (GW) 8 3% E-4 (SP-8M) 2L.3
» N-8 runvay 7 880  E-1 (GW) - 8 360 E-4 (SP-8M) 26.6
‘N9 E-W runvay 10 724 E-1 (W) ' 8 325 E-L (SP-8M) 36.7
xo EW runvay . 828  E-2 (GP) . 8 285 E-4 (SP-8M) 24.0
n E-W runvay , 7 894  E-T (ML-CL) 8 200 E-4 (SP-SM) 2L.4
Fireﬁouu rnrp 7 910 E-2 (GP) 8 450 E-L4 (SP-sM) 28.6
ms E-W runway T 864  E-7 (ML-CL) 9 100 E<4 (SP-sM) 37.1
. M6 MAFEC ramp | 15 760 - - 370 E<b (GP)  Th.L
m7 AXG ramp | 12 820 - -- 156 E-6 (ML) 23.8
H1  Houston . Taxiway K ' 1 868  Soil-cement 9 205 E-6 (ML) 81.4
H3 ' Taxivay X i 12 929  Soil-cement 8 375 E-6 (ML) T4.4
HT iuiny B ;12 929  E-5 (SP-8M) 5-1/2 375 E-6 (ML) 64.0
H9 ‘Taxivay B "12-1/2 891  E-5 (SP-sM)  11-1/2 425 E-6 (ML) 66.6
m Taxivay B ' 12-1/2 894  E-5 (SP-sM) 11 L5 E-6 (ML) 67.4
J1  Jeckson W runvay 9-1/2 754  Soil-cement 6-1/4 1% 'E-7 (CL) 7.7
J2 V runvay ‘* 1 T2k Soll-dement N 175 2-7'(0‘!}) 10.8
J3 Light plane ramp 7-1/2 U0  Soil-cesent 4-3/4 230 B-7 (CL) 26.2
n Wruway  11-1/2 709  Soil-cement 6 195 E-7 (CL)  A5.2
Js W runwvay 8-3/4 966  Soil-cement 8 210 E-7 (CL) 18.2
I7  Indlanapolis Runwvay 4-22 i 11-3/4 900  Gravelly sand 10-3/4 280 E-4 (S8P-SM) 57.6
18 Runvay 4-22 ; 12 1003  Gfavelly sand 11-1/2 280 E-L4 (SP-M) 66.3
113 ) Taxivay A 12 " 870  Gravelly sand 6 225 E-6 (SP-SC) 55.8
117 - Runvay 13-31 11-1/2 970  Gravelly sand 10-1/2 275 E-4 (SP-SM) 59.8
120 Runwvay 13-31 | 10 | 984  Gravelly sand 8-1/2 270 E-4 (SP-sM) . L8.6
122 Taxivey B 11-i/4 1015 Gravelly sand 8-1/4 230 E-5 (SM) 9.0
135 Terminal ramp  12-1/2 820  Gravelly sand 10-1/2 300 E-3 (GC) 58.4
139 .| Terminal ramp 12 870  Gravelly sand 10 290 E-1 (GW) 57.8
140 Terminal ramp  14-1/2  T75  Gravelly sand 6-1/2 205 E-6 (SP-SC) 66.7

Note: Test site locations are listed on page 67.
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Figure 25. Output versus frequency from velocity transducer No. 101
(input is a constant amplitude of deflection)

because of the many other factors that also varied. Tests were there-
fore conducted with the 16-kip vibrator using 12-, 18-, and 30-in.-diam
.load plates. Examples of the DSM values obtained using these plate
sizes are shown in Figure 26. These tests were conducted on the flexi-

ble pavement test section shown in Figure 27.

“ | / )
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~LIEM
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TEMPERATURE EFFECTS TEST
SECTION ARE SHOWN IN FIGURE 27.
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Figure 26. Load plate diameter versus DSM on WES .
‘ temperature effects test section

. 53



ITEM 3 ITEM 2 ITEMI
—— &5 . 28 28’
]

¥
LECTRONIC THERMOMETER PROBES
- \\b

!

~ |
: WES PRESSURE CELLS.

]

PLAN
,,reu'c TRONIC THERMOMETER PROBE. S\

..r_.L

25

/4%

E-7 (CL) SUBGRADE

WES PRESSURE CELLS

SECTION

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

The tabulation below shows the tire contact areas of severdl

civil aircraft.

Tire Contact

Aircraft Area, sq in.
Boeing T27 210
DC-8-63F 220
Boeing TA4T 205
DC-10-10 . 294
‘DC-10-30 331
L-1011 282
Concorde LT

Given the variation in DSM values obtained with the different plate

sizes and the range of contact areas listed above, it was decided that
& standard plate size should be selected and that it should approximate
the contact areas of the tires of the above aircraft. The 18-in,-diam

plate with a contact area of 254 sq in. was therefore selected.
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ACCURACY TESTS WITH 16-KIP VIBRATOR

The accuracy and reproducibility of test results from the 16-kip
vibrator were studied in order to determine confidence levels for the
data collected. The following paragraphs present results of laboratory
calibrations and checks and field tests to determine these factors.

LABORATORY CHECKS

ON VELOCITY TRANSDUCERS

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 L4 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

d =17 (1)
where '
d = peak deflection, in.
V = wave velocity, in./sec
f = vibrator frequency, 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 transducers 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 Model 124 vibration transducer (Serial No. 15939)
which was calibrated by MB Electronics. The maximum percent error of

the shake table was computed as 5 percent of the reading. The shake

25



99

28. View of load,
vibrator

plate, load

cells, and

velocity transducers of



table had a maximum stroke of 0.5 in. ZEach transducer was vibrated at
known deflections on the shake table, and the output signal from each

. transducer was recorded on the 1l6-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. The 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 sz minus the known in-
put deflection xpl divided by the known input deflection multiplied by
100. The DAS was calibrated exactly as in field operations. The known

3 4 30 x 1073 in., which is the

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

input deflection ranged from 0.5 x 10

known input 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 1T7.h4
percent error for velocity transducer No. 101, and one measurement gave
an 11.6 percent error for veiocity 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
measureménts 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
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Table 6
Accuracy Test of 16-Kip Vibtrator DAS

Deflection - “Deflection
Diff;xrcﬂcc ¢ ‘ Difference-
Deflection, 103 in.  ( Py Deflection, 107 n. . (P )
Known Input Measured p2 pl’ Percent Error 'Known Input Meéssured - ""p2 pl’  Percent’ Error
X, X 1073 in. (Ax'p/le) 00 [ Xy X g3, (A /X)) 100
Velocity Transducer No. 101
0.5 0.113" -0.087° 17.4 4.0 3.897°  -0.103: 3.2
1.0 0.985 -0.015 1.5 ; 4.5 4.370 -0.130" 2.9
1.5 1.435 -0,065 4.3 : 5.0 L4.872 -0.128" 2.6
2.0 1.920 -0,080 4.0 ‘ 7.5 7.302°  -0.693° 9.2
2.5 2,424 -0.076 3.0 10.0 9.963 -0,037" 0.4
3.0 2.902" -0.098 3.3 20.0 19.43° -0, 570 2.8
3.5 3.013 | -0.087 2.5 30.0 29.10 ¢ -0.900 3.0
Velocity Transducer ¥o. 102
0.5 0474 -0.026 5.2 4.0 4.04 +0.04 1.0
1.0 1.075 +0.075 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 +0.01 0.5 7.5 7.52 +0,02 0.3°
2.5 2,52 +0.02 0.8 10.0° 10.60 +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 30.20 +0.20 0.7
Velocity Transducer No. 103
0.5 0.452 -0.0L48 9.6 Cho 3.81 -0.19: .8
1.0 1.001 +0.,001 0.1 4.5 4,265 -0.235 5.2
1.5 1.455 -0.0L5 3.0 5.0 4.,76" -0.2k. 4.8
2.0 1.902 -0.098 4.9 7.5 7.13 -0.87 11.6
2.5 2.37 -0.130 5.2 10.0 10.09 +0.09° 0.9
3.0 2.85 -0.15 5.0 20.0 18.87 -0,13" 0.6
3.5 3.30 -0.19 5.4 - - - -
Velocity Transducer No. 10h
‘0.5 0.460 -0.040 8.0 3.5 3.43¢ -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 4.5 L.39° -0.11 2.4
2.0 1.96 -0.0k 2.0 5.0 4.95 -0.05 1.0
2.5 ©2.46 - -0.04 1.6 7.5 T.40° -0.10 1.3
3.0 2.95 -0.05 1.7 10.0 10.45° +0.45° 4.5
. Velocity Transducef No. 105
0.5 0.461 -0.039 7.8 4.0 4.03 +0.03 0.8
1.0 1.02 +0,02 2.0 4.5 4.50 -- -
1.5 1.51 +0.01 . 0.7 5.0 5.02 +0.02 0.4
2.0 2.00 - -- 7.5 7.50 -- -
2.5 2.53 +0.03 1.2 10.0 10.61 40,61 6.1
3.0 3.01 +0.01 0.3 20.0 19.84 -0.16 0.8
3.5 3.52 +0.02 0.5 30.0 29.81 -0.19 0.6
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Table 7

Deflection Measurements with Velocity Tranducers at Equal Distances from Load Plate

90 Percent
Error E90
16-Kip Error v >
Vibrator (Average - 1.6LL E v )
Recording Measured * 3 n-1
Date Channel Deflection, in. Deflection), in. in.

25 May 1973 8 - 0.003467 -0.000014
7 0.003443 -0.000010
6 0.003553 +0.000100
5 0.003348 -0.000105

Average 0.003453 0.000138
26 May 1973 8 0.005046 -0.000016
T 0.005021 -0.000041
6 0.005079 +0.000017
5 0.005104 +0,000042

Aversge 0.005062 0.000060
16 Mar 1973 8 0.001516 +0,000063
7 0.001478 +0,000025
6 0.001380 -0.000073
b) 0.001438 =-0.000015

Average 0.001453 0.000096

E9O s Per-

cent of
Average
Deflection

L.00

1.18

6.61

Note: 16-kip vibrator ﬁas set at a constant load of 10 kips.
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Figure 29. Measured peak deflection versus
known input peak deflection

any given percentage. The limiting error for 90 percent of the errors

is called the 90 percent error E

The equation for percent error

90 °

can be written as -

where

(2)

percent error

o0 » Cp = Cgo = 1.6449)

sum of the squares of the errors, in which each error is
the difference from the average deflection of the measured
deflection

numerical constant (for E

number of measurements or errors
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The E90
the three tests presented in Table 7 are plotted versus the average de-

values expressed as percentages of the average deflections for

flections in Figure 30.

S
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N TABLE 7. 28 MAY 73
[} T~
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AVERAOE DRFLECTION, IN.

Figure 30. K 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. Thig 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 thesé'load cells are visible in Figure 28.

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

Pacity.and can withstand a meximum sideload, without damage, of
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100 percent of the axial load capacity. The cells have a éertified
calibration by the manufacturer and were calibrated at WES using stan-
dardized 10,000- and 100,000-1b proving rings. The calibration accuracy
of the loadlcells is 0.25 percent of the recorded load. Thus, for a
vibratory load of 15,000 1b, the error due to the load cells would not
exceed 37.5 1b. The load cells are electronically balanced and cali-
brated at the beginning of each day of testing and are physically
checked by comparing the static weight of the vibrator recorded by the
cells with the known weight. '

REPRODUCIBILITY

OF TEST RESULTS

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

a. An X-Y plotter which automatically records load versus de-
flection on a continuous plot. Deflection can he scaled
from this plot to four decimal places,

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

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

Table 8 présents data collected from 21 sites and shows compari-
sons between data 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 collected in an operation independent of that used to obtain data
for Columns 1 and 3, but the same electronic circuitry as that used
for Column 3 was employed. Thus, the values in Columns 1l-3 are inde-
pendent measurements of the same quantity. Table 8 also presents the

.E90 values and E9b values expressed as a percent of the average
of the three deflections for each of the 21 test sites. The data for
teét sités B2 and B3A appear to contain errors larger than those

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

. ' . 9
Deflection at 10,000-1b Peak Load and 15 Hz, in. Error v (Measured Deflec- E Per-
. Column 1 Column 2 Column 3 tion from Cited Column Minus 90 * “ €T
Test Scaled from . From Channel 4 of Average Deflection for Three E cent of Average
Site Load Versus Frequency Deflection Columns), in. 90 Average Deflection
Ro. ) Date Deflection Plot Sweep Printout Basin Printout Column 1 Column 2 Column 3 in. Deflection in.
Bl 25 May 1973 0.0030 * . 0.003196 0.003184 -0.0001 +0.0001  +0.0001 0.0002 6.45 0.0031
B2A 25 May 1973 0.0088 0.008150 0.008925 +0.0002  -0.0004  +0.00u3 0.0006 6.98 0.0086
B2 29 May 1973 . 0.0098 - 0.007325 0.010007 +0.0008 -0.0017 +0.0010 0.0025 27.78 0.0090
’ Difference 0.0010 0.000825 0.001082 - - - - - 0.0004
B3A 26 May 1973 0.007% 0.005879 0.006863 +0.0005 =0.0007 +0.0003 - 0.0010 15.15 0.0066
B3 26 May 1973 0.0060 0.0055%4 0.006069 +0.0001 -0.0003  +0.0002 0.0004 6.78 0.0059
Difference 0.001} 0.000285 0.000794 - - - -- .- 0.0007
W1A 30 May 1973 0.0093 0.009197 0.009104 +0.0001 -0.0000 -0.0001 0.0002 2.17- 0.00932
w1 30 May 1973 0.0108 0.010417 0.010409 +0.0003 -0.0001 -0.0001 0.0004 3.81 0.0105
Difference 0.001% 0.001220 0.001305 - - had - -~ 0.0013
W2A 31 May 1973 0.0050 0.005308 0.00517h4 -0.0002 +0.0001  -0.0000 0.0003 5.77 0.0052
w2 31 May 1973 0.0048 0.004927 0.004996 -0.0001 +0.0000 +0.0001 0.0002 4,08 0.0049
Difference 0.0002 0.000381 0.000178 - - - - - 0.0003
F13A 1 Jun 1973 0.0045 0.0041L4Y4 0.0044T0 +0.0001 -0.0003 +0.0001 0.0004 9.09 0.00L4
F13 1 Jun 1973 . 0.0035 0.003605 0.003723 -0.0001 +0.0000  +0.0001 0.0002 5.56 0.0036
Difference 0.0010 0.000539 0.0007T4T7 - - - - - 0.0008
nh 1 Jun 1973 0.004 0.004347 0.004636 +0.0001 -0.0003  +0.0000 0.0004 8.69 0.0046
2LY.N 1 Jun 1973 0.005 0.004855 0.005113 +0, 0001 -0.0001 +0.0001 0.0002 4.00 0.0050
Difference 0.0004 0.000508 0. 000UTT e - - - - 0.0004
J3 23 Jul 1973 0.0050 0.004956 0.005075 0.0000 0.0000 +0.0001 0.0001 2.00 0.0050
J3A 23 Jul 1973 0.006% 0.006934 0.006666 -0.0002 +0.0002  -0.0000 0.0003 L.48 0.0067
Difference 0.0015 0.001978 0.001591 . - -- - - 0.0017
Ju 25 Jul 1973 0.0035 0.003499 0.003569 4+0.0000 =0.0000  +0,0001 0.0001 2.86 0.0035
JhA 25 Jul 1973 0.0029 0.003137 0.003099 -0.0001 +0.0001 +0.0001 0.0002 6.67 0.0030
Difference 0.0006 0.000362 0. 000470 - -- -- -- - 0.0005
J5 25 Jul 1973 0.0050 0.005374 0.005009 -0.0001 +0.0003 =0.0001 0.0004 7.84 0.0051
J5A 30 Jul 1973 0, 004§ 0.004928 0. 004828 +0.0000 +0.0001 -0.0000 0.0001 2.08 0.0048
. Difference 0.0002 0.000kL6 0.000181 - - - -~ -~ 0.0003
Jl 27 Jul 1973 0.0034 0.003366 0.003459 0.0000  0.0000 +0.0001 0.0001 2.94 0.0034
J2 27 Jul 1973 0.0058 0.005550 0.005786 +0.0001  -0.0002  +0,0001 0.0003 5.26 0.0057




maximum E value for the other 19 test sites is 9.09 percent of the

average de?gection.

The data in Table 8 indicaté the differences in deflection that
can be obtained on similar pavements when deflection measurements are
made under the same climatic conditions. Test sites with similar num-
bers (e.g., B2 and B2A) were made at locations a few feet apart on the
same pavement. Test sites Bl, B2A, B2, B3A, B3, W1lA, W1, W2A, W2, P13A,
P13, P14, and P14A were on AC pavements, and the others listed were on
PCC pavements. The maximum differences in deflection were 0.001T 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 values, the
average deflection data show that a variation of as much as 510 kips/in.
.was encountered on what was assumed to be the same type PCC pavement.
This variation does not mean that the reliability of the equipment is
within 510 kips/in. because the tests 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 this 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
illustrate 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.

