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NONDESTRUCTIVE EVALUATION OF CIVIL AIRPORT PAVEMENTS

SU1’IMARY

by Nai C. Yang

The nondestructive test (NDT) is used to define the phys ica l  con-
ditions of an existing pavement system wi thout  des t roy ing  i t .  In 1968 ,
frequency sweep NDT was introduced to replace conventional plate bear-
ing tests. Since then, a 16 kip vibrator operated by the Waterways
Experiment Station (WES) has conducted frequency sweep NDT at fifteen
civil airports. The results from these tests confirmed the frequency
sweep theory and the reliability of the data acquired under it. While
conventional plate bearing tests took about 1½ days to complete at a
direct cost of at least $800, frequency sweep NDT with identical or
better results , took about 10 minutes and cost about $30. The reduced
testing period minimized both airport interference and costs.

Test procedures have now been standardized and the entire pave-
ment design system reported herein has been computerized. The com-
puter program consists of three subsystems. The first subsystem re-
lates aircraft response to pavement smoothness. The pavement struc-
ture ’s capacity to withstand repeated aircraft loadings is related to
the user ’s requirements , the demand forecast, and the need for mainte-
nance. The second subsystem determines the pavement thickness and
composition required to meet the tolerances defined in the first sub-
system. The third subsystem computes the present cash value of the
initial pavement construction , and the annual maintenance and manage-
ment costs for the anticipated service life of the pavement system.
Cost/benefit studie . are done to assist airport users in deciding upon
an appropriate pavement construction/maintenance program. The end
products of this study will provide the pavenient designer a definite
criteria in p lanning the public aviation facilities.

Prior to final adoption of this pavement design system, a valida-
tion program should be conducted at four airports representative of
the various geographic and climatic conditions within the United States.
The program should (1) imp lement use of the computer program, (2) fur-
ther develop the transition from established design procedures to the
computer-oriented process , (3) conduc t technical seminars at the valida-
tion test sites , (4) obtain feed-back regarding improvements to the
program ’s practical applications , and (5) prepare an operations manual
to assist airport engineers in using the computer program.
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SCOPE OF WORK 

-

Faced wi th  today ’ s increa~-;ing t r a f f i c  volume and new aircraft
weights , there are definite indications that many airport pavements
are not adequate. Extensive pavement testing and evaluation are ne—
cessarv to develop meaningful rehabil itation and maintenance programs
for airports in busy operation.

Since the nondestructive test (NDT) was conduc ted at the Port
Authority ’s airpor ts in New York and New Jersey in 1967 , the air trans-
port industry has recognized the advantages of NDT and has officially
requested that the FAA sponsor research into this area . As a result ,
through a contract with the Waterways Experiment Station (WES), the
writer was authorized by the FAA to complete the development and docu-
mentation of theoretical and experimental work involved in his evalua-
tion procedure and pavement rehabilitation program .

Development of the NDT procedure is based on fundamental engin-
eering principles and physical laws that accurately describe dynamic
pavement response assuming that the damping characteristics of a multi—
frequency response sys tem can be trea ted as a single degree of freedom
system . The entire NDT data processing and reduction have been compu-
terized . Further development of computer simulation techniques for
damping variables may improve the reliability of NDT data processing .

The processed NDT data together with the airport traffic demand
forecast will be used to evaluate the present functional life of exis-
t ing pavements and , if necessary,  to design the sys tem equilibrium and
cost benefit aspects of a pavement rehabilitation program. The entire
evaluation and design procedure have been computerized . A set of de-
fault values has been introduced to facilitate the operation of the
computer program . The statistical relation and design analysis incor-
porated herein are valid for the construction practice and functional
purposes studied . Attempts will be given to explain the li mitations
of these default values. Further research and validation are required .

Applica tion of this technical report is clearly defined by its
title: “Nondestructive Evaluation of Civil Airport Pavements” . No
attempt was made to correlate (1) NDT frequency sweep method with other
dynamic pavement testings and (2) func t ional pavement des ign concep t
with other design procedures . They are not included in the scope of
this study . In order to simplif y the presentation of this report ,
the writer ’s early work will not bc repeated herein hut will be found
in reference El] .
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PART~~

NONDESTRUCTIVE TESTS - FREQUENCY SWEEP METHOD

1.1 PURPOSES OF NDT

The purpose  of the n o n d e s t r u c t i v e  tes t  (NDT ) is to ob ta in  the
information necessary to define the phy s i cal properties of a structural
member without destroying it. With this information , a rational en-
g ineer ing desi gn can be app l ied to e v a Lu a t e  the mechanical behavior  of
that member under various loading and environmental conditions. Towards
this end, NDT ob tains the data necessary for determining the E-values
to be used in the el as tic theory of pavement desi gn.

Add itional purposes for using the current form ~ f NDT are i t s
advan tages over conventional tests in the following areas.

Airport Operations Conventional ~3R , plate load tests , and soil
borings require long field testing periods which are reflected not
only through increased operational costs , but also through interfer-
ence with airport operations. NDT reduces testing time and therefore ,
minimizes costs and airport interference.

Condi tions in the Field Conventional pavemen t tests reproduce field
conditions in the laboratory. NDT is conducted under actual field con-
ditions.

Simu lation of Aircraft Loads Loading conditions for the conventional
p late bearing tes t are , at best , reproductions of a stationary load.
Since the effect of a moving Load can be quite different from that of
a s tatic one , NDT s imulates the dynamic effec t of aircraft loads.

Quantitative Data Since practicall y all airpor t pavements were con-
structed in stages during airport growth , inherent varia tions are encoun-
tered in pavement composition as well as in subgrade support. This
resul ts in scattered service conditions for today ’s airpor t pavements.
Any meaningful evaluation of such varied performances requires an ade-
qua te amount of data to optimize the design inputs. NDT is able to
acquire such quantitative data.

Pavement Design and Evaluation The data acquired by NDT can be sta-
t is t ically processed to produce load-deformation information which can
be used in the elas tic theory for pavement design and evaluation.

1



1.2 DEVFIOI’MENT OF THE NDT THEORY

In the 1930 ’ s, Degeb ( 2] dove 1c~~(d a v ibr~~t r  whi uh produced a
pet~iodic foree by means of two rotating ~Ios~~ s. When th~ ma~ s and ec-
centricitv w e i e  cons tant , the  vibratory amp litude was proportional to
the angular velocit y squared. Under a steady state of forced vibration ,
the dynamic t rce F

~ 
per unit nrc:~ of fto oubprroi e (assumed t o  cr O s i st

of 
~ uniform spring bed ) was:

F5 = w2 (m1 + m5)/A ( 1. 1)

in which: u = machine  f requency  when at resonance with the subgrade ,
A vibrating bl ock area ,

= v ib ra to r  mass ,
m5 = unknown soi l  mass e f f e c t i v e ly p a r t i c i p a t i n g  in v i b r a t i o n .

The e f f e c t i v e  mass m5 , however , was r e l a t e d  to the  soi l ’ s damp ing
factor. Degebo ’s vibrator and testing procedure did not offer a clear-
cut solution to this problem.

a. Dynam ic E-Value by Wave Velocity

Under  the i n f l u e n c e  of a v ib r a to ry  force , concen t r i c  waves are
propag ated away f rom the loaded area with a vel oci ty v , governed by:

v = c,/ ~ 7~~ (1.2)

in which: p homogeneous elastic mass density,
G = shea r modulus ,
c = a constant depending upon the nature of wave propagation .

Assuming the most probable waves to be Ray leigh waves , Young ’s modulus
of e las tic mass , E = 2(141.i)G, can be approximately exp ressed by:

E =  3 v 2 p (1.3)

when ~i=~O.5 and c 1.O. Because the elastic mass density varies within
a very narrow r ange , the reliability of E-value computations depends
pr imarily on the velocity measurements.

During wave velocity measurements , a ground pick-up moved away
from the vibrator shows a steady increase in phase shift. At phase 2s ,
the dis tance between vibrator and pick-up is equal to the Ra leigh
wave length of the elastic mass. The v el ocit of horizontal wave pro-
pagation in the elastic mass is equal to the wave length times the vib-
ratory force frequency. For a multi-la yered construction , dif f erent
wave velociti es are reg istered and kn ’~~1edgeab1e jud gment is required
to distinguish the appropriate wave velocity for tt e individual layers.4



In rev iewing the veloci ty tes t , there are several limitations to
its practi cal engineer ing app lications:

(i) The measured velocity represents the horizontal elastic pro-
per ty o1 each distinctive layer. Any fluctuation in the
hor izontal layers would result in a fluctuation in measured
wave velocity.

(2) Accord ing to Equation 1.3 , E-value fl uctuates about tWice
as much as the measured wave velocity . E-value reliability
i s influenced by this large fluctuation (see Section l.Se).

(3) The E-value computed by Equa tion 1.3 does not represent the
composite E-value in the vertical direction , as under the
p la te bearing test or rolling wheels , unless the elas t ic
mass is homogeneous in three directions.

During the 1968 tests at JFK and Newark Airports , random fluc tua-
tions in wave velocity and sensitivity to pavement temperature were also
observed. Tests made in 1972 at the Nashville Municipal Airport attemp t-
ed to correlate E-values from p la te bearing tests with those from wave
veloc ity measurements. The scattered correlations shown in Figure 1.1
de tract from the usefulness of velocity measurements until future re-
search proves otherwise.

b. Dynamic Modulus of Pavement

Shell and other researchers [3 thru 7] have found that measure-
ment of paving material strain can predict pavement Life. Since the
strain calcu i s ted from dynamic E-values agree well with the Strain mea-
sured under roLling wheels , they accepted two sets of E-values for pave-
ment desi gn compu tations - the E-value determined in the laboratory under
a stat ic load and the dynamic E-value determined in the field under a
simula ted wheel load . Thus , the elastic theory for static load condi-
tions could be app lied to dynamic loadings as well.

Degebo ’s vibrator was used as their basic test machine . The ec-
centricity was made adjustable to compensate for the effect of rotation
speed , and thus , a cons tant vibratory amplitude could be produced within
a prac tical range of forcing freq uencies. Double integration of the
measured ground acc e le rat ion was considered to be the pavement “deflec-
t ion”. The ratio between the zero to peak force amplitude , F, and the
resulting peak to peak deflection z, was called the dynamic stiffness:

s 2F/z (1.4)

In theory , the dynamic s ti f fness is:

S = k/X (1.5)

2X = 
(1-u2)2 + (2~ u) 2 ( 1 . 6 )

5



in wh ich: k = spr ing cons tant  of the pavement sys te~n ,
X magnification factor at stead y state of fo rced  vibration ,

structural damping coefficient
u = cu/p, the f requency rat io be tween the forc ing function u ,

and the pavement response function p.

So lving the struc tural damp ing problem , Shell researchers adopted
the phase ang le p between the input forcing function F , and the mea-
sured deflection , z. The phase an , .e q is defined as:

tawp = 26u1 (1—u 2) (1.7)

Equations 1.6 and 1.7 show that both S and q depend upon the frequency
ratio u. Therefore , several frequency settings are required for a set
ef meaningful measurements of dynamic s t i f fness and phase angle. By
p lotting Scos(p against the forcing f r e q u ency w , ex tension of that line
to w=O represents the spring constant k, of the pavement system. The
elas tic modu lus E , of tha t sys tem is:

E = k/2.5a (1.8)

in which a = the load p late rad ius.

Because of prac tical limi ta tions on mechanical v ibrators , extra-
polation of the u-S line at low frequencies significantly affects E-
value reliabilit y . Multi-Layered pavement systems encounter wide fluc-
tuations in S-value measurements , which lead to less reliable E-value
determinations.

In the mid 1950 ’s, Foster [3] established a correlation between
dynamic E-values in kg /cni2 by the Shell machine and the CBR value by
standard tests. On an average , the rela tionship is:

Edyn = 110 CBR (1.9)

For individual soils , the factor ranges from 50 to 200. This correi.a-
tion all owed app l ication of CBR pavement experience to the NDT procedure.

In recent NDT studies [8], [9], extensive work has been devoted
to equipment development and theoretical correlations. The most reliable
load deflec tion rela tion by bo th theore ti cal  and f i eld anal ysis has
been found to be encountered at a 15 Hz forcing frequency. Therefore ,
the Shell proced ure for E-value determination was deleted , and the load
defle ction ritio at 15 Hz was defin d ~s the dynamtc stiffness modulus ,
DSM. Along the same lines advanced by Fo~ ter , • ‘ set of de flect ion—per .~.
formance correlations was introduced . (p~ .143— 147 , [8]).

In Append i x A , Veneziano independentl y reviewed the avail able
theoretical results for forced vibration on a nul i-layered soil system.
For pavement tests using a heavy vibrator such as the Q iC operated by

6



WES and the Shel l  Laboratory , Veneziano observed that the shear modulus
of the response system is determined by:

G = 
~
2 m (1-p) 

(1.10)

in which: u = NDT resonant frequency ,
m = ef fec t ive vibra tion mass , including the free vibrator

mass and an unknown portion of the response system ,
= Poisson’s ratio.

a = Radius of load plate.
The above equation is very similar to the Equation 1.1 used some 40 years
ago . Veneziano commented that:

The methods proposed above contain a few elements of uncertainty
which express the degree to which the elastic half space and one
degree of freedom are accurate in representing the actual physical
system. The main sources of error are: (1) the effective mass
of the soil should be added to the mass of the vibrator and foot-
ing (effective portion of the response system) in the one degree
of freedom model , and (2) the material damping of the soil was
neg lec ted.

Both approxima tions (neglec ting the mass and the damp ing of the
soil) make the measured resonant frequency smaller than the undamped
natural frequency . In the appraximation , the frequency ra tio is
assumed to be linear. The nonlinear ity of the force-deformation
rela tion have also effects of some importance.

c. E—Vàlue by Frequency Sweep NDT

Shell researchers made two questionable assumptions in their NDT
analysis , namely:

(1) The vibra tion and dynamic response charac teristics of a
mul ti-layered system could be ignored , and

(2) The dynamic response of a vibra tion system could be treated
as its deflection under a given forcing amplitude.

Introduction of frequency sweep NDT by the writer in 1968 was
aimed at modifying these assumptions. Frequency sweep output would auto-
matically reflect the dynamic responses of a multi-frequency system, and
individual “deflection ” output could be treated as the spectral density
of a pavement ’s response.

Under a steady state of vibration , the peak to peak respon”e , z, of a
pavement system can be expressed by (referring to Equations 1.4 and 1.5):

2F0(u)
z(u) —

~~~
------— X(u) (1.11)

7



in wh ich F0 is the e q u i v a l e n t  force amp l i t u d e  at zero f requency.  When
a constant forc ng amplitude is used throughout the entire NDT series ,
the above equat i n becomes:

i(u) = - -
~~
- X(u) (1.12)

When NDT is conducted continuously at a small frequency interval
du , integration of the dynamic response z(u), i s equal to integra tion
‘~f the theoretical magnification factor as follows :

1 fz(u) 1 fX (u)—t  du = — i du 1.132Fj u ki  u

Integration of the above equation can be made for a specific frequency
range. Considering that (1) a low frequency vibrator is more difficult
to build mechanically, and (2) the maximum dynamic response is normally
encountered at first resonance somewhere between 5 and 12 Hz, the inte-
gra tion bounds are designed to be u=l and oo, or the first and and in-
finite resonant frequencies. The result is:

lj z(~~~ = ~~ 1n.~L~~ (1.14)

Conventional plate bearing tests on a single elastic layer system
will yield an E—value computed either by Boussinesq ’s or Burmis ter ’s
elastic theory . (see pp .50—54 [1])

E = ~2.~(l_IJ
2) (1.15a)

wo

k = 
P 

= 
ltaE (l.15b )

W0 2(1—Lz~)

in which w0 is the surface deflection of the support system under a sta-
tic load , P=itpa 2. To correlate plate bearing and frequency sweep NDT
resul ts , the k value of Equation l.15b is introduced into Equation 1.14.
The frequency sweep NDT E-value becomes:

1 1 1— p2 1+8E = —  — in———- (1.16)2a l1~
’z(u)

d 
z 8

2FJ 1 u U

From experience (see Art icles  1.4c and 2 .3 c) ,  the p -va lue  ranges from
0.12 for a portland cement concrete slab , to 0.35 for a normal subgrade ,
while the s truc tural damping coeff ic ient 8, varies from .025 for struc-
tural concrete , to .05 for the subgrade . Therefore the ~alue (1-P

2)/~~.
ln(l+8)/8 ranges from 1.17 to 0.85 with a comon value rang ing from 1.05
to 0.95. Considering the machine output variability , the comp lex nature
of the support system encountered , Equation 1.16 can be simplified to:
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E = (1.17)

This equation governs frequency sweep NDT data acquisition and processing .
Integra tion of the dynamic response J(z(u)/u) du , is equivalent to
summation of the spectral density of multi-frequency vibration. This equa—
tion also reflects the method of data ~iquisition that F represents the zero
to peak forc ing amplitude and z(u) represents the peak to peak dynamic res-
ponse integrated from the velocity pickups of the tester. Two more contin-
genc ies should be considered in ac tual tes ting:

(1) In order to increase NDT productivity and efficiency, toler-
ance should be given to the frequency and ampli tude settings.
Experience indica tes tha t a 27. tolerance will reduce the
moni toring time to about one-third of that required when
a 0.17, tolerance is observed . The total number of tests
can there fore , be doubled wi thou t  increasing the time and
expense. However , to main ta in  data  processing r e l i a b i l i t y,
the dynamic response in tegra t ion  should be rearranged to:

i/
O
~z (u ) d ~-J

-1
~-~-~ -du (1.18)2F 1 u 2 1 F ( u )  u

(2) Because of NDT equipment limitations , all tes ts have to
terminate at a high frequency N. Equation 1.18 becomes:

~-~dti = 1/
N o 

~-du + ~~~~~ ~~ u (1.19)

The las t  term of Equa t ion  1.19 represents  the t a i l  area of the
frequency sweep test. At high frequency vibra tion , Equation 1.12 ap-
proaches:

2 F l
z (u )  = — ---p- (1.20)

In tegra t ion  of the t a i l  area leads to:

= 

~~~~~ 
N3fi~~du (1.21)

In digital computat ions , summation of the dynamic response is coded as
S UMZ , and is equal to:

SUMZ — ~~~~ H(2)+H(l) 
N
~
l
.~Uj H(I+1)—H(I—1) + 

z(N) (1 22)— 2F( l )  2 11(1) 2 2F( I )  2 H ( I )  4F(N)

in which H is the NDT forcing frequency in Hz. The composite E-value
from Equation 1.17 of an assumed one layer response system becomes:9



E = 1 ./ ( 2 . * a * SIJMZ) (1.23)

which is equ iva lent  to the  E—va lue computed by the  e l a s tic  t h e o r y  f rom
the load deflection data of a conventional plate bearing test using the
assump tions stated on pp. 50—54 [1J .