Viﬁratory . Deflection Deflection at 10 Kips/Deflection
‘Toad, 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 must have the ability to measure a deflection 19 times smaller
than the deflection at a vibratory load of 10 kips. Thus, the deflec-
tion created by a vibrator can be so small that the devices whicﬁ
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measure deflection cannot accurately produce measurements. 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 shake table, the de-
flection recorded for velocity transducer No. 101 was 0.4 x 10-3 in.

or 80 percent of the shake table deflection.

RECOMMENDED NONDESTRUC-

TIVE TESTING EQUIPMENT

The evaluation of the vibrators shows that Qibratory test results
are dependent on such characteristics as vibrator static weight, vibra-
tory load, frequency of vibration, load plate type and size, and accu-
.racy of the recbrding equipment. Larger vibrators may give more accu-
rate results on strong pavements than smaller vibrators, provided the
recording equipment for both has the same limitations of accuracy, be-
cause larger vibrators create deflections larger than those created by
smaller vibrators. Analytical studies of data collected 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 necéssity for this type of load is described in Refer-
ence 44, Although a vibdrator with a constant static weight was used to
collect data for development of the evaluation methodology described in
this report (the possibility of the need for variable mass was not rec-
ognized when the 16-kip vibrator was designed), it is recommended thét
the standard vibrator have a variable mass capability. Also, future
work should relaté the vibrator mass and force output to the various
Pertinent aircraft characteristics.

Specifications for a recommended nondestructive testing device

. 65



are given in Appendix C. The recommended device.is similar to the
_existing 16-kip vibrator and has a vibratory load capability approaching
16 kips with a frequency range of 5 to 100 Hz, .but it. has‘ai:variable
static weight of from 5 to 16 kips.



DEVELOPMENT OF. THE EVALUATION METHODOLOGY

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

Only the test results and analyses used in developing the methodology

are presented in this section of the report; howevér, some 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 in relative strength, had been
subjJected to negligible traffic, and were not under the influence of
frost or subsequent 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.

Gre&ter'w&lminsten-Airperty - W
Wilmington, Del. =

Philadelphia International Airport, P
Philadelphia, Pa.

Jackson Municipal Airport, ‘ J
Jackson, Miss. )

Nashville Metropolitan Airport, 'S
Nashville, Tenn.

. Weir Cook Municipal Airport, I

Indianapolis, Ind. *

Waterways Experiment Station, S and SS
Vicksburg, Miss. ) e
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DIRECT SAMPLING TESTING PROGRAM

The direct sampling tests consisted of determinations of conven-
tional soil and pavement parameters through in-place‘tests and labora-
tory tests of samples of the various pavement elements. In-place tests.
consisted of density and moisture content determinations and foundation
strength (CBR and/or plate bearing) tests on base and subgrade materials.
In addition, pavement temperatures were recorded at most of the flexible
pavement sites. Laboratory tests were used to depermine the gradation,
plasticity index, classification, and compaction characteristics of
fine-grain materials and the tensile splitting and flexural strength of
PCC samples. Test methods used are described in References 42 and U45.
.Tables 4 and 5 show the pertinent physical properties obtained for the
flexible and rigid pavements, respectively.

NONDESTRUCTIVE TESTING PROGRAM

Before test pits were cut in the pavements to perform the direct
sampling tests, a series of nondestructive tests was performed on each
pavement, usually at two test sites in the same vicinity. An outline of
" the nondestructive tests which were performed at each test site when
time allowed is presented in Table 9. The nondestructive tests were
conducted on two test sites for each pavement in order to check the
accuracy of the results; however, the test pit was placed at one of
these two sites, and only the DSM value for that site was used in anal-
ysis. The load-deflection tests were conducted with the 16-kip vibrator
at a frequency of 15 Hz. The load-deflection curves were adjusted for
nonlinearity (as described earlier in this report) to compute the DSM

values.
SPECIAL TESTING PROGRAM

In order to evaluate the effects on DSM values of temperature
variations in the AC sﬁrfacing layers, 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 to determine if, when all other factors were held

68



Table 9
Outline of Nondestructive Tests

1.

II.

III.

Before start of testing each day, place velocity pickups on equal
radii around load plate and check for accuracy within +5 percent

Tests on both AC and PCC pavements
A. Frequency sweeps
1. Hold peak load at 10 kips
2. Record frequency and deflection of load plate only
a. Between O and 4O Hz, proceed in 2-Hz intervals
b. Between 40 and 100 Hz, proceed in 5-Hz intervals

B. Load-deflection (DSM) measurements
1. Vary peak load from O to 15 kips
2. Use frequency of 15 Hz and frequencies for which peak
deflections occurred during frequency 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. Wave velocity measurements
1. Measure in direction parallel to flow of aircraft traffic
2. Measure at intervals of 10 Hz of loading frequency
3. Limiting factors for maximum wave lengths
a. For PCC pavements, slab dimensions control
b. For AC pavements, length of cable or strength of
signal controls

Temperature tests on AC pavements
A. Install 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 with 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. Run 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 one with slab edge bisecting load plate edge

Bs 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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cqnstant, 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 T5-ft test section at WES composed of AC on lean clay
(E-T, ML-CL*) subgrade was used to study the effects of temperature.

The test section (Figure 27) contained three 25- by 25-ft test items
with AC thicknesses of approximately 4, 8, and 14 in. To limit fluctua-
tions in the subgrade moisture to a 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
temperatures were recorded with electronic thermometer probes installed
at the surface of each item and at depths of 1, 2, and 4 in. in item 1;
at depths of 1, 2, 4, 6, and 8 in. in item 2; and at depths of 1, 2,

4, 6, 8, 10, and 11.5 in. in item 3, as shown in Figure 27.

Nondestructive data for the test section were collected at 11
different times. The data collected included DSM values measured at
several frequencies, defleciion basin measurements, frequency sweeps
with the vibratory load 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 paragraphs is limited to an analysis of DSM values at 15 Hz since
these data were used in developing the methodology.

Temperature readings for each of the three items for the 11 test
periods are shown in Figure 31. Surface temperature readings were
erratic due to Shéaows 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 bottom of the pavement were averaged to determine
the mean pavement temperatures. Mean pavement temperatures versus DSM
values for each test item for each of the 11 test periods are shown in

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

* FAAhe soil groups are given first, followed by the corresponding

Unified Soil Classification System (USCS)h3 group.
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with corresponding DSM variations between 1380 and 380 kips/in. The
data fell into three groups according to the thicknesses of the three
test items, and best-fit lines as determined by the least squares method
are drawn through each of the three groups in Figure 32.

The significance of temperature in DSM measurements on the WES
temperature effects test section can best be seen in Figure 32 for the
1l4-in. item, in which the DSM doubled from 600 to 1200 kips/in. in a
mean temperature range of 105° to 65°F.

Data from Washington-Baltimore International Airport, Baltimore,
Md., are shown in Figure 33 as an example of temperature variations over

a short time period. It can readily be seen that daily as well as
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seasonal temperature variations have a significant influence.on-DSM re- '

sults. Temperature corrections must therefore be applied in order to
compare DSM measurements made at different mean pavement temperatures.
Data from the temperature effects test section at WES were used to de-
velop temperature ad)Justment factors shown in Figure 34. Past observa-.
tions of temperature gradients in AC pavements have shown that prac-
tically no daily temperature variations occur below a depth of approxi-
mately 12 to 14 in. Therefore, computations of mean temperatures of
pavements with AC thicknesses greater than 14 in. should be based on
the average of the temperature at 1 in. below the surface, at the
center (depth of T in.), and at a depth of 13 in. It has not been
established that the adjustment factors discussed above are applicable
.to other flexible pavements in which the pavement structure may be
éonsiderably different from that of this test section.

vaowever, the relationships shown in Figures 32 and 34 were used
in adjusting the DSM values measured to derive the flexible pavement
evaluation curves presented herein. It was assumed that the adjustment,
even though it may not have been exact for the pavements involved,
would provide a more realistic relationship between DSM values and
allowable loadings.

' To make the temperature adjustments to the DSM values, a mean
pavement temperature was required for each test. Since temperature
data were not recorded during each DSM test, an Asphalt Institute
procedureh6 for predicting flexible pavement temperatures was used.
This method reqﬁires the use of daily maximum and minimum air tempera-
‘tures for a 5-day period preceding the test date. The 5-day mean air
temperatures (Table 1Q) and the measured surface temperatures (Table 11)
were summed and then used with Figure 35 to predict pavement tempera-
tures at the'depths shown in Table 11. These predicted pavement temp-
eratures were then used to compute the mean temperatures for the 31
flexible pavements. Also shown in Table 11 are mean temperatures com-
pﬁtéd fd} seven of the test sites where the pavement temperatures were
measured with thermometer installations. The column in Table 11 Fitled

"Means’ of Determining Pavement Temperature" indicates whether the mean

o
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Table 10

2-Day Mean Air Temperatures at Flexible Pavement Facilities

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

Philadelphia 30 Nov 72 38 32
1 Dec 72 L6 35
2 Dec T2 51 35
3 Dec 72 61 34

4 Dec 72 L7 37 L2
27 May 73 55 50
28 May T3 81 55
29 May 73 81 65
30 May 73 8L 59

31 May 73 T 61 67
NAFEC 10 Nov T2 56 36
11 Nov 72 sk L5
12. Nov T2 59 L5
13 Nov 72 56 37

14 Nov 72 55 NG 48
Wilmington 25 May 73 57 5k
26 May T3 61 53
27 May T3 58 51
28 May 73 82 56

29 May 73 82 67 62

30 May 73 82 58 65
Baltimore 20 May 73 62 54
. 21 May 73 67 51
22 May 73 78 L8
23 May 73 63 55
24 May 73 61 52

25 May T3 55 51 59

26 May 73 55 52 58
27 May 73° 57 72
28 May T3 83 ST

29 May T3 80 64 60
Nashville 31 May 73 75 59
1 Apr 73 60 L9
2 Apr 73 69 L8
3 Apr 73 62 L5

4 Apr 73 52 Ly 56
WES soil 2 Sep T2 9L 72
stabilization 3 Sep 72 97 69
test section L Sep 72 94 T2

5 Sep T2 9L 70 )

6 Sep T2 9L T2 83

76



Table 11

X i (1
\ 8us of S-Day
. Meagured Mean Alr ' Means of Mean
Test AC Surface Temperature* and Pavemsnt Texperature, ‘F, Determining Pavement Pavement
Site Thickness ‘hqcrnun Measured Burhcc i . Jemperature Temperaturet
Mo, __lecation  _Date  _ n,  __°F  Temersture,’F % Predicvedss Messured ___°F
| Pl Philadelphis SDec T2 10 52 9 . 50 50 L8 U8 47 b3 u8
i P2 SDec T2 6 s2 9 50 50 W8 18 x ’ L9
i PS5 S Dec T2 3-1/2 52 9 50 50 X 50
. P13 lJun 73 14 83 150 85 80 77 ™ 70 70 X 76
” 7 737373 73713 ™ X .1
PLL 1Jun 73 1k . 98 165 93 89 84 81 T8 el X 83
S ’ 8 B84 82 80 78 76 76 X 80
‘ M8 NAFEC 15Nov 72 3-1/b 29 (4 39 39 X 39
; " N20 MAFEC 15NvT2 6 29 ™ 39 39 19 39 X 39
N22 MAFIC 15 Nov T2 6 u 89 47 W7 b4 b X u6
N23 NAFEC 15 Nov 72 6 [} 89 T L7 Wb bk X u6
! Wl Wilmington 30 May 73 9 9 161 91 89 83 79 76 X 83
95 9% 87 83 80 X 87
’ W2 Wilmington 31May 73 12 81 146 8L 79 75 70 69 X 72
: BT 13 R be 73
Bl  Baltimore 25 May 73 17-1/2 57 16 65 62 58 56 56 56 X 59
: 64 64 65 66 66 66 66 66 X 65
' B 29May 73 12 91 150 85 8 71 13 T 72 X n
i B4 81 78 76 M1 70 X N
B3 26 May 73 10-1/2 56 114 62 60 58 56 56 X 58
» 56 56 57 58 58 59 b 58
| , .
{ NV1 Nashville SApr 73 13 65 121 66 65 61 60 60 59 X 62
j NV3 Nashville S Apr 73 8 65 121 66 65 61 60 60 X 62
, . Nk Nashville 5Apr73 18 '65 121 66 65 61 60 60 59 X 62
; 8S1 WES soil 7 8ep 72 3 107 190 107 103 X 105
i B guabilization yggu 70 15 100 183 104 87 85 x %
82 16Jun 70 15 100 183 108 87 85 x 9%
' 83 : 16 Jun 70 2k 100 183 106 85 85 X 91
{ 8l 16 Jun 70 3 100 183 o0 9 X 101
B 85 7 Dec 70 3 70 127 70 68 X 69
! 86 7D 70 3 n 128 70 68 x 69
: 87 7D 3 T2 129 n 6 x 10
‘ 88 TDec 70 3 T2 129 n 6 X 70
i 89 : 7 8ep T2 3 105 185 104 100 X 102
810 78p72 3 105 185 104 100 x 102
! 81l 7 8ep T2 3 105 185 106 100 X 100
; 812 ' 7 8ep T2 3 107 187 106 10 X 104
y 813 " 78ep T2 3 107 187 106 102 X 104
| .
H
H *
>
>
R
»
' * From Table 10. .

** Temperatures were predicted using Figure 35.
t* The mean pavement unp-ntun is the average of the temperatures for 1 in. below the surface, the center, and 1 in. above the bottom of
the AC layer.
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tgmperaturé was computed from the predicted or measured temperature.

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

mean pavement temperatures were used with Figure éh to adjust the DSM
data as shown in Table 12,

Effects of freeze-thaw cycles. To determine the significance

of changes in the DSM of froét—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 summary 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 thé frost study
were obtained with the 9-kip vibrator, which was left on the Jobsite
fpr the duration of the study. Nondestructive data for the frost study
were collected during five test periods that included the freeze, thaw,

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

for each of the five testing times, and the average value was recorded.
Pavement and subgrade temperatures were measured with electronic ther-
mometers, the probes of which were mounted on wooden supports and in-
stalled in borings. One thermometer probe installation was in a flexi-
ble pavement, and the other was in a rigid pavement.

Results of DSM measurements, along with pavement and subgrade
temperafures which were measured at the same time, are presented in
Tables 1L and 15 for the rigid and ﬁlexible,pa&ementsﬂ_respectively,_
The DSM value for 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 DSM values for the
different test periods. DSM versus time for the five tests is presented
graphically in Figure 36. ‘

The data shown in Figure 36 were obtained during two different

-
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Temperature Adjustment of DSM Data

Table 12

Test AC Pa§:;2nt Measured Adjusted
Site .Thickness Temperature DSM DSM"
No. Location in. °p kips/in. kips/in.
Pl Philadelphia 10 L8 2040 1020
P2 6 L9 740 560
P5 3-1/2 50 910 790
P13 L 73 - 2780 3000
P14 1N 80 2120 2630
N18 NAFEC 3-1/L 39 770 630
N20 NAFEC 6 39 1860 1170
N22 NAFEC 6 L6 1040 740
N23 NAFEC 6 Lé 980 700
Wl Wilmington 9 87 860 1080
W2 Wilmington 12 73 . 1940 2060
Bl Baltimore 17-1/2 65 3120 2680
B2 Baltimore 12 7 800 920
B3 Baltimore 10-1/2 58 1630 1170
NV1 Nashville 13 62 3200 2460
NV3 Nashville 8 62 650 570
NVh Nashville 18 62 k160 3160
ssl WES soil 3 105 610 730
0o pebllde 5
s ‘ 15 92 270 Loo
s3 . 2k 91 L8o 710
sk 3 101 300 350
"85 3 69 600 590
s6 3 69 630 670
ST 3 70 570 570
s8 3 70 1140 1140
59 3 102 750 900
S10 3 102 530 630
S11 3 102 600 710
s12 3 104 560 680
13 3 104 610 740
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Table 23 .
Pavement and Subgrade Data at Truax Field Test Sites

Strata No.
Bound 1 2 3 L
Test Pavement Thick- Thick- Thick- Thick-
Site Type Thickness ness ness ' ness ness
No. Pavement in. S‘oil‘ Groups in.  Soil Groups in. Soil Groups in. Soil Groups in.

' 1DB PCC 11 E-4 (SW) 53 E-3 (GC-GM) 12+ -— - - —_—
2DB  PCC 9 E-2 (GP-GM)  T1+ - - - - — -
3DB AC T E-2 (GP-GM) 11 E-5 (SP-sM) 18 E-9 (MH) 12 E-T (ML-CL) 30+
SDB AC 2 E-5 (SP-SM) 16 E-T (ML-CL) L2+ - - - T -

18

.6DB AC 5 E-5 (SP-SM) 13 E-8 (cL) 24 E-4 (SW) 18+




Table 14

Results of DSM Measurements on PCC Test Sites

22 Feb_ 13 j 23 Feb 3 26 Feb 13 8 Mar 73 € Apr 13 23
Test PCC . Average % of Average % of Average % of Average % of Average % of Average
Site Thick- DsM DsM DSM on . DSM DsM DSM on DSM . DSM DSM on DSM DSM DSM on DSM DSM DSM on DSM DsM
No. ness  kips/in. kips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in.
1DBA 2050 . ) . 900 1225 1350 1550
1DBB 2150 1200 1425 . ' 1600 1850
1n 2100 123 . 1050 61.8 1320 T7.6 180 87.0 1700
2DBA v 2000 . N (] 1800 1650 1700
. 2DBB 2050 800 2050 1950 1400
9 2030 131 790 51.0 1420 91.5 1800 116.0 1550
Depth Below ) Temperature, OF /
.Pavement :
Surface, in. .
[} 30.8 37.2 36.0 u5.5 55.0 65.0
1 Below 30 Below 30 31.0 37.8 L6.4 . 62.0
2 Below 30 31.2 37.6 46.0 57.9
L Below 30 . 31.0 37.0 . L4.6 - 55.7
6 30.0 30.5 37.3 Lk 57.1
[0 8 30.5 30.5 37.1 Lk.0 55.0
n~ 12 . 30.5 30.3 37.3 43.8 55.2
18 30.8 31.0 30.2 37.0 13.3 ) 55.4
24 31.0 314 31.5 36.9 La.5 56.2
36 33.2 33.4 33.3 36.0 L2.4 53.
L8 34.5 35.0 35.0 35.6 k2.5 51.3
60 36.0 37.0 36.5 36.4 L2.8 49.0
T2

37.5 38.3 37.3 375 43.0 50.0

Note: DSM values taken on 23 May 73 were considered not to be influenced by freeze-thaw cycles.




€8

Table 15

Results of DSM Measurements on AC Test Sites

] 2L Feb 73 26 Feb 73 8 Mar 73 9 Mar 73 5 Apr 13 23 May 713
Test AC i Average % of Average % of Average % of Average T of Average ¥ of Average
Site  Thick-  DSM DSM DSM on DSM DSM DSM on DSM . DsM DSM on DSM DSM DSM on DSM DSM DSM on DSM DSM
No. ness  kips/in. Aips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in. 23 May = kips/in. kips/in. 23 May kips/in. kips/in. 23 May kips/in. kips/in.
3DBA 1625 : 1300 ’ ‘ T0 280 190
308 1650 1300 9% . 280 210
7 1640 820 ) 1300 650 . 81 40.5 280 140 200
SDBA 100 . 8s0. - 195 195 140
SDBB ' 1050 850 190 180 130
2 1130 837 850 630 192 142 188 139 135
6DBA . 580 . 600 ) 282 200 250
6DBB 600 550 240 200 220
5 590 256 580 252 - 261 13 200 87 230
ng:l:::::v Temperature, °p
Surface, in.
) 30.5 - 318 53.7 61.5 86.0
1 33.0 42.0 50.2 63.8 80.0
2 33.8 40.0 47.0 64.3 7.3
4 © 33.2 ) 36.0 u3.4 61.0 7.6
6 31.5 . 31.5 40.5 55.8 69.0
8 34.5 32.5 38.2 51.5 67.5
12 31.7 31.0 37.4 L7.5
18 32.0 32.0 33.0 42.6
24 31.4 3.0 32.8 : . k2.2
36 35.4 36.0 36.2 4.3
u8 36.8 36.1 36.2 LL.1.
60 40.0 T 40.0 41.5 ik
‘T2 41.0 41.2 40.5 u4.5

Note: DSM values taken on 23 May 73 vere considered not to be influenced by freeze-thav cycles.
i
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stages in the winter freeze and spring thaw cycles. The first series
of tests in February was conducted when temperatures were below freez-
ing to a depth of 24 in. The second series in February was conducted
when temperatures were beiow freezing at depth of 24 in. but the top
several inches had thawed. There was visible evidence that the thaw had
begun, i.e., water was seeping through cracks in the pavement. The
other three series of tests were all conducted under what seemed to be
normal conditions for the pavement since the DSM values did not change
significantly for any of the three tests. The lowest observed DSM
values for the PCC pavements were recorded on 26 February when they
were 61.8 and 51.0 percent of the values for the pavements in a normal
condition'(on 23 May). The lowest observed DSM value for the T-in. AC
.pavements was on 8 March when it was U40.5 percent of the value with the
bavement in the normal condition. DSM values for the 2- and 5-in. AC
Pavements were never observed to be significantly below their values
with the pavements in the normal condition. Evidently, no observations
were made during the period'when the 2- and 5-in. AC pavements were
weakened by the thaw. The effects of 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
Truax Field pavements were significantly weakened by frost action was
of short duration. From Figure 36, it can be seen that on 24 February
the DSM values for PCC pavements were decreasing due to thawing action
and had reached about 1400 kips/in. The DSM values remained below

1400 kips/in. until 6 March, and changes after 6 March were minor. These
' Pavements were weakened.due to a thawing period of about 14 days. Re-
"sults of the studies at Truax Field indicate that the effects of frost
can greatly influence DSM measurements (up to 837 percent for the flex-
ible pavemenﬁ). However, developing a correction factor to DSM values
for frost effects based on data collected at Truax Field is considered
impractical, particularly because of the variations in subgrade condi-
tions aﬁh poor drainage conditions apparent in May after the effects of
frost thaw should have been negligible. In areas where frost is known

to be & problem, the DSM tests can be performed at periodic inter}als to
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include the normal and the thaw periods for evaluation purposes, which
will give the variation in load-carrying capacity due to frost effects
and define the length of the weak period due to thaw action.

Effects of test location. The location of the DSM test in rela-.

tion to Joints, free edges of pavement structures, and wheel paths of
aircraft can have an effect‘on the results obtained. This is partic-
ularly important in rigid pavements where the edge of the slab and the
Joint type can influence the DSM value. .

Figures 3T7-39 show results of DSM measurements on eight different
PCC slabs, with types of Joints listed where this information was avail-
able. Figure 37 shows the results of DSM measurements on two different
.slabs, N-F and N-N. The letter following the N-N and N-F designations
represents the direction from the center of the slab of the line along
which the DSM measurements were taken. For example, line N-NN was from
the slab center to the north edge of the slab, and N-NE was from the
slab center to the east edge of the slab. Data in Figures 38 and 39
are presented in a similar manner. The minimum DSM for each slab ex-
pressed as a percentage of the maximum DSM for each slab yields the

following values:

. Minimum DSM 100
Slab No. Maximum DSM
N-N 25
N-F 48
H-1 43
H-2 L1
J=1 27
J=2 6k4
J-3~ ’40
J-h 45

These results show that considerable variations in DSM values can be ob-
tained for the same slab depending on the location of the vibrator on
the slab. The maximum DSM value does not always occur in the center of
the slab, although this is generally the case. DSM data to be used in
dévelopﬁént of the nondestructive evaluation methodology were taken at
the centers of the slabs. More consistent results were obtained.at the

slab center since the DSM at this location is least affected by the edge
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condition and jJoint type. The allowable load for rigid paveménts 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 DSM
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 nondestruétive evaluation.
Future research should concentrate on procedures for evaluating the ef-
ficiency of PCC slab Joints and edge effects on the DSM test results.
Variations in pavements are reflected in the DSM results. Fig-
ure 40 shows the variations in DSM values in the transverse direction
across a typical flexible pavement runway and taxiway. It should be
.noted that higher DSM values were measured along the wheel paths. This
tendency, of course, would be expected because of the compaction under
aircraft loadings along the wheel paths. DSM tests, therefore, should
be located within each area to be evaluated to reflect accurately the

condition of the feature be}ng evaluated.
NONDESTRUCTIVE EVALUATION METHODOLOGY
FLEXIBLE PAVEMENT

The methodology described in the following paragraphs is used
for the structural 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 fepetitions. The pavement criterion to which the evalu-
ation methodology is related has been established through accelerated
"traffic testing, studies of actual pavement performance, and material
studies.l3’lh’15

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 nof consider the majJor parameters listed above independently. How-

ever, the relative effects of the major parameters can be considered

-
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ipdependently through use of direct sampling relationships established
from previous research studies.

Development of the basic evaluation methodology for flexible
pavements consisted of establishing a correlation between DSM and allow=-
able single-wheel load as shown in Figure 41. This correlation was de-
veloped for a single wheel having a tire contact area of 254 sq in. and
for 1200 annual departures (design life of 20 yr). (As explained pre-
viously, this area 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 U1 was generated by performing DSM tests on several actual pavements
.and correlating the results with the allowable single-wheel load of the
pavement structure as determined from conventional evaluation techniques
gsing direct sampling test results. After the DSM versus allowable
single-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
strength, 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 fhe development of an equivalent single-wheel load
(ESWL). Curves have been established (Figures L2-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 deflection equations, in
which the ESWL is that load on a single wheel which will produce a max-
imum deflection equal to the maximum deflection produced by a multiple-
wheel arrangement. It should be noted that the ESWL (expressed as a
percent of the gross aircraft load) increases as the depth increases.
This increase in ESWL with depth will cause different allowable multiple-
wheel aircraft loads fof two pavements, even though the pavements have
the samé DSM value. For example, a thin pavement on a strong subgrade’
and a thick pavement on a weak subgrade may have the same DSM but

different evaluations (in-terms of multiple-wheel aircraft load)
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because of the thickness variations.

'The effects of load repetitions on the allowable gross aircraft
load are considered using a load repetition factor o . The load repe-
tition factor is a function of the number of aircraft departures and thg
number of wheels considered in'establishing the ESWL. The load repeti-
tion factor has been derived from performance tests on full-scale pave-

ment sections.20’21’h7

The load repetition factors are independent of
the pavement structure and can be determined from the curves shown in
Figure 45. For simplicity in application, Table 16 presents load repe-
tition factors that have been prepared for the annual departure levels
and for the aircraft and gear arrangements presented in Reference 1b.

) The thickness and soil strength parameters are considered through
use of the CBR/p versus t/avA plot shown in Figure 46, in which

CBR = computed value of soil strength required under t to
support the allowable single-wheel load determined from
Figure L1.

p = single-wheel or equivalent single-wheel tire pressure, psi.
(For single-wheel aircraft, p is determined by dividing
the wheel load by the tire contact area; for multiple-
wheel aircraft, p 1is determined by dividing the ESWL by
the contact area of one tire.)

t = existing thickness of the pavement structure above the
subgrade, in.

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

This plot was developed from the results of numerous accelerated
traffic tests and. performance surveys. Data from these tests and sur-
veys were combined and plotted in the form of CBR/p versus t/V/A , and
& best-fit curve was them drawm through the dsta pointsit*17+18 gora
standard load repetition level. In order to make the curve applicable
to any load repetition level, the load repetition factor a was added
to the t//K term. This addition to the relationship was technically
correct since in the evaluation of a pavement, the existing thickness
has to‘be adjusted (thickness t is divided by load repetition a) to
that redﬁired for the standard load repetition level in order to use the
criteria.

‘In using the CBR/p versus t/avA curve, any one parameter can
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Table 16
Load Repetition Factors for Flexible and Rigid Pavements

N

Aircraft Gear - Typical . ’ R

Configuration Gross Load Repetition Factor for Cited Annual Departure Level for 20-Yr Design Life
or Model Weight 1200 3000 ._6000 15,000 . 25,000

Designation kips Flexible Rigid Flexible Rigid Flexible Rigid Flexible Rigid Flexible Rigid
Single-wheel 30 0.94 1.00 1.01 0.93 1.05 0.86 1.11 0.79 1.1% 0.75
Single-wheel ) 4s 0,94 1.00 1.01 0.92 1.05 0.85 1.11 0.78 1.14 0.75
Single-wheel 60 0.94 1.00 1.01 0.91 1.05 0.85 1.11 0.78 1.1% 0.T4
Single-wheel T5 0.94 1.00 1.01 0.91 1.05 0.84 1.11 0.77 1.1% 0.T4
Dual-wheel 50 o 0.84 0.97 0.87 0.88 0.89 0.82 0.91 0.75 0.92 0.72
Dual-wheel T5 0.84 0.96 - 0.87 0.87 0.89 0.82 0.91 0.75 0.92 0.72
Dual-wheel 100 0.84 0.96 0.87 0.87 0.89 0.81 0.91 0.75 0.92 0.72
Dual-wheel 150 0.84 0.95 0.87 0.86 0.89 0.81 0.91 . O0.T4 0.92 0.71
Dual-wheel 200 0.84 0.95 0.87 0.86 0.89 0.81 0.91 0.7k . 0.92 0.7T1
Dual-tandem 100 0.78 0.99 0.79 0.89 0.80 0.83 0.81 0.77 0.82 0.73
Dual-tandem 150 0.78 0.98 0.79 0.88 0.80 0.82 0.81 0.76 0.82 0.73
Dual-tandem 200 0.78 0.97 0.79 0.88 ’ 0.80 0.82 0.81  0.75 0.82 0.72
Dual-tandem 300 0.78 0.95 0.79 0.87 0.80 0.81 0.81 0.75 0.82 0.72
Dual-tandem koo . 0.78 0.95 0.79 0.86 0.80 0.81 0.81 0.T4 0.82 0.71
Boeing T2T 173 0.84 0.95 0.87 0.87 0.89 0.81 0.91 0.T5 0.92 0.71
DC-8-63F 358 0.78 0.95 0.79 0.87 0.80 0.81 0.81 0.7k 0.82 0.71
Boeing TUT 778 0.70 0.97 0.70 0.88 0.705 0.82 0.71 0.75- 0.71 0.T72
DC-10-10 433 0.78 0.96 0.79 0.88 0.80 0.82 0.81 0.75 0.82 0.72
DC-10-30 558 0.78 0.96 0.79 0.87 0.80 0.82 0.81 0.75 : 0.82 0.72
L-1011 428 0.78 0.96 0.79 0.88 0.80 0.82 0.81 0.75 0.82 0.72
Concorde 389 0.78 0.9% 0.79 0.86 0.80 0.80 0.81 0.7k 0.82 0.71
Boeing T37 111 0.84 0.97 0.87 0.88 0.89 0.82 0.91 0.75 0.92 0.72
Lockheed Electra 113 0.84 0.96 0.87 0.87 0.89 0.81 0.91 0.75 0.92 0.T72
DC-9 115 0.84 0.97 0.87 0.388 0.89 0.82 0.91 0.75 0.92 0.T2
Convair 880 188 0.78 0.97 0.79 0.88 0.80 . 0.82 0.81 0.76 0.82 0.72
Boeing T20 ) 235 0.78 0.96 0.79 0.88 0.80 0.82 0.81 . 0.75 0.82 . 0.T2
Boeing TOT 336 0.78 0.96 0.79 0.87 0.80 0.81 0.81 0.75 0.82 0.72
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be determined if the other values are known. Figures L1-U6 can be used
with the DSM to evaluate a flexible pavement for any aircraft. The DSM
is used to determine the allowable single-wheel load from Figure Ll.
This allowable single-wheel load is considered to be the ESWL for any
multiple-wheel configuration and, when used in conjunction with the
CBR/p versus t/a/K curve, can be used to calculate the theoretical
value of CBER required to support the aircraft for 1200 annual departures
(for a 20-yr life). This ESWL and the computed CBR value along with the
pavement thickness and tire contact area can then be used to calculate
the allowable gross aircraft load for the evaluated pavement for a given
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-
craft, which are seldom fully loaded, and the aircraft are traveling at
higher rates of speed and tperefore impose less severe loadings on the
pavement. Therefore, high-speed taxiway pavements can be evaluated by
‘increasing the thickness by dividing by 0.9, i.e;, the expression
t/a/A becomes t/0.9avA .

The resulting nondestructive evaluation procedure given in sub-
sequent paragraphs for flexible pavements uses the DSM to determine the
pavement system strength index Sp , which is the allowable single-wheel
load divided by a contact area of 254 sq in.

The term p/afi is replaced by the term Ft~ in the nondestruc-
tive procedure. For a qontact area of 254 sq in. and a traffic level of

0.94), the . Ft factor becomes

1200 annual departures (o

F = t = 0.6Tt

t (0.94)(V25%)

For high-speed taxiways, Ft becomes

F = t = 0.07ht

‘ t (0.9)(0.94)(vV25%)
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The term CBR/p is replaced by the term SSF/S in the nonde-
structlve procedure where SSF 1is the subgrade strength factor. Once
the term SSF 1is obtained, then the relationship between Ft and
SSF/Sp can be calculated from Figure U7 for any desired aircraft and
load repetition factors using the appropriate values for A and o .
The term Sp is used to calculate the allowable ESWL for the desired

aircraft from:

S
=-B
ESWL y

The percent ESWL of the main gear tires is obtained from Fig-
ures 42, 43, and L44. The allowable gross aircraft load is then obtained

from the equation:

ESWL(W_)
P, = o
G 0.95(%ESWL)(WC)

where:

PG allowable gross aircraft load

wm = total number. of wheels on all main gears of the aircraft
%ZESWL = value obtained from Figures 42, 43, and Lk
wc = number of controlling wheels used to determine the ZESWL

from Figures 42, 43, and LL
The 0.95 factor is introduced in the above equation because
5.0 pe;cent of the gross aircraft load is considered to be supported by

the nose gear.