l .4 i  - - 

~
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/
~~1.2 

—-------

~
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~~ 1.O 

~~~

~~~~~~~~~~~~~~

~~
. .6

U, / I

~~~~~~~~~ 
30 
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70

E-Value by Plate Bearing Load Test , in ks i

FIG . 1.1 RELATION BETWEEN E-VALUE AND HORIZONTAL VELOCITY OF
WAVE PROPAGATION -. NAS9VILE MET~OPOLTTAN AIRPORT
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1.3 DEVELOPMENT OF THE NDT PROCESS

Since 1967 , a tt emp ts have been made by the wri ter to improve
pavement design methods through the use of NDT. Today , the entire
design procedure from NDT data processing to pavement design and cost
benefit optimization has been full y computerized. In order to under-
stand the progress in NDT research and practical applications , a brief
review of several airport jobs follows.

a. Early Field Exper iments

In the fall of 1967, the mobile version of the Shell machine
was used at Newark and JFK Airports. The self-powered , truck-mounted
machine was equipped with a comp lete range of monitoring instruments ,
and independent low and medium frequency vibrators. Eccentric weights
were a t tached in opposi te  pos i t ions  ins ide each v i b r a t o r  drum so that
the hor izonta l  forces of the ro t a t i ng  drums cancel led each o ther .
The resul tant vertical harmonic load was applied to the pavement sur-
face through a steel contac t plate 12 inches in diameter. An input-
Load range of 500 to 4000 kg, peak to peak, was obtained by adjus t ing
the eccentricity of the rotating masses. A slot built into each vibra-
tor drum allowed the load to be adjusted while the vibrator motors were
in operation. The machine had an operation frequency of 5 to 20 Hz for
the low-frequency (heavy mass) vibrator , and 16 to 80 Hz for the medium-
frequency (lig ht mass) vibrator. A separate but smaller machine with a
maximum vibra tional force of 1000 kg, peak to peak, and an operational
frequency range of 60 to 200 Hz was also used in the experiment.

The contac t plate housings of the low and medium frequency vibra-
tors had three load cells which monitored the quasi-static load imposed
upon the pzvement. An accelerometer in contact with the loading plate
monitored the accelera tion of the ground vibration. The ground vibra-
tion ampli tude was calculated by double integration of the g measurement
through an analog computer.

Experiments on Suh~rade The firs t experiments were conducted with
the Shell tester on a subgrade reclaimed from marshland . From the
surface to a depth of about 10 feet, the subgrade consisted of hydraulic
sand fill. The grain size ranged from the No. 30 to No. 50 sieve sizes,
with less than 107. retained on the No. 10 sieve and less than 37. of the
particles passing the No. 200 sieve. The sand ’s densi ty ranged from
108 to 112 lb/cu. ft. Below the sand fill , a meadow mat , 3 to 6 feet
thick, consisted of a mixture of silt , sand and decayed vegetation.
Below the meadow mat , the basement material consisted of red clay-sand .
It was an origina l deposit , well compac ted , and possibly preloaded by
glaciers. The vibra tion test was conducted on the subgrade , w i th the
Vibratory machine directly on a 4 to 6 inch blanket of stone screen-
ings as a work platform. The heavy vibrator was used for a range of
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~+ to 16 Hz, and the medium v i b r a tor fo r 16 to ~4() Hz.  The fo rc ing  amp-
I i  tnd . ~as ke p t c on s t a n t  ( r e f e r  r o equatIon 1 . I ) . For each f r equency
se lc ut io n , a stead y state of vibration w~e-~ at t ain c d. It required at
I c:,~~ five forcing cycles to achi cvi~ stead y sta te , but the v i b r a t o r

~as kept. in the condition for about 20 to 30 seconds. At 20 seconds ,
the ground accelera t ion was monito red , the integration performed , and the
c~round disp lacement recorded. Output resolution was within ± 17, of
rated capacity . The frequency interval were run from I to 2 Hz f~or the
lou frequency test and 3 to 4 Hz for t i e  h i gh frt~quc ncv t e o t .

The Irequency vs. response results are shown in Figure 1.2. The
peak response at 7 Hz possibly indica tes the deflec tion in the meadow
mat. The second resonance peak was not as clear as the first and occur-
red at 17 Hz. This could reflect the sand fill over the meadow mat.
The third resonance , encountered at 52 Hz, could be the basement material.

Experiments on Test Pavements The next experiment was conducted on
a Newark test pavement sec tion consis ting of a 3 inch asphal tic conc rete
surface on a 9 inch plant-mix, asphal t-stabilized stone base. The sub-
base consis ted of 6 inches compacted screenings which served as a work
p latform for the paving equipment. The vibratory testing procedure
was the same as described above except that the forcing amplitude was
increased to 1000 and 2000 kg. The resul ts are shown in Figure 1.2.

The surface deflection , SI.J?4Z , by Equation 1.22 of the subgrade
w0 (see Fi gure 1.2), was equal to 0.371 rn/kg x iO’~~. SUMZ of the test
pavemen t w~ (see Figure 1.2), at a forcing load of 1000 kg was 0.142
mm/kg x 10-3. From experience with the Newark test pavements , if the
ratio of deflection between pavement and subgrade w~ /w0, is known, then
the ratio z/a can be determined by the Boussinesq Method. In this case,
Wz/Wo = .142/.371 = .380, and therefore , z/a = 1.90. Since the radius a,
of the Shell machine loading plate was 6 inches, the computed pavement
thickness z, of the consolidated layers was l.9a = 11.4 inches. The
actual thickness of the test pavement was 3 inches asphal tic concrete
p lus 9 inches asphal tic plant mix stone base. It can be seen that the
Shell test results can lead to an effective determination of pavement
thickness when subgrade and pavement responses are measured .

Experiment on the Taxiway Bridge The third experiment was on a taxi-
way br id ge over the Van Wyck Expressway at Kenned y I n t e r n a t i o n a l  A i r p o r t .
The br id ge deck consis ted of a concrete slab over 15 long i tud ina l  steel
beams spaced ia 6 foo t  i n t e rva l s .  The 130 foot  long beams were supported
by two abutments with a center pier , which divided the l ength into 2
spans of approximately 64 feet each. The Shell tester was fi st p laced
on the centerline of the brid ge , mid -~:a~ between ‘n abutmen ; nd the
cen ter pier. The machine was excited from 3~ to ~~~ Hz a. ;t IUI ~ iIz
increments. Double ampli tude of the forcing function was 500 kg.
At each test frequency , the maximum vibra t ion under the machine was
monitored and p lo tted as shown in Figure 1. 3.
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The s t r u c t u r e ’ s f i r s t  resonance occur red  at  about  6.1 Hz.  The second
mode of resonance was a t  7 .1 Hz , and the th i rd  mode at about 8. 75 Hz.
Wi th the machine s till a t the same loca t ion, the next series of tests
monitored the dynamic response of the concrete deck at 40 different
points along the longitudinal centerline of the brid ge. A t 6.1 Hz, the
response of one span was equal to the o ther ’s; that is , the two spans
vibra ted in harmonic motion (see Figure 1.4). The machine was next
p laced at the quarter-point of span from the center p ier. The t~o
spans vibrated harmonicall y at 6.1 Hz also , but the amp li tude was dif-
ferent from when the machine was at the first test location . The machine
was subsequen tly moved back to the first location and the exciting fre-
quency set at 8.75 Hz, corresponding to the third resonance. The re-
sponse in the span where the machine was located was the same as when
the vibratory frequency was 6.1 Hz, but the adjacen t span did not vibrate
harmon i c a l l y (see Figure 1.4). It can be seen that the pavement ’s re-
sponse to a forcing func tion should be monitored under a wide f requency
range.

These ea rly exper iments demonstrate that NDT is a useful tool
for evalua ting the defo rma tion modu lus o f the subso il, the exis t ing
pavemen t thickness , and the natural frequency of the response function.

b. Newark, JFK and LaGuardia Airports

In the fall of 1968, frequency sweep NDT was firs t app lied at these
three Port Authority airports. The mobile version of the Shell machine
was imported again from the Netherlands. In a period of three months,
9000 measurements were made at 650 loca t ions , covering prac tically all
the aircraft pavements at Newark , JFK , and LaGuardia. The machine ou t-
put pavement response (see Figure 1.5), which was then adjus ted for the
moni toring system ’s nonlinear performance and calibrated for the load
cell’ s elec tric voltage against a static load , as determined previously
in the laboratory. The final data deduced from the test represents the
dynar~ic response (deflec tion) of the pavement surface in micrometers
(10 mm) per kilogram.

c. Nashville, Portland and Ralei gh-Durham Airpor ts

Between 1972 and 1974 , frequency sweep NDT was used to evaluate
pavements at these airports. The basic engineering concept was similar
to tha t applied ~it the three Port Authority airports.

The WES 16 kip machine was used for these tests. It is similar
to the Shell machine but with a heavier electro-hydraulic forcing system
and more efficient monitoring electronics. Frequency sweep ranged from
5 to 100 Hz at a cons tant ampli tude of 4000 pounds (see Figure 14,
p. 38 [8]). Approximately 100 tests were conducted at each airport and
the test period lasted from 4 to 5 days. A typical p lot of test results
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is shown in Fi gure 1.6. Tests on runways and at busy intersections were
carl. Rd out. ~~L. i i i gh t  to m i f l i m i ? c  i n t e r f e r e n ce  w i t h  a i r p o r t  operat ions.
i~lo s co per~ t ion from the control tower kept airport operations norma l

r ~~~~~ t b . nti~ NDT perioo 10 (~1 It ri esi- of NO T was a c t u a l l y
fl CY C c f f i c i e n t  ei~~ yielded more reliabl e i sults because at the fairly
constant nigh t temperatures than day t ime testing .

San Jose Muriieipal Aj~por t

‘~~tween St pteinher 0 md 24, P~~5, ~‘0() 1 r requency ‘
~DTs wer e

performed by WES at San Jose Municipal Airport. There was no inter-
ference wi th  operation schedules d e s p i t e  San ~Jose ’s being a one
runway a i rpor t  in the  busy San Francisco Bay area . The prac t ica l
and objec tive purpose for the NOT program at San Jose was to esta-
bl ish an inventory file on support conditions which could be inte-
grated Into the master computer program for pavement evaluation.
Detailed discussion of this prog~ram will be given in Part II of
this report .

e. Other Airports

A t the beginning of this research contract , cop ies of 59 frequency
sweep NDTs performed at 8 civil airports were supp lied by WES. The
tabulated frequencies , vibratory loads and dynamic responses were pro-
cessed for the NDT E-value. The results are reproduced in Table 1.1.
The airport codes are:

SRA Shreveport Regional Airport
DFWRA Dallas/Fort Worth Regional Airpor t
WESTTS WES Temperature Test Section
NAFEC National Aviation Facilities Experimental Center
WESSTS WES Soil Stabilization Test Section
WDA Wilmington , Delaware Airport
PIA Philadel phia International Airport
BFA Baltimore Friendship Airport
JMMA Jackson Mississippi Municipal Airport

Test data from the Houston International Airport could not be processed
by the NOT computer program because the dynamic response at first re-
sonance was not monitored.
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Dynamic Deflection Test Newark Airport

Date  10—1—68 Temp Air 17° C Area; R/ W 4 — 2 2
lop 15

Weather: Clear —3” 22 .r lest No, 120
—6” 22.5

Symbol Freq Code Fe Fw Zw S $ Sc 1/Sc

Lo 10 10 1070 800 31 260 20 258 39x 10 4

12 10 1050 800 29 205 14 276 36
14 10 1150 79~ 31 265 15 257 39
16 10 1230 820 34 250 19 242 41
18 10 1300 800 33 255 24 243 41

Hi 20 12 800 810 32 252 26 253 39
24 12 720 800 32 255 34 250 40
28 12 630 810 33 253 38 245 41
32 12 560 790 29 280 46 272 37
36 12 570 815 27 300 46 302 33
40 12 460 800 26 305 50 308 32
44 12 370 820 24 35C 48 342 29 

- - 

S
0

&O2~~~~~~~— —~~~------— 
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FIG . 1 .5 A TYPICAL RECORD OF VIBRATORY TEST AT NEWARK
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TABLE 1. 1 SUMMARY OF NDT AT SIX CIVIL AIRPORTS
AND WES TEST SITES

LOCATION CODE H(O)  Z ( N ) / S U M Z E—VALUE D S M ( 0 ) / E
HZ PSI IN

SRA 1— 1072 10. 00 5.30 4 7721.  35 .42
SRA 1—0373 10.00 4.85 46202. 36.49
SRA 1—1073 10.00 2.68 57808. 29.01

D FWRA Dl—1 9.00 3.52 98536 . 41.90
D FWRA D2—2 ~ .00 2 .~~8 78890. 31 .59
DFWRA D3—3 8.00 3.07 102659. 38.69
D FWRA D4—4 9.00 3.16 110245. 35.67
DFWRA D 5—5 12. 00 5 .15  2 6 4 2 3 .  3 4 . 1 2
D FWRA D6—6 5.00 2 .48  4261 .  4 7 . 3 4
DFWRA D7—7 10 .00 3. 05 101022. 28.78
DFWRA D8—8 8 .00 3. 08 31782.  40 . 66
DFWRA D9— 9 10. 00 ‘3 .68 63965.  2 M .64
D FWRA D1O—14 8.00 3.31 28612. 40.65
D FWRA D11—l5 6.00 2.14 6079 . 40.66
D FWRA D 12—l 8  6 .00 1.66 9 3 4 2 .  39 .37

WESTTS TTS17 5.00 .30 8522 44.99
WESTTS TTS18 7 . 00 .55 7425 34.52
WESTTS TTS 11O 7 . 00 .39 7594 35.21

WESSTS STS1P 9.00 4.34 24095 39.57
WESSTS STS2P 9. 00 3 .27  30166 16. 30
WESSTS STS3P 10.00 3.43 63464 29.97
WESSTS STS4P 10.00 3.38 65236 30.65

NAFEC Nil 7.00 1.80 17826 52.10
NAFEC N 18 .00 3.45 18799 40.10

WDA WI 8.00 .22 17689 ‘18.84
WDA W1A 8.00 1.39 16257 40.73
WDA W2 9.00 .49 29414 36. 36
WDA W2A 9.00 .54 32570 35.01

PTA P13 9.00 .57 37996 33. 05
PIA P14 9.00 .57 36577 36.66

BFA MA 9.00 1.06 29775 37 . 05
BFA B2 8.00 .70 25037 40.07
BFA B3 9.00 1.11 28029 40 . 68

JMMA JI  9.00 .64 38731 31 .7
JMMA J2 10.00 .42 48973 30.87
JMMA J3 9.00 .61 29601 34.62
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1 . 4 RESEARCH ASPECTS OF NOT

Bec,iuse NI)T i- still in its buddin ,, st;~~ ’, whe~nev~ r pi ssible , ad-
ditional research anal ysis ~~~ conduc tid durin ,~ practical app lication
u t t he NI)’!’ program. The r sults of such NOT ie~ e’arch A s discussed
be ~~~

a. C o r r e l a ti o n  w i t h  P I , i t i  B e a r i n g  Tests

The data ptocessi ri i ,s’thod developed for fr e 1 uencv sweep NDT was
desi .,tied to pruduce F-val ues equivalent to those obtained by the con-
V C i 1 t ~~~uf l d l  p late bearing test. Correlation with the p la te bearing tes t
was e s t a b l i s h e d  t h r o u g h experiments at the follu’..ing airports.

Newark Tes t  Pavements The t es t  p a v e m e n t  ‘~h o u I d er  cons i s ted  of 4 inches
of stone screenings over ~ sand f i l l  sub grade .  Compact ion of the sand
and s t I n C  screenings was in the 97-I (k)~, maximum dry density range.
[here was no vehicl e load on the s h o u l d e r  e x c e p t  fur occasional passen-
ger ,iutomobiles. At comp letion of the test pavement LI)nstruction in
1966, a p late bearin,. load tost was conducted on the shoulder. The load-
deformation data is plotted in Fi gure 1.7. Accordin g to the Boussinesq
theory , the F-value by the plate bearing test can be computed by Equation
l .l5 a. For this test , the F - v a l u e  was 12 , 900 p s i  when the a-value was
assumed to be 0.35.

About Ia months  a f t e r  the  p l a t e  b e a r i n g  t es t , NDT exper iments  w i t h
the Shell machine were conducted at the same location . The frequency
sweep results are plotted in Figure 1.2 with the data processing de-
t ails shown in Table 1 . _ . The computed NOT E-value is 12 ,500 ps i , which
represents a discrepancy of only 37.. f rom the 12 ,900 psi value found by
p l a t e  b e a r i n g  t e s t s .

This corre lati -in confirmed for the first time the validity of
freq wri~ v sweep NOT , and tha t  NOT could be used to rep lace the conven-
tiona l p late be iring test. In this case , the p late bearing test took
at it . l~ days to complete , at a direct cost of about $800. NOT with
the  She l l  m a c h i n e  took about  10 minu tes  w i t h  a cost of about $30. In
terms of t ime and money , NOT is very a p p e a l i n g  to the pavement engineer.

N as hv i lle and Portland Airport s At Nashvil le Metropolitan Airport ,
• n i n e  p l a t e  bea r ing  t es t s  were conducted on the base course and subgrade

wh ite NDTs were c a r r i e d  out on the pavement surface. Theoreticall y,
there is flu correlation between these two types of tes t s , but based on
the Newark test program experience , if the pavement s t r u c t u r e  and I t s
subgrade support are known, the surface deflection of that pavement can
be’ reasonably approximated throug h the Boussinesq theory . Consequently,
the composi te  E - v a lu e  of the pavement  s u r f a c e  can be computed.  The
c o m p u t e d  F - va l u e s  are g iven  in ‘l ablc 1.3 and c o r r e l a t i o n  wi th the NDT
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E - v a lu e s  is shown in F igure 1.8 . Except  fo r  locat ions  Al and B2 , where
wet subgrade was reported during the test , all NDT F-val ues agreed well
with those computed from the p late bearing test. As a matter of fact ,
the NOT E-vulues for Al and B2 had a much narrower range of variation
which , from the statistical point of view , ind ica tes a more realis tic
p icture of the existing pavement.

At Portland International Airport , three p late bearing tests were
conducted in 1971 , to determine the support condition of the hydraulic
sand fill. The E-values computed by Equation l.l5a range from 3700 to
t200 ps i. In 1974, f requency sweep NDT yielded E-values ranging f rom
000 to 5200 psi. The NOT locations did not coincide with those of the

original p late bearing tests , but the soil conditions at the site were
fairl y un i form. The difference between the two E-value sets is small ,
wi th the NDT val ues having a much narrower range of variation.

San Jose Municipal Airport For NOT research , a ser ies of p late bear-
ing tests were conducted on the pavement surface , and then on its base
and sub grade after a p it had been excavated at the test locat ion.  The
average Load test took about 3 days , with more than 5 weeks necessary to
comp le te all the tests. In processing the results , the following stan-
dards were used:

(I) Normal rate of loading required the two-hour deflection read-
ing af ter each load increment,

(2) Quick loading required the first 15-second deflection reading
after each load increment ,

(3) Repetitive loading required six successive 15-second deflec-
tion readings af ter each load incremen t, and

(4) The E-value computed by Equation 1.lSa is assumed to have a
.~-value of 0.30 for the existing pavement.

The E-values computed for all p late bearing tes ts are shown in columns
6 to M of Table 1.4. In studying these results , it is rioted that:

(1) Except for two tests  on concrete pavement , a large surface
deflection (small E’-value) was recorded for all tests , and

(2) The E-values at locations 68 and 69 seem unreasonable , i.e.
saturated base rock seems stronger than unsaturated rock, and
the asphalt pavement surface is nearly as strong as its base
rock.

These discrepencies are possibly due to the asphalt surfac e heaving
beyond the loaded p la te during elevated ambient temperatures. Conse-
quently , an excessive surface defLection was recorded.

Two pla te bearing t sts on concrete pavement correlated well with
the NDT E-values , as shown in Figure 1.9. It should be pointed out
tha t :



(1) The bes t correlati on was e ncountered at a forcing func t ion
of 8000 pounds , which was also the most common double
ampli tude for the experiment;

(2 )  The plate bearing tests conducted at normal loading cycles
correlated better with NOT results; and

(3) Reliable. NDT E-values , such as those in column 4 of Table 1.4,
can be obtained if th e vibrator is properl y calibrated for its
velocity monitoring and amplitude recording .

Conclusions The correlation studies conducted at these four airports
demons tra te tha t:

(1) The frequency sweep theory is valid. Correlations rang ing
from 0.95 to 1.05 wi th p late bearing test results have been
experienced.

(2) The normal loading cycle of the pla te bearing test reflects
sta tic load cond i tions and y ields more reliable E-values
than qui ck loading . This confirms the Shell researchers ’
observations that the E-value determined by the mechan ical
vibra tor can be used in the elastic theory to ana lyze the
stress-strain characterics of a pavement system as if it
were under static loading conditions.

(3) NOT monitors the response of the entire pavement support
sys tem, from its sur face to a grea ter subgrade dep th than
conventional plate bearing tests. The condition of the stone
base support system at Nashville primarily af fec ted the pla te
bearing test. The NOT deflection changed only sligh t ly be-
cause the subgrade moisture remained constant.

(4) Based on San Jose ’s results (see Table 1.4), NOT is more
reliable than the pla te bearing tes t in monitoring the
true deflection of an asphalt pavement at elevated ambient
temperatures .

(5)  As demonstrated by tests  at N a s h v i l l e  and Port land , E-values
from NDT have a much smaller standard deviation than those
from pla te bearing tests. NDT therefore , y ields a more re-
liable represen tation of actual conditions.

b. Correlation with Soil Tests

Four core boring~ were made at San Jose Airpor t to extract undis-
turbed clay samples from the subgrade. The samples were prepared for
the standard triaxial test and the E-values computed by Hooke ’s law
are shown in column 9 of Table 1.4. As the rate of load application
by this test is much slower than NDT’s vibratory force , there seems to
be no correlation between the E-value by NOT and the triaxial test.

A por t ion  of the same set of clay samp les was delivered to the
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University ot Illinois for resilient modulus testing. The results are
shown in column 10 of T ible 1.4. The soil samp les were hi ’hlv variabl e
L O  t ’.x.uii , disturbance , nd moisture content. l’he i n — s i l t  resili e nt

r:u),h: ii  s h o u l d  he much g r e a ter  tha t i  t is~ ‘~ r a~~u r c  d ft ~ he tube s ’’p les
‘!‘hr Inbo ritorv tests indic&ed that tht ee’~i lien t “~e~i ul j u1c ~ to i i —

duced hr u c -h a i f  i t  the samp le  m o i s t u r e  ‘us lug h. ibis coincides with
the experience that more pavement distresses ~re enc~~un1cred when the
CUI \  ba’ is wet . As the subgrade has ~ low m o i s t u r e  ont c nt  and i s
IJn d istu r !~~ d by NOT , the E— vul ue by NOT - h I ’  ‘ 1 1  he r I e r r i  t a t .  1 with the
uppc~ r,,tIL ’,f tli re • 

~t ‘ ‘ ‘ I  ~~~ ~ 
‘
i he i s tj r b i ’ e 01

he ‘lay samp l es , NOT E— values corN [au v e i l  th th~ ae ~~i lie n L modu li.

c. Magnification and System Dampii~g

The equa tion for E-value determination is derived from the assump-
tion that:

(i-~ 2)•1n ((1+8)/~~) (l .~~4)

in which B is the critical damping coefficient contributed by energy
dispers ion into the soil. Material damping is usually determined by the
logarithmic decrement from free vibrations . For a one-degree-of-freedom
sys tem w ith v iscous damp ing ,  successive decrements in vibra tory amp li-
tude for a f ull vibra tion cycle can be exp ressed by (see Figure 1.10) :

ln ( x 1 /x 2 ) = 2 /,/f~~2 6 (1.25)

in which the logari thmic decrement 6, is equal  to 2it 13 when the B -v a l u e
is very small.

Richard  and Hall  [101 indicate that the logari thmic decrement of
sand ranges from 0. 15 to 0.38. The corresponding 8-value ranges from
0.024 to 0.060. The lower range represents the water sa tura ted  condi-
t i o n  w h i l e  the upper range r e f l e c t s  the dry condi t ion.

Dur ing  a i r c r a f t  v ib ra t ion  t e s t s  at JFK A i r p o r t  [11],  the logarith-
mic decrement  was measured throug h v ib r a t i on  of a steel p l a t f o r m  on the
subgrade. The B-value was about 0.02.

In our present state of knowledge , the P-value can be assumed to
be between 0.02 and 0.06; in (1+8)/Il I:urrespondingly ranges from 3. 13
to 2.87. Richard and h all [101 report the average 1 N ’arithmic decre-
ment of soils to be 0.25, The corresponding B- ’ :e liic is 0.O~’ ~nd in
(1+r l)/8 is 3.26, only 4’~ greater than th . “ -va l it ‘so ta r at- viscI)us
damp in g is con~~ rned , process ing f requency sw~ tp 41 1’ rtut a by r

1.17 w ill produce an E-value within ±5” of the the o r - t i c e l  va l u e- .
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d. Op timum Forcing Amp l i tude

Seven sets of variable load frequency sweep tests were run at
San Jos e Municipal A irport to evaluate the effect of force amplitude on
E-value reliabil ity. The mean and average of log—F was determined
for each test location under various loadings. The deviation of log E
from the mean vaLue is given in Table 1.5 and p lotted in Figure 1.11.
It- can be seen that 8000 pound s doubli amplitude y ielded the least vari-
able results and the most conservative E-values.

e. Pavemen t Surface Temperature

Since asphal t is a tempera ture dependent ma terial , a temperature
correction factor was introduced into NOT at the New York-New Jersey
airports in 1967-1968. At the same time , tests  conduc ted by the As-
phalt Institute fl 2 J found the stiffness of an asphalt concre te mix
at 100°F to be 22 to 257. of that -at 70°F.

During NDT at Nashville in 1973, air temperature fluctuations
did not significantl y affect the E-values of asphal t pavements. At
Por t land, however , si gnificant temperature fluctuations were encountered.
Three sets of NOT was performed on two identical pavements at various
air temperatures are plotted in Figure 1.12. The relation between
air temperature and frequency sweep E—value is given below :

Test No. Air Temperature NDT E-value Asphalt Layer

TRI-5 108°F 37 ,500 psi 10”
SQU-4 73° 40,300 10”

S07 108° 38,000 13”
S04 90° 35,600 12”
SI5A 117° 52 ,500 13”
S15B 72° 58,500 13”

The E-value var ies from -.23 to +.257. ger degree change in air tempera-
ture. For air temperatures between 90 ± 20°F, the monitored NDT E-
val ue can be expected to be between 95 and 1057. of the average. Since
a large por t ion of pavement deflec tion is contributed by the suppor ting
soils and the s ubgrade suppor t is less sensitive to temperature varia-
tions , E-values by frequency sweep NDT should be reasonably indepen-
den t of temperature changes in the United States. Future research
is required to de term ine the ef fec t of ex tremely hot or cold tempera-
tures on the E-values obtained from frequency sweep NDT.

f. Base and Subgrade Moisture

During NDT at San Jose , attempts were made to determine the effect
of moisture on E-valu -s of the base and subgrade. Portions of the
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existing asphalt and concrete pavements were removed and NOT was con-
ducted on the base rock (aggregate base) surface. NOT was repeated
af ter the base was full y saturated . The results are given in Table 1.4.
The E-value for a saturated base is about one-half that for an unsatu-
ra ted base. These results are identical to those found by the p late
bearing tests performed at Nashville and San Jose.

Experience at Nashville and San Jose also indicates that NOT con-
ducted on the existing pavement surface does not detect base course
moisture (see tests Al and 82 in Figure l. S and Table 1.3). This is
bec au se NOT def lec tion is due primarily to the subgrade ra ther than
the base course .  There fore , f requency  sweep NOT y ields the most r e l i a b l e
E-values for evaluating and characterizing the support conditions of a
pavement.
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FIG . 1.7 RESULT OF PLATE BEARING TEST AT NEWARK AIRPORT

TABLE 1.2 SHELL NDT TEST ON SUBGRADE AT NEWARK AIRPORT

Double Amplitude of Forcing Function , F — 500 kg.
Firs t mode of Resonance , p — 7 cps

Frequency u .U /p Re~ pon~e , z(u)  z (u~ /u
., cps x10 3 nn,, x10 mm

7 1.0 69.0 69.0

14 2.0 57.6 28.8

21 3.0 49.0 16.3

28 4.0 48.4 12.1

35 5.0 50.0 10.0

42 6.0 51.2 8.5

49 7.0 52.6 7.5

56 8.0 50.6 6.3

63 . 9.0 50.0 25.0

E z(u)/u 183.5

— f. . ______ — 
50 z ~ .2 

x ~~~~~~~ 
— 12 ,500 psi



WET BA . /
~~60~~~~

!
= 1.05 (PBT)
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~:~i - - - - 
41 1

E— value  by P l a t e  Bearing Test , ksi
(Adjusted by Boussinesq Deformation)

FIG . 1.8 CORR ELATION BETWEEN NOT AND PBT AT NASHVILLE AIRPORT

TABLE 1.3 CORRELATION OF E-VALUE AT NASHVILLE AIRPORT

Location Thickness pa/w Surface E-value E-value Remarks
of Test AC Top Base Subgrade Deflection PBT NDT

Inches Inches psi Inch psi psi

Al 14 8 5,930 .27 22,000 63,700 Wet base

A2 14 21 11 ,750 .21 56,000 49 ,700

A3 13 25 8,800 .17 52 ,000 52 ,200

A4 14 17 6,820 .23 30,000 35 ,500

A5 12 5,530 .30 18,400 15,600

A6 7 6 20,400 .43 47,400 57,400

A7 18 12 13,100 .21 62,300 61,600

BI 13 8 11 ,850 .20 59,200 74 ,000

82 13 9 7 ,150 .21 34,100 75 ,000 Wet base
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FIG . 1.9 CORRELATION BETWEEN NDT AND PBT AT SAN JOSE

TABLE 1.4 CORRELATION OF NDT AND CONVENTIONAL TESTS AT SAN JOSE

~! (!(i t ,S OF ELASTICITY , F —VA L UE i n  psi
C 9 T 0 N  CR11) s - p F ; o E  ~;;r .P lAL BY NOT PLATE BEARING TEST T R I A X T A L  R E S 1L 1 F~t 1

PRT1)R 10* AFT E R* * NORMA L QUICK REPETT TT VE TFST (~ 1(3 psi

‘~~ E 3 5L A ASp h a l t  34 , 700 47 , ) ) p  14 , ( 0 # #  — — — —

- i  E37 . I L 2 F  Base R - i k ( U n ~~~t - : r l l e d )  1 ’ l O O  — — 13 , i O O a #  6,700 — —
-~~ E37 . I L 2 F  Base  Roc k ( S a t u r a t e d )  — 12 , 300 - 15 , ( 0 t i )  8 , 1100 — —

I A l ,C , 2 , D h~~r .-, de 7 ,000 - — 4 , -~~ U 1 , 700 150- 02 i h 0 ~~~-.300
d O . - - 2  S h o ut  dr  - 2 , 1 ,  ~, - 0 — — — — - -

A H 1 2 . ’~ C o n c i e t e  52 , 700 — 51 ,500 — — - -
j()5 1112 . 2--  A Con r~ -~ e . . , 900 — 44 , 600 - - - -

t t )  )111. 9R03 P,r. F- - ck (0~ r tura te d) — 17 , 2 0  — 14 , 1100 1 ,200 — —

Ba~~i N o k ( . t n t d )  — — — 5 , 300 2 , 700 — -
Sub g r , - ~e — — — 1 , 000 500 2 6 0 — 3 4 0  b _ . f C 2

121 H~ 4 . A ‘n ~ r e t e  — 124 , ii I ’ ) ~~ 1 ,000 — — — —
- i l g r a d e  — — — — — 500 3200-5500

165 D42 ’OO’. Asp h a l t  - 61 .800 13 ,300 - - - -
Sub gr -i d e  — . — — — 5 2 0  3500

* T’- r~ s c 7 p t e t e d  p r i o r  to the  break— dot.,i  of NU T r-qoi p ” r n t  on ce p t i - ber  13 , 1 975 .
** T ’—ts re~~- A- . ,-d ~ f ’  ‘-r th e comp let ion of equipment repa irs on Se p t e m b e r  22 , 1975.
• T e r t s  ‘- ri- conducte d on O e p t r d - i -  r 23 , 19 7 5 , when ti , 01)1 equipment was r e pa i r e d  ( r e l i a b i l i t y  of

‘ - ; ; - r -n t  ca l br.i ton was
‘0  I - - -  ‘ enr y in t e  ii ‘ u N  i p l i i i~ bearing I r a d  t e S t s .
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Logarith.inj c Decrement = in x 1/x2 = 2it~ Thrust
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DC—8 Aircraft Te9~t at JFK

FIG . ~~~~ LOGARIT}~~IC DECREMENT OF’ VIBRATORY AMPLITUDE
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Forcing Func t ion , Peak to Peak , in Kips

FIG . 1.11 OPTIMUM FORCING AMPLITUDE OF NDT AT SAN JOSE

ThBLE 1.5 EXPERIMENT FOR DETERI4INTNG OPTIMUN FORCING AMPLITUDE

DEVIATION FROM MEAN VALUE (ARITHMETIC SCALE)

H54.50 1.026 .953 .927 1.002 1.099

154.50 1.094 1.012 .966 .986 .946

136.50 1.050 1.023 .916 1.052 .971

H12.5R .853 .906 1.000 1.102 1.175

E38.5L 1.019 .927 .973 .982 1.109

E38.5S 1.114 1.125 .918 .912 .951

D42.50 1.119 1.072 .977  .935 .914

Average 1.035 1.000 .955 .995 1.021
Upper Range 1.119 1.125 1.000 1.102 1.175
Lower Range .853 .906 .916 .912 .914

Range .266 .219 .084 .190 .261
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1.5 I~AS I C i l - S T E R  R E Q U J R I ’ M F N 1 ’ ~

In NOT , the st li tic load usr- d in conventiona l p late bearing teots
is rep laced by a ries of harmonic forces of constant amp litude vibra-
ting steadil y at all frequencies. Acquiring t h e  dynamic response at
first resonance is vital to the outcome i f  the entire test. These and
o t h e r  bas ic  r c q u i r e m un t s  govern thc dcs i 1~n of today ’ s tc stc- rs. 

-

a. Stead y State of Vibration

Accord ing  to E q u a t i o n  1.11 , the pavement ’s dynamic re sponse sho u ld
be monitored under a steady state of vibration. This means that the
tester should exert a cons tan t  f o r c i n g  amp l i t u d e  and f r e q u e n c y . The
resultant ground acceleration or vertical velocity is then integrated
by an analog computer to determine the vertical dynamic response (dis-
p lacement). Any shift in the forcing frequency or amp l itude will affect
the accuracy of the integration.

b. Firs t Resonanct~ and Freq’iency Range

The E-value de termined by Equation 1.17 from frequency sweep NOT
is governed by summation of the pavement ’s dynamic response from frist
resonance  to i n f i n i t y .  If  f i r s t  resonance is missed , a h i gher  E -v a l u e
would  be ca l cu la t ed . For norma l pavement suppor t , the lower range for
fi rs t res onance is about  5 Hz .  T h e r e f o r e , the NOT machine  should  be
capable  of t e s t i n g  down to 5 Hz .  If  the pavement  s u p p o r t  is very s o f t ,
the machine should test down to about 4 Hz.

The upper frequency range should theoreticalL y be infinite. How-
ever , it is difficult to build a high frequency vibrator with adequate
amp li tude. If the test is cut-off at a high f r e q uency level , the tail
area f rom tha t  l i m i t  to i n f i n i t y  can be e v a l u a t e d  accord ing  to Equa t i ons
1.20 and 1.21 , as shown in T a b l e  1.6. Since h i~~h frequency vibrations
above 60 Hz seem to contribute very little to the NOT E-value , the test
can be cut off at 50 Hz with an antici pated error of 27..

In summary , an a d e q u a t e  v i b r a t o r  shou ld  b~, - c apab le  of sweeping  from
the  l owest  f i r s t  resonance of the response sys tem , say 5 Hz , up to a
f r equency  of about  60 Hz .

c. Vibra tory Force

In NOT , app licat ion o f a series of harmonic forces simu lates the
e f f e c t  of a s t a t i c  load .  For ( l ir p o r t  desi gn , the forcing amp litude should
be closely rel ated to the aircr l ft wheel loads. From aircraft and
pavemen t exper ience , it is reasonable to assume that:
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(I) tI it OV i t S  1, 11 19 rn whet- I load is 56,11 ( U ) pounds
( 2 )  ic n - ar: , I - - -~~I I 9  t i c  y ra L ic I ’ ~‘et i- t i  r e r a  I t  I i  r - - and ~ iv e—

- nt Slt ))i(l1 t is  [/ 1 , -i t - b

( ~ th e c r i t i c a l  d itIloir U - c- ’ 1 i d - n t  of th~: )) tverll- -t L s9sttni is
0.1)5 (~~ - - e  e c t I i  11 L - 4 C ) .

Siri c th hvn am ic im pact factor for 1 m o v in g  a i r c ra f t  i s  1.03 (s  e pp.
- — 1~~-~ I I ) . t t i - m a x i : t n ’u lvr i : tn - 2 ic  i : b - e e l  s - ’)~~’ - I ‘

~~,00() pounds.
I si ns; tilE (l .ili l )lfl C I ) i f f i C l (t3 t , tIN ~~ 02- G ° ’  H atic r i f a c t o r  i s  10 -~- h t - t t
‘ ic  ‘ o t ~~~~n~ t u n t i o n  v 1 1 :r - - n : - s  s’~ dliv 1 ’ the l v ( l t n t  s y s l ( r : l ’ s i r s t
re o~~uc’ , i . e . ,  an ‘~l)i t - , n c -  of 5~~Q t r o nd .s d~~’ I h l e  am p lit ude will have
an efiect On tIN pavement syst l1 similar t - art airc ca ft w i t h  a m a x i m u m
dv ni ii:i ic wht-eL load ut ~~ ,00i) pounds. This  d o u b l e  ant i— I i tud e  of force
should be considered the minimum NDT requirement.

Si tii t machine reliability depends primaril y upon equi pment resolu-
tion , the NO ) force amp litude should also be within the optimum linearity
and resolution range at the machine. Experience at Nashvi lle , Por t land ,
Ra Iti. ,h— Durham and San ios Airports indicates the optimum forcin~, func-
tion to be:

(1) 4000 Ibs , peaR to peak , for  t e s t  on subgrade or badl y cr acked
pavements ,

(2) -~d)0() lbs , peak to peak , for tests on heavy asphalt pavements
in  good operational condition ,

ç3) 10,000 ibs , peak to peak , for t sts on concrete pavements
more than 12 inches  t h i c k .

The optimum torcing amp litude represents the practical operationa l range.
The rated capacit of an NOT machine should be at least 1.2 times the
up p e r  r ange  of the operational forcing function , i.e., a t  l eas t  12 ,000
l b s .

d. Static Wei ght and Residual Force

The vibrator ’s - - - tatic wei ght also affects NDT reli ab ilit y . If the
v i b r a t o r y  fo rce  is equa l  to or g r e a t e r  th ~i the Static weight ot the
vibrator , the vibrator itself will vibrate freeL y as an unsprung mass.
Th en , the monitored dynamic response would not be accurate. At several
tests at NAFEC (131 , the tester , a Road Rater #600, had a s t a t i c  wei ght
of  2 . 5  ki ps w i t h  a maximum f r e q u e n c y  range of 5 1) Hz .  When a v i b r a t o r y
f o r c - of 1000 lbs i-as  app lied , the  -1’~ii -im i - re sp )P -~~e i~ o~ l i z was a b o u t
41 he l o w  th e  peak r e  j )o115 a t  9 H? .  At 2000 1 h , the d not -- ~c response
at  50 Hz wi- i about 307. h i gher  than  t t c  p2 — i ’ r e - p - - o t t - ~ t f i r s L  resonance
a t  7 H z .  R e s u l t s  of I b i S  second Le~~L dc 01 iicc -ssa r il v s r I 1~~~-s t .‘i la rge
d e f l e c t i o n , h u t  may be du e  to op e r a t i o n  of  t h e  t e s t e r  at i t s  pe i
f r e q u e n c y  - m d  amp i i  lude r an g e . Th e :c fu y i ’ , a l a rge  - - - - r t  i c a l  - - ,- enR ut
was r e c o r d e d  due to the  mach i ne ’ s f v i b r a t i o n  ( see  1- i ,~ i r e  1.1 1. ’)
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To maintain Nit i qualit y , the static wei ght o r residual force of
the vibrator should be a t  least 13~. greate r than the effective vibra-
tory force. For ordinar y test equi pment , the resoluti on is best in the
middle of the rated capacity. The static wei ght of the vibrator should
therefore be around 1:4 kips.

e. Resolution and Syst em Error -

The WES 16 kip vibrator evaluates dynamic responses to six deci-
mal p laces by pr ocessin,~ the e l e c t r o n i c  si gnal  f rom the ve loc i ty  trans-
ducer throug h an ana l og integrator. The dynam ic respons e resolu tion
is th e r e f o r e , r e l a t e d  to ve loc i ty p ick-up accuracy which cannot be
evaluated directl y (see Section l.6a). Tests conducted by WES [8], in-
dicate the computed deflection (dynamic response) resolution to be
.0001 inch.

In order to maintain NOT accuracy, the forcing amp litude should
be adjus ted in the f ield to mee t the following req ui rements:

(1) The minimum dynamic response (deflection) is to be .002 inch
at the first resonan t vibration , and

(2) The minimum dynamic response is to be .0002 inch and prefer-
ably .0005 inch at a steady state of vibration of 50 Hz.

Under normal NDT cond itions , the vibr atory forces outlined previousl y
are adequa te excep t for tes ts on very sof t ground and/or very s trong
pavements.

All test outputs consist of the true test value R, plus the in-
s trumen tal err or , C . Summation of all outpu ts will have an inherent
error equivalent to the original ins trument error:

—
= R ÷ n. ( 1. 26)

If the output is double i n t e g r a te d , as in the  case of c o n v e r t i n g  acce-
lera t ion to response , the result can be expressed as:

(R+~)
2 R(R+2c) (1.27)

This means that after double integration , the c ompu ted err or is twice
that from the direct machine output. On the other hand , i f the ra t io
of the two outputs is utilized , the er ror can be reduced:

(R1+ )/ (R 2-f-c) = (1+c 
~~~~~~~~ 

(1.28)

where R 1 / R 2 is the truc- experimental ratio and C
r is the error in the

processed data:
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e (’~~—R )/R ,R (1.29)
r 2 1 . 1

I f  E l ,  i s  c - l u l l  t o R 1, the i n s t r u m e n ta l  e r r o r  is e l i m i n a t e d .  if R 2 i s

~q ii  1 t i  ) , th e er r o r  in t h e  p r o c u - - s c - d - h it , i s r e -ho c  1 ti ne—h a lf
th at ‘ run- Lii ’ di re~ t - u t p u t .  Eq u a t i o n  1. 9 sI -a u l i h~ app l~ (II to data

r a c e - s i n g  whenever possible.

i - t ’  r oric t I) “I Ft  I e c t s

ND1 dat i pr ttc (s~ cd by the frequency sweep method automaticall y
ref l i c t  th m u l t i - f r e q u e n c y  n a t u r e  of dynamic resp onses and indiv idual
“deflection ” outputs for a given freq uency are treated as the spectral
densit y of the total pavement response. Filtering or damp ing is there-
fore , not n ’ded for frequency sweep NOT .

At the onS t of NDT at San Jose Airport , an all -frequency fil ter
was inst alled on the WES 16 kip vibrator to modif y dynamic responses
below 16 liz . A r;p ical set of test results is shown in Figure 1.14.
The overestimation of NOT E-values by 53Y~ would re s ult in false
optimism regardin g exis’ ng pavement performance as well as premature
deterioration of any reconstructed pavements. During the finals day s
of testing, from September 22 to 24, 1975 , the hi gh f req uency range
was redu t-d f r o m  SM Hz to 50 Hz and the effect of filter damping was
txtended from lb liz to 36 Hz. High frequency cut-off resulted in 27.
overestimation of NDT E-value , wh ile installation of the low frequency
filter arid its extension to tit Hz resulted in an increase of 1787, in
computed E-value .

‘ \ mistake was made in calibration through use of wrong oscillator ”
WES re-- he w e r exhlained , “therefore , incorrect data is being compared to
correct data. ” Nevertheless , the experience suggests that:

(1) The- inst ill ation of filter will -omp i icate the NDT output ;
(2) talib rarlon and integration of response signal are sensitive

op2-rlt Ion in NOT monitorin g: and
(3) A re liable system of data recording is also an i m p o r t a n t  re-

quirement of NOT.
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Force Dynamic Ra t io of
Coun ter Freq uency Amp l itude Response E-value

Hi lbs. inch (see Note)

I H F Z

5.06 2167.0  .001920
6 .02  2114.4 .002139
7 . 1 2  2218 . 4 .003093

7.87  2061 .0 .00349 7 2.32
2 8.99 2120 .8 .000913 1.90
3 9 . 9 7  2185. 0 .001179 1.74
ii 11.52 2 2 7 4 . 3  .001444 1.60
5 12.72 2109.9 .001492 1.48

6 14 .77  2073 .7  .001550 1.38
7 16.93 2032.9 .001544 1.29

-~ 18.92 2108.1 .001746 1.20
9 20 .59 2189.4 .001872 1.15

10 2 2 . 4 0  2160.3 .001654 1.13

11 24.57 2165.0 .001449 1.12
12 26.51 2 1 2 5 . 7  .001320 1.10
13 28.62 2103.5 .001170 1.09
14 30.77 2094.0 .001093 1.08
15 32.52 2088.6 .001012 1.07

16 34.43 2113.5 .000972 1.06
17 36.58 2123.2 .000944 1.05
18 38.51 2131.3 .000962 1.04
19 40.62 2092.3 .000912 1.03
20 45.35 2131.5 .000804 1.03

21 50 .22  2216.0 .000787 1.02
22 54.79 2213.2 .000747 1.01
23 59.72 2052.2 .000649 1.00
24 64 .77  2108.2 .000533 1.00
25 69.43 2232.0  .000479 1.00

26 74.75 2548.9 .000522 1.00
27 79.57 2549.7 .000404 1.00

Note: E-values shown in this column represent the NDT data reduction by
Equation (23) from the first resonance , 7.87 Hz, to a hi gh frequency
cut-off. For instance , if tha NDT is cut-off at 14.77 Hz , the com-
puted E-value is 1.38 times that cut-off at 59.72 Hz.
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1.6 DATA ACQUISITION

The support conditions and conglomerate nature of a pavemen t -

sub gr ade system cannot be adequately defined by a limited number of
t ests because random variations in natural events sign i f i c a n t ly red uce
t h e i r  r e l i a b i l i t y .  I t  is t h e r e f o r e , necessa ry  to a c q u i r e  a s u f f i c i e n t -
ly large qua ntity of test data to be processed as the desi gn inputs.

a. C a l i b r a t i o n  of NDT Ou tp u t

In NDT there are three equi pment calibrations for frequency, am-
p litude and integrated disp lacement. Cal ibration of the first tvo

elements is relativel y simp le because a standard frequency and load
anal yzer can be utilized for the adjustment. As disp lacement is nor-
m a l l y obtained by integration of either the velocity or acceleration

~ionitored at the test , there is no direct me thod of calibrating the
monitored data with the actual ground velocity or acceleration. Con-
sequentl y ,  appropriate NOT calibration involves a great deal of engin-
eering knowled ge and job experience , bo th o f which are gener a l ly  beyond
the capability of equi pment technicians.

A t  San Jose A i r p o r t , the I-hOT equi pment was ou t  of o r d e r  dar i n g
the l a t t e r  p a r t  of t e s t i n g  and u r g e n t  r e p a i r s  were comp le ted  in the
f ield. Prior to the resumption of testing , cal ibration tests were
c o n d u c t e d  at n ine  loca t ions  to compare the new d i sp lacement data with
those  m o n i t o r e d  b e f o r e  t h e  breakdown . The average  E - v a lu e  at these
n i n e l o c a t i - > i i s  was 34 , 220 and 4~~,~~60 psi respective l y for te sts con-
duct i- d before and after equi pment breakdown. After careful study of
the disp l acements and F-values , a calibration factor of .73 was u sed
as a divisor fur all d e f l e c t i o n  responses monitored after equi pmen t
rq~ i i r .  l’he average E-values for the nine calibration tests for be-
fore and after equipment breakdown , were revised to be ~4,220 and 35 ,520
psi respectiv el y.

1hi WES procedure for calibrating velocity transducers reported
by H a l l  H I ,  is one of the more reliable me thods in the laboratory ,
Is Wi 11 as in the field. This calibration procedure is mandatory for
ill mwl y installed velocity transduc ers , and shou l d  be app lied to all
oth i r velocity transduc ers to detect any change in the in—trumentation.

h. Reliability

Many of today ’s airports have been in operation fur many years.
Maintenance , reconstruction , aircraft operation , env ironmental dete-
r iora t i titi , and many other factors have interming led in a random pat-
tern. The degree ot randomness is indicated by the coeffic ient of
vari ance , i. - .:
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NOT Condu (~ted 
Coeff icient of Variance

at Airnorts E-val ue by NOT

Newark .18 - .21
Nashville .15 - .40
P o r t l a n d  .08 - .32
R a l e i gh-Durham .12 - .29

The c o e f f i c i e nt of var iance in the above l ist is ac tua l l y the
combination of all variation in the form:

~ =Ic 02 + C c Y ~ + (1.30)

in which 111, 02 respec tively represen t the coefficient of va-
riation in pavement components , subgrade support , human fac tors , mechan-
ical factors , method of computation , and other pertinent factors in
testing , and c1, c2 are the weigh ted con tr ib ut ions f r om each
variable. According to pavement construction experience , the lower
range for o is .08 and .12 respective ly f or the compress ive streng th
of concrete (or asphal t) pavements and the supporting capacity of the
pavement base. Since the coefficient of var iance ’s lower range for
NDT E-values at Portland and Raleigh-Durham is abou t the same as the
ma ter ia l  variance , it indicates that NDTs are of extremely hig h qual ity
and are very reliable in repetitive tests. The true coefficient of
variance due to human and mechanical factors in NDT is likely to be
less than .05.

c. Productivi ty and Monitoring Tolerance

The firs t NDT experiment at Newark in 1967, took abou t two hours
to complete one comprehensive test series. NDT with the same Shell
tester in 1968 , took onl y abou t 25 minutes. The forcing func tion had
a constant amplitude of 1000 kg and a frequency sweep of 5 to 50 Hz.