Flexible 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 factors listed in Table 1T were developed from
studies pf performance of WES test sections.h8 The equivalency factors

are based on a standard of 1.00 for granular subbase. For example,

Table 17 shows that a layer of cement-stabiiized sand-gravel in one pave-

ment section will allow the same number of coverages to failure as a
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Table 17
Summary Listing of Materials and:Equivalency Factors

Stabilizing Surface Base Subbase

Material Agent Course Course Course Subgrade

AC (P-Lo1, P-408) Asphalt 1.70 1.70 1.70 -
Unbound crushed stone

(P-209) - - 1.0 1.k -
Sand-gravel ‘ Cement - 1.60%  1.60%* -
Clay-gravel o Cement - l;hS* 1.L45%* -
Fine-grained soil Cement -— 1.25%  1,25%# -
Clay-sand Cement - 1.15%  1,15%# -
.Clay-sand » Fly ash — - 1,15%% -

Sand-gravel or clay-
gravel (P-201, P-215,
P-216)t Asphalt - 1.50 1.50 --

Fine-grained soil Lime - - 1.10tt 1.10%

Unbound granular material
(P-154) R - - 1.00 -

Note: Specifications for materials are taken from Reference L9.
¥ 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 TOO psi.

t+ Bituminous.

tt+ To use equivalency factor in evaluation, unconfined compressive
strength of layer must be 200 psi.

*‘ To use equivalency factor in evaluation, unconfined compressive

strength of layer must be 100 psi.
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layer of granular subbase which is 1.60 times as thick in a second pave—'
ment sectidn'provided that other layers 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-
tions. For these examples, a standard pavement section is defined as
having a U-in. AC (FAA specification No. P-h01h9) wearing surface and a
9-in. unbound crushed stone base course (FAA specification No. P-209h9),
with or without a granular subbase (FAA specification No. P-lShhg),

placed on a natural subgrade.

Example No. 1. Assume a pavement section to be evaluated has a

3-in. AC wearing surface, a 3-in. bituminous base, and a 6-in. granular
subbase. Compute the equivalent standard pavement section'by first
converting the existing section to an equivalent section of granular

sﬁbbase material as follois:

Equivalent
' Layer Layer " Subbase
Thickness Equivalency Thickness
Layer Material in, Factor in.
AC 3.0 1.70 5.1
Bituminous base 3.0 1.50 4.5
Granular subbase 6.0 1.00 6.0

Total equivalent granular subbase thickness = 15.

The thickness of AC required is 4 in. The amount of granular subbase
material equivalent to 4.0 in. of AC is 4.0 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
cfushed ;tone base. The equivalent.conventional pavement section
thickness t to be used in the evaluation methodology is then h.p in.
of AC plus 6.3 in. (8.8 % 1.40) of crushed stone base, or 10.3 in.
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Example No. 2. Assume a pavement section to be evaluated has a

5.0-in. AC wearing surface, an 8.0-in. bituminous base, an 11.0-in.
crushed stone subbase, and a second subbase of 14.0-in. granular
material.

: Equivalent
Layer Layer Subbase

Thickness Equivalency Thickness
Layer Material in. Factor in.
AC 5.0 " 1.70 8.5
Bituminous base 8.0 1.50 12.0

Crushed stone '

subbase - 11.0 1.k40 15.4

Granular subbase 14,0 1.00 14.0

Total equivalent granular subbase thickness = U49.9

.The total thickness of granular subbase equivalent to a 4.0-in. layer of
AC is 4.0 in. x 1.70 in. = 6.8 in. The total thickness of granular sub-
base minus the thickness needed for a layer of AC = 49.9 in. - 6.8 in.

= 43.1 in. The total thickness of granular subbase equivalent to 9 in.
of crushed stone base = 9.0 in. x 1.40 = 12.6 in. The remaining granu-
lar subbase = 43.1 in. - 12.6 in. = 30.5 in. The equivalent conven-
"tional pavement section thickness t to be used in the evaluation
methodology is then 4.0 in. of AC plus 9.0 in. of crushed stone base
(maximum allowable thickness of base course material) plus 30.5 in. of

granular subbase, or 43.5 in.

DSM-allowable single-wheel load correlation. To convert sections

tested in this study to equivalent sections of conventional pavement,

the previously described procedure for app;ying the equivalency factors
was used. For the correlation of DSM to allowable single-wheel load,
pavement with minimum thicknesses of AC and granular base as required

by FAAh2 were used. These requirements for a single-wheel load are

3-in. AC and base course thickness varying as a function of load. There-
fore, conversion of the test pavements to equivalent conventional sec-
tions became a trial-and-error process to oﬁtain a minimum thickness of
bése tha% was required by the computed allowable load. The measured
thickness of the test pavements'and the equivalent conventional sgptions

are shown in Tables L4 and 18, respectively. Also shown in Tables 4 and
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Equivalent Conventional Flexible Pavement Thicknesses
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1@ are data for pavements that were constructed Qt 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 25U-sq-in. contact area for a load repQ
etition level of 1200 annual departures of a 20-yr life (24,000 depar-
tures). These allowable single-wheel loads shown in Table 18 were then
plotted against the DSM measured on each pavement as shown in Figure ll.
The inclusion of the stabilized pavement data in Figure U4l shows that
the stabilized pavements when converted to equivalent conventional pave-
ments tend to have the same general relationship between DSM and allow-

able load as do the pavements without the stabilized layers.

BEquivalent section for evaluation. Minimum AC thicknesses of

3 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 criter:ia,.l"2 Base course thickness requirements for all aircraft
vary from 6 to 14 in. Subbase thickness requirements vary from zero to
approximately 60 in. Base course 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 U4 in. of AC and 6 in. of equivalent crushed stone base is
converted to granular subbase for the first trial section. Then, an
allowable load can be computed using a measured DSM and the first trial
pavement section thickness. This allowable load can be used with the
section thickness to enter Figure 3-4 of AC No. 150/5320-6B142 to deter-
mine if the base course thickness requirements are satisfied for the
calculated load. If not, the calculation of the load using different

base thicknesses must be repeated until the requirements are satisfied.
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Instead of this trial-and-error pfocess 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/afK 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 paraméters 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 pévement performance criterion
to which the evaluation methodology is related has been established
through_acceieratéd traffic testing on actual payements, 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 pavemeﬁt to éarry 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
anticipated 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 48, The correlation was developed for a stress repetition level
representative of 1200 annual departures of a single wheel having a tire
contact area of 254 sq in. The correlation shown in Figure U8 was gen-
erated by performing DSM tests on several actual pavements and correlatf
ing the DSM 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.

To determine the allowable loading for aircraft having gears with
different geometries, relationships betwéen 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 same maximum bending stress in the concrete slab as that
produced by the allowable single-wheel load determined by correlation
with the DSM. The bending stress is a function of load, slab thickness,
modulus of elasticity and Poisson's ratio of the concrete, and founda-
tion modulus. The radius of relative stiffness & 1is 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

) 3
L = h\/Eh—z
| 12(1 - v)k

thickness of the concrete slab, in.

-2 is.computed.as

where

h

v = Poisson's ratio of concrete

ft is evident that properties of‘the 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 psi and 0:20,
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respectively, the computation of £ would be reduced to

,’3
= ho
2=26.9 4]+

psi, the expression becomes

/ 3
= h™
g =24,2 4 T

The difference in vaiues of £ for the two different values of E is

If E is assumed as'L4 x 106

10 percent. Therefore, the error introduced by assuming reasonable
values of E 1is not considered significant to warrant the precise de-
termination of E . The value of 6 X 106 psi for E was used in the
.development of the methodology presented here.

Although the value of & 1is a function of h3/h

, the thickness
of the slab should be determined accurately either by direct measure-
ment or from as-built construction drawings. The & value is a func-
tion of (1/k)l/h , for which the modulus of soil reaction k , which

is equal to the foundation strength factor F is normally deter-

s
mined by a plate bearing test. However, a va{ue can be assigned k
based upon subgrade soil group (classification) without seriously
affecting the accuracy of the results. Figure 53 presents the relation-
ship between the FAA and USCS subgrade soil groups and the thickness
and type of base course and yields the value of k that can be expected
to occur directly beneath the concrete slab. (Approximate interrela-
tionships of several soil classifications and bearing values are shown
in Figure 54.) The relstionship shown in Figure 53 is based upon actual
tests and represents normal conditions (i.e., nonfrozen, normal den-
sities; normal percent of saturation; and a fairly high quality of
granular base course material).

The load factor F 1is the ratio of single-wheel load on a
contact area of 254 sq in. to the gross aircraft load having a specified
gear gedﬁetry, both of which will produce the same bending stress in
the concrete slab. Stresses were computed with the gear orienteq

so that the maximum bending stress would be produced in the bottom of
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the slab, at and parallel to the edge of the slab. For the aircraft
considered, the nose gear and the main gears are spaced far enough

apart so that the stress induced in a slab by one of the gears is in-

‘dependent of the stress induced by any other gear. As a consequence,

the stress for an aircraft was computed by considering the effects of
one main gear. It was assumed that 95 percent of the load was cérried
on the main gears, and the gross aircraft load was computed considering
this distribufion of load and the number of main gears for the partic-
ular aircraft. ' .

The effects of stress repetition levels on the allowable gross

aircraft load are considered by use of load repetition factors (Ta-

_ble 16). Load repetition factors are a function of the aircraft gear

geometry, the lateral distribution of aircraft traffic on the pavement
5eing 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 afea, and wheel spacing. In addition, the load repetition factor

varies depending upon the usage of the pavement facility. For evalua-

"tion purposes, pavement usage has been considered to be that described

in Reference U42: the interior width of runways and the entire width
of primary taxiwéys are considered to be critical pavement areas re-
ceiving concehtrated traffic, while high-speed taxiways are considered
to 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 mdthematically by considering a pavement
séction having certain properties. Since the stress induced in a

slab is directly proportional to the load (assuming a constant contact

. area), the allowable load for any stress repetition level can be found
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by multiplying the load for a standard number of stress repetitions
by the ratio of the safety (design) factors for the two stress repe-
tition levels. The allowable load for any stresé repetition level may
be found by multiplying the allowable load at the standard stress
repetition level by the ratio of the safety (design) factors for the
two stress repetition levels.

The load repetition factors listed in Table 16 are the quotients
of the safety (design) factors for a standard stress repetition level
for 1200 annual departures (20-yr pavement life) of a single wheel
having a tire contact area of 254 sq in. divided by the safety (design)
factor for a stress repetition level computed for the indicated air-
.craft type for the indicated traffic volume and a 20-yr pavement life.
The load repetition factor thus defined accounts for the differences
in the factors for converting aircraft departures to stress repetitions
for the single wheel with a 254-sq-in. contact area and the various
aircraft. Since the safety (design) factors for particular stress
repetition levels are independent of the loading producing the stress
repetitions, the allowable aircraft load at the desired traffic level
may be computed by multiplying the aircraft load obtained from Fig-
ures 49-52 by the appropriate load repetition factor.

It should be noted that load repetition factors were computed
by assuming that only departures are critical, i.e., stress repetitions
resulting from landing operations are ignored. Although the methodology
can accommodate the effects of landings, these effects do not warrant
the sophistication in analysis that is necessary. Normally, landing
operations are only additive on the runway since en route to the apron,
incoming aircraft use different taxiway systems than do departing
aircraft. On runways and high-speed taxiways, the reduced loads and
high speeds of landings produce stresses significantly lower than
those of the more heavily loaded departing aircraft, and thus the
effects on pavement life are significantly less. Aircraft departures
wére cogverted to stress repetitions (coverages) by the method sug-
gested by Brown and 'I‘hompsorihT for taxiways and runway ends. Sa{ety

(desigh) factors for the various traffic levels were obtained from
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curves presented by Hammitt et a.l.21

Rigid pavements with stabilized layers. The thickness h in

the preceding discussion of rigid pavements assumes a gonventional
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 sﬁabilized layer beneath the layer of PCC
must be converted to an‘equivalént thickness of PCC without a stabilized
layer. This can be done by é procedure given in EAA AC 150/5320-6Bh2
from which Figure 55 is taken. The procedure requires 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 = 9 in.

Equivalent thickness = (h )(r)l'33 where r = relative
change in pavement stiffness

h
E-l— =1—;- = 1.56 in.
2
_ 6
E2 =1 x 10 psi

From Figure 55, r = 1.16
Equivalent thickness = (lh.O)(l.lG)l'33 = 17.0 in.

This procedure was used to compute equivalent pavement thicknesses for
those rigid pavement test sites which contained stabilized layers.
These equivalent pavement thicknesses were then used to compute the
allowable single-wheel loads for the correlation ﬁith DSM shown in
Figure U48.. The same procedure for computing gquivalent thicknesses

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

 uation procedure.

.
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NONDESTRUCTIVE EVALUATION PROCEDURE

The procedure presented in this section of the report is based on
nondestructive testing in which a steady state vibratory loading is ap-
plied and the resulting elastic deflection is measured to determine a
DSM. This procedure is designed to replace under some conditions and
supplement under other conditions the existing procedure based on soil
and pavement sampling and testing for the evaluation of allowable gross
aircraft loads of conventional flexible and rigid pavements as defined
in Reference 42. The conditions under ﬁhich 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 facf
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 procedure consists of bringing a mass in contact with the
pavement, exciting fhe mass with a steady state vibration, and monitor-

ing the applied vibratory load and the resulting elastic deflection of

the pavement éurfaée. 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 using 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 evaluatiop methodology was developed around data collected
with the 16-kip vibrator. Figures 10-13 show that all vibratory devices

do not glve the same results.

"DATA COLLECTION

The form of nondestructive data that was selected during
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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 lowér 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 L1 and U8.

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

pavements and that the foundation strength factor F_, and pavement

(slab) thickness 'h  be known for rigid pavements. it is not necessary
that these parameters be known for each nondestructive test location.

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

condition to be evaluated can be determined from small aperture testing

or construction records, and F_ can be estimated from curves presented

. f
in this section of the report. If neither the required direct sampling
data nor drawings are available, the first step in the evaluation should

be to perform DSM tests on the features to be evaluated so that DSM
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profiles:of the features can be plotted. These profiles will show fea- '
tures for which direct sampling tests are-necessary by indicating signif-
icant changes in DSM values. Such changes can be caused by variations

in pavement thickness, sﬁbgrade 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 LOCATIONS

DSM tests are made 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 for a pavement using the evaluation curves presented
herein.

The nondestructive evaluation of a runway, taxiway, ramp, or
other feature  should be performed by dividing the feature into 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
observatidns of airport personnel prior to obtaining the DSM measure-
ments; however, the vibrator results can be used to locate the bound-
aries generally through comparisons of DSM measurements for the various
areas.

The evaluating engineer may choose to perform no tests in areas
which have né traffic or several hundred tests in the critical, heavy
traffic, main geér 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 pavementvtype 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 determining allowable gross aircraft
" loads uéiné 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
Tabulation of DSM Valyes (Ex:
Runvay No. 101-200R, Critical Area Ko. 1, Main Gear Wheel Path

le

USA

Column 2 N
Offset to Left Column 6
Column L Column 5
Column 1 or Right of Column DSM_, kips/in. 2
Runvay Station £t £ Test_Site No. DSM,, kips/in. DSM; - DSMypan (DsM; - DSMyp,y)
u6+00 10L 24 1360 280 78,400 -
40+00 10R 21 1320 2Lo 57,600
42400 10L 22 1300 220 18,400
LL+00 10R 23 1290 210 LL,100
18+00 10L 18 1290 210 Lk, 100
.48+00 10R 25 12L0° 160 25,600
6L4+00 10R 33 1230 150 22,500
62+00 10L 32 1200 120 14,400
58+00 10L 30 1200 120 14,k00
60+00 10R 31 1180 100 10,000
38+00 10L 20 1180 100 10,000
14+00 10L 8 1180 100 10,000
10+00 0L 6 1180 100 10,000
16+00 10R 9 1170 90 8,100
36400 10R 19 1170 90 8,100
66+00 10L 3k 1170 90 8,100
12+00 10R 7 1160 80 6,400
8+00 10R 5 1140 60 3,600
30+00 10L 16 1130 50 2,500
32400 10R 17 1110 30 900
34+00 10L 18 1110 30 900
68+00 10R 35 1080 00 0
28+00 10R 15 1070 -10 100
50+00 10L 26 1060 =20 Loo
6+00 10L L 1060 -20 Loo
4+00 10R 3 1060 -20 Loo
52400 10R 27 1020 -60 3,600
. T0+00 0L 36 1000 -80 6,400
2L+00 10R 13 970 -110 12,100
26+00 10L 1k 950 -130 16,900
2400 10L 2 900 -180 32,400
72400 10R ‘o3t 880 -200 40,000
0+00 10R 1 810 =270 72,900
22400 10L 12 800 -280 78,400
T4+00 10L 38 750 =330 108,900
5L+00 10L 28 750 -330 108,900
56+00 10R 29 740 ) 115,600
20+00 10R 11 740 -340 115,600
Z (oM - DM,z )P = 1,161,100
DSM, + DSM, + DSM....DSM
DSMpy = 1 2 = 3 38 . 1080 kips/in.