At Nashv i l le , NOT was carried out with the efficient WES 16 kip
machine. Four velocity monitoring systems were used. The average
testing time was about 17 minutes. The forcing function had a constant
amp li tude of 4000 pounds with a frequency sweep from 5 to 50 Hz.

Sim ilar testing procedures were used at Portland , except that
only one veloci ty gauge was used. The average testing time was about
16 m i n u t e s .

A t Ralei gh-Durham , NDT was carried out by the same WES crew wi th
the 16 kip machine. The average testing time was reduced to less than
10 m i n u t e s .  The tes t  procedure  and o u t p u t  data were basicall y iden t ical
to those used at Nashvill e and Portland , except that the frequency and
load d i a l s  were no t tu rned to exact round numbers. A variance of ±02
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and ± .05 ~ - ti hl o w&- d for frequenry and h o d  re~~p e - t i ’ ~r- v , ~~~ p r o d u c t i o n
lu’- in - s u i ~~i-d Ii more t h a n  ~tf) . t i  i i i - ~ < t i n  uU ’~) 

- ti(IU 1- i —

I t e c  ted tio acttt-i l r o t h - r I t i - i n spi ~i f i id I ti- rh uenc y and for ing 1cm Lion ,
tm ~~~~~ ti-i t i c -e - - - c u r -  be i- s rni t. - p rue ~ - - mar - i - - 1~ • .3 I nec- f i t .  t u a —

t ion .  in Imqtn II an-I - a d  can bi n - i c e s  - d w u t  - -rHusl y ifiect—
lug a~ cur.- tc~ (it th e comput d m suits . computer r --t rar was deve—
lured t o  p r o c e s s  th e  d a t a  ( s e e  Se cti on 1.2c). -

F -r S -n lo~ e , ~, - • s.rs i i o o o r t ~~c.d nice )
t .. - • 

~
- r a.. • :- r aht . - ,. airi — t - t i .~~~.. - , ‘ -U I rc’~ 0 l I  ~ e c-p

~J l s  wer e- p t r f i - i s t - d  art t h e  ui - E L .  ‘he t- t L al Le-sting t ime was about
27 . E~ hours , w i t h  t in average  t e s t i n g  t i m e  of ~~~n i minutes per test. All
t s t ~ on ac t ive  r u n wa y s  and taxiways were conducted  d u r i n g  the slack
pe r iod  at  ni gh t .

1. P l a n n i n g  A i r p o r t  Tes ts

P l a n n i n g  the NOT program p r io r  to f i e l d  t e s t ing  has a sig n i f i c a n t
effect on testin g qual ity and efficiency . Since each airport has its
own unique conditions , there can be no standard NOT program . The fol-
lowin ,, are general guidelines for pre-p lanning field work:

( I )  P o s i t i v e  communica t ion  shou ld  be e s t a b l i s h e d  between the air-
port control tower and the NDT operator . A 10 minute warn-
ing should be given to the NOT opera tor before en tering or
c l e a r i n, -. the aircraft operational area.

( 2 )  Test locations should be spaced 100 to 200 feet apart when
within 200() feet of the runway end , and 200 to 500 feet apart
when in the center portion of runways and taxiways.

(3 )  A d d i t i o n a l  t e s t s  should be made in heavi ly  traf f icked areas
and areas with pavemen t problems.

(4) The primary runway and taxiway areas should have at least
four tests performed on areas of identical pavemen t construc-
tion and operationa l background . The test location should
be o f f s e t  10 to 15 f ee t  to the  ri gh t  or l e f t  of the
tax iway  or runwa y centerline.

(5) At least two cross-sections wi th an o f f s e t  distance from the
cen te r l ine to the pavemen t ed ge , should be taken for each run-
way and taxiway .

(6) Special tests , such as variable load frequency sweep NOT ,
can be u n d u e  ted in ar -is - - -h ere  n in t e r  ~h ~ t— ~ e- to a i r c r a f t
or -  r a t I on i S  a n t i c i p a t e d .

(7) -o r t  an t  t e s t s , such  as  tho~ -~ ru 
~~- -va~- - - Lo c. -r  - n tr o l

is  m a n d a t o r y , s h o u l d  b~~~’- . - I -  - t -
~~~ e r  - g  r o—

gram and pre f e r ab l y at night.
( a )  An i d e n t if i c a t ion d r a w i n g  and l i s ting  shou ld  be p r e p a r e d  to

i n d i c a te  the  loca t ion  and c - - u u ~t E r  number of each tc~~t asshowia in F i- u r ’ 1.15 .
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e. Test Procedures and Data Recording

Actua l  tes t pr oc ed ures are ou t l ined  as fo l l ows:

(I) Calib rate the system output for forcing frequency, forcing
amp l i tude , and dynam ic response (d isp lacement). The pre-
test calibration record should be kept as an integral par t
of the NOT data file. -

(2) No fil ters or dampers should be emp loyed for  any f orc ing
f requency lower th an 80 Hz so tha t a l l  mea su remen ts r e f l ec t
the true response of the ground support.

(3) The equi pment should be warmed up prior to use.
(4) Calibration of both the force monitoring system and the re-

sponse (disp lacement) integrator in the field should be check-
ed.

( 5 )  Set the forcing function at a pre-defined , constant load
level (double amp litude). A variation of ±5~

. is tolerable.
For examp le , if the pre-defined constant load is 6000 po unds ,
the actual  tes t load may range f r om 5700 to 6300 pounds.

(6) Maintain the input force at a steady state of vibration
for at least 2 seconds. The response (disp lacement) is then
recorded.

( 7 )  Switch to another  frequency and repe at the stead y state vi-
bration test.

Frequency Range In tervals Tolerance

5 to 15 Hz 1.0 Hz ± .l Hz
16 to 28 Hz 2 .0  Hz 

~~~~~~~ 
Hz

30 to 60 Hz 5.0 Hz ±1.0 Hz

(8) Recheck the calibration of the force monitoring system and
the response (disp lacement) integrator. Record any change
in the cal ib ra tion fac tor , time of the change , and the name
of the specialist who sponsored the change.

(9) Measure the pavement temperature at several locations at
2 hour in tervals during the testing period.

(10) For the first batch of printouts , channe l iden ti f i ca t ions
should be made for frequency, f orce amp litude , and response
(disp lacement), and their respective calibration factors
sho u ld be proper l y indicated as shown in Table 1.7. Per-
tinent information such as time , loca t ion , temperature , and
type of tester should be noted. No other modifications should
be made on the or ig inal  machi ne pr in tou ts , which should be
kept as source data records.
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TABLE 1.7 A SAMPLE OF ORIGINAL NOT MACHINE PRINT—OUT

~~~~~~ ~z~~~~i5 19/4 ~~~I 7~ 
Pro~ ect Date

ô~1~~~/ 
/145 I?t~1~)  

~~~~~
‘

~/ Time Facility

7~ 5�7 •~~~~C ~~ Test No.

T 77. ~~ Temperature

_ Response .000324 in .
. - -  , - 2

- — i) ) — Ampl i tude  3 ,029 .0  lbs.
- 

- - -~ 
( ~) ..~~~~~....

— Frequency 60.40 Hz- - -~~ :~— 3 ( - ( 
~-

- I
,

- ~ i) 3 5
- - 4 3 ) -~ ~

-
) (I

— 

~ 6 3
- + Cl Cl ~- .) ~~- -

—L. ‘‘ 1 3 3 3 -_

~
- I)

C 3 < 7 5
- • ~~

- 3 ¼) 4 2 -
,

r ’  + ( 3 ¼) 5
¼ — ci ? ~? 5 7

-4- ¼) 3 -
~ ~

-i C) U U i~ 4 -~• — 2 2 7 5 C
,
~~ ~ ¼) 3

• -  ~ 3 1 - ‘  3 -

— i t  — ~ ~ 0 ‘

+ ) 3 ~ ‘I

+ (5 ) 2 ‘- ~~~ (
- - — 

~) 2 ~ 
- 2 (

- + (~ 6 -
~
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1.7 l ) A r \  PROCESS tN ( ~

I l ~~ I~F ) I - lat i pro - s t ir p rnce- ’ J ’— - - tins h ot-n Fui1 ~ y - c r-i p - t eu r i z e d
-a :- rn - i t ‘a- t O - S.  fhjs Cu:pc i -r I -S I ~~~ divided i f lt o  e - ,t i r -seLl—

mi n t s :  inpu t  f i ~~ • lii i t j u l  data proe- c-c sinr , rc;-r, u -ess ing F—values
and e s t a b l i s h i n g  the i n v e n t o ry  f -l i e  for  davement  design.

I - [oflOt i es

The first input file consist —u of the test coun t:~-~r (I), ue; tt ion ,
late time , calibration code and ten r)erature . The first two items
are copied from the original test schedule except for those modified
d u r i n g  the f i e l d  t e s t .  The remaining items are obtained from the NDT
machine printout having field notes marked . A sample input listing
is shown in Section 3. .la through d.

The second input file consists of the NT1T machine printout fre-
quency , I r e  amplitude and response ( d i s pl a c e m e n t) .  Each input card
is i n d e n t i f U - d  b y the test counter. A sample input listing is shown in
~i c t i o n  3.2e and should be interpreted as follows :

-m pui t e r L i s t i n g :
No. RESPNS ANP L FREQ
1 000246 030028 006042

Translation :
Force Forc ing

Test Response Amplitude Frequency
No . Inch lbs. Hz
1. .000246 3002.8 60.42

Data translation and calibration are done in the computer . The nput
listing shown in Section 3.2e has been plotted by the computer in Sect ion
1. 2f in which Z is the pavement response and F is the double amp litude
of f o r c e  and HSTEP is the increment of frequency in Hz.

b. Initia l Data Processing

The processed data are summarized in Sections 3.3a through c. The
columns 1 , 2, 3 and 4 indicate the test number and location , date cali-
bration tn -I temperature at NOT. Data in column 5 represent the pavement
frequency tlt the first mode of resonant vibration . In general , thin
pavemi nt s over a weak -4 the r ;rtte vthr?It - -  ra’r S U ~1 -‘ ind ’ie,-sv~- cr’rrrete
pavements over a strong su b t r ad e  v i b r a t e  i r r n  t~ 13 lIz . However ,
these ranges are not always true as there are ni :in-.- factors which contri-
b u t e  to —- - i r i .ut ja il s in  the  f i r s t  r a g -  -- clew . V ’i t, -s  - a lumn 6 rep rc- - - I t

the influence of high frequency vibration i- ut—off. The smaller the
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per cen tage , the more r e l i a b l e  the processed E—value which is shown in
the last column . This E—val rue- is not a theoretical value , but can re-
place that found by the plate hearing ti-st. In general , the subgrade
has an E—value of 3000 to 10 ,000 ps i ;  the subbase a val ue of 10 ,000
to 30,000 and a good concrete pavement a value of 80,000 to 160,000 psi.

c. ~~p~ocessip~~ E—Val ue -

The reprocessed E—value is sorted again by facility location , as
shown in Section 3.3b to introduce statistical reliability into pavement
design and evaluation . The pavement support conditions are then divided
into a number of gro ups accord ing  to:

(1) h i s t roy  of pavement c o n s t r u c t i o n ,
(2) pavement composition ,
(3) p a t t e r n  of aircraft movement and
(4) inspection of pavement performance .

All the E—values in one pavement group are processed for the mean value ,
sta ndard deviation and the mean value minus one standard deviation .
This last value is called AREA E and is marked by X in Sect ion 3 .3 d .

d .  Inven to ry  Files

The processed data are stored in compu ter inven tory f i les wh ich
greatly facilitate data retrieval and compilation . The inventory con-
sists of the input files , processed NOT data f i les , streng th p ro f i l e  and
cross—section files. Data in the last listing is shown in Section 3.3e
and is ready to be used for determining the present pavement performance
life and the need for overlay or new construction . These NOT inventory
files are an important component of the master file for the pavement
design and evaluation program .
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1. 5 PRACTICAl. APPLICATIONS OF NOT

rç,— ft pr- - ct ical app ’ ~aM  -f - 
- t i  ‘ - -- ohs ‘~ 1 - (  (t i scuss (~d

t- ~1 ru - fl cv nrc- i~i tt dire r t, I -
~ r~~l at -- ’ ~-t-r c-n t d es i rn -

-
~~ . ruffU j P~~t f ~~rns and E x i st i n g  P aveuc-- i t  U~~~t h

-1 r r . , t e p  t - ~~;,i 5 prac L C a I  C’ aL) cat j ill [ S  ~~ uti - 1 -r  ‘ a n - I
nj-etter pr e ree - ut s t~ uSO I~rU iu So-’- I. ~c pav~-rn- at  sa r i aee ’ s

r - v a l a ( S v a r V  f rom point t- - p o i n t  j u s t  ~~ . . In t hose  of tlt subgrade soil.
H - s i  s— e r , the  v a r i a t  -n p a t t e r n  is c l o se l , - r - l a t e d  to the  t r a f f i c  p a t t e r n
on the i - x i s t i n c  pav~anerr t s u r f a c e .  As each a i r c r a f t  movement tends to
compact  the sub g r a d e  under the wheelpa th , the supporting soil may ha ve
a s l i g h t  r -  in b e a r i n g  strength. Consequentl y ,  the pavement E-value
nay pro~ ressi~ eL y increase during its service life. Runway traffic
is rca :- T lahLV c h a n n el i z e d  - t h e  nose wheel may wander 10 feet from the
c e n t e r  line while the B727 landing gear wanders in a strip of 10—20 ft at
e i t i o r s ide  of the  runway  c en t e r  lini . The s t r e n g t h  in t e rms  of NDT
E-val’~e cr a runway  cm — s - s e c t i o n  confirms this analysis - the E-value
10 to 20 f -i t off the center Line is about IOC hi gher than tha t  at the

i--t i ter l i n e .

The wheel path of a taxiing aircraft is also normall y chanelized.
The nose wheel may wander three ft while the B727 landing gear wanders
a b o u t  15 feet to eith r side of the taxiway center line . NDTs at Port-
land and R a l e i gli- ur htarn Airports confirm these results , but Sari Jose
Airport indicated some deviation. The difference can he traced In detail
to San Jose ’s history of traffic density and pavement maintenance pro-

mnu:Ls and their effects on pavement  s t re n g t h .

The strength profi Le of a normal runway is also cLosel y related
to the long itudinal distribution of aircraft operations. At both ends
of a runway , take— -ill and landin g impacts (see pp. 300-303 [ii ) are
signi ti cant and the E-value is relatively high . In the mid—port i~ -n of
the runway , aircraft weight has a reduced effect because of wing-lift
at take-off speeds (see p. 306 [1]). This analysi s has been confirmed
by NOT at all the airports studied by the writer. For studies at San
Jose A irpo rt ,the traffic pattern history indicates that more than 557~

of the take- i l l s  and landings  wi: on Runway LCR- 3 0L, of wh ich the ori-
ginal threshold was at Station 25-14)0. The field N1)T F—val ue s cu riu m
these t r i u l f i c  p at t- m ns.

b. Existiitg PavE-meri t - . ~~-)S i ti u l

Tire-c r i u t i c u l l y ,  r -~~uency sw p SPT measures the comp - .~ it e  r- - v alu e
of a pavement  Struc ture , incluting us e sul -~ r s-i ‘S elastic j-r - len .

e l a s t i c  d e f l e c t i o n  of t i n  su b  r u - I c  c o n L r i b u t e s  r-. - iftcan t P U!  ‘II at
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t i tal el as tic pavement di flect ion , physical characteris tics of the
pavement u lements -- th er th in its overall thickness , have onl y a minor
contribution to the composite E-va lu of a pavement structure.

At Ralei~ hi-Durham Airpo rt , the following F-values for various
pavement sections were observed .

PAVEMENT COMPOSITION -

L o c a t i o n  Asp h a l t  Conc re t e  Stone Sub-base E— value

Al 14 — 1 / 2 ” — — 6” 20 , 400 ps i
A2 — 6 — 1 / 2 ” 2 — 1 / 2 ” — 16 , 42 ()
A3 8” 6” 4” - 18 , 9 E j

-C” 6 ” 4 ” — 23 ,670

R1~ 1 6 — 1 / 2 ” 5” 12 ” — 61 , 460
16— 1/2 ’ s’ 12 ” — 46 ,230

R2 0 16” — 12 ” — 41 , 180
R2 1 16” — 12 ” — 51,610

A t tes t loca ti ons Al , A3 and A4 , the total pavemen t thickness wa s abo u t
the same and their E-vaLue~ were wi thin  a narrow range regard less  of
of the si g n i f i c a n t d i f f e r e n c e s  in the phy sical properties of the asphalt
and concrete pavement elements. When the total thickness was different ,
as in the case of RiS and Rl9 versus R20 and R2l , the E-values were
d ifferent. A definite interpretation of these results is not possible
unless  the sub grade conditions are carefull y evaluated.

W it h the el ast ic layer  compu ter program , the above NOT data can
be used to p r ec i s e l y analyze  the pavement s t r u c t u r e .  If NDT is conducted
on the subgrade support , the computed E-value represents the overall
subgrade load-def ormation. When a base course is placed on the subgrade ,
the NDT E-value on top of that base represents the combination of the
e las t i c  modulus  E , Layer thickness h , and Poisson ’s ratio ~i .  Assuming
.a given t- and h f or the sub gr ade to be i n f i nite , the remain ing var iables
are the E-values of the subgrade and base course , and the la tt er ’s thick-
ness , which can be me asured in the field. If one of the E-values is
kn own (b y NDT on the subgrade or labora tory de termi na tion of the base
course E-value), the other value can be computed by the elastic layer
program .

When another layer of known thickness is subsequently placed on
the ba se co urse , the E—value of that layer can be computed by the elastic
lay er program using the NOT E—value from the top of that layer. Simi—
lar compu ta t io ns can be made for  all  ne cessary layers . Dur ing f r eq uency
sweep NDT at the Dallas/Fort Worth and Shreveport Regional Airports , WES
conducted studies on the subbase , base (existing support at Shreveport),
and subsequent pavement layers . The computed F-value for each pavemen t
layer is shown in Table 1.8.
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U1~BLE 1. 8 DFTI:RM ~ .\  I I  -
~~ OF i — V A t  12 1- OF AVI -IMI -N 1 !.AYF~ S

DAL .AS / FOR f WORTH KF ( ; IO N AL A l  K1 ’oRT

ralI p - Ni I - ThICKNESS F-VAr IF  l - 1 N ~~~N ‘S tan -E TEST
Inches ps i  RATIO psi No .

Ceme nt (I,n-re te 15 6 .500 . 1111 * . 1 5  78,890 02

Base 9 2 . 100 .000* .30 26 .6 1  05

Ligue St a b i l i z a t i o n  9 8 , 000 . 35  4 , 26 1 06

Subgrad e Infin i te 7 ,820 .35

SHREVEPORT NEC tONAL AIRPORT

u0MPONFNT THI CK N E SS F.—VALUE POISSON ’S NOr— F.
Iflc 158 psi RATIO psi

Asphalt Overlay 4 .75 450,000* .30 57 ,800

A - p h..It Ove r l ay  3.50 310 .000* .11) 47 .700

or re t. - Slab io.ao 3,500,000 .20 46 ,200

Su b-N -u s ,- 7 .00 15.000 .30

t .r anu j ,r Suh~,rade 6.00 6 ,000 . I’,

Sub grade I n f i n i t e  4 ,500*

Notes : 1. The F-value and Poisson ’s ratio of all pavement layeru
- r e  to b,, ass ume d for t heo re t i ca l  ana l y s is  exc ep t  those
* mark whtch i r ,- determined b y MWELP (mulri—wl,.’el e l a s t i c
layer pro g ram) .

2 .  NDT-E denotes the E- i -u l ue  comp ut ed f rom the output of
nondest r ,ictive test at the test locat io n on i 0  -~~ the
refer enced layer.
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1 .9 COST OF NDT FOR AIRPORT PAVEMENTS

A t this stage of development , it is premature to estimate the cost
of NOT for airport pavements. The following information is provided for
reference only . The a n n u a l  cost , in 1976 do l l a r , for testing pavements
at 12 airports is likely to be:

Direct Labor: Two technicians $46,000 .
One eng ineer , half time 14,000. S 60,000.

Overhead ; Social Security, Insurance , Benef its 25 ,000.
Travel: Transportation and Subsistence 25,000.
General and Administrative Expenses: 40,000.

TOTAL LABOR : $150,000.

Equipment: Amortization and Depreciation of Tester 40,000.
Operation and Maintenance 30,000.

General and Admini st ra tive Expe nses : 20,000.
TOTAL EQUIPMENT : $ 90,000 .

Without considering the cost of research , engineer ing ,  etc., the NDT
cost for a two runway airport ranges:

Direc t labor: $12,000 . — 16 ,000.
NDT Equipment: 7,000. — 9 , 000 .

Duration of the test would be about five to eight days at the airport
and two to four days on the road .
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PART 2

SYSTEM DESIGN OF F F N C r I O N A L  PAVEMENTS

2 . 1  BASIC CONCEPT

The des ign system , flow charted as - - h - wi~ in Fi gure 2.1, consists
of thr ee subsystems. The first subsystem ~~a Ls wi th the i n t e r a c t i o n
between aircraft and pavement , and relates aircraft response to pave-
m e n t  r o u g hness .  Pavement roug hness  and the need for maintenance are
related to progressive deterioratiortof the materiaLs ’ stress sustaining
capacity under repetitive loadings. For pavemen t eng ineer ing analysis ,
the functional criteria are translated into the Limiting elastic deflec-
tion and the requirements to maintain the l imiting stress level during
the antici pa ted pavemen t service life.

The second subsystem makes use of design theories to determ i ne the
pavement thickness which would allow the distribution of aircraft load
over the subgrade and would cause an elastic deflection and stress leve l
in the materials within a tolerance defined in the first subsystem.

The third subsystem focuses entirely on the economic aspec ts of
the pavement system. It begins with estimation of the unit cost of
each p avement elemen t fo l lowe d by evalu ation of the maintenance and oper-
ational costs, With the financial cost data , the total service cost
of a pavement system is  computed in terms of presen t cash value. The
present cash values and the anticipa ted service performances of design
alternatives will hel p the pavement users reach an appropriate decision
on the pavement system design.

This system defies traditional design practice. All computer input
parame ters should be specified by the user. If he fails to do so, a
se t of “default values” will be used to yield tentative design and eco-
nomic analysis. If the princip le of computer simulation is app l ied
to the analys is, an appropriate pavement solution can be developed even
if certain desi gn parameters are less reliable.
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2.2 H~N C T P - \ A L  PA r ’- t ! -N r  REQUIREMENTS

~~‘te rid ing rt-~i~i -  ;u- ’ > f u t t lonnl : irr~~r i~ is t h e  - e r ’ s r e q u i r e —
- flL! i.  - - 1 ‘it~ uce perlornh r -e ~s t h -  - r l g i t - - - r s oh ie c-tiv e

~‘t plvtmc -n t ~- )ns t r i t e  t 1011 . ru e longi tudi t’;il i ii ;iineo— ~ of a f u net  tonal.
stirt i e  I s - - 1 Ir ;lct - t i z - i  by a -~~rli-- ; of e n d - , -~‘nveo governed by ~Th-

- -~~1 le , c r - t r - r -  I t i n  toleranet - , - - 1 - n - i o s i i c  h - h e - i c r  0r  s y s t e m
- —omp ot .- rtt-4 • --r a- te r i s t i s c f stir ~r- - tde . t ii~~ ihi lit- : ot pa~’ it

hu- t r;iFf ~ J j . , t t i , r - t  ion — m d  ,:n-~ 1 ent;tl t u - t o r - . ta~-red
- t i  t hu-  I teiwn pt rfo rmarh- t re o i-d and t i -st resu 1 ts -it Newark and Kennedy
A irp r ts. the  1 n 1 ~it udi~~il  r o - r g h n e s r - r  can he t r a n s l a t e d  in t ransverse
-ictorm a t ion and then , into the elastic defho- t i m  of the pavement struc-
ture . This perm its the use of elastic theories to predict pavement per—
fo r r u a n c e .  The f i r s t  s u bsy s t e m  is  f l o w  c h a r t e d  in F igure  2 . ? .

a. A i r c r a f t  Movement and Demand Forecas t

The primary purpose of pavement construction is to provide a cost
effective surface to accommodate aircraft operation . Airport manage-
men t and user s sh ou ld know the opera tional a ircraf t wei ght , a i r l i n e
fleet composition , ground aviation facilities , utilization of Public
Aviation i- -ut ilities (PAF), fli ght pa tterns , and demand forecast, prior
to pavement desi~,n and evaluation. For (Ificient utilization of the
pavement computer program , the following discussions are aimed as a
gUid e for appropriate inputs.

Type of Aircraft The B727 , B707 and DC-8 have made significan t con-
tributions to the development of the jet age. Insofar as pavement de-
sign is concerned , the predominant aircraft in the foreseeable future ,
say 1~~~5 to 1990, will be the 8727 and wide-bodied tn -jets. Develop-
ment of heavier aircraft will depend upon its operational costs , f u e l
consumption , noi—c- /environmental factors , and upon the air transport
industry ’ s financial resources.

For pavemen t des ign, each aircraft is characterized by i t s  gear
confi guration , maximum take-off (MTOW), maximum l anding-roll (MLRW),
and operational empty weights (OEW). This information is compiled from
data supp lied by the aircraft industry (see pp. 2~~ -2°() I i ] ) .  The
actual take-off weight (TOW ) is usuall y smaller than the MTOW and should
be d.- t u-r- ~ ined by ihe airport and air lin e engineers for e-:uch operational
aircr ;- ‘~t . I f  the  user f i  I is t o  i n p u t  the- opt r u t  ioit~ 1 I coding—roll wei ght
( LRW) , or the i rnp ic  t toad st t o u c h  - lown ( rD ’~ ) , th e- c omputer pr 01am

is designed to comi to t hem as full -- s :

LRW = (M1 HW - OEW) * (TOW - OEW)/ (MTOW - osW ) + e - : .W ( 2 . 1)

‘OW 1 . 5 *LRW ( 2 . . )
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The touchdown impact factor is equivalen t to the drop test at. a sinking
velocity of about 4 fps (see pp. 295, 3O7-3O~ [I]).

A compute r inpu t f i l e  has been es tab l i shed  for  the f o l l owing
a i r c r a f t :

Long Haul  Group : B7 47 , DC-lO/30 , DC-b /b , L i O l l , B7O7 , DC-8
Intermediate Group: B720 B727-200, B727-lOO
Short Haul Group: DC-9 , B737 , F27

Data for the Air Bus , Conc orde and o ther a ircraf t can be included in
f i l e  wi thou t any p rogram ing difficulties.

Utilization of PAF Utilization of Public Aviation Facilities ~PAF )
depnds on such factors as fli ght patterns , term inal fac i li ties , navi-
ga tion sys tems and runway lengths. Each airport has its own unique
pa ttern of PAF uti l iza tion and tr a f f i c  dis tr ibut ion wh ich shou ld be
properl y anal yzed  p ior to pavement evaluation. The first computer in-
pots are estimated landing roll (LR) and take-off (TO) frequencies
for the three aircraft groups. The estimates are expressed as percentage
of total aircraft movement at the airport. Traffic distribution on a
runway is programed by its station at “ZERO ” and “END ” and the sta t ion
length of the touchdown “ZON E”. The longitudinal traffic distribution
by a i r c ra f t wei ght on a runway (I)R (I+l8)L is as follows (see pp. 300--
303 [1)):

Runway S tation:
From To TOW LRW TDW

ZERO ZERO+ZONE TO(I)R+O LR(l)R+LR(I+18)L LR(I)R
ZERO+ZONE END-ZONE TO(I)R+TO(I+18)L LR(I)R+LR(I+18)L 0
END-ZONE END O4-TO(1+L8)L LR(I)R-4-LR(I+18)L LR(I+18)L

The second inp ut s are the ground navi gation facilities and fli ght
pa tterns . For runways under Cat II , instrument landing systems (ILS),
all aircraft movements are confined to a narrow band . Therefore , pave-
ments with centerline lights under ILS rule will be subjected to more
load repe titions within that band than pavements under a visual naviga-
tion system. An FAA research project [14], repor ted bandwidths com-
puted from data on the average standard deviation of traffic concentra-
tion , to range f r om 11 to 19 , and 25 to 42 feet respectively,  for taxi-
ways and runways at nine airports across the nation. The FAA test did
not , however , identif y the nav igation aids at the monitoring.

The bandwidths at three New York-New Jersey Airports (see pp. 299-
300 [lJ), were observed to be:

Runway Taxiway

Norma l Visua l  Sys tem 35 - 45 fee t 12 - 20 fee t
Centerline Lights/ILS 15 — 25 f ee t  6 - 12 feet
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It there ; u r  no b a n d w i d t h  i np u t s , t h e  Com p u t e r  p rogram w i l l  use the
fo l  l o w i n g  h u nd~~i d t h s , tb -- f i n e d  as o t t a  i n i n g  9h 7~ of t iut  aj r c r a t  t move—
: l ~ - t 1  t S

Runway Iaxiway H o l d i n g  Pad

N~~i~~~~i / V i s u a l  in f e - c t  uI) lb  b 6
I~~~h r t s / l L S  in f i e t  20 1 (1 16

i’h cot r u t  r pr i~~ i am a Iso ii l i - h r  s i i i  i~~t. i i i  t i th long i t ud  i na l
d i s t r i b u t i o n  of a i r c r a t t  impact on touchd - .~-ti . [lii- i n p u t  d a t a  is bas -d
~n I - c r e a t i o n s  a t  t h i r ~~ N w  \ o r k — N c - w 1 u r s y airports. The tinter of
l a n d i n g  impac t  wa s 1200 to 1 300 1 e - t  f rom th t h r e sho ld  and 90 1. of the
land i ngs took p lace  w i t h i n  a 1500 feet zone . The FAA 141 repor ted  a
sli ghtl y scattered touchdown distribution. The center of impact was
r e -p o r t e d  to be 1500 to 1600 feet from the threshold , with 807. touchdowns.
Simi lar to  landings and take—offs , navigation aids were not repor ted .

Demand Forecast Present pavement design practice does not require
precise- traffic demand forecast. instead , the pavement structure is
d - si gned for anticipated a i r c r a f t  wei gh t s .  When the B747 was intro-
duced in 1969 , aircraft weights increased from 350,000 lbs. to 700,000
lbs., and elaborate analysis indicated that future aircraft weigh t may
range from one to two million pounds. Consequently ,  new pavemen ts at
some- major hub airports were designed and constructed for these hypo-
thetical aircraft. To save the extra costs involved in such construc-
tion , a realistic traffic demand forecast should be developed.

Today, there are two sets of airport demand forecasts. The set
prepared  by the Air  T ranspor t  Assoc ia t ion  (ATA ) is based on (1)  the
demand-supp ly of seat capacity , (2) the fleet composition of major air-
lines , (3) the route structure , and (4) economic projection of the air
transport industry . It is a realistic and basic traffic demand fore-
cast. However , the ATA forecast does not include non-scheduled fli ghts
and , sometimes, does not closely reflect the economic growth of a parti-
cular air trade area.

The other set of forecasts are normally prepared by the airport
operator. This traffic forecast is usuall y related to the airport master
p lan and economic development of the air trade area. It is necessary
to review both sets of forecasts and then , devel op a working set which
will include the outstanding features of bo th.

In preparing th .- demand forecast , the- lollowin g definitions will
be used:

Aircraft Movement - one aircraft land ing and -nc take-oft.
Average Dail y Movement - the average dail y aircraft movemi-ut in

the peak month of the year.
Peak Hour Movement - the maximum numbe r of aircraft movements at

the peak hour in t h -  peak month.
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A demand fore-cast should be prepared for each type oh aircraft in opera-
tion in the following form :

Type- of A i r c r a f t
Operational Take-off Weight
Ave rage D a i l y Movement , Last Y. sr

Present
5 Years  -

10 Ye ars
15 Y ears
20 Years

Load Repetitions Aircraft movement on a taxiway or runway assume s
a random distribution across the transverse direction. The load repe-
tition at a given point is governed by the tire width and the traffic
concentration. Observations at 9 airports [l4J , demonstrate that the
pr obab i l ity of wheel load repe ti t ion on runways and taxiway s assumes
a norma l d i s t r i b u t i o n  curve . For the bandwidth  (BW) having 987. traffic
concentration , the standard deviation is equal to B W / 4 . 6 5 2 .  Us ing  the
princi p le of super-position (see Figure 2.3), the area of pr obab i l i ty
APX , for  m u l t i - w h e e l  a i r c r a f t  movement is:

APX = l.~~553k~~(a/BW) ~exp (-10.8167 (x/BW)
2) (2.3)

in which x is the transverse wheel spacing, and a is the r ad iu s  of the
wheel. All uni ts are in inches. The APX value is app licable to aircraft
take-offs and landing rolls. The distribution of touchdown impact de-
pends largely upon the airport ’s cl ima t ic and geome tr ic  environmen t,
as wel l  as naviga ti onal a ids and ground facilities. Under tygical land-
ing condi t ions , ai rcraft come down at a glide slope of 2 to 3 . Over
the threshold , the aircraft is about 50 feet above the land ing surface
when the p ilo t brings the aircraft into a landing position and the air-
cra f t f l a r e s  to a hor i z on ta l pos it ion wi thin abou t 1200 to 1300 fee t
from the threshold. The landing impact zone is clearl y marked on the
runway surface as shown in Figure 2.~~. In general , the landing impact
ass umes a rand om d is tr i bu ti on wi th in the ma rked land ing stri p. From
observ ations at the New York-New Jersey airports and by the FAA [14]
the landing imp ac t is normall y dis tr i bu ted wi th a standard deviat ion
of 450 feet. The longitudinal area of probability AFt’, for a mul ti-
wheel impact is:

APY = .00007387I~a ~ exp ( - (y / ~~u ( ) 0) 2 / 2 )  (2 . 4 )

i n  which y Is the long itudinal wheel spacing . Considering the trans-
verse probab ility of load distribution APX , and the longitudinal dis-
tribution APY , the ove ral l  landing impac t probability is equal to APX*
APY . For today ’s aircraft , it takes several hundred landings to produce
one landing Impact at the same spot on a runway .