8 (standard deviation) -,,3'-\1—3-5-'—- LLI00 , 173 kipe/in.

Representative DSM = 1080 - 173 = 907 ™ 910 kips/in.

The standard deviation, 8 , can also be computed by the formula

vhere

computed.
NOTE: When the number of DSM is less than 30, the formula for the standard deviation becomes

or

n 1is the number of DSM, which is 38 in the example above, and DSM

DSMi
n

i

2

denotes the particular DSM value beirpg

- oM, T, + n(oomp )

=)

n-1
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) - When DSM values are to be used to determine allowable gross air-
craft loads using the evaluation curves presented herein, it is recom-
mended that DSM tests be spaced at equal intervals within the areas to
be evaluated. However, no fewer than 30 DSM tests should be performed
within each of the areas for major features, such as primary runways and.
taxiways, to provide a sta;istically representative sampling of the DSM

1

for that pavement feature. Never should fewer than 11 tests be per-
formed in any area being evaluated. Additional tests might be desirable
on certain pavements, particularly in areas where weak conditions are
found. On runways and taxiways, tests should be made on alternate sides
of the center line along the main gear wheel paths. Tests on parking
aprons should be located in a grid pattern.

) DSM tests for the determination of allowable gross aircraft loads
of rigid 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 evaluaiion methodology is based on making the
tests at that location.

CORRECTIONS TO DSM VALUES

The environment or time of the year when DSM tests are performed
significantly influences the results as can be seen in the discussion on
temperature and in Figure 36. As the DSM value for a particular test
site rises or'fallé_during the year, so does the load-carrying capacity.
It is-difficult to-determine what set of conditions is best representa-
tive of the "average" load-carrying capacity. DSM tests made when the
pavements are under the influence of frost thaw, 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 capacities of a
particular site. Therefore, a correction for the effects of frost thaw
or environment has not been developed. Because of the lack of a correc-
tion factor and because there are periods of high DSM values and load- .
carrying capacities @uring the Year, it is recommended that the DSM
tests be performed during the period of the jear when conditions are as
near average as can be jJudged by experience. In particular, DSM measure-
ments should be made when pavements or subgrades are 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 mégnified as the thicknesé of the AC
layer increases. Results of tests described previously on test pavemenfs
at WES to study temperature effects were used to produce the relation-
ship shown in Figure 34. The mean pavement temperatu;e is determined by

averaging the temperatures fecorded at 1 in. below the surface, at the

center, and at 1 in. above the bottom of the AC layer. Figure 34 can be

used to adjust the DSM values to a common temperature, to compare values
for a given pavement feature or for different features, and to correct
DSM values to an adjusted temperature* for use in the allowable gross
load reiationships contained herein. The adjustment factor obtained
from Figure 3h is_multiplied times the DSM. However, the data used to
develop the relationship in Figure 34 were for a particular pavement and
subgrade type and'therefore may not be applicable to pavements that dif-
fer greatly from it. Also, the temperature correction curves in Fig-
ure BL-were extrapolated below mean pavement temperatures 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 70°F
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of three thermometers in a vertical line with one at 1 in. below the
surface, one at the center, and one at 1 in. above the bottom of the AC
layer. If DSM tests are performed on the same location near each ther-
mometer installation during the warmest and coolest pavement tempera-
tures each day during the test period, then a correlation between DSM
values and mean pavement temperatures can be established for the pave-
ments. This correlation can then be used either to verify or modify the
relationships shown in Figure 34 so that DSM data can be adjusted to the
standard temperature of TO°F.

An alternative method in which the mean pavement temperature may
be predicted from air temperature data has been developed by the Asphalt
Institute.h6 Data required are the maximum and minimum air temperatures
for each of the 5 days immediately prior to the date the DSM tests are
made and the pavement surface temperature 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,
at the center, and at 1 in.‘above‘the bottom of the AC layer can be
averaged to obtain the mean pavement temperature.

DETERMINATION OF
ALLOWABLE AIRCRAFT LOADING

Determination of the allowable aircraft loading for a pavement re-
quires determination of the representative DSM value for the pavement,
application of the DSM to the appropriate DSM versus allowable single-
wheel load curve, and modification of the results with the proper curves
AandAfactbrskpresenﬁed in the following paragraphs. The use of this pro-
cedure for pavement evaluation is subject to the following restrictions:

- a. The DSM must be determined using a vibrator with a static
weight of 16 kips and load plate diameter of 18 in.

b. The DSM must be computed using the slope of the linear por-
tion of the deflection versus load curve.

c. The DSM must be measured at 15 Hz.

das A temperature adjustment must be applied to the DSM on flexi-
ble pavements. )
The DSM for rigid pavements must be measured at the slgb

‘|ﬂ)

center. -
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f. The moduli of elasticity of the respective pavement layers
under investigation must decrease with depth. For example,
the methodology 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.

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 F for critical pavements as

t
Ft = 0.067t

- and for high-speed taxiways as
F, = 0.07Lt

" If the pavement structure contains stabilized layers or if the AC is not

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

not equal to 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 thickqess may suffice for several DSM tests in a given pave-

ment feature.

Step 3. Using Ft determined in Step 2, enter Figure 4T and
determine the ratio of the subgrade strength factor SSF to the pave-

ment system strength index Sp .

Steg'h. 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 any aircraft desired using the
following steps: .
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Select the aircraft or aircraft main gear configuration for
which the evaluation is to be made and determine the tire
contact area A of one wheel of the main landing gear from
Table 20.

Select the annual departure level for a 20-yr life for each
aircraft for which the evaluation is being made and determine
the load repetition factor for each aircraft from Table 16.

Compute F, for each aircraft for which the evaluation is

being made for critical pavements as

- and for high-speed taxiways as

F't = __t_-_.
0.9aVA

Enter Figure 47T with F, and determine SSF/Sp .

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

Enter Figure 42, 43, or L4 with the total pavement thickness
t and determine the percent ESWL for the controlling number
of wheels of the aircraft for which the evaluation is being
made, i.e., if the aircraft has a dual-wheel assembly with a
dual spacing of 26 in., use Curve 4 in Figure U2 or, if the
evaluation is for the Boeing TUT 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 seleeted- is- then ebtwimned by
the following <computation:

' W
Allowable gross aircraft load = ESWL (1 )( m )

#ESWL \W_ /\0.95
wherer
ESWL = determined by Step 5e
ZESWL = determined by Step 5f
Wc = number of controlling wheels used to determine

the Z%ESWL from Figures 42, 43, or 4k °
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Table 20

Aircraft Tire Contact Areas and Total

Number of Main Gear Wheels

Aircraft Gear
Configuration
or Model
Designation

Single-wheel
Single-wheel
Single-wheel
Single-wheel
Dual-wheel

Dual-wheel
Dual-wheel
Dual-wheel
Dual-wheel
Dual-tandem

Dual-tandem
Dual-tandem
Dual-tandem
Dual-tandem
Boeing T2T.

DC-8-63F
Boeing TA4T
DC-10-10
DC-10-30
I~-1011
Concorde

iy 2o Xe 4

-Boeing T37

Lockheed Electra

DC-9

Convair 880
Boeing T20
Boeing TOT

Typical
Gross
Weight

kips

30
L5
60
75
50

75
100
150
200
100

150
. 200
300
Loo
173

358
778
433
558
428
389

111
113
115
188
235
336

Tire
Contact
Area

sq in.

190
237
271
297
148

162
170
222
237

99

127
148
198
237
210

220
245
294
331
282
L7

174

182
165
152
188
218

Total
No. of
Main Gear
Wheels

[
OCOOMFEFFDO® OO OONm® FOOOO®D® OOFFFF FPOMPOMPOD

[
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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 % 1is computed as

3
2 =269 4 =
f
If‘the subbase is stabilized, an equivalent pavement thickness must be
computed as described beginning in the section on rigid pavement with
stabilized layers. The foundation strength factor Ff is determined
from Figure 53 using the subgrade soil group classification.
Step 3. Using % , determine the load factor F from Figure Lo,
50, 51, or 52, depending upon the gear configuration of the aircraft for

which the evaluation is being made.

SteE.h. Multiply the allowable single-wheel lbad from Step 1 by
F determined from Step 3 to obtain the gross aircraft loading.

- Step 5. Multiply the gross aircraft loading from Step 4 by the
appropriate load fepetition 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 allowable loading obtained from Step 5 assumes that
the rigid pavement being evaluated is structurally sound and functionally
safe. The computed aliowable 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 evaluation 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 cépacity; 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 envirénmental con-
ditions. These conditions are recognized, however, and their effects
on the pavement system can normally be accounted for by engineering
Judgment. Examples of the conditions caused by distress and the proba-
ble general changes which take place in DSM values as a result of these
"conditions are presented in Table 21 for flexible pavements and in Ta-
ble 22 for rigid pavements. Most of these influencing conditions will
be readily evideﬁt from 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 in-
dex of a pavement which is predominantly affeéted by one of the types of
distress which influence the DSM, the DSM tests should be performed on
pévemen£ areas that appear to be in good condition and the extent of
distressed areas should be ﬁoted in the evaluation report. Stud%es are

under way to determine the significance of DSM in distressed areaé.
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" Table 21

Expected Change in DSM on or near a Distressed Area of
Flexible Pavement Compared with DSM on a

Similar Area in Good Condition

Type of Distress

Cause*

Expected Change in
DSM Due to Distress

Alligator cracks

Edge cracks

Joint cracks

Shrinkage cracks
Slippage cracks

Channeling or
depression

Corrugations or
shoving
Upheaval

Potholeé

Base failure

Lack of lateral or
shoulder support

Weak seam or poor bond

Volume change in as-
phalt or subgrade

Lack of bond between
surface and base

Consolidation or lat-
eral movement of
underlying layers

Lack of stability in
asphalt mixture

Subgrade swelling

Too 1little asphalt, too
thin an asphalt sur-
face, too many fines,
or poor drainage

Decrease

None

None

None

None

Increase if consolidation

occurs; decrease if

lateral movement occurs

None

Decrease

Decrease

* As described in Reference 52,
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Table 22

Expected Change in DSM on Distressed Slabs of Rigid
’ Pavement Compared with DSM on Similar
Slabs in Good Condition

Expected Change in DSM
Type 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

Structural cracking** Traffic greater than Increase if compaction of

'a.nd/or spalling design subbase or subgrade
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. Pumping action can
. of ten -be observed during or immediately following rains.

** Cracking may or may not be associated with such conditions as pump-
ing, swelling solls, differential frost heave, and slab warping.
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DSM tests for the purpose of using the rigid pavement evaluation '
curve (Figure 58) should always be run near the centers of slabs which
contain no structural deficiencies. Pavements which contain slabs with
distress conditions listed in Table 22 should be evaluated as described .
below:

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

b. If a visual examination 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 Jjoint
distress or failure, which may be characterized by excessive
spalling along the Joints, in 30 to 50 percent of the slabs,
the allowable single-wheel load determined by DSM tests should
be reduced by 25 percent.

- €+ If 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 ;ibrator should be established to give the
evaluating 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 checké 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 measurement 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 performéd

on the load cells to establish calibration accuracy. A laboratory test

138




can also be performed on the velocity transducers to check readings
agéinst a calibrated velocity fransducer. The second type of accuracy
test is the field test. Repeatability of results can be periodically
checked by conducting duplicate tests at a test site. Velocity trans-
ducers can be checked against one another by placing a portable velocity -
transducer near the load plate and comparing the resulting deflection ob-
tained by the portable transducer with that obtained by the transducer
fixed to the load plate. The load cells can be checked statically by
recording the static weight of the vibrator and comparing this with the
known static weight. Multiple measurements on the same test site can
also be compared. In addition to laboratory and field tests, the equip-
ment specifications should be checked to determine if the specified

ranges in equipment operation are sufficient.
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CONCLUSIONS AND RECOMMENDATIONS

This study has resulted in the development of a nondestructive

pavement evaluation procedure for flexible and rigid civil airport pave-

ments and complete equipment specifications for a vibratory device suit-

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

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

other methods of evaluation as a tool for the structural evaluation of

civil airport pavements.

verify

The following specific studies are recommended to refine and

the nondestructive evaluation procedure:

E-_o

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

Relationships should be developed to allow nondestructive
evaluation of composite pavements such as PCC overlaid with
AC.

Additional data should be collected and analyzed to refine
and verify the procedure further. Pavement and subgrade
properties of the test sites used in developing the DSM versus
allowable single-wheel load correlations presented herein
should be studied to determine which factors caused the range
in gross 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 performance under traffic
conditions.

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 measurements.

Additional effort should be made to develop further the
temperature adjustment factor. A universal temperature ad-
Justment factor -should be derived which will allow deflection
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data to be adjusted and thereby compared at a common tempera-
ture. Pavement sections similar to the WES temperature
effects test section should be constructed on different foun-
dation strengths for this purpose. The warping effects, if
any, of PCC pavements on nondestructive data need
consideration.

Several other items of concern which were considered during
collection of the data but are not covered in the report
should also be given more consideration:

(1) A detailed study should be made of deflections measured
in instrumented pavement sections at NAFEC, the Nashville
Metropolitan Airport, and the WES temperature effects
test section in order to relate pavement response to
aircraft loadings with that to vibratory loadings. Also,
the effective mass of the pavement structure being vi-
brated under different vibratory loadings needs to be
determined. Additional data on instrumented pavements
may also be needed.

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

(3) More thought should be given to the problem of directly
relating deflection data and pavement performance. De-
flection data alone can be used only to predict failure
when the mode of failure is structural. For example,
when the mode of failure is functional, rutting may have
resulted from compaction by traffic; the pavement ele-
ments may have become stronger although the pavement may
be Judged as failed because the surface is rough. As
the materials are compacted, deflection data will indi-
cate a strength gain up to and beyond the point at which
failure is supposed to have occurred. A system to com-
plement deflection measurements whereby this example and
similar cases can be evaluated should be developed.
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(4)

Further study of the effects of pavement overlays on
nondestructive testing results should be undertaken in
the form of carefully constructed and controlled test
sections. Three test sections on subgrades of three
different strengths would probably be sufficient to de-
termine what effects the original subgrade strength has
on nondestructive data as the overlay thickness is
increased.
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- APPENDIX A: DEFLECTION-PERFORMANCE RELATIONSHIPS AND
CORRELATIONS BETWEEN DYNAMIC E-MODULUS AND CBR

DEFLECTION-PERFORMANCE RELATIONSHIPS

The U. S. Army Engineer Waterways Experiment Station (WES),7 the
California Division of Highways,8 and thé Transport and Road Research
Laboratory9 have developed independently similar relationships between
surface deflection (elastic rebound) and performance for flexible pave-
ments. These deflection-performance relationships are shown in Fig-
ure Al. The California Division of Highways curve shown is for 3-in.
asphaltic concrete pavements and was developed by monitoring the perfor-
mance of selected California highway pavements on which deflection mea-
surements were made. This relationship was originated in 1955 by Hveem53
and has since been improved by additional data. The Transport and Road
Research Laboratory curve, first published in 1972, is for a rolled as-
phalt 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 Officials
(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 subbase 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.

Thé relationships shown in Figure Al indicate that‘deflection is
a measure of pavement pefformance, although the relationship is not pre-
cise. A similar relationship has not been developed for rigid pavements
because of the lack of adequate information.