Tn 1967 , the concept of keel construction was introduced into the
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p~ vement design and evaluation at NY~ N !  - r i r p o r t s .  The w idth of th e keel
~~~ of  a t a x i w a y  r r I n ~~- r\ is:

= BW + x ( 2 . 5 )max

i n  w h i c h  
~max is the d i s t a n c e  between the outermost wheels. ~~~ of

th e a n t i c i pa ted  a i r c r a f t  load r e p e t i t i o n s  occur  w i t h i n  the kee l .  The
-‘ O V e - t i l t  nt area  beyond the  keel  is d e f i n e d  as th runway or t a x i w a y  s ides
-t’~~f has  a t r a f f i ,c vo l ume e- -iuivalenc to 1 ~ 

- ‘i t  load r e p e t i t i o n s  in
~ L e e k  ~: a. Adoption of the keel couce-g t at the N e w  Y o r k - N e w  Jcr~ ey

and o t f i & r  airports has resulted in about a 107. sav ings  of the normal l y
accepted uniform depth of pavement across the entire - runway or taxiway.

P . A i r c r a f t  Response  and Pavement Sur face

A i r c r a f t - p a v e m e n t i n t e r ac t i ons  can be expressed  mathema t ically
by ( s e - c  Fi gure  2 . 5 ) :

F(C ,L,N) P( D I , f , B ,v) (2 . 6)

where the pavement surface F , is a func tion of the surface devia tion ~t ,

the waveleng th L , and its func tional life as rep resented by the numbe r
of load repetitions N. The functional surface condition is represented
by the aircraft response P, which is characterized by the dynamic incre-
ment DI , of aircraft at interface with the pavement , the natural fre-
quency (mass-spring ) f, the damp ing ~, of aircraft at interface , and
the velocity v , of aircraft travelling on the pavement surface. The
theory of random vibrations was introduced to define the dynamic air-
craft response (see pp. 313-344 [1]):

DI~ = ~(l/ L) .1tf/4~ (2.7 )

where- DI = average dynamic airc raf t response at interfac e,
= Power Spec tral Density (PSD) of the pavement surface for a

wavelength L ,
Ttf/46 = transfer function of the dynamic test.

The peak a i r c r a f t  response occurs when the pavement surface wavelength
is equal  to the aircraft velocity per cycle of vibration. Thus:

L = v / f  (2 . 8 )

For a discrete wavelength , the functional pavement surface can be defined
by a strai ght-edge criteria (pp. 340-341 111) :

= KL 5 ( 2 . 9 )

where the K value is a function of the aircraft operation characteris-
tics expressed by :
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K = T(f ,~~) 
1 /(v,j~) (2 . 1 0 )

the subscr ipt n represents the incremental change in and DI after the
N - t h  a i r c r a f t  load  r e p e t i t i o n .

The t r a n s f e r  f u n c t i o n  T (f ,~~~) used in the computer program was
deduced f rom the FAA a i r c r a f t  t es ts  at J F K  A i r p o r t  (pp . 342— 343 1 ] ) .
The v a l i d i t y  of such tests depends  l a rge l y on the i n s t r u m e n t a t i o n,  for
monitoring the interface response of moving aircraft and a precise , l evel
survey of the pavement surface. Arbitrary dis turbance of the pavement
surf ace , such as runway or t~ xiway cr oss ings , will affect the transfer
f u n c t i o n .

The above analysis represents the introduction of dynamic aircraft
response into the definition of functional pavemen t requirements. There
is little information available to define the operational characteristics
of the aircraft in Equation 2.10. In the computer program , the follow-
ing data are used (pp. 388-390 El i ):

v - Aircraft Speed: Normal Taxiing 30 to 50 MPH
High Speed taxi i ng 50 to 80 MPH
Normal Landing 130 to 150 kno ts
Normal Take -o f f  120 to 140 knots

f - Fundamental Aircraft Frequency at I n t e r f a c e  (according to the drop
test of main Landing gear a s sembl i e s ) :

B727 St re tch  and DC-8-63 1.5 to 2.0 Hz
Most Commercial Aircraft 1.1 to 1.5 Hz
DC-LU , L l Ol l  0.9 to 1.3 Hz

2 *8 - F f f i c i e n c y  of the  Shock Absorber System:
Pneumatic TirEs 0.45 to 0 .47
Oleo-pne umatic Struts 0.75 to 0.80
Ge ar System (Tires and Struct) 0.85 to 0.92

- Increment of Aircraft Vibration after the N-tb load repetition ,
over and above the vibration level on an as-built or as-is pave-
men t surface (pp. 340—341 [ii):

.12 g Smoo th riding surface

.18 g Op e r a t i o n a l s u r f a c e

.25 g Upper limit of roughness tolerance

.30 g Major surface rehabilitation required.

c. Prqgressive Deterioration of the Pavement Surface

The perfort~ance of a functional surface after the N-tb load repe-
tition is the ultimate goal for pavement constriction. There are two
major causes for pavement deterioration . One is the environment or
na tural condi tio ns , such as temperature , moisture, and differential
settlement of the pavement support. These are random events , and local
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I. L e U C e -  is thr ~ most  i t . liable desi gn parame ter. The- other major Cause
S t h e -  o - , - !  c t i  t j ot s  on the p I v  r ’  it t system. The ~- xt ent ‘f si r f o t  -

~lr tt.t l o t  aticin depends or~ ¶ l eer p l v s i e  a ond iti uti s. Ii  r s ’ i’’ , i t he-
t r a f f i c  load is non— tin i for. ! y distr i bu t - ry e r U t ’ -  pavemen t ’ s wid th ,
r u t t  n ,~ m l  -x t e -ss i v r i t .  f r r r n a t i on  m~i 11 o t . . c u r  in the- he avil y traf1icked

re -a— . Scc ’iidl y , bccau~ c of the inherent her ru~ r-ne - I ty of the sub grade
and pave-me-nt components , the surface deterioration is not evenly dis-
t ri f - i te d throug hout t h e  pacel-le tit layers. TfIi rd l~- , due to t i m e  in~~1as~~ic
fir t i t m y  i o r  of t i t  p avemen t  and suh~:rrr d , ‘~~n i  tude arid ext  t n t  o~
pov - ~ m cr ~’ - -ma~ v r r \  (It. ~ I l e i f l t l y ,  t T u ,t ~e of pc-re- an - I t (1.

may ~-a:’. w i d e - - t v .

[h e  i n e l a st i c  l ’ e h : m v i o r  o f  m a t e r i a l s  and sub grade  has a g rea te r
n1!uence  on a t r a n s v - r - -e c r o s s  s e c t ion  than the tw f a ct o r s , the t r a f -

f i c  load and materia l v a r ia t i o n s .  At  th rL New ark  t e s t , the progressive
deformation with respect to traffic repetitions of a transverse cross-
section was observed to be a gentle curve- . If the surface deformation
is not excessive , that means , nearl y in the elastic state of equili-
br~ om , the following relation can be assumed:

= Di + D0 log N (2.11)

where D~ is the transverse permanent deformation after the N-tb load
repetition , D1 is the initial deformation , and D is the rate of pro-

~ressive transverse permanent deformation , expressed in fee I per log
cycle of load repetition (se Figure 2.6). This equation is very simi—
lar to the one used for evaluating the fati gue strength of r :ate ria ls .

The surface deflection is clos ely related to the deflection basin
selected in th€- stad y. Theoreticall y, pavement deflection xter~ds an
infinite distance from the load. P’actical l v , it is necessary to de-
fine the significant transverse det lection basin. Since the subgrade
contributes more than 857. of the total pavement deflection , it becomes
log ical r use 857. of the tut~~1 de t lection t-.s a m~uideline in determin-
ing the width of the tr ansv rr se deflection basin , which for se~~i-infi-
nite ~la stic solids , theoreti ca ll y correspond s to a point 3.3a from
the wheel load edge , when a is the r , - 1 us of the contact area. Thus ,
the strai ght-ed ge I - tm. ,th XX , of the t r a n — v r t s r  deflection basin becomes:

XX = ( 2 . 0  + h .6 )  a + x (2.12)

in which x , is the transv rse wheel sp~~ ing of the landing .,ear.
In the f u t u r e , th eff ectiv e - strai~~l it - e- d ~ e h-ngth should be computed
by the mu l ti -imyc red elastic system. Posed on -v .- ral computer runs ,
the X X — v a l u e -  of  Equation 2. 12 is si i ,h t Iv e orise - I - - i t ivt.- .

At the Newark pavemen t tes t , compre )ons iv r - ria asurementt- were made
on transverse and longitudinal deformations with rr~ - pt-ct to the signi-
f i c a n t  wave length (pp .  374-375 (ii). ‘[he- tiansf er f unction deduced
f rom the tes t  is in the form (see Figure 2.7):
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Dn / A/XX = A (A ~ /4/i. - A 2 )  (2 . 1 3 )

in which  A 1 is the  r i t e  of  progressive long itudinal deformation and
A )  i n d i c a t e - s  the- fe-formation at  the  l ) e g i f l n i n g  of pavement service L i f e .
I n t r o d u c i n g  E q u a t i o n  2 . t r , the above transfer function can he r e w r i t t e n
as:

= A 1 . (K - A2) (2.14)

Thus , the transverse permanent deformation is related to the functional
aircraft requirements.

d. Limiting Elastic Deflection of the Pavement Surface

Translation of the long itudinal permanent deformation into trans-
verse permanent deformation is an important step in the de velopmen t of
a functional design method. However , all eng ineering theories are
based on the  e l a s t i c  s t a t e  of pavement equilibrium . In order to utilize
these well established theories , it is necessary to translate permanent
deformation into linear elastic deflection. For a visco-elastic pave-
ment syste-n , the classic theory can be app lied if the system is segmented
into a group of elastic subsystems having the boundary conditions de-
fined for continuity with respect to stress or strain level.

Under the influence of a moving l oad , the pavement surface deforms
and then , r ebounds  when the  load is removed. Because of t he inelastic
behav io r  of  the pavement  system , the rebound is always incomp lete.
A c c u m u l a t i o n  of the i~on-recoverable portion of pavement deflection
c o n t r i b u t e s  to the  pr ogress ive longitudinal and transverse surface
rou ghness .  The r a t e  of accumulation of non-recoverable pavement de-
flection is related to the total deflection under the load and the shape
of t h e  d e f l e c t i o n  bas in  (see  Fi g u r e  2 . 8 ) .

Pavement d e f l e c t i o n  can be d i r e c t l y r e l a t e d  to the s t r e s s - s t r a i n
b eh a v io r  of pavement materia ls , including the subgrade. At the lower
ra r1~ e of the stress-strain setting , a la rge  p o r t i o n  of the load-def lec -
t i o n  is recoverable. At the hi gher range of the stress-strain setting ,
t h e  s t r e s s / s t r a i n  r a t i o  decreases  wh i l e  the  non-recoverable deflection
i nc r ea se s .  Dur ing  the Newark  pavement tes t , e f f o r t s  were made to measure
the  recoverable  deflection and the corresponding rate of progressive per-
manent deformation of fourteen test pavements. The rate of progress ive
de fi,rma tion observed at the test is indicated by the parame ter D0, and
the recoverable deflection of the same pavement is expressed by w~ .
Bt cause more than ~~57. of the pavement surface deflection is contr,.buted
by deformation in its subgr ade , the elastic deflection of the subgrade
w0, is used to compute two dimensionless parameters 00/w0 and w~ /w0.
The transfer function between these two parameters is determined by
multip le r e-ression. In the computer program , a logari thmi c scale of
the parameters is used and the transfer function Is in the form (see
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Fi gur 2.9):

I o~~(l ) ‘r -  ) = l , (1 o~’ (v /w — 1 rrc’ t ) ( 2 .  15)
- 0 ) . Z ii 1

consider ing the par an -t u -rs invo lve - f in v ( o , i . E )  and D ( N , DI , h , E~~)~ i t
can  be st a t - - U i- it li e - - rem -erable pa t ent (let Jection w~ , is governed
by the-- lou d p a r -m e t  ~rs p and a , the dvri~ r ii r response of the  moving
aircraft Dl , t he - anticipated functional ~i I e  o f  t i e  pavement strutture
N , t hi r physical property of t h -  sub grade  E , m l  t he  pavement  composi-
tion h , and - 

e- . The E rind ~ values are a-is le-I d to 10 c o n s t a n t  and
indepr-tt dent of traffic luri d r e p e t i t i o u s .  [v - t iu a t i on  of the recoverable
th-f lectio i w~ , w i l l  f a c i l i l - i t e  u t i l i z a t i o n  o h  the e l a s t i c  theory  for
l o a d - d e f l e c t i o n  a n a l y s i s  m d , u l t i m a t e l y ,  t he- det c- r utitti tio n of pavement
t h i c k n e s s  and t c m r u p o S i t i t n .

c . L i m i t i - ~~~Str ess Level

Present ly , ‘ -mv pavement desi gns are based on stress computations
for determining eh thickness and c o m p o s i t i o n  o t  a pavement  s t r u c t u r e .
The cruc il decision i i i  the whole  p rocess  is the assignment of an allow-
able workin stress. The -aLl - w ibLe working stress is governed by the
rormation Ot strr or a l  j-r acks , t i e -  ra ’ e 0 1 crack propagation , and the need
for strut tural rtriirte - nmn~ e- . Al though pavement performance is not signi-
fic antl y af fected by the early stages of crack formation , the propaga-
tion of cracks and disinte gration if material f rom around the cracks
will eventually affect aircraft safety and riding qualities. Therefore ,
p r e v e n t i v e  pa~~ement  m a i n t e n a n c e  become s neces sa ry  and the- f r e q u e n c y  of
ma intenanyt become s a function of the pav rrten t ’s stress level.

In the computer  program , the concept used in estimating the limit
- -~~ f work ing stress (pp. L2~ -l23 [ii ), i s :

= (1 — c 1ogN) (1+s 0)’(l—v)’(s1-I~ ) / (l+D1I ) (2 .16 )

in wh ich t = limitin 1 ten s i l e  s tress of the  pavement  component ,
c c o e f f i ci e n t  r e l a t i n g  to the m a t e r i a l  f a t i o u e  s t r e n g t h ,
N = number  of  load r e p e t i t i o n s ,
s0 = overstress factor for (1) permiss ible maintenance , (2 )

less traffic volume and (3) time or temperature dependent
properties of the material ,

V = coefficient of var i rne e of material strength ,
E = e l a s t i c  modulus of material ,

= coefficient for converting E-value to the material tensile

— 
strength ,

DI = dynamic impact factor of tie -- aircraft whee l load .

A set of default valu e-s for the af : - ve p ; m -~ -s t ‘ rs has he- (UI carefull y
developed fur each type of pavement mat e- ;ml . If more realistic and
re -liable values are developed in the future , r’p lacemen t can be made
when its effect on the entir e - ~et of de F ault values is evaluated.
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f. Equiv alent Sing l e Type of Aircraft Operati on

Using the above- analysIs , the pavement erl r ineer is able to define
tb limits of pavement det Ic-tion and working stress to meet the func-
tional requirements (Dl ,v) f t  an antici pated number (N) af a i r c r a f t  move-
r n ents (f ,t~ , p , a). However , operation at all modern civil airports consists
of a fleet of mixed aircraft. Their effect on pavement structures should
be equa ted to that of a single type of aircraft.

The first step in equivalency ana lysis is to determine the cr1-
tical, stress and surface deflection of a model pavement under an actual
aircraft load. Model pavement composi t ion  should  be iden t i ca l  to the
pavement Structure to be evaluated or desi gned.

According to Fquation 2.16 , the number of load repetitions governed
by the pavement stress level can be expressed by:

log N( i ,j) = (c~~ — o t(iJ))/c ct,, ( 2 . 1 7 )

in which: 0
y 

= (l+s
0
).(l-

~~
).(st~

/
~ )/(1+5i) (2.18)

Equivalent aircraft operation wi th respect to the limiting stress becomes:

log (N(i ,j)/N(m ,n)) = ( i t (m ,n) — m~~(i,j))/c O)~ (2 . 1 9 )

The v a l u e  cJ
~~( i ,j )  is the  model  pavement stress under the aircraft weight

which  is considered to be the  desi gn s tandard , and r
t~ m ,n) is the pave-

ment stress under the other aircraft to be equalized. Fur examp le ,
the norma l pavement stress under the DC-lO , B727 and DC-9 is computed
by the multi-wheel elastic layer program to be ‘r56.3 , 4t~ i .3 and 366.3
psi respectivel y. The corresp onding N(i ,j)/N(m ,n) value is .2864, 1.0000
and .00s5 when the B727 is used as the standard aircraft. This means
that - n e  DC-1~

) or DC-9 movemen t is equivalent to .2~364 or .0085 times
the B727 movement.

S imilarly, equivalent aircraft operations with respect to the Li-
miting d e f l e c t ion by Equations 2.11 , 2.14, and 2.15 are in the form:

2 (o-—1) -dolog N ,i ,j) = (Dn
_D j) (d 1) 

- w0(i,j) 
- w~

( i , j )  - 
(2.20)

and log (N(1J)/N (m ,n)) ( log  N(i , j)  - log N ( m ,n ) )
1og(ATl~f(tn,n) ~APX(m ,n))/logN(1 , 1)  (2 . 2 1)

in wh i ch (i ,j) is the model aircraft and (m,n) is the one to be equilized.
ATM(m ,n) is t i t .  demand forecast of the aircraft movement to be equal-

ized , and APX(m ,n) is iti probabilit y area of wheel load repetition In
t he- transverse direction. The last t~~ terms are used to equalize the

~omputations for actual aircraft volume .

The eq ui valen t opera t ion of a f lee t of m ixed ai rcra f t by Equa t ions
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2.19 and 2.21 has beeci written into the program. Systemization of air-
craft load repetitions is an important step in pavement design.

~~ . Present Functional Life

Pavement performance life is measured with respect to the need
for maintenance , and the surface riding quality. Service performance
was p r e v i o u s L y measured by crack formation which , in turn , was rela ted
t o  the need for pavement maintenance. The annual maintenance cost  re-
f U c t e d  the pavement condition. For many modern highway and airport
pave men ts , the r iding quali ty becomes an important consideration for
safe vehicle and aircraft operation. For instance , runways ZZL and 31L
it IFK A irport required major surface rehabilitation not because of
structural disintegration , bu t because of its rough riding quality.

From the discussion on functional surfaces (Equation 2.10), it
can he seen that progressive deformation (Equation 2.11), transverse
defl ection (Equations 2.14 and 2.15), and the pavement ’s func tional Life
are closely related to its elastic deflection measured by NDT itt the
f ield. The sequence of computations is ~overne d  by the fo l lowing eq-
ua~ ion:

lo~ (ANDA) = (A1 (K-A 2
)~~~ 

- / w~~3 (2 .22)

in which ANDA is the number of load repetitions where the aircraft will
not vibrate in excess of the defined dynamic response Dl. The present
functional life is equal to ANDA divided by the present annual Load
repet ition , as de termined by Equat ions 2.20 and 2.21 (see samp le com-
puter printout in Section 3.10).

The computer program cale -u lat€ -s the present functional life for
four different classifications of riding quality . A functional life
of three yea r s  or more is s i m p l y  exp re s sed  as 3. -H-. Cor ’iputer o u t p u t
on the present functional life shou ld be used as a general guidel ine
for pavement evaluation. As shown in the samp Le computer printout ,
riding quality is a very important parameter. Abnormal aircraft vi-
bration may occur occasionally at landing and take-off if the aircraft
weight and gear or maneuvering pattern are significantly changed.
Therefore , this program should not be used to predict aircraft vibra-
t ion.
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2 . 3  PAVEMENT THICKNESS AND COMPOSITION

The f i r r t  s u b s y s t e m  d e v e l o p e d  a t o l e r a n c e  f or  the l i m i t i n g  e las-
t i c  d e f l e c t i o n  and st r e s s  U-vet of a pa~ e m ~ n t  sy st c r .  The second sub—

~v s t e m  w i l l  make use of design theories t o  (1) de te rmine  the pavement
thi c kness which will distribute aircraft load over  the  subgr ade and

- :1115 , -in elastic deflection within the toleranc e- leve l and (2) atialyze
t fic na v cm cll t c o m p o s i t i o n  which  would h l t \ e  :1 1 t L L - s S  sustaifli t 6 capacity
r e su l t i n g  in a p r e d i c t a b l e  f u n c t i o n a l  l i f e -  w i t h o u t  m a j o r  m a i n ten a n c e .

a .  V a l i d i t y  of  E l a s t i c  E q u i l i b r i u m  Theory

M a t h e m a t i c a l  models of pavement systems (reviewed in I ii ) s t r e s s
the i m p o r t a n c e  of pavement e q u i l i b r i u m  under the influence of externaL
loads .  The first set of equilibrium equations was solved by J. Bous-
s i ne s q  in L~~~5. I t  was a p u r e l y mathematical solution of the stre — -s-
strain conditions in a s e m i - i n f i n i t e  e l a s t i c  s o l i d .  In the- late 1930 ’s
the thi - ory w-~s introduced into pavement di- ~ i n .  He c - - iu se  of the prob-
lems in characterizing the m o d u l u s  of elasticity of Lhe . subgrade  and
pavement elements , app lica tion of the Boussinesq theory met with li-
mited success.

In 1945 , Burmiste e introduced the lay red system theory to ana lyze
pavement consisting of several l a y e r s .  Here , general equili brium was
t r a n s l a t e d  i n to  the s t r e s s  and d i s p lacement  in the L a y e r s .  Ted ious
computations and comp lex ity of the mathematical model have prevented
m an y  en -~ i ne e r s  f rom using this powerful method to solve paveuc - -nt prob-
lems.

In the earl y 1960’s, extensive research and tests were carried
out by Vesic [161 to evaluate the Boussinesq theory. Durine the Newark
pavement test , attempts were also made to verify this theory. LVDT
d i sp lacemen t gages were installed in 11 test pa viiu ents , with a perma-
nent steel ref erence rod driven to a nonyielding layer. During the
test , nine gages operated normall y. These gages direc tl y measured the
surf ace deformation of the test sections. The measured sur f ace deflec-
tion w , was divided by the surface deflection of the subgrade w0,
prior ~o p lacement of the pavement structure. In Fi gure 2.10, the di-
-s -ns ionless parameu- r w2/w0 is p l o t t e d  a g a i n s t  ano ther  d imens ion less
par -e -~r e t e r z/a , in which  z is the- pavement thickness and a is the radius
of the load wheel. The solid line in the figure represents the theore-
tical Boussinesq deflection distribution. Th~ measured defLections
are wi thin 857. of those computed by tli~ Boussinesq equation .

Concurrent with the Vesic stulv aii J Newark tests , si~,ni~ icant
prog ress was made towards computer soluti os of the  l a y e re d  s y s t e m .
Jones and P atti e- produced coefficient tabL e-s visic h allowed evaluation
of two and three layered systems , while th~ Chevron Research Company
developed a computer program (see original ref eren- es in ILU . A re-
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vised p ro-.~ram with fre - form input was subse quentl y devel oped by Baren-
berg ,  to s o l v e -  the  neult i-layered system under the influence of multi p le
wheeled  a i r c r a f t  l oads .  This mu lti-w lie - e-l - e - l a o t  ic-lavt- r pr > .r am (MWELP)
was developed independentl y after th  Newa rk tests , and it is not  possi-
ble to evaluate the theoreti cal deflecti on against the ones uteasured
at Newark because the E and p v a l u e s  ~~ some pavemen ’ layers were not
measured.

Computer reliability depends largel y upon validity of the input
characteristics , and particularly, the sub grade ’s E-value . However ,
the deflecti on encountered in the subgraU - ranges from .95 to .~~t) , wi th
the most common value at • 8 5 of the surface deflection of the pavement
structure. This result indicates that if the physical properties of
the subgrade only are pr op e r l y characterized , MWELP ca n s t i l l  o u t p u t
reasonable elastic deflections.

In a current FAA research proj ect I 171 , Cra w f o rd , Hopkins and
Smith reported that the multi-Layered elastic system predicts the peak
st ress and disp lacement of concrete pavement. This finding confirms
the computation Pro~-edis res outlined in Sections 2 .3f and 3.11 , and the
original intention for utilizin g MWELP to calculate the peak stress
and d i s p lacemen t.

Due to improved computer techni ques , many investi gators have
turned to finite element methods FEM (see ori ginal reference pp. 212-
218 [1]) , to solve problems in nonlinear elastic systems . There are
several features of FEM that are better than the MWELP , but the FEM
inpu t ass ignments and mesh size are computer oriented probl ems. Pro-

~ram refinement will depend upon the discipli ne with which the appro-
priate material characteristics are assi gned.

MWELP analyzes the theoretical deflection of a pavement system
consis ting of linear elastic-layer materials. Nonlinear elastic sys-
tems can be solved by discretizing the stress-strain curves into a series
of tangent segme nts for each particular stress domain. The central
processing unit (CPU) time required to develop the final answer would
be several time s longer. A similar process can also be applied to the
temperature or tim~ dependent elastic properties of pavemen t  m a t e r i a l s .

b. Stress Anal ys i s of Paveme nt Elements

The coocept of stress analy s i s  is the bas ic  step in structural
deslg’. Westergaard followed this approach in solving the bending
stress of an elastic p late. The Newark pavement tests studied the
basic assump tions of the Westergaard theory , such as k-val ue vali d it y ,
equilib rium of the subgrade support , and material bending stress (see
pp. 219 , 238— .-~~0, 4 11-413 [11). Saxena introduced the concept of equl—
libr ium in the subgrade s upport and modif ied the f inite elemen t model
devel oped by Hudson and Matlock (see pp. 233-236 , 256-272 [11). This
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is prol - ihl y the most advanced mathematical model for stress anal ysis
of an e lastic p l a t e - on the Boussinesq foundation. Saxena ’s computer
p r rr ~~ram output the - axial and shear forces , and the bending moment of
th~ p l a t e - . Bending s t re s s  is d e t e r m i n e d  by M c/ 1.  The sl ab is ass umed
to bc isotropic and homogeneous , with a linear stress-strain relation-
ship . \ u l i d i t v  of the computation depends upon t1i~ assumption that the
be n d in r. de f o r~:it ion of the slab is large when compared with the shear
- it t or ’- et ion . This means that the comp ut -et ion is app licabh to a thin
slab.

i ron an e-n~ ineeri:n point of Vi es , the- b en d i u~, s t r e s s  can be used
to judge t h e  probabilit y of crack firna tion , wh ich ~n an o r d i n a r y  s t ruc-
tur e system , repres -nt s an unsafe se rv ice  cond i t i on .  S t r e s s  crack for-
f l i O t i - l i  doe - s not have an imediate effect on a pavement ’s functional per-
formance. Many smooth functional paveme nt s , par t ic u l ar l y of portland
cin ent concrete , are initially constructed with expansion , construction
or c - in fraction joints , o~ d may subsequentl y exhibit the formation of
shrinkaoe , stress and other k inds  of cracks. Stress cracks normall y
i n d i c a t e  t he  need for pavement maintenance and , consequently, the cost
O f : v c n e n t  S e r v i ce .  I n s o f a r  as airport pavements are concerned , the
purpu e of stress anal ysis is to (I) desi gn p :ivcn~~-nt tor -s func ti onal
l i f e  without major :iaintenance and (2) estil ta t e the need and cost for
p a v e m e n t  m a i n t ~ - n a n c

During construction of the Newark test pavement , layer components
wer e- compacted at various stages of construction and ~agc outputs were
mon i t- ired when the pneumatic tire compactor moved directl y over the

~a~ es . Four ~etS of readings were obtained for every gage at each
construction stage . In order to make the anal ysis more usef ul, dimen-
sionless par~sr:ie t~ -rs we-re formed; the stress was divided by the tire
l res~~ure p ,  and the depth z, to the gage was divided by a , the radius
of fl i t  f i s t  load. The actual test results ar e p lotted in this manner ,
in Fi gure 2.11. Note that the stress distribution in the sub~ rade under
the a~~ regate base closel y follows the Boussinesq pattern of stress
distribution , as shown by the  s o l i d  Hne . S t r e s s  r e a d i n g s  in the  sta-
bili ’ed hose r j n ~~e - from 25 to 507. of the Bouss inesq  s t r e s s  p a t t e r n .

St ress analysis by the multi-l o v e - r e d elastic system y ields a peak
stress which clos el y agrees with observed ones (171 . The advantages
in usin~ M\~l-.LP for stress analysis are that (1) only a sing le program
is necessary to coo lpute the limits of elastic deflection and stress
l(V ( 1 in a pavement , (2) the k-value and its required modifications
are not app l icable (see pp. 412-413 ([j), and ( 3 )  conunon a s s u m p t i o n s
fu r the bendirs f~ stress and elastic stiffness of a concrete- i r e - a s s  can be
by-p assed. Stre ss analysis by MWELP is a straig ht forward computation ,
b u t  its r e liability depends upon the input parameters , including the
sub gr ade  s u p p o r t .
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c. Ma terial Charact~ Li at i o n

For structural eng ineeri ng analysis , construction materials are
characterized by the ir strength and stress-strain properties. There
are three di s ti n c t i \r stress—strain relationshi ps: the linear elas ti c ,
p lastic state of equi libri usr~, and stress-hardening stage. The rate of
excessive strain in the last two stages is usually related to the load
duration and intensity , a well as temperature. The basic mater fal pro-
pertv , known as the modulus o~ elast icity, is expressed by Hooke ’s l aw
which serv e s as the foundation for all structural anal ysis. Other re-
lated material prop i-ties are the tensile , compressive , and fati gue
strengths. Nonlinear elastic materials can be characterized as con-
sisting of linear elastic elements with defined boundary conditions
relating to the time , temperature and/or load intensity .

In pavement desi gn anal y s is , characterization of material pro-
perties is not strictl y observed. Consequentl y, the basic engineer ing
princ ip les canno t be- app licd to all types of pa~ ement structures. A
theory that is good for concrete pavement is not necessarily good for
asphalt, and vice versa.

In order to provide a meaning ful cost/b enefit stud y of var ious
pavement systems , the programmed design procedure determines the pave-
ment system equilibrium. Characterization of pavemen t laye r materia ls
w ill be governed by their bas ic stress-strain properties , with an em-
phasi s on tensile elon 5ation. The tensile and fatigue strengths can then
be related to the modulus of elasticity. The subgrade can now be con-
sidered an integral part of pavement system , and characterized by its
basic stress-strain property , with an emphas is on the compressive dis-
p lacement.

d. Differential Settlement

Although the MWELP can be used to estimate pavement stress due
to static aircraft loading , there ar e seve ral environmen tal fac tors which
also influence pavement stress. At many modern airports , if subsidence
of th~ ground occ-~is , it is not uniform , and the resulting diffe ren-
tial settlement of the subgrade s u p p o r t  cre- at~~ a def l ecti on basin in
the pavement. If the pavement is continuous and strong enough to re-
sist progressive deformation in the subgrath , the pavement will be in
a better position to maintain i t s  smoothness.

The def ormation confi guration due to differential settlement is
assumed t -  be- a harmonic curve , as shown in Figure 2.12. L is the wave-
length , and A

- is the maximum differential settlement. The maximum ten-
sile stress at the bottom of the ri- ritical pavement iayer is:

= 6.5 E ’ (A / L 2) h (2.23)
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in w h i c h  F~’ is the p l a s t i c  s t a t e  of the stress-strain modulus , and h
the thi cksa s~ of the- pavement Layer (sue pp. 171-ISO Il l ). In pave-
ment desi gn analysis , the °d valu e- should b( deducted from the working
stress limit as expressed by Equation 2 .L e - . Th~ settlement coordinates
lavC tee-n oversimp lified in this analysis . However , consider ing the
magnitude of the stress developed in the pavement due to differential
settlement , the equation provides a simp le but reasonable estimate of
pavement stress.

• J~~nr er~ tur e- Variation

An e n v i r o n m e n t a l  f a c t o r  o the r  than a i r c r a f t  load which affec ts
pavement  s t r e s s  i s  the f l u c t u a t i o n  of pavement  t e m p e r a t u r e .  W h e t h e r
i t  is d a i l y  of seasonal fluctuation , the critical condition should be
studied. Since the- pavement surface is exposed to changes in ambient
t e m p e r a t u r e  w h i l e  be low the s u r f a c e  the temperature is more stable , a
t ’ ~1fl ~~ 

s’radientis encount (-red ip the  pavement  f rom tbe- surface down
to the  sub ~~rade .  Th i s  change in temperature with depth can cause warp-
iri~ and t h u s  r e s u l t  in pavc-r~c-nt s t r e s s .  Insofar as pavement crack for-
mation is concerned , cold weather temperature variations are the most
c ritical. Pavement stresses caused by temperature variation (see pp.
13 — I S O  1 1 ] ) ,  a re  a p p r o x i m a t e d  by :

. 33 E ’ c - h - ( d t / d z )  ( 2 . 2 k )

in which £ = coe f f ic ien t of thermal pavement shrinkage-,
(dt/dz) = seasona L thermal gradient with respect to pavement

depth in cold weather (see Figure 2.13).

The computed J~ value should be deducted from the working stress limit
(-oml zt ed by (1. 2,1 6. Similar to the stress formula for differential
settlement , th above e q u a t i o n  is also oversimplified for stress ana-
lysis.

1 . Pavement Design

There are three norma l stresses , three shear stresses and three
disp lacements at the boundary or interface of each pavement layer as
progranuned in the MWELP. Continuity conditions at the interface pro-
duce six mor e- strain outputs (eliminating two horizontal disp lace.nents).
For a five-l over pavement system , there are- 117 stress-strain-dis p lace-
ment outpu:s tar every point under a single static wheel load. If a
minimum of ten iterations are required for thickness or composition
de termination , at least 20,000 outputs would be printed. These desi gn
computations are strai ght forward me-eit anical operations , but can be
time consuming and expensive . Several modifications have been made to
streamline the iteration process and thus ref ac e CPU time .
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MWELP used at Portland International Airport in 1972 , was modi-
fied to iterate only tht- vertical surface disp l acements and horizontal
norma l stresses. For pavement evaluation at San Jose Municipal Airport
in 1975 , the MWELP iteration process was rep lac ed by a se t of comp uter
f i les wh ich c o n t a i ned  the peak stress , peak deflection , thickness and
E-value of each pa~ ement element. A si gnificant reduction in computer
time resulted.

Under the present setup , the computer program can handle pave-
cents consi sting of 15 structural layers under an aircraft having 35
whee ls .  The program is big enough to handle today ’s and tbe f oreseeable
future ’s airport operations. Airport experience and computer analysis
indicate that runway pavement thickness and composition is normally
govern ed by the limiting elastic deflection , that is , the f unc tional
requirements of aircraft operation. On the other hand , taxiway pave-
ment thickness and composition is like ly to be , bu t no t always , governed
by the l imi t ing  s t ress  LeveL , that is , by the need for facility mainte-
nance and pavement crack formation.

Insofar as pavement materials are concerned , computer analys i s
indicates that the thickness of a portland cement concrete layer is
most likely governed by the limiting stress leve l (format on of cracks).
The thickness of an asphalt concrete layer however , is usually governed
by the lim iting inelastic deformation (surface deformation of the pave-
ment). The pavement support quality also has a significant ef fec t on
thickness determination.
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2 , ~ COST/BENEFIT ANALYSIS

P-sve-ro sit construction costs consist of (1) the initial construc-
tion cost , (2) the direct cost of repair ;tiid ~aintenance , - m d  (3) the
indirect coct due to service interruption. ThLs last item is very
important for today ’s bu sy airports. A irport management tend s to pre-
fer ~un ctruct iom of bett e r pav nie-n ts in order to reduce maintenartce
lie ed S

Economic stud y in today ’ s p ev era- nt eb sign p rogram is actuall y
it- - w e a kest el i - ne - nt. Pavement eng in ee rs can estimate tim e initiaL
c o n s t r u c t i o n  cos t s , bu t  they canno t properl y evaluate the subsequent
maintenance costs. At the Newark pavement test , an objective cost!
bene fit stud y was conducted to determine the most desirable pavement
s y — t e - m . Fhe r e s u l t  was a substantial savings in construction costs ,
le ading to less partici pa tion by the FAA ’s A i r p o r t  Dev e lopmen t Aid
Program (ADAP), and a lower m o r t g o ;e- paymen t  by the users. Similar
pavement  d e s ig n  and economic studies were adopted by Z ur ich , Portland ,
and other airports. Construct - ion cost savings rang ing  f rom 20 to 60~’/.
were re -p u r Le d .

A sit of default values are programmed for each economic event.
All dollar value analyses are- “ball park ” estimates only. h owever , the
relative dollar values can provide a meaning ful index for comparing the
cost/ h er ie fits of different pavement systems . Because of regional vari-
ation and local construction practices , the default values should be
o b j e c t i v e l y  m o d i f i e d  p r i o r  to i t s  app l i c a t i o n  at an a i r p o r t .

a. Initial Construction Cost

Initial construction cost estimates should be log ic a l l y made by
the contractor. However , there is frequentl y a wide var i ation in b ids
from different contractors. In the computer program , the initial con-
struction cost is broken down into (1) materials , (2) di rect labor and
equi pr.se-n t for processing , (3) direct 1~~bor , equi pmen t, and transporta-
tion for p lacement and finish , (4) getieral and administrati ve , (5) over-
head and pro fit , and (6) mobilization and demobilization costs. Ex-
cept for the last cost breakdown which is airl y indep end en t of job
s i ze , the other five- breakdowns are rel ated t o  the basic mate r ial and
labo r costs. For instance , the un i t price of p lain portland cement
concrete pavement PCC , expr essed in cos t per inch th ickness per  sq uare
yard , is the sum of t h e -  f o l l o w i n g  i t ems :

x unit price of coarse ;e~- c r - g ; m t e , $/ton
.0181 x unit price of fine a~-, gr e g a t e , $/ t— m n

l.~~3O x un it price of constructiot. lumbe r , $/B’d
.0102 x unit price of portland cement , $f ton (bulk)
.032 1 x h o u r l y r a t e  of common l abor , ~
.0127 x hourl y rat of skilled equipment lpe -l - r t m r , $.
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The las t two ito - t~ incl ude ren tal of the ya rd equipment , mixing p lant,
transportation , p lacement equi pment , finishing and water curing. Over-
h ead , general and adniinistrative , and prof it are added to all items .
A 5 to l5~7. fluctuation from this “ba l l  park” es timat e- should be anti-
ci pated.

For actual j ob app lica t ions , the unit price of materials and la-
bor should be mandatory inputs for each airport. A set of default
values for each cos t item has been caref u lly developed fo r fourteen types
of pavement materials. These values reflect the general construction
condition at major cities in the U.S. and should be adjusted for the
spec ific job condition.

b. Annual Maintenance Cost

For modern airports , runway and taxiway maintenance which requires
closedown s is a very serious operation. When a runway maintenance pro-
gram is sched u led , distant airports and the air transport industry are
informed several weeks in advance. During emergency repairs , air traf-
fic can be tied up at distant airports and inbound fli ght deLay may
bec ome cos tly and diff icult to manage. The monetary loss of opera tional
revenues and the inconvienence to the traveLling public cannot be ac-
curatel y measured.

Pavemen t maintenance cos ts are gene rally incl uded in the overall
operation and maintenance programs. At some airports , a separate ac-
count is kept for materials , equ ipmen t and labor cos ts fo r pavemen t
main tenance. Under the scope of this research contract , a series of
f ield surv eys wer e conducted by Sutherland on the administrative and
f iscal policies pertaining to pavement maintenance at twelve domestic
airports. His comp lete report is given in Appendix C. Sutherland re-
ported that annual pavement maintenance costs range from $0.10 to O.l-~
pe r sq uare yard for mo st a irpor ts , to $0.75 to 1.62 per square yard
for a irpor ts whe re reg ional subsidence is pronounced.

The computer program computes the annual maintenance costs at
a common airport on the following assumptions:

Ultimate Material Strength , tJLSTR = (l_covAR)*sTREss*~/i~
All owable Working Stress , WOSTR = ULSTR(l-FATIST*ALOCIO(AANA))
Computed Pavement Stress , ACSTR = Output of computer anal ys is
Annual Maintenance Cost , ANC = ICC*COVAR*(IJLSTR_WOSTR)/(ULSTR_ACSTR )

in which ICC is the initial pavemen t cons truc t ion cos t, COVAR is the
coefficient of variance of the material strength , FATIST is the coef-
fic ient of the material ’s fati gue strength , and AANS is the an tici pa ted
number of wheel load repetitions. If the concept of a limiting stress
level is app lied to pavement design analysis , the annual maintenance
cost ranges between $0.05 to 0.18 per square yard.
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c. indirect Operational Cost

In addition to the direct costs of pavement maintenance and re-
pair , there arc the indirect costs due to interruption of airport oper-
ations and the additional cost of standby manpowe r and equi pment. As
today ’s airport construction is paid primaril y by the users (the ADAP
fund is paid for by the air travel public through the user ’s tax), in-
direct operational costs should also be considered in pavement desi gn
anal y s i s .

The indirect operational cost , in general , i s less cri tical for
multi-runway and medium hub airports than for intersecting runways
at major hub airports. There is no definitive method in estimating the
indirect operational costs , but several job examp les o f fered below can
be used for reference.

At JFK Ai rport , more than 507. of the landing and take-off traffic
is from runway 31L. Shutdown of this runway could cause delays which
could run well over 60 minutes. At a major hub airport in the mid-west ,
the  ave rage  cost  would be about  $ 10.00 p lus  19 ga l l ons  of f u e l  per
minute delay on an average- inbound flight. The indirect costs for
inbound flight del ays alone could run into six figures for a one-day
operation [151 .

During pavement reconstruction of the sing le r unway a t a med ium
hub airport , airport authorities can temporaril y divert air traffic to
neighboring airports. The additional cost in providing ground trans-
portation is not prohibitive . A general prov is ion canno t be made in
the computer program for estimating the indirect operational costs.

d. Cash Flow and Financial Cost

The concept of cash flow and financial cost analysis was intro-
duced by Vittas [151 for the Nashville Metropolitan Airport. The cap i-
tal investment for construction costs is assumed to be paid for by re-
venue bonds P, which are amortized by an ann ual payment for n-years at
an i n t e r e s t  r a t e , i. The annual  mortgage payment p ,  is :

= 

N= 1 
( 2 . 25)

In the next cost analysis step, the annual mortgage payment p lus
t h e  cost for incidental or scheduled maintenance works are converted
into discounted cash flow. For a constant annual payment q, for m-
years , at a cash discount rate r , the discounted cash value CV , is :

m
CV = q ~ ( I~~r)~~~ ( 2 . 2 6 )
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If the cash discount rate r , is greater than the bond interest rate i,
p=q and m=n , the d i s c o u n t e d  cash va lue  CV , w i l l  be smaller than the
cap ital investment for construction costs. Under the present market
cond it ions , the interest rate for municipal revenue bonds floated by
the airport authority , is about 27. Less than the cash discount rate .
For a 30 ye-ar bond , the savings in initial construction cost is about
217,. This is an add itional incentive for designing a be tt er pavement
for the in it ial cons truc t ion and , thereby , red uc ing future maintenance
costs.

e. Present  Cash Va lue

The computer program calculates the present cash value for the
initial construction cost using :

NBL NBL
= ( ICC )  * (l—ARCD)~~

4
/ 1/ ( l + AI R B ) N (2 .27 )

N=l N=l

The presen t cash value for annual maintenance costs is:

NSLP
PCVAMC = (ANC) * ((l+A SCNC+ASCcC) * ( l_ A R C D ) ) N

~~ (2 .28)
N= 1

The present cash value for the entire pavement service package is:

PCv(I)  = PCVICC + PCVAMC ( 2 . 2 9 )

in which ICC = Initial construction cost of total pavement, $/s.y.,
AMC = Annual maintenance cost , $/s.y.,

ASCMC = Annual escalation rate of maintenance needs
ASCCC = Annual escalation rate of construction costs ,

NBL = Revenue bond maturity , years
AIRB = Annual interest rate of bonds
ARCD = Annual ra te  of cash discount ,
NSLP = Effective service life of pavement , years

PCV(I) = Present cash value during service life , $/s.y.

In the a c t u a l  c o m p u t e r  program , the power series is ‘implified:

= = 
X 

(2.30)
N=l

It become s simp ler and more accur ate to compu te PCV by indica ti ng the
value of each pavement segment. Vittas [151 stated : “Discount cash
flow analyses are valid techni ques to be used in exp loring the economic
aspec ts of design al ternatives , par ticularl y when one or both involves
capital investments at some future date. ”
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f. Cost/Benefit Study

Present  cash va lues  obtained from the above computations are weight-
ed by the width and length of the pavemen t section as follows :

PCV = (EPCVKEEL(I)*L(I)(WK)+ ~ PCVSIDE(I)*L(I)(WD—WK))/(L*WD) (2.31)

iU which: L = total pavement facility length , -
L(11) = pavement segment len ,~th ,

PCVKEEL(I) = PCV of the segment ’ s keel  p o r t i o n ,
PCVSIDE (I) = PCV of the segment ’s side portion ,

WD t o t a l  pavement  f a c i l i t y  w i d t h ,
WK = keel width by Equation 2.5.

The PCV in the above equation represents the weighted average of the
pavement facility ’ s presen t cash value. It is the most meaning ful
d o l l a r  v a l u e  for studying the relative costs of different pavement
systems . This information provides a good background to airport manag-
men ’- , u s e r s , and administrators regarding the cost of pavement system s.

I n s o f a r  as b e n e f i t s  of a pavement s y s t e m  ar e  concerned , they  can
be expressed by :

(I) Length of pavement ’s performance l i f e  wi thout  major  mainte-
nance , in yea rs ,

(2) Option of an in-pavement navigation and light system ,
(3) Pavement surface quality with respect to smooth aircraft

r i d i n g ,
(L,) Demand forecast of aircraft movements both in aircraft size

and volume .

In the computer program , th ere are ei ght types of pavement systems
which have been used for  c o s t/ b e n e f i t  s t u d i e s .  There are three types
of pav ements for new cons truc tions on the s ubgrade: portland cement
concre te , asphal t cemen t concre te , and the stabilized LCF system. Five
types of pavemen t are programmed f or use in rehabil it ation: re inforced
portland cement concrete overlay , asp hal t concrete overlay , LCF overlay ,
and portland cement concrete , or LCF in the keel section with asphalt
concrete overlay for the sides. New pavement systems , if required ,
can eas i ly be programmed. The computer is capable of a ccep t i ng  reason-
abl y flexible inp ut regarding the thickness and composition of the
pavement structure to be designed.
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2.5 PRACTICAL APPLICATION OF DESIGN ANALYSIS

In the above desi gn analysis , two very important factors were not
considered. They arc the -  pavement  s u r f a c e  geomet ry  and the  surface and
s u b s u r f a c e  d r a i n a g e  c o n d i t i o n .  In e s t a b l i s h i n g  the new p r o f i l e  and s ide
s lope , i t  is n e c e s s a r y  to c o n s i d e r  ( L )  the min imum overLay  t h i c k n e s s ,
(2) its bonding to the existing surface , and (3) the material durability.
For a l l  p r a c t i c a l  pu rposes , an asp h a l t  ove r l ay  s h o u l d  not be less than
t h r e e  i nches , and a p o r t l an d  cement concrete overlay should not be less
th an six inches.

Insofar as pavement drainage is concerned , the computer program
has  no p rov i s ions  fo r  a n y t h i n g  in this a rea .  Exper ience  w i t h  NDT
at all the airports mentioned in this stud y, shows that the supporting
c ap a c i t y  of a pavemen t  sys tem will be red uced by 507. when its base is
wet and saturated. A good pavement maintenance policy is to seal  the
j o i n t s  and cracks , thus  prevent ing  s u r f a c e  water penetration and the
l a t e r a l  mi gr a t i o n  of ground m o i s t u r e .

In the f inal stages of pavemen t de sign , there are several impor-
tant considerations , such as construction practice , material utilization
and fiscal management which are beyond the scope of this study. Some
information on these factors can be found in Reference E l i .  Insofar
as the r e l a t i v e  cost of pavement  des ign alternatives , the third subsys-
tem of this computer program provides a solid background from which
airport management will be able to formulate a pavement construction
pr gram t a i l o r e d  to the f i n a n c i a l  s i t u a t i o n  of the a i rp o r t .

Finall y, the most important item in the whole desi gn system is
the sound j u d gment of a we l l  in formed desi gner .  A l l  human be ings  make
mistakes , howeve r , and an a p p r o p r i a t e  f a c t o r  of s a f e t y  should  be used
in  the f i n a l des ign  process .  To improve the reliability of the pave-
ment desi gn sys tem , computer analysi s as disc ussed in this s tudy should
be extensivel y used to iterate any questionable variables with respect
to the func tional  performance and total cost of a pavement project.
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PART 3

COMPI TFR IN P I I AND OUTPUT LISTIN :S

3 , 1 h~Th1Pt ’ Il -’k CODE -\N’ DICTIONARY

A .  T Y P E OF PAVE M ENT

ASPHL1 AS P~- lALT PAVEM ENT
AS POV AS PHALT O V E R L A Y
CO NC CONCRE TE PAVEM ENT
CON COv CONCRE TE OVE R L AY
LCF LI’4 E_ C EM ENT F LYA SH PAVEMENT
LCFOV LCF OVE NLAY

B. P A V E M E N T  COMPON ENTS

A (BS AGGREGAT E BAS F COURSE , P—206 TO P—2 t~, P—21 7
Ac3S ASP HAL T BASE COURSE, P—201 -
A cTS ASPHALT TREAT ED BASE, P—215 , P— 216
A STOP AS PHA LT TO~ C OURSE , P— teOI, P~~se~~B
CT B CEME N T TREATE D BASE, P— 30 1, P—30N
L C r A  LCF A M IX - -

LC FB LCF— B MI X -

LC~~C LCF— C M IX  
-

~TSJ~( LI ME TREATED SUBGRADE . P—i~~5
.-‘ A V E X I S T I N G  P A V E M E N T
PA V J F  EXI STTN (’ P AV EM E N T  LAY ER FOR PSL STRESS  

-
PCC PORTLA ND CEM EN T CONCRETE , P—501 

- -  _ ‘