CORRELATIONS BETWEEN
DYNAMIC E-MODULUS AND CBR

Wave bropagation measurements can be conducted on pavements to

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

consists of placing a vibrator on the pavement surface, generating a
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steady state vibration at selected frequencies, and monitoring the wave
form with velocity transducers placed on the‘surface at various distances
from the vibrator. By use of an 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
point where the marker coincides with the next corresponding peak (or
trough). The distance measured on the surface between the points is one

wavelength. The wave velocity V can be determined from

V=1fa

where

f ffequency, Hz
A = wavelength, ft

The procees is repeated at other frequencies to establish a relationship

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

from
"E = 2(1 + v)pv?
where
v =.Poisson's ratio
p = mass dénsity = Y/g where Yy 1s the wet density of the mate-
rial, pcf, and g 1is the acceleratlion due to gravity,
32.2 ft/sec?
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 shevn in Figure A2, A compari-
son of this relationship with the correlation developed previously by the
Royal Dutch Shell Laboratoryl is shown in Figure A3. The data in Fig;
ure A2 were obtained from vibratory measurements made at the surface of
flexible pavements; the dynamic E-moduli were taken at the one-half
wavelengeh that would place the E-modull at depths that would correspond

to base, subbase, and subgrade materials of known:CBR's.
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APPENDIX B: RELATED NONDESTRUCTIVE DATA

During this study, some information was collected that was not
used as direct input to the development of the evaluation methodology;
therefore, these results are pfesented in this appendix as a matter of
record. This information consists primarily of the results of two sep-
arate studies: a pavement performance study and a study of the effect

of the pavement surface layer on the nondestructive results.
PAVEMENT PERFORMANCE STUDY

The obJective of the pavement performance study was to relate DSM
(dynamic stiffness modulus) test results to pavement performance through
studies of the performance of two soil stabilization test sections at
the U. S. Army Engineer Waterways Experiment Station (WES). The soil
stabilization test sections consisted of five test items each of flexi-
ble and rigid pavement construction. Traffic was applied to two traffic
lanes in each test section with 200- and 240-kip twin-tandem test load
carts. Layouts of the flexible and rigid pavement test sections are
shown in Figures Bl and B2, respectively. To determine if the 16-kip
vibrator céuld be used to monitor changes in pavement strength with
performance, DSM data were obtained on the test items at periodic inter-

vals during traffic testing.
FLEXIBLE PAVEMENT TEST SECTION

Table Bl presents results of DSM tests for five different periods
obtained'during the trafficking of the flexible pavement items. The
data in Table Bl were taken at the center of each item. Table B2 shows
results of tests conducted at different positions in the items during
the last two test periods. Traffic was applied to the 200-kip lane
first and then to the 240-kip lane. DSM values for the flexible pave-
ment 200-kip lane showed only a slight increase during trafficking and
then a decrease at the time of failure. Tests made at the same time in
the 240-kip lane where no traffic had been applied showed a considerable
strength increase in items 1 and 3. This increase in strength could
probabl& be attributed to a strength gain with time in the stabilized
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layers. After traffic, the DSM values of all items in the 240-kip lane
had been reduced to those of the corresponding items in the 200-kip lane.
It would appear from the DSM data that the strength of the stabilized
sections was increasing due to the strength gain but at the same time

the effects of traffic were reducing the strength. The DSM values did
not relate well to the number of coverages to failure in either traffic
lane. An examination of the strength of the pavement layers as indicated
by the CBR values shown in Table B3 shows that many of the items had

an increase in CBR. Item L showed a decrease in CBR of the stabilized
clayey sand base after traffic. Although the test items were considered
failed due to the distress of the surface layer and conditions of con-

A solidation, the CBR data indicate that in general the pavement structures
ﬁay have actually gained in strength. This development may explain the
lack of correlation. between DSM values and pavement performance for
these test items. Although the pavements were considered failed because
of the surface distress, the pavement life could have been restored with

a leveling overlay.

+

RIGID PAVEMENT TEST SECTION

The DSM data for the rigid pavement test items, as shown in Table
Bk, were very limited and therefore no specific conclusions are drawn.
However, the differences in performance between items 1 and 2 and be-
tween items 3 and 4 were not significant. Determination of the precise
failure point was sometimes difficult. As with the flexible test sec- .
tion, faqtors'othef.than structural support may have affected the pave-
ment pefformance.' Table B5 shows physical properties of fhe pavement
items before and after traffic. Items 1 and 2 were constructed with
fibroué concrete, while items 3 and 4 were constructed with plain Port-
land cement concrete (PCC). . The performance of these materials is dif-
ferent; the'fibrous'concrete can withstand greater deflections than the
‘plain PCC. For this reason, the DSM value may not have the same meaning
on the different pavement types. The DSM values of items 3 and 4 were
nearly the same, as would be .expected from the similar pavement struc- ‘

ture. The performance of items 3 and U were identical in the 200~kip
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twin-tandem lane, but item 3 (with the bituminous base) performed better'
than itém 4 under the 2ko-kip twin-tandem load. The coverage level at
failure for itemr3 in the 240-kip twin-tandem lane is given as a range

in Table B5, which indicates that it was difficult to determine when
failure actually.occurred. In.general, the DSM values showed that the
strength of item 1 was approximately equal to that of item 2 and that
item 3 had approximately the same DSM as item 4. Also, the performances

of items 1 and 2 were similar, as were these of items 3 and 4.

EFFECT OF BOUND PAVEMENT
ELEMENT THICKNESS ON DSM

The purpose of this study was to derive a method for the nonde-

" structive determination of overlay pavement thickness requirements. The
study was conducted at three test sites: Philadelphia International
Airport, the WES temperature effects test section, and Shreveport Re-
giénal Airport. Data collected for another project at Biggs Army Air-
field are also presented because of applicability to the objectives of
this study. Only at Shreveport Regional Airport did circumstances allow
measurements before and after pavements were overlaid. At the other
sites, overlay thickness plots are based on DSM measurements on pavements
" of different thicknesses on the same type subgrade.

"The Philadelphia International Airport pavement used in the over-
lay study was completed about November 1972. Tests were performed 5 Dec-
ember 1972 before any traffic was allowed on the runway. Pavement
surface temperatures were between 40 and 52°F for all the tests. The
pavement.sections oh'which DSM measurements were made are shown in Fig-
ure B3. These bituminous sections varied in thickness from 4 in. at
stations 284+75, 285+00, 305+00, 305+25, 349+T5, and 350+00 at 112 ft
from the runway center line to 13 in. at stations 284+75 and 285+00 at
32 ft from the center line. The subgrade beneath the test locations
was in the E-1 (GP-CN) or E-2 (GM) soil group.* The results of the DSM

¥ The corresponding Unified Soil Classification System group is given
" in parentheses after each Federal Aviation Administration (FAA) soil
group.
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measurements on the different pavement sections are presented in Table B6
and are shown in Figure B4 in the form of a DSM versus bituminous pave-
ment section thickness graph. If it is assumed that making DSM measure-
ments on pavements of different thicknesses with about the same subgrade~
is analogous to making DSM measurements on a pavement which has been
overlaid, the slope of the best-fit line through the points in Figure Bl
shows that the DSM is increased by approximately 310 kips/in. for each
inch of bituminous pavement added.

The WES temperature effects test section on which DSM measurements
were made for this study is shown in Figure 27 of the main text. The

temperature effects test section was completed in June 1973, and the

. tests for this study were made on 2-3 August 1973. No traffic had been

allowed on the section at that time. The asphaltic concrete (AC) pave-
ment thicknesses were 4.3, 8.2, and 14.2 in. in the section. The sub-
grade beneath the test locations was lean clay, which is in the FAA E-T
(ML-CL) soil group. Pavement surface temperatures were 109°F on the
k-in. item, 86°F on the 8-in. item, 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 B5
shows that the DSM increased by 30.3 kips/in. for each inch of additional
pavement thickness.

Pavement sections at Biggs Army Airfield at E1 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
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
(sP-SC) soil group. The results of DSM measurements on the different
pavement sections are shown in Figure BT in the form of a DSM versus PCC
pavement section thickness plot. The slope of the straight line through
the poinfs 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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are shown in Figure B8. Tests were performed on these sites in October
1972 and March and October 1973.. Pavement sections as they existed in
October 1972 before the overlay are shown in Figure B9. They were of 8,
10, or 11 in. of PCC and T in. of subbase (FAA Specification P-lShhg) or
6 in. of lime-stabilized subbase on an unknown subgrade. The original A
PCC pavement was constructed about 1952 and was overlaid with AC in

1973. The overlay was placed in three layers, each of which was begun
at station T3+00 and carried to station 0+00 before the next layer was
begun. When nondestructive tests were performed in March 1973, the

first layer was complete for the entire runway length, and the second
layer was complete between stations T3+00 and 55+50 except for a 25-ft
strip on the west side of the runway between stations 64+00 and 55+50.
@hen nondestructive tests were performed in October 1973, all three
layers were complete. Data collected on the three dates are shown in
Table BT, and overlay thickness and DSM are plotted for the three dates
in Figure B10. There were 11 test sites. The data show that, as the
overlay thickness was increased as compared with the DSM on the PCC, the
DSM increased for both test.dates at four test sites: 1l(station 1+63),
L(station 3+60), 10(station 8+98), and 15(station 56+79); decreased for
the first tests on the overlay and increased for the second test on the
overlay at three test sites: 16(station 62+30), 30(station 67+63), and [
31(station 67+63); and decreased for both test dates at two test sites:
11(station 46+2L4) and 17(station 67+63). At test sites 13(station 50+0L)
and 14k(station 50+0L4), the first tests on the overlay showed an increase
in the DSM as a rqsult of the overlay, and the second tests on the over- [
lay showed the DSM value,to be between the value of the PCC with no ‘

overlay and the value obtained for the first tests on the overlay. Tests

showed the densities of the layer of overlay at the eleven test sites
to range between 133.5 and 150.6 pcf. No densities were obtained for
the bottom layers at th;ee test sites. The mean temperatures of AC
overlays were approximately 57°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 BS8.
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Table Bl
Summary of DSM Values at 15 Hz and Coverages to Failure for the Flexible Pavement Test Section

80

. I Sep 12 18 Oct 73 8 Mar 73 20 Apr 73 17 May T3
Cover- " Temper- Temper- Temper- Temper- Temper-
Test ages to Traffic DSM ature Cover- DsM ature Caver- DSM ature Cover- DSM ature Cover- - DSM ature Cover-
Item Failure _lane kipl/in.‘ °r eges kips/in. OF ages kips/in. OF ages  kips/in. OF ages kips/in. OF ages
1 3660 1 750 105 o . 615 79 1200 810 78 3360 580 T0 3660
2 3660 1 525 105 o 520 79 1200 700 T8 3360 625 T0 3660
3 7820 1 595 105 . O, 500 m 1200 840 8 3360 6L5 T0 7820
13 1240 ‘1 560 107 O w0 ™ 1200 - - - 760 70 12140
5 2500 1 610 107 (o] 620 4l 1200 760 8 2500 805 T0 2500
1 600 2 750 105 o T20 i) o 1200 T 0 960 T0 o 640 90 600
2 Lo 2 25 105 o 610 ™ o T%0 T o T20 70 o 520 90 Lo
3 620 2 995 105 o 910 79 o 1780 TN o 1280 T0 o 540 90 620
y 120 2 560 107 o 660 9 o T80 82 0 660 70 0 670 90 120
5 %0 2 610 107 ° M0 79 o 800 g2 0 760 70 o 90" 340

Note: Temperature was measured :;lpproxmuly 2 in. below the pavement surface.
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- Table B2

DSM at 15 Hz Before and After Traffic for the Flexible Pavement Test Section

Location Lane 2 Before Traffic Lane 1 After Traffic - . Lane 2 After Traffic

Tést : on DSM Temperature DSM _ Temperature DSM Temperature
Item Test Item kips/in.. _ _ OF kips/in. °F kips/in.
1 West 1/4 point = 1080 70 580 (640 70 -- 90
Center point 960 - 70 near -— 640. —
East 1/4 point 1080 70 failed -_— - -—
. ' area)

2 West 1/4 point 680 70 625 70 680 90
Center point 720 70 © -— -— 520 90
East 1/4 point 600 70 -— - 465 - 90
3 West 1/L point 1580 70 680 70 -~ -
Center point 1280 70 645, 596,*  TO 540 90
1000%# -—
East 1/4 point 1500 70 600 70 560 9
4 West 1/4 point 800 70 - - - -
Center point 660 T0 - - 670 90
East 1/4 point 750 70 760 70 580 90
5 West 1/4 point 750 70 -— _— 810 90
Center point 760 70 850 70 840 90
East 1/4 point 830 70 - - 950 90

ﬁote: Temperature was measured approximately 2 in. below the pavement surface.
* Asphaltic concrete removed.
%% . Outside of traffic lane.
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Table B3
Summary of Field Test Data on Flexible Pavement Test Section

After Traffic Test Data

Construction Data -Inside Traffic Lane Outside Traffic lane
Depth Below - . Water Dry Traffic Water Dry Water Dry

Test . . Pavement Content Density Coverages Content Density Content Density
Item Material —_ Surface, in. CBR percent pef to Failure CBR percent pef CBR percent pef

Lane 1: 200-Kip Tvin-Tandem Ass.

1 AC o - - - 3660 - - - - - -
Crusbed limestone L 110+ 1.0 151.9 65 2.3 1543 75 3.3 147.0
Lean clay vith 10§ fly ash, 3f lime,

25 PC” 9 9L 17.7 96.5 123 20.4 100.1 97 23.5 97.4
Heavy clay subgrade . 33 3.3 30.9 87.3 : T 31.L4 88.2 8 30.2 87.2

2 A [ - - - 3660 - - - - - -
Lean clay vith 125 PC 3 105 16.0 . 10e.9 150+ 15.9 108.3 150+ 14.6 13.4
Heavy clay subgrade 28 3.6 30.2 86.5 T 29.8 89.2 T - 30.3 89.0

3 AC o - - - 7820 - .- -~ - - -
Gruvelly sand with 5% PC 3 150+ 3.2 133.4 150+ -- - 150+ - -
Beavy clay subgrade 28 3.6 30.3 87.0 5 30.6 89.0 3 32.7 86.7

L ac . [} - - - 1380 - . .- -- - -
Clayey sand vith 5% PC 3 150+ 8.9 116.9 70 13.1 118.0 150+ 11.9 122.6
Beavy clay subgrade 28 3.7 30.5 86.9 T 27.3 9.4 8 25.8 91.2

5 AC o - -— e 2500 - - - - - -
Crushed limestone 3 104 2.4 145.7 150+ 1.9 155.2 150+ 1.2 152.2
Gravelly sand vith plutlcity index (PI) :

of 3 9 56 5.4 136.7 52 5.2 141.0 ST 5.1 140.5
Heavy clay subgrade L2 L.2 29.9 89.2 2.5 33.3 86.5 4.3 32.5 87.2
Lane 2: 240-Kip Twip-Tandem Assembly

1 AC o - - - 600 - - - - -

Crushed limestone N 110+ 1.0 151.9 11 1.1 153.2 105 1.2 146.8
Lean clay vith 10’ fly ash, 3% lime,

2% PC 9 9L 17.7 9.5 126 20.4 100.7 147 25.6 98.3
Heavy clay 33 3.3 30.9 87.3 b2 " 32.6 86.7 4.1 35.4 83.5

2 AC o - - - 400 - - - - .- -
Lean clay vith 12§ PC 3 105 ° 16.0 102.9 150+ 15.1 109.8 144 14.8 106.1
Heavy clay subgrade 28 3.6 30.2 86.5 S 31.6 87.4 3.6 33.9 8u.2

3 AC o - - - 620 - - - - - - .
Gravelly sand with 5% PC 3 150+ 3.2 133.4 . 150+ 3.3 137.0 150+ 2.8 135.3
Heavy clay subgrade 28 3.6 30.3 87.0 1.5 " 32.9 85.8 1.8 3k --

M AC o - - - 120 - - - - - -
Clayey sand vith 5% PC 3 150+ 8.9 116.9 150+ 14.0 116.4 150 1Lk 16. 4
Heavy clay subgrade 28 3.7 30.9 86.9 6 29.6 90.4 3.9 29.4 89.8

"5 AC o - - - 340 - - - - - -
Crushed limestone 3 104 2.4 145.7 133 2.0 158.9 133 2.0 155.5
~ Gravelly sand with PI of 3 9 56 5.4 136.7 2l L.L 138.5 25 5.1 143.3
*Heavy clay subgrade w2 L.2 29.9 89.2 3.9 32.3 87.4 3.4 32.0 87.4

Note: AC = asphaltic concrete“‘; PC = portland cement.
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Table Bl

DSM Vaiues, at 15 Hz and CEverages to Failure for Rigid Pavement Test Section

Coverages ' 11 Jul 72. ‘ 7 Sep 2 3 Mar T3

Test © to .+ Traffic DSM DSM ~ DaM
Item Failure = _Lane ‘kips/in. Coverages kips/in. Coverages kips [ overages
1 3000 1 960 0 880 3000
2 1770 1 830 0 '
3. 6360 1 2600 0
L 6360 1 . 2500 o -
1 1010 2 1190 0
2 (T 2 1210 0
3 1200-1500 2 3330 0
4 740 2 3400 0
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Table BS

Summary of Field Test Data on Rigid Pavement Test Section

After Traffic Data

Depth Construction Data lane 1: 200-Kip Assembly Tane 2: 2LO-Kip Assembly
Below Plate Plate Plate
Pavement Bearing Water Dry Coverages Bearing Water Dry Coverages Bearing Water Dry
Test Surface k Value Content Density to k Value Content Density to k Value Content Density
Item Material in. pci percent pef Failure pei percent  pef Failure _ pci percent pef

1 Fibrous concrete (o] -— - - 3000 -— - - 1010 - - -
Lean clay MESL* 7 175 15.9 10k4.2 230 15.2 100.6 250 12.5 100.1
Heavy clay 27 L7 29.8 8.1 180 - .- 200 27.7 92.1

2 Fibrous concrete ‘o - -— - 1770 - -— - 40 - - —
Clay gravel with 6% PC L 545 - 135.0 Lg9o - - 375 - -
Heavy clay 21 85 3h.1 85.0 . 118 33.1 85.5 - - -

3 PcC (o] -— - - 6360 -— - ==  1200-1500 == - -
Asphalt base 15 99 - - n - - - - -
Heavy clay 2 8 32.2 87.0 - - - 164 33.5 -.

L pcC o - - -— 6360 - - 740 - - -
Lean clay with 12% PC 15 167 15.8 - 200 bt - 328 23.3 . -
HReavy clay . 21 ko 33.1 86.1 68.5 33.3 86.0 - - -

Note:
# Membrane-enveloped soil layer.

No tests were performed on item 5; k = modulus of subgrade reaction.
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Table B6 .

DSM Vélueg and Bituminous Pavement Thicknesses at

_Philadelphia Intemational Alrport

i ~ Distance Bituminous
Taxivay fram Pavement
or Center Line Thickness DSM
Runway ft Station in. kips/in.,
SR-27L. na2 - 284+75 L 760
’ 285+00 690
305+00 680
305+25 670
349+75 710
350+00 680
Average 700
82 284+75 8 1940
285+00 1800
305+00 1960
305+25 1960
* 349475 1700
350+00 1760
Average 1850
™y A Ly 273+00 9 2120
- 273+25 2160
284+T75 2000
285+00 2040
349+75 1860
: 350+00 1920
: Average 2020
9R-27L 32 34o+75 1 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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Table BT

DSM Yalues Before and After Overlay at Shreveport Regional Airport

11-12 Oct 1972 6-7 Mar 1973 9 Oct 1973

Approximate " DsM DSM DSM
Test PCC Before Overlay After Overlay After Overlay Density, pcf
Site Thickness Overlay Thickness Overlay Thickness Overlay Bottom Middle Top
No. in. | kips/in. in. kips/in. in. kips/in. Layer Layer Layer
1 10 1960 3.5 2320 8.25 2580  145.1  147.4  150.4
L 10 1620 2.75 2160 7.0 2420 147.5  147.6 1L8.8
10 8 820 4.25 - 1460 8.25 1780  150.6 149.6  1L6.3
11 10 ‘ 2180 1.75 2120 6.25 2040 Crumbled 1LL.4  147.3
13 8 1340 2.75 -1820 6.75 1680  143.3 145.1 1k48.2
Averages* . 1580 3.0 1980
1L 8 1480 Not mea- 1880 7.5 1720 Could not sep- 149.4
sured arate layers
15 8 1160 6.5 2000 8.75 2100 1444 150.3 1h9.2
16 10 2640 T.25 2200 8.75 33ko0 Crumbled 149.3 1L48.0
17 11 3040 6.5 2140 9.0 1740 140.3 149.9 1L46.6
30 8 1760 6.0 1280 9.0 1880 139.2 149.4 ~ 1L45.0
3 8 ' 1900 7.25 1300 8.75 2460 133.5 146.5 1h42.3
Averages** 2100 6.7 1780 :
Averagest 1810 8.0 2160

* For approximately 3 in. of overlay (tests on 1 layer of overlay) in place 6-7 March 1973.
*% For approximately 6 in. of overlay (tests on 2 layers of overlay) in place 6-7 March 1973.
t For approximately 9 in. of overlay (tests on 3 layers of overlay) in place 9 October 1973.



- Table B8

Average Thickness and DEM Values for

Shreveport Regional Airport Overlay

9 Oct T3

Number - - Average Change in .
of Overlay Average DSM After Change per Inch
Test. Thickness DSM Overlay of Overlay
Date Sites in. kips/in. kips/in. kips/in.
11-12 Oct T2 5 0. 1580
. ‘ thO +133
6-T Mar T3 5 3.0 1980
11-12 Oct T2 5 0 2100
=320 -48
6-T Mar T3 5 6.7 1780 -
11-12 Oct T2 11 0 1810
. +350 +41
11 8.0 2160

160
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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

.evaluating 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 emergency aircraft operations,

‘direct test 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 load, 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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data by a sweep of frequency (range oqu to 100 Hz) at a constant vibra-
tory load.. The frequency response shows how a pavement structure reacts
to the dynamic force at different frequencies, and may become important

in evaluating pavements for different aircraft speeds.

WAVE PROPAGATION TEST

~ The wéveupropagation test uses a 50-1b electrodynamic vibrator
in conjJunction with the larger vibrator to measure the velocity of shear
waves propagated through various iayers of a pavement structure. The
wave velocitiés are used with elastic theory to compute a dynamic

E-modulus, modulus of elasticity, for eéch pavement layer.
SPECIFICATIONS

A general description of each component of the nondestructive
testing (NDT) system is given in the following paragraphs and is followed

by a set of specifications for each component.

TRUCK-TRAILER UNIT

The large vibrator, power supplies, and electronic equipment are
"contained in a semitrailer as shown in Figure Cl. The 36-ft semitrailer
is towed by a tandem-axle tractor unit. An alternate system in which
the generator and hydraulic power supply were mounted on the single unit
truck that tows a’small four-wheel trailer containing the vibrator was
also studied, but there appeared to be no advantage to that system. The
semitrailer unit is recommended because it is easier to maneuver over
test locations aﬁd all 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 vibrétory load is generated by the electronically controlled
double-action hydraulic piston. The hydraulic piston is oriented with
the rod end attached to the load plate on the pavement, and fhe reaction
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mass is mounted to the body of the piston. The reaction mass is oscil-
lated vertiéally (raised and lowered) 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 a specified sweep rate.

The fixed static weight of the vibrator being used in 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"
éoncept (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 sugply must be designed for the maximum force
output. The 38-gpm pump similar to that used with the existing 16-kip
vibrator is therefore required. 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 existing data 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 wéll as fréquency of vibra-
tion,'on a set of X-Y recorders. Load-deflection data at constant fre-
quency or deflection-frequency data at constant lodd 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. DSM. Figure C2 is a block diagram showing the overall se-
quence of the NDT process usiqg a dynamic load-deflection
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Figure C2. Block diagram of the NDT process using a dynamic
load-deflection response
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. ' response. A steady state vibratory load is applied to the
‘pavement through an 18-in.-diam steel plate. Three load
cells mounted on the plate record the vibratory load and
provide feedback for control of the electrohydraulic vibrator.
The load cell signals are electronically summed and condi-
tioned for input into the X-Y recorder. A velocity transducer
also mounted on the load plate produces a signal that is
electronically integrated and input to the plotter. With the
vibratory load and deflection connected to the axes of the
plotter, the load -can be increased at a constant frequency
from zero to maximum force and thus provide a load-deflection
relationship of a pavement. This load-deflection curve is
used to obtain the DSM. ‘

b. Frequency 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
while maintaining a constant load magnitude. The results
of this second type of test show the pavement response at
different rates of loading, and it is therefore termed a
frequency response test.

c. Other measurements. The instrumentation for recording other
measurements, such as deflection basin shape and phase dif-
ference, can be added to the system in the future if desired.
A digital printer or magnetic tape could also be added; one
or the other would be needed to record deflection basin

. shapes.

Wave propagation 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, velocity transducers
for monitoring the wave output, a phase meter for measuring the phase
change Between'wavé signal peaks, and related 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 Iow-frequency
range (below 500 ﬁz), which provides velocity data for the subgrade
maﬁerial. The electrodynamic vibratof is used for 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 propagated waves up to frequencies of about 600 Hz,'

above which frequency accelerometers are required. The change in phase

- .
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with change in frequency is recorded on the X-Y recorder for the full
frequency fange. With the transducers positioned a known distance apart,
the wavelength and therefore the velocity of propégatiqn can be computed
for any frequency within the data range. The shear wave velocity can
then be used to produce values of shear modulus and elastic modulus

using elastic theory. These elastic constants are useful for theoretical
analysis of pavements. Specifications for the wave-velocity instrumen-

tation will be presented in this appendix.
ESTIMATED COSTS

Estimation of costs for the construction of an NDT machine such
as the one described in this appendix is difficult. The costs of the

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

ferent suppliers and have been steadily increasing for some time. The
estimate given below is within approximately 20 percent.error based on
1974 costs.

. Estimated
Item Cost
Tractor $ 25,000.00
Trailer 8,000.00
Generator (25 kw) 5,000.00
Vibration unit (electrohydraulic vibrator, 50,000.00
power package, and controls)
Vibrator reaction mass 10,000.00
Instrumentation packages:
" Load-deflection measurements 40,000.00
Wave velocity measurements 15,000.00
Labor for assembly of system ' ’ 25,000.00
TOTAL $178,000.00 -

SPECIFICATIONS FOR TRACTOR- -
TRUCK UNIT AND SEMITRAILER

TRACTOR-TRUCK UNIT

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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the following: adJjustable driver's seat, windshield wiper and washer,
padded vinyl upholstery, heater, air horn, seat belts, and all lights
required by Federal regulations.

Chassis The front axle shall be rated at not less than 9,000 1lb,

and the rear shall be a dual-tandem axle rated at not less‘than 38,000 1b.

The rear axle suspension shall be an air-ride assembly. The wheelbase of
the vehicle shali be not greater then 160 in., and the wheels shall be of
steel or aluminum with not less than 10:00x20, 12-ply tires. The vehicle
shall be fitted with dual fuel tanks with a combiﬂed capacity of not less
than 80 gal, an emergency air tank, and a fifth wheel assembly.

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

-cylinder with two- or four-stroke cycle, and shall develop not less than
800 1b-ft of torque at 1200 rpm, and not less than 230-brake horsepower
at 2100 rpm. The engine shall be equipped with, but not limited to, an
oil bath air cleaner, full-flow oil filter, air compressor, fuel filter,
and any other equipment that is standard with the manufacturer. The
transmission shall be of the manual type and provide a minimum shift
~range of 8.5:1, with the lowest gear ratio such that, with an engine
speed of 2100 rpm, a road speed of not less than 65 mph will be possible.

Ecological 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. Smoke shall not be visible
from the exhaust while the engine is in operation, except during the

process -of shifting gears.

SEMITRAILER UNIT-

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

turer's standard.
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The length of the trailer shall be nominal 26 ft from the drop to

the rear. 'Length ahead of the drop shall accommodate a tandem-axle truck
and shall not be less than 10 ft.

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

The width shall not exceed 8 ft (outside).

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

The interior shall be unfinished, without insulation.

Flooring shall be wood, tongue and groove, with the bottom surface
treated to prevent wood from being soaked by road spray.

The rear door shall be roll-up garage type, maximum opening. Door

shall have manufacturer's standard locking device.

Five side doors as shown in the plan view of Figure Cl shall be
Ceﬂtered in their respective compartments. 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 landiné gear shall be a two-speed vertical screw type.

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

The van trailer shall be weathertight and doors shall have door

seals (ﬁéatherproofing).
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SPECIFICATIONS FOR VIERA-
TION UNIT AND POWER SUPPLIES

PAVEMENT VIEBRATION UNIT

The pavement vibration unit consists of the actuator with servo
valve, accumulators, and reaction massj; hydraulic power supply; and
electronic controls. The vibration unit described herein shall be capa-
ble of producing a maximum vibratory load of 15,000 1b and maintaining
the maximum load through a ffequency range of 10 to 100 Hz. The unit
shall be designed and constructed to perform in aﬁ ambient environment
of 0 to 120°F and 10 to 90 percent relative 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 power package and the generator set for at least one full
day's operation.

HYDRODYNAMIC ACTUATOR UNIT

The hydrodynamic actuator shall be a double-acting piston-cylinder

device to convert hydraulic energy into a controllable_mechanical energy.
"This unit shall be so designed and constructed as to eliminate any reso-
nances within the operating frequency range. The unit shall be capable
of pro%iding a 2-in. double-amplitude stroke through a force range of

0 to 15,000 1b and a frequency range of 5 to 100 Hz with a velocity
capability of up to 9 in./séc. The hydraulic actuator shall have an
integral manifold with the servo valve and accumulator directly mounted
to the manifold as shown in Figure Clb. The actuator shall have a

steel baseplaté forpveftical inverted mounting, 30 in. square and U in.
~thick. The retracted height ofjthe actuator shall be not less than

18 in.; and the extended height shall be not greater than 24 in. includ-
ing the U-in.-thick baseplate. The actuator rod diameter shall be not .
less than 5 iﬂ. ‘The actuator shall be so designed and constructed as

to allow 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 contained in the actuator body. Full-flow 10-u line

182

i T e g

N2

N s . o — —



e — e

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 fhéir respective )
ports. All electrical cables and connectors shall be oil- and vibration-
resistant with all ends permanently identified.

The servo valve shall be a high-performance single-stage type
mounted directly to the actuator as shown in Figure Cl with a minimum
amount of plumbing between the actuator ports and the power ports of the
servo valve. The servo va;ve driver assembly shall consist of a perma-
nent magnét assembly and a movable driver coil suspended in an air gap
yithin the magnet structure. The servo valve shall have a moving coil
directly coupled to the spool. The valve spool and moving coil shall
be located between two helical-wound springs to minimize null drift as
specified below. The servo valve shall have the capability of obtaining
different flow ratings by interchanging springs. The flow ratings shall
have a range from a minimum of not more than 8 gpm to a maximum of not
less than 50 gpm at a 2500-psi valve drop and a corresponding 6 gpm to
a maximum 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, externaliy ad)ustable hydraulic load damping and null adjustment
shall be provided. The servo valve 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 null leakage at 1000 psi shall be not greater
than 0.8 gpm. The full-flow frequency range shall be- 0-to- 500 Hz at the
low-flow rating and O to 170 Hz at a high-flow range. A 25-u filter
shall 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.

Aﬁ accumulator package with a force stroke rating of not less
than 100,000 1b/in. which prdvides peak system flow requirements and
reduction of line-pressure fluctuations shall be supplied with ali

183



necessary hoses and fittings for connection to the servo valve. The

accumulatof package shall be mounted with the servo valve at the base of

the actuator as shown in Figure Cl. Figure Cl shows the p&ckage at the
top of the actuator. ' '

HYDRAULIC POWER PACKAGE

The power back&ge shall be skid-mounted and forced-air cooled
and provide sufficient hydraulic energy to drive the actuator unit on a
continuous basis for 10-hr intervals at any given sset of performance
conditions within the specified performance spectrum. Mounted directly
to the package for local operation shall be start and stop buttons,

reservoir oil temperature gage, oil level sight gage, hydraulic pressure

‘output adjustment with pressure gage, and any other items standard with
the manufacturer. Remote controls required are.covered in a separate
section. The main hydraulic pressure pump shall be driven by a diesel

engine with continuous net brake horsepower of not less than T5 at

1800 rpm or greater as required for the performance specified. The main

pressure pump shall be a préssure-compensated axial-piston pump with a
.manually variable displacement and shall be capable of supplying not
less than 38 gpm at 3000 psi. The pressure compensator shall be elec-
trically operated with provisions for local and remote adjustment of
operating pressure from 500 to 3000 psi with local and remote pressure
readout devices at the adjustment stations. There shall be a pressure
relief bypass or equivalent device to prevent system pressure from ex-
ceeding a 3060-psi,maximum operating limit and no adj)ustable relief
device to maintain pressure on return line to prevent cavitation.

The diesel enginéé the hydraulic pump, air-cooling system, and
hydraﬁlic 0il reservoir shall be mountéd as one unit and shall be not
more than 12 ft. long or 5 ft wide. The o0il reservoir shall be at least
100 gal and shall have a low-~level shutoff device to shut the system
down if the oil level falls below design level, and a thermostatically
controlled électric immersion heater(s) of sufficient size to maintain .
a LO°F oil temperature in a O°F environment. A thermostatically con-

trolled forced-air cooling 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
comnections 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 a wiring harness(es) in which all interconnecting
cables‘are routed from one component to other components. The console
shall'éontain, but not be limited to, the following items.