~~~~~ 
-

PCCR REI NFORCED PORTLA ND CEMENT CONCRETE , P— Sot , P—610
RL~ ROLLED LEAN CONCRETE - - - -
SS-~S SELECTE~

) SUB—BASE , P~~15LeSu- ( S URORA DE SOIL

C. PA VEMENT AREA

E~sD END POR TION OF R U N W A Y  AT LA N D I N G  ROL L
‘(P HOLD ING PAD
KE EL. CENTER STR I P oF R U N W A Y  OR T A X I W A Y
MID MI D POR TIO N OF RUN W A Y  OR TA X IW A Y

~IJE SIDE STRU PES OF R U N W A Y  OR TA X I W A Y
1) TOUCR DU~~ AR EA

0. F5JNCTID~~AL CONDITION

A I , A 2 CO E F F I C I E N T S  ~jF TRA NS F FR FUNCTION (T RANS VE R SE TO LONG , DEFLEC TION )
A A N D  E~~J I V A L E N 1  LOAD RE PE TITIONS OF AL L A I R C R A F T  — DEF L ECTION C R I T E R I A
A A N S  ~ ~J I V A L E N T  LOAD RF PE T ITI6N5 OF ALL A !R~ RAF T — Si’RESS C~~I T E R I A
AN D FOU l V AL LNT LOAD REP ETITIONS OF ON ! T Y PE OF A IR C R A F T  — DEFLECTION
A ) A  A ?3T I C I P A I E D  SF - PV I r E L IF E  IN LOA D REPET ITION S — DE FLECTION CR IT ER IAaNc FI~ J IV A L ~ NT LO AD REPETITIONS OF ONE TY PE OF A IR CRA FT — STRESS CR IT E R I A
API  t N A N s V ~~-’SE DIP EC T IO N  PRO~~A R I L I1Y D t S T ~~I B u T t O N  r~F 0HEEL LOAD
A~~Y L O N G I T U D I N A L  r ) I R EC T I O N  P R O B A B I L I T Y  DI S T R I B ’ J T I O N  OF LANDING IMPACT
O % ’ 0 2  CO€ F~~~C EMTS ~F T R A w 5 r F~ e F ) N C T I O N  ( E L A S T I C  TO C U M U L A T I V E  D E F O R M A T I O N )
ItS INSI~~UM~~fl LA NDING SYSTEM
L1~~HT~ IN PAVEMENT LTF,HT)NG SYSTF’4
NOaM te)~~MA L A I~~~ 3R i N A V I & A T I O N  S IGNS
~~~~~~~~ IF F E C T I V E  Srp V I C E LIFE OF PAVEMENT, NUMBER O~ Y EA RS
PF L PRESENT .LJN CT IONAL LIFE IN YEARS
S ER VYR ) FS I GN SERVI C F LIFE IN Y E A R S
v I ’,mJAi V I SUAL LA N O ! ’ 4 c  S Y S T E M
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F .  AI N CRAFT FILF

Dl DINAN IC INCREMENT OF AIRCR A FT VIBRAT ION AT PAVFMENT—WHEEL INTERFACE
OPERATI NG EMP TY WEIG HT OF A IRC RAFT

ESA F O J IVA L E N T  SINGLE WHEEL LOA D
F A C T O (~ INFLUENLE FA CTOR OF ALL AI RC RAF T WHEELS

rREQ NATU RA L  FREO~) ‘JCY OF A I R C R A FT  GEAR S1jPPOR1 ON PAV~~ IE~JT

LR~~ L AN D I N G  ROLL W E IGHT

M A I ~~ LA N D IN G  GEAR LOAD OF A IR C R A F T

MLR* MA X .  LANDI NG WE IGHT OF A I R C R A F T

MTO ~ MA X .  T A P c E — D ~~ W E I C ~ 4T OF A I R C R A F T
N~~HEEL ~~J MH E~ OF ~~~~ W HEELS PER AIRC RAFT

OPERAT IONA .. EMPTY WEIGHT OF A I R C R A F T

BOA R DING FA C T O R
PSI T I R E PRESSURE
R ADIUS RADIU S OF CONTACT AREA OF A I R C R A F T  M L G W HE FL

R AN G E  DISTANCE~ R A N G r  OF A IRCPAFI (SHORT,M E DII ?M ,LONG)
RANGE FMCTDR

RP~~T R AM P  WEIG HT O~ AI R CRA FT
TOW 1OJC H—O UWN WE IGHT
TO~ TA KE—OF I- WEIGHT
VEL VEL O CIT Y OF A iR CRAFT F~~3 I V A L~~MT TO FULL S IA T I C  LOAD WITHOUT WING LIFT

*GT W EIGHT OF VLC, PER TIRE

F . MA 1ER IAL FILE

ACSTR ACTUAL v.ORKIN’~, TENSILF STRESS
COVAR COE FFICIENT OF VAR IA N C F — MATERIAL STRENGTR
-PA ~ E—VAL U E OF EXISTING PAVEMENT
ESLJ 3 E—V A L IJE OF SUOGRADE
E—S J° E— VAL UE OP 2A vFMENT SUPPORT (SUBGRADF OR EX ISTING PAVEM ENT )
FA TIS1 COE FFICIE N T OF FATIGUE STR~~SS (LOG CYCLE>
OVSFKL OvERSTRESS FACTOR FOR KEEL OR OTHFR UNDEFINEO A REA

~)~~5 F 5 )  OVERST RLSS FA C TOR FOR SIDES
SIGMA HOR IZON1AL STRESS IN PAVEMENT COMPO~wNT
S!GMA1 HORI/ON1AL TENSILE STR~~SS TN PAVEM ENT CO’~P2NENT
ST RESS CONV ERS ION FA CTOR F—V ALU E TO TENSILE STRESS
JLSTR ULTI~i A T E  SAFE TENSILE STRESS

~OSTk SAFE WO N~~IJG TENSILE STRE SS
SUR FACE iEr L.E CT IO rJ OF PAVEMENT

~ iER O nl AT X 0, y 0

6. COST ~ ILr

AIR B ANNUAL IN1E~~EST R ATE OF BOND
ANC ANN JA L MAI’J TE. JANCE COST, ~/S.Y .
AkCJ AN NUAL HATE Or CAcH DISCOUNT
ASCCC RATE OF ANN JA L E S C A L A T I O N  ~ F C O N S T R U C T I O N  ~ OcI
A SCL T COST OF AS~~HA LT OIL , CAN LO AD PER TON
A S C M C  HATE OF AN’J JA L ESCALATION OF MAINTENA N CE NFED
CL-I N NAT E OF COMMON LABOR PER H O IJ R

C~~A G T  COST OF C O A R S E  A G G R E G A T E  PER T~~N
F IA &T COST OF FI NE A GG REGAT E PER TON
HL U T  COST OF HYDRA TED LIM E , BULK °FR T O N
ICC I N I T I A L  CONST R U C T I O N  COST OF T~~1A L  P AV E M E N T ,  ~~~~~~~

~~~~~~ COS I OF CONSTRUCTION LUMBFR PE R BOARO MEASURF
‘.~AT UN IT Y O~ P~~vENtj~ HONL) . NUMBER OF YFA RS

PCUT COST OF PORTL AND CEMFNT , FeIJ LK PER tO-N
PRESENT C A S H  V A L U E  OF T O T A L  ~ AV EM ! NT flURIN~ SE~~V I~~E LIFE, %/c.Y.