Pump control module. The pump control panel shall include, but
not be limited to, the following: a "ﬁ;ster of f" switch to deenergize
the entire control network, a pressure pump "ready" and "on" switch, a
pressure "increase" and "decrease" switch with pressure indicator,. a-low-
oil level indicator, a high oil temperature indicator, a pressure drop
through filter indicator, and a resettable running-time indicator. All
switches shall be the illumihated push-button type. The pump controls
shall have .a built-in interlock system to prevent misoperation of the
hydraulic power supply. Thg power requirements for the control system

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

amplifier fbr use in closed-loop control applications. It shall include
a main frame with the central 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 controlling two inputs, one of which shall be a feedback voltage
(actuator position control) and a command signal. The input sensitivity
shall be 0.25 td 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 shall be a continuously variable
10-turn potentiometer with a microdial knob. There shall be an input
gain control to set the gain of the command signal for proper system
calibration. There shall be a feedback control which sets the feedback
gain level for the system and shall be the primary calibration between
output response and input command level. There shall be a switch to
select an input to a panel meter to monitor the input command feedback
and power supply levels. TQere shall be a 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 shall be a switch to calibrate the servo system. This
switch shali provide a positive signal peak, a negative signal peak, or
the maximum peak of the signal being calibrated at the system comparator.
There shall be a switch to select either the input command signal or the
feedback, whichever is being calibrated. While the system is in opera-
tion, the switch should pe 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, périodic, 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 24 v DC, and a continuously variable output of
5 to 25 v DC. A 10-turn poténtiometer with a calibrated microdial read-
out shall be mounted on the front panel to optimize the closed-loob
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system. The span of the adjJustment shall be 2 to 102 percent or 50 to 1.
A set point.control shall be provided to supply a d-c command signal used
primarily to set the initial static actuator position. A secondary func-
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 variations in the set point level. This control shall be
used for system zero céntering. A limiter control shall be used to hard-
clip the error signal amplitude for use as a limit on system frequency
response. This control shall be supplied with an uncalibrated looking
aial, 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 both inputs, depending on projJect 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
bé flat, ﬁhile to the right of center, it shall produce an increase.
There shall be a stability gain control to set the range over which the
stability control shall be effective for the correction of low-level
system nonlinéarity. 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 & cycled d-c square wave command signal corresponding to +10 on
the SET POINT cont}ol in the "0-db" position, and in the "-20-db" posi-
tion, a similar signal corresponding to +1 on the SET POINT control.

The repetition frequency of the calibrate signal shall be variable by

an internal control.

Tbe output unit shall have a Master Dither controi to set the
dither leve; 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 dithe}.
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The maximum dither amplitude derived from the internal dither oscillator
shall bé aﬁproximately 50 percent of full scale as indicated on the servo
controller. A dither frequency control shall be supplied so that when
internally derived dither is selected, the dither frequency control shall
provide continuous frequencies'from 400 and 2000 cycles. A lock-type
phase switch level shall 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
supplied to select a full-scale current range from 8 to 40 ma. This
switch shall be set to agree with the full-scale range of the servo
valve current requirements. A valve balance control shall provide an
.independent d-c balancing current which shall be used generally to
fine-trim any slight mechanical offset which might occur in the valve
spool during 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 may be 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 104LA-5 sweep oscillator, or equivalent.

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

tral Dynamics 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 horsepower at 1800 rpm to give the specified performance
of the generator set. The engine shail be provided with a 12-v electric
starting system and a 12-v negative ground alternator. The engine shall
be water cdoled and provided with radiator, blower fan, and positive
action gear-driven centrifugal water pump for continuous operation in

an ambient temperature of 125°F. The engine shall have a hydraulic
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governor capable of regulating the voltage within +2 percent. The engine
shall be lubricated with a gear-driven oil pump and shall have an easy-
to-change oil filter that filters particles as smali as 15 u. The system
shall include an oil cooler that will maintain oil viscosity and lubri-
cating qualities in an ambient ﬁemperature of 125°F. The engine shall

be supplied with a residential exhaust silencer for minimized noise and
shall have the necessary flexible exhaust fittings. The engine shall
have an instrument panel consisting of an engine start-and-stop switch,
tachometer, water temperature gage, oil pressure gage, and battery-
chgrging ammeter.

Thé generator shall be a revolving field, a-c generator with
built-in, statically regulated, statically excited system and shall con-
form to National Electrical Manufacturers Association standards. The
generator shall provide single-phase, 115-/230-v, 60-Hz power through a
wye connection with a continuous rating of not less than 25 kw at 0.80
power factor and shall have a standby 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 directly 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 compoﬁents are shown in the block dia-
gram of Figure C2 and are described below. The specifications given
here specify particular models and part numbers. The proposed system

should contain these or equivalent components.
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FORCE TRANSDUCERS (LOAD CELLS)

The force transducers in the design are BLH Electronics Model
U3Ll1l 20,000-1b load cells. This load cell was selected because of its
high natural freduency, physical height, low deflection, and high ac-
curacy under application of side and eccentric loads. The strain gage
load cell was selected over the crystal type so that a static load could
be measured. Weighing the reaction mass is an excellent means to verify
the load cell calibration. Three of these load cells spaced 120 deg
apart are used to measure the total force of 31,060 1b (static weight
of 16,000 1b plus maximum vibratory load of 15,000 1b) in the proposed
machine.

The signal conditioning for the load cells includes bridge bal-
ance, single shunt calibration, and scale valve (gain) control capabil-
ities. The amplifier frequency response shall be flat from 1 to 1000.
All the above capabilities are included on a printed circuit board fabri-
cated at the U. S; Army Engineer Waterways Experiment Station. The Burr-
Brown Model 3061/25 instrumentation amplifier is used. An operational

_amplifier_is used to sum the output of the three load cell amplifiers.

VELOCITY TRANSDUCERS

The dynamic deflection of the pavement is sensed with a velocity
transducer. The velocity transducer was selected for several reasons,
the majJor reason being that a seismic mass displacement transducer that
would measure the maximum anticipated deflection (approximately 0.025 in.)
would be unreasonably large and heavy. The velocity transducer shall
have a low naturﬁl 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
-natural frequency-size relationship. 'The size of the velocity transducer
is usually inversely proportional to its natural frequency. However,
an extremely low natural frequency increases the fragility of the trans-
dﬁcer. -A 1-Hz velocity trapsducer could not survive in the environment
of the pavement vibration system.

‘ The signal conditioning for the velocity transducer shall have
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applification continuously variable from 10 to 1000 and a means for in- '
serting a éine wave voltage into the input of the amplifier to simulate
a known velocity. A printed circuit board employing a Burr-Brown Model
3061/25 amplifier provides these requirements. An operational amplifier
integrator printed circuit is ﬁsed to operate between 2 and 100 Hz and .

to convert velocity to deflection.
DATA RECORDER

An X-Y recorder is used to plot a load versus deflection or fre-
quency versus deflection curve. A rack-mounted Hewlett Packard Model
135 X-Y recorder was selected because the electrostatic paper hold-down
is a favorable feature for field work.

Equipment for the constant frequency with load variation capabil-
ity is a simple circuit consisting of a multiplier, an integrator, and
an oscillator, which were designed and used. The sine wave input from
the oscillator is connected to the X-inpﬁt of the multiplier. The out-
put of the integrator is attached to the Y-input of the multipliér. The
sine wave voltage is held cbnstant in both amplitude and frequency.

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

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

The instrumentation for the load-deflection tests shall conform

to the following specifications:

I. Force transducer

A. Full scale . ' 20,000 1b

B. Performance:
1. Rated output (RO) . - 3 mv/v
2. .Calibration 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
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6. Creep

T. Output variance between
tension and compression

load
Electrical:
1. Excitétion, recommended
maximum
2. Zero balance
3. Terminal resistance:
a. Input
b. Output
4. Electrical connections
5. One bridge
6. Insulation resistance:
a. Bridge to ground
.b. Shield to ground
Temperature:
l. Range:

a. Compensated
b. Safe
2.  Effect on span

3. Effect on zero balance

_Overload and adverse load

ratings:

" 1. Safe overload

2. Ulfimate overload

3. Maximum side load wifh-
out damage

4. Maximum bending moment
© without damage

5. Maximum torque applied to
center thread without
damage
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0.05 percent RO
0.30 percent RO

12-v AC or DC

1.0 percent RO

" 350 + 5 ohms

350 + 3.5 ohms

Bendix connector
(PC 02C-12-100)

9
9

5 x 10
2 x 10

ohms
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 capacity in
inch-pounds
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II.

Fatigue rating:

a. 3-mv/v full-scale
capacity

b. 1.5-mv/v full-scale
capacity

F. Natural frequency

G. Deflection at rated capacity

H. Dimensions:

1. Height, maximum
2. Maximum horizontal
: dimension
3. Mounting bolt
4. Center bolt
Signal conditioning (load cells)
A. Power supply:
1. Amplifier power supply,
dual output
2. Bridge excitation, dual
output
3. Regulation:
a. Line
b. Load
c. Ripple and noise
d. Remote program
resistance
" e. Remote program
voltage
f. Temperature
coefficient
4, a-c input
5. Power:

a. Amplifier supply
b. Bridge excitation
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l‘x lO6 cycles
8
1 x 10" cycles

Greater than 5 kHz

2 x 1073 to
5 x 10-3 in.

2 in.
5-9/16 in.

3/8-16
1-14 NF-2

+15-v DC at 1.4 amp.

S vat 2,7 amp

0.01% + 1 mv

0.01% + 1 mv

250 uv

1000 ohms, v, nominal

Volt/volt

0.01% + 300 uv/°C
with external pro-
gramming resistor

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

105- to 132-v AC

125 w
80 w
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11.

12.

Bridge balance.

Overshoot

Temperature:

a. Operating range
b. “Storage range
Ovefload protectién:

a. Thermal

b. Electrical

Input and output

Convection cooled
Current limit:

a. Amplifier supply
b. Bridge supply
Physical:

~a, Weight:

Amplifier supply
.Bridge supply

‘b. PHize:

Amplifier supply

Bridge supply

No overshoot on power
turn-on, turn-off,
or power failure

-20 to T1°C
-55 to 85°C

Thermostat: auto-
matic reset when
over-temp condi-
tion is eliminated

External overload pro-
tection: automatic
electronic current-
limiting circuit
limits the output
current to a preset
value, thereby pro-
viding protection
for the load as
well as power supply

On terminal strip at
rear of chassis

110% of L40-C rating
140% of 4O-C rating

8 1v
6 1b

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

3-3/16 by 3-3/4
by 6-1/2 in.

The bridge balance shall be capable of

adjJusting the output voltage of the bridge to O v while
the load cell is under a one-half scale load (1.5 mv/v).
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The potentiometer shall be a film type for stability and

continuous operation.

The limiting resistor shall be of

either wire or metal film construction so’thaf a minimum

unbalance will occur with changes in temperature.

Shunt calibration. The load cell bridge should be capable

of being singie-shunted with five resistors having the fol-

lowing resistance:

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

resistors shali be connected to a rotary switch in such a

manner to be able to simulate both tension and compression

loads.

The resistors shall be wirewound, with 0.25 percent

tolerance and a temperature coefficient of +0.00002 ohms/

ohm/°C.
Amplifier:
1. Gain:
a. Nonlinearity at
' gain = 100
b. Temperature coef-
ficient at
gain = 100
2. Output:
_ a. Rated voltage
b. Rated output current
c. Impedance DC -1 kHz
"3, Input:
"a. Impedance differential
'ﬁ. Impedance common mode
c. Vdbltage range
d. Ccmmen mede- rejecétion:
at G = 10 min
at G = 1000 bal source
4. Offsets and noise:

a. Input max
b. Output G = 1000:

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

Continuous 10 to 1000
+0.024

0.001%/°C

+10 v
#10 ma

0.1 ohm
50 megohms
10 megohms

+10 v

T4 db
100 db

+1l mv

43 mv/°C



Vs supply
vs time
Output G = 1:
vs temperature
vs supply

vs time

Bias current each input:

at 25°C
vs temperature
Input noise G = 100:
0.01 to 10 Hz:
Voltage P-P
Current P-P
10 Hz to 10 kHz:
Voltage RMS
Current RMS
Output noise, G = 1:

Volts, RMS 10 Hz to

10 kHz

Dynamic response:

. a.

. b.

Ce

a.

Small signal frequency:

For +1% flatness, minimum

For 3-db flatness,
minimum

Settling time to
within #10 mv of
final output

Slew rate

Full power G = 10

Power requirements:

a.
b.

Ce.

Rated voltage
Voltage range

Quiescent supply
current, maximum

Temperature range:

a.

Specification
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450 mv/v

410 mv/month

+20 uv/°C
+200 uv/v

50 uv/month

+20 na

+1.0 na/°C

5 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 ma

0 to T0°C
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b. Operating
III: X-Y recorder

<40 to 85°C

A, 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

B. Input:
1. Floating
2. Maximum voltage

3. Polarity reversal switch
on front panel

500-v DC or AC

L. Parallel front and rear

connectors
5. Resistance, all ranges 1 megohm
6. Common mode:
a. 110 db DC
b. 90 db at 50 Hz and
above
C. Slewing speed:
1. Fast response 30 in./sec
‘2. Slow response 15 in./sec
D. Acceleration:
1. Y-axis 3000 in./sec®
. 2. X-axis 2000 in./sec2
E. Accuracy +0.2 percent full
: scale (FS)
(+0.01%/°C)

F. Linearity (terminal based)
G. Resettability

H. Overshoot, maximum . -

+0.1 percent FS

+0.1 percent FS

1l percent FS

"I. Zero set may be placed anywhere on the writing areas or
electrically off scale up to one full scale from zero
index.

J. Environmental:

1. Temperature operating 0 to 55°C
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IV.

2. Humidity at 4o°C Less than 95 percent

K. Miscellaneous:
l. Writing:
a. Servo-actuated ink pen
b. Area, 10 by 15 in.

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

3. Electric pen 1ift

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

5. Rackmount structure integral with unit

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

T. Weight: 30 1b

Signal conditioning (velocity transducer) :

A. Shall use same power supply as load cell amplifiers.
B. Amplifier same type specified in II-D.
C. Calibration:

1. The system shall have a calibration potentiometer
where a preselected voltage can be set with a
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 88TAB or equal.

2. The system shall contain a calibration switch (Double-

pole, double-throw) which shall switch both the

-high and low sides of the input amplifier from the
transducer to the calibrated 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 calibra-
tion sensitivity (volts/inch/second) of the partic-
ular velocity used on that channel. It should be

set as-accurately as possible because it is the
- standard for the entire system.

* Veloecity transducer (L-1-U)

A. Natural frequency +0.75 Hz 4.5 Hz

B. Coil resistance 500 ohms

C. Output voltage sensitivify . 1.5 v/in./sec
(nominal)
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D. Coil inductance (henries) 0.127

E. Damping 0.7 of critical
F. Natural frequency change Less than 0.25 Hz
with tilt at 15 deg

G. Stroke (travel) 1/16 in.

H. Weight v 22 oz

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

VI. Tracking filter, Spectral Dynamics Model SD122

The Spectral Dynamics equipment and X-Y recorders can be used
in both the wave velocity measurements and the DSM tests.
.SPECIFICATIONS FOR INSTRUMENTA-
TION FOR WAVE VELOCITY MEASUREMENTS

The vibrator for use in wave velocity determinations shall be an
eiectrodynamic type and shall have a minimum full-scale output of 50-1b
force peak and be'force-limited at low frequencies by only the displace-
ment of its armature. The vibrator shall be capable of generating a

.sine wave force over a frequency range of 5 to 10,000 Hz. The vibrator
shall be light (weight) enough to be easily moved about by one man.

The 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, traéking filter, power amplifier, piezoelectric load washer,
and charge amplifier. The ©scillator shall generate a sine wave output
from 1 fo 10,000~Hz at a constant voltage level and a d-c voltage lin-
early proportional to frequency. The constant sine wave voltage shall
drive the amplitude servo monitor. The amplitude servo monitor shall
automatically adjJust 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 ﬁhile-the system is being swept through the desired
frequencgy range. ‘This feedback loop is necessary so that damage of the
vibrator suspension will not occur at some resonant or antiresonant

frequency. The power amplifier shall have a power output large enough
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to drive the vibrator to full scale #ithout damage. A piezoelectric
acceleromgtéf can be used on a feedback element to keep a constant ac-
celeration, or_a‘piezoelectric load washer can be uSed és{a force control
device. The latter'is,desirablé since this would be a protective device
for the vibrator, since an eleétrpdynamic vibrator is quite easily de- ‘
stroyed by}excessive power applied to its input. The tracking filter in
the feedback circuit is there to clean up the feedback signal from the
load washer so that only the frequency generated by the oscillator shall
be inpqt to the amplitude servo monitor for force control. This reduces
the fétal_sysfem noise.énd adds stability in the system.

The modulated 100-kHz 6utput of two identicallchannels cbnsisting
of accelerometers, charge amplifiers, and tracking filters is applied-
.to the reference and signal input of a phase meter. The tracking filters
and phase meter shall be part of a system. 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 constant
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 frequency (from the oscillator) is inserted-into
the abéciSSa; 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 genérated'on the X-Y plotter.

The following equipment-is suggested for the vibrator-and its:

controlsystem:

Number *
Required’ ' Item
3 Accelerometer, Edevco Model 2219E
3 Charge amplifier, Kistler Model 503D
1 . Tracking filter, dual channel, Spectral Dynamics

Model SD122
Phase metér,4Spectral Dynamics Model SD110 .
. X-Y recorder, Hewlett Packard.
. (Continued)
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Number

Required - ' Item (Concluded)
Pl Oscillator, Spectral Dynamics Model SD104A-5
1 Amplitude servo monitor, Spectral Dynamics Model SD105B
1 Tracking filter, Spectral Dynamics Model SD131S )
1 Load washer, Kistler Model 901A
1l Vibrator and amplifier, Ling or MB/Gilmore
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