P O 7~~T COST OF PO ??OLAN OR FLYAS (-4 , R~JLK PER TON
ñ L C  COST -O~ REINF ORCING STEEL (WI°F MESH) PER ~U U N D

SF 51 COS I OF SELEC TE D FILL S A N O  PER TON
SLE~~N NA T E  OF SKLLFD EQUIPMENT O PERA TOR PER HOUR

~ A 0CV  ~FIGHTEO A V E R A G E  OF .~N r S EN T  CASH V A L U E
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4. NDT DATA FILE

A REA— E (MEAN — ON! S-rANDARD PFVIA TION ) OF A GROUP OF F—VALUE
Z(I) DYNAM IC RESPONSE OF SUB OR PAV IN INCH AT TTH TESi
JSM (l) F(1)/Z (1) AT FIRST RESONANCE
EVAL .UE MODULUS OF ELASTICITY OF RESPONSE çyçT FM IN NOT PROGRAM
EU ) FORCING FUNCT ION , DOUBLE AMPLITUDE IN POUNDS
H (I) FREc~UENCY OF FORCING FUNC TION IN ~7 AT IT H TFST

H(I) AT FIRST RESONANCE , HZ

NOT NONDESTRUCTIVE TEST

I. FORECAST FILE

ADM AVERAGE DAILY MOVEMENT
ADMSUG AVE~~A~ E DAILY MOVE MENT SUGGESTED F~)R PAVEM~~NT DESIGN
AD MATA AVERAGE DAILY MOVE MENT PRE0ARFO BY AT A
ADMAPO AVE RAGE DAILY MOVEMENT PREDARE D BY A IPPORI OPERAT~~R
A DM FAA AVERAGE DAILY MOVEMENT PRE°ARE O BY FAA
AID AIRPORT TRA FFIC DISTRIBUTION
ATDSUG AI RPORT TRAF FIC DISTRI c

~UTIr)N SUGGESTED FOR PAV FM FN T DESIGN
AIDAPO AI RPORT TRAFFIC DISTRIBUTION PREPARED BY AIRPORT 0PERATOR
FAM FORECAS1 OF A IRCRA FT MOVE MENT
FAMSUG FORECAST OF A IRCRAFT MOVEMENT SUGGESTED F~~P PAVE ME NT DESIGN
FAMAPO FORECAST 0E A IR C R A F T  MOVEMENT PREPARED BY A IRPORT OPERATOR
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3.2 NDT MACHINE DATA AND n E L l) I N J U TS

a. O f F ~~L T  D I C T I O S ~~PY

C C E N I E P  L i NE
R I G H T  UI C E N T E ~ L I N E

L LE~~1 0 1 C E N T E H  L I N E

b. C A L I B P A T I O N  F A C T O R S

DA TE TIME CODE R E S PON SE A M P L I T U D E  F R E Q U E N C Y
E—1 E—2

5 / 1~~/ 7o 1/ ~~~J /1 .995?C 2.00290 .99670

~/1’/76 1 / 1 1 5 1 / 2  ~~~~~~ 2.00020 .99930
5/I~~/7b 1/1617~~3 .98720  1.99203  1.00270
5i1~~J 76 2I0~~45I1 1.C ~O14Q 2.00180 .99930
5/ 1~~/ 7 6  2 / 1 0 0 4 / 2  .99930 1.99820 .99930
5I1 ’~/ 76 2 / 1 3 2 2 1 3  .~~9 7 5 0  2 . 0 02 8 0  .99~~G0
5 / 1 0 / 7 0 2/1~~ 17 /4 1 .00310 2.0046u .9~~~7D0 / 2 f l /~~6 ~/ 12C~~/1 1. -i0 730 2.00710 1.00130
E/ 21/76 6/0910/1 l . 0730 1.99190 .99~ 70
5 / 2 1 / 7 F  6 / 1 3 0 2 / 2  . 9 9 9 3 0  2 . 0 0 1 3 0  1 . 0 0 2 7 0
5 I 2 2 / 7 ~ 5/LSOu / 1 .99420 1.99040 1.00270
~/2 3/~~o ~/~~~47I1 1.~~Ot~4O 2.00340 . 99E70
t / 2 ~~/ 7 o  ~ / 1 2 ~~U /2  1. 0 0 0 2 . C 0 1 5 c ,  1 . 0 0 3 3 0

c. G~~ID D 1 C T I O N - A~~Y

(
~ I~~~~v A ~~ 1 — I ~~
T A X I ~ .A Y  1 — 1

( ~ U F i W A Y  1~~— 2~
T A * l w A Y  1 C— 2~
R U ~ . W A Y  ~—23
C POS S T A X I W A Y S

•‘ CROSS T A X I W ~~YS
( P o 5 5  T A ~~ I~~ L Y

d. TEST TOENTIFICATTONS

‘~~~~ T L O C A T 1 0 ~ T I M E  T~~~P DS ? ~ ( W )
1— c. A L 0 O ,S F 1~~ 2 / O i C ~~/ 1  7 2 . 8  4 8 1 .0

~~— c ~ ~~~~~~~~~ ? I ? 1 O / 1  7~~~~Q 52 00
3—6 C-5.5~~15 ?/C~~?1/1 7 7 A  3640
4— 6 A 302.O LOS a/ 1 04~~I 2  ~5.3 36005— ~ ~~U~~.L L15 ?/lu !-5/2 ~33 .4 i.5 60
t—o A J~~~~-j~~~5 ‘/1 24/2 7 Q • Q 464:
i—~ ~~~~~~~~~~~~ 2/101 3/2 7E.~ ~240
~ — C ~~~~~~~~~ 2 / 1 0 0 4 / 2  7° .~ 46 & - ~
9—~ jU~~.~~t ? 2  2 / 0 9 3 6 1 2  79.1 4260

1~~— 4 6 J Q ? . L [ ~~~O ~/0 945/2 ~ O . O 03~~0
1 1 — 6  A J 1 C . 5 1 1 5  2 I 1~~5 4/2 ~5.8 3u~~u
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e. Machine Data

NO. 1~ES PNS AMPL F-REQ R E SPN S AMPL F R L Q  kE S PNS A M PL FRE Q
1 CU07 4~. 030078 006042 000405 030670 0 0 5 5 4 2  000379 03C327 005024
1 00043~’ 029409 304517 000536 030207 C042~~C 000400 02c674 004026
1 o00412 029274 u03817 000413 029194 C0363? 00041! 029338 003414
1 t)00400 029749 003224 000430 030088 003016 000455 029737 002809
1 000499 029194 002615 000504 029719 002413 000539 029625 002213
1 000571 029231 uD200o 000632 029567 001811 000702 029940 001605
1 0006~ 3 029307 001565 000764 029719 001403 00091? ~29944 001299
1 601C24 030325 L01202 001297 029968 001099 002012 03C74~ 000999
1 001635 02~~791 LOU894 0u13~~8 0305 32 0O0 7~~7 001236 030503 000697
1 00163 7 03Q2~~ 000592 001 613 029745 00O4~~6
2 000232 030613 006037 030285 029629 005560 000303 93C570 005020
2 000296 029799 004525 000371 029752 006227 000367 029520 004013
2 000326 U295?4 C0382Z 000365 029312 003632 000336 02c740 00~~4 10
2 000324 02°750 u03216 000335 030098 003015 0003o3 O3C1~~ 002R09
2 000413 030139 002611 033412 030305 002420 000446 fl3C07~ 002206
2 0005 87 02~i820 002013 000o?4 029~~78 001305 000566 029363 0016Q~
2 000571 029559 001504 000582 029’S96 001405 o00670 03C264 001303
2 000622 031164 U01302 000672 029590 C011 99 000964 03C116 001100
2 001500 C29774~ 00T00Z 001207 029159 000902 000921 029870 00079?
2 000890 02939? o00699 001129 033107 000593 001172 029688 000502
3 000324 030290 006040 000426 329~~97 005539 000500 029640 005040
3 t)00662 030 aO452r Oo-0552 029373 004232 00064! 029754 006032
3 000606 029294 003840 030607 029522 003623 000576 029984 003423
3 000559 030388 003212 000571 030417 003027 000615 030251 002812

- 3 000-651 C30036 O02807~0006&6 030634 002410 000735 030474 002214
3 000771 030404 002307 030856 029~~72 001803 0~ 082P 22c!54 001~~06
3 0CQ~~35 029254 u01504 000852 029505 001400 000899 029825 001305
3 (~0-09~ 2 ~03frt63 001200 0O1i~6 7 U31~651 001096 001956 029509 001000
3 00198? 0 3 1 1 9 9  000999 001953 029~~34 000902 001378 029494 0007953 001335 030730 000700 001352 051607 000697 001552 02G660 00C59~
3 U0153 9 02~ 548 0004~~3
4 000389 029590 u06033 000552 029S56 005553 0O075~ 030320 0050’.4
4 000671 r 2 9 9 0 9  004543 0UC593 029949 004248 000727 030413 00602?
4 u00720 029333 003807 O~YO679 029~~4 5  0 03 63 5  00065P 029754 013471
4 000645 029733 003222 000657 030380 00330? 000689 03035? 00~~~0~4, 000720 030106 002613 OUC?29 030213 002409 000764 030454 0O2?u~4 0-00799 030534 002012 000820 029951 001807 00O~ 0’ 02~~~.0 0” l - ’ - O .
4 u00810 0297O~ 001507 0 0 C 8 1 6  029914 0014-02 000844 ~ 2 c~~~1 D’~~ . ’
000909 030373 001203 001072 029440 001102 002012 9 3 G 1~~~ ~~

4 t~&?05& -0 -29S-~~ U00900 0-015- 29 O29~ 29 0007~ 9 0O1~~7? ~‘ ? c ~- ’ ~~ 
- --

4 001497 029929 u00598 001686 029424 000504
5 000272 030394 006032 000362 029356 005562 000~~

ct 
~~~~S 0C0!~~ 029~ 7~ U0452t IYU0659 029~ 0U 0062’? 0r0~~!3 ~~~~~~ ~~

S 000482 030070 003812 000453 029?21 00J~~~7 L?0 ~~~’ -

5 000448 030023 003228 000456 03o215 003021 ~~3L~~’

~ 000526 029734 u02620 000533 030390 002411 C~ Dt _ - -

5 000573 030348 u02013 000615 029610 001~~1~ ~~~~~
. 

-

5 000627 029217 001504 000660 030018 001~~’ .I 00OP0~ 030120 0012U5 00Dc~ 3 02 945 6  C0~ ~~ 
-

5 00 1 5 4 4  02 993 0  000900 00 1160 0?’~~9~~1. ‘:0:
5 00 1232  029974  o C C 5 9 ?  0 0 1 3 7 2  O2 9~~17  -

o 000287 030241 006037 0004 12 0~ 0’~~O ~~~~~~
‘ -

6 000386 029597 004517 000452 03~.4’’ -

6 000491 02937’. o03828 OjO’9’ ~~~



lLi.r AO—A036 3!4 
- 

YANG STEVENS r*er*w ENS!NEtRS NEW YORK Fit t3;2
NONDESTRUCTIVE EVALUATION uc CIVIL ATOPORT PAVEMENTS. (U)
SEP 76 N C YmNS DACW39—7 6—C—DO1oUNCLASSIFIED FAA—ID—Ye—fl P4.

_______I UIUM I~ RU H B F!1I
U END
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3.3 PROCESSED NDT DATA FIlE

a. SU MM A R Y  OF NOT D A T A , SORT E D BY TEST NUMBER

Z ( P 4 ) F  D 5~~(1) DSMCW )
TEST LOC ATION DATE! TEMP H (1) SUMZ FE / E  E— VAI UE
NO. STA OFFSET CA L1 U DEGF HZ 2 IN IN

1!~ Y022 .S RIS 612 95.7 5.~)2 .17 60.95 16.10 20500.
1!’. Y~~49.5 115 611 77.2 6.92 .20 39.fll 53.40 55801.
1!? Y069.U R15 611 !U.6 4.96 ~~~.19 39.36 45.04 27755.
1!~ YQ69.(j kIS 6/1 80.6 5.96 .22 36.93 41.94 29804.
1~~Y Y0 6 9 . U  R15 6/1 80.6 5.96 .23 39.19 38.2~) 32719.
140 Y069.O R15 6/1 30.6 6.98 ~~~~

‘ .28 36.~~9 34,37 36371.
i L l Y0 ’~1.5 115 6/1 8 4 . C  8.98 .59 31.42 42.35 62813.
1L2 1UC3.U R1 5 3/1 34.9 4.95 .37 48.(~9 47.43 11~~Q69.
1’3 E012.U 115 311 9O.~~~ 4.94 .23 ’ 42.32 30.91 32355.
11 4 FO 1E.G k15 3/1 91.6 6.Q1 .30 3~~.79 27.71 3681U.
14 L02 4.G 115 3/1 92.0 4.90 .19 41.Q6 38.71 37972.

b. ~~~~~~~~~~~~~~~ (‘F ~J T  C~ t .., j ’ T L ~, I V  LCC~~TI (j

7 ( ) I  5~~t ( 1 )  ~~~~~~~
~~Y L (CA T I (J~. C A T E /  T~~~~ Ii( 1) S1),’1 7 IL /E E — V A L J V

~~~4 F F ~~~~T C A L I L ~ ~ E t ~’ HL IN

‘:.j h ’~~ !/~ 7 • ~~~~~~ •‘.~~ .~~~~~. c~ ~~~~~ 6’?’)~~.
. . ,. ,.1~ :i’ ~~~ ~~~~~ .~ 34 . ’’. ‘‘

~~ •..?
‘ 

~ 15 ’~~.1 5 :i i 4 • £ ~ ‘c’ . 1
_ ‘.C.~~ 

~~Y) : i i  . ‘
. ~~~~~ . 7 ’  f l .~~.! ~~~~~~~~~ 

~~
‘- ‘3L~.

~- •~~ 
_ 1~ ~ / 1  ~~. ~~~~ ~~~~~ 

3? ,i~~ ~~~~z _

I 1’ • L~ 5 / . 1 , • ‘~ :1 • 1’ . .‘~~~ • 1 ~ 2T  ~.
— ~. . •~ ‘~ 5 = / 1 ‘ • 

— i .’ - • 1 . .. 1 • 1 ~2 ‘
— / . ~ 15 5 /1 •~~ ‘ • . 1 . : ~~~~ • ~ ~~~~ • —~ 1 7~~9~~9.‘~~ :/~ ,~1 • ~~~~

‘ . . ;  • 7 7  ~~~~~~~ ~.
— . ~• ~~~ • • • 1~ / 1  . • L 

~~~ • • _ ~~‘. • ‘ . ‘
~ ~~ .‘.i ~~~~ ‘~;7 - ~~~.-‘ 

•. i • ‘ 
i .

•
~~~ I . , . • ‘ 7

, *~~ t
• 5 1 7 i ,7 ,

C. ” L~~~~~~~ ’ 5~ •~~ r 
~~~~~~~~~~~ ~~~~~ ~~

? y . ) /  £ S ” (~~) 
~;y’ ( ,~)

~~ L~~C~~iI.~’ ~~~/ T I  H S t ’ ~~? i’I.. .‘

~~~ ( - ~~~~~T ~~~~~~~~~~~ I’4~ I’ I ’.

• ? ._  ... 1~ ‘ / ‘  A~~ ~• 4 • -
-
~ ~~~~~~~ 

‘
. ‘ ~~~~~~~‘ ., 

~~~~~~~ ~~~ / ‘  ~~ . 1 .~~~. 2c .’4 ~~~~~~ ‘4 ’~~• C — • ~ .. 1 .. / • ~‘ • • L 3L • 1 )  Y
.
~ • 4 1 ‘ .13 ‘-

~~~~~~~~ • _ ~~~ ~~~ , • • — 
~

• •~~~ —
‘
~~.~~~~‘ ‘ ~~_ “ ;: “ ,.1 f 

~~~~~~~~~ ~~~~~ 
- I ’  ,. .~~

. .o
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:~~
‘ .‘ •. -~~~~~~~~~•

‘ : . :. L ’~~ • / 1  ~ ~~~~ ~ e 2 ” .’~~ ~~~~~~~ ~~~~~~~~• ‘~~~
•
~~ s •‘/  “ ‘ . ‘ 1 • . ,,~~ •(~,4 ~y~.c _ .4.11  ~~~~~~~~ • .~~ ~~~ ~~~~~~~ 
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~~~ •~~ ~~~~~~~~~ •~~~‘. •~~~ r4  

~~~~~~•1 ,1 • _ :.~~
-

•~~~ • 15 _ /~~ ~~~~• •~ •6~~ :i. ’4 ~~~~~ ~

COPY ~~~~~~~ T~ 
n 

~~~~ 
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d~ Graphic of NDT E—yalues

- RUNWA Y 1— 19/PRO FiLE

LOCATION E — V A L  A R E A — E  EM I P4 4300, ESTEP= 3u00.!.
• • S S • S •  • ! S ~ • S • S 5 , , , ,, , ,  • • •• S I •• •~~~~S •  • I S S S S • S  • ~~~~ S ..  S S * S S $ S S S S S

• • ~— ‘633~ . .
A rj a .~~~15 1~~389 ? .  X

132471. X
A~ u~~.5~~15 98666. x S

Aci~~.0L15 1156C4 . X
• . 7 5 3 ~~~. . .

‘~C l u.~~L l 5  7~~432.;f 1~~.O~~15 7U5 1~~. X
A i lt .O L 1S ~2 2 6 1 .  X •

.•0V ’.C~ 15 89~ 55 .  X
AC .D,0115 76 2 3 3 .
~C2 !.C~~15 P7002.
Af . ’,C115 79C~~1. X

~~~~~~~ 15 11 6~~7~ x
A C~~3. ’L15 7c~22 7 .  • X

~(3’ .5~~15 94133 .  x

~(‘.0. ’~R 15 91~~3ó . X
A (43 .OL1S P794~~ , X

~~~~~~~~~ P L r 1~~. x
‘~~~4 ( •CL15 ‘u7S 5.
~ C _ 2 . O L 1~~ ~~~~~~ x

• • 15’~2 4 4 .  . .
~f~~4 .5c15 16923~L. I .
A ’  5?.C’115 17~~c89.

~~~~~~~~~ 154 ~)3 ? .
• S S

~~~ I’ .’ 115 ‘5724 .
‘C 6.S~~15 517 67.
A C 6’.CLlS 4 931
A1~~~ ,5p 15 ~o62’S

• • • S I I IS I I I S .  • S •  • S S S S S S  S S S S S S I S •  S S S S S I S S S • S ~~ S S  5 5 5 1 5• I • ~~~~S 1 1 5~~

S
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e. NDT Inventory Files

EPAy . NOT INVENTORY FILE

EPAV NOT
FACILIT Y EVALUE EVALUE EVALUE EVALUE EVALUE EVALUE

STATION STATION STATION STATION cTATIOI4 ST*T1ON STATION
1 97633. 75358~ • 15624L4. 47Q32.

.00 9.00 53.00 60.00 70.00
2 68818. 35481 •

5.50 66.00 ~2.003 120761. 63643. 80’eii.
.00 14.00 34.00 70.00

4 131114. 29227. %9914, 60586.
5.50 19.00 24.00 63.00 92.00

5 120761. 63643, 8014U.
.00 14.00 34.00 70.00

- 6 120761. 63643, 80411.
.00 114.00 34.00 70.00

7 1311114. 29227. 669%. 60586.
5.50 19.00 24.00 63.00 92.00

8 131114. 29227. 66994. 60586.
5.50 19.00 24.00 63.00 92.00

9 29920.
.00 39.00

10 171779.
.00 .00

11 85613.
.00 .00

12 62813.
.00 ••00

13 20500.
.00 .00

14 126715.
.00 .00

15 72933.
.00 .00

16 99149.
.00 .00

17 27498.
.00 .00

18 179721. -
.00 .00

19 132283.
.00 .00

20 1148343.
.00 .00

21 97629. -
.00 - .00

22 20866.
.00 .00

ESUB. NOT INVENTORY FILE

ESUB WETBAS
FACILITY EVALUE EVALUE EVALUE EVALUE EVALUE EV ALUE

STATION STATION STATION STATION ~TATI ON STATION STATION
1 5000.

.00 70.00
2 5000.

5.50 92.00
3 5000.

18.00 59.00
4 5000.

21.50 83.00
5 5000.

.00 18.00
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3 4 AIR CRAFT FILE AND DEMAND FORECAST

.. ~ IW C RA FT F iLl.

41 RCRA FT CODE MOOW NLRW orw RANGI NLG 401 PST FR(Q N WHF EL

~~~~~~ X—COORD
* ,$FrL Y,.C0000

1 674 7 7100Gb . 5f.~.Of l0 .  353000. LONG .2336 .058k 185.0 1.2 16
.0 — ‘eu .fl .0 ~44~~0 j~~~.cj 150.0 106 .0 050. 0 — 147 .0  —166.0

142.0 —1R6 ~ ) 2 145.0 292.~ 244 8 . 0 292 .0
.0 .n —c~~.fl ~5R~ fl .Q .0 —56.0 —58.0 63.0 63.0

121.0 171.0 53.0 53~ n 121.0 121.0
2 DCIO/30 55500n. 400000. 254000. LONG .3p12 •0943 170.0 1.1 10

.0 54.fl .0 54~ 0 356.0 420.0 366.0 820.0 164.0 202.0

.0 .0 64.0 614.1 .0 .0 64.0 64.0 2.0 2.0
3 OC1O/lU ‘.300Gb. 054000. 205000. LONG .4700 .117!. 170.0 1.1 6

.1) 54.0 .0 — 54 .’ 365.0 420.0 356.0 820.0

.0 • 0 54. 0 64.~ .
~~ .0 64.0 64.0

14 LIOlI ‘e?bOUfl . 3SqOOo . 234000. LO NG .47143 .1165 180.0 1.) 9
.0 57. fl .0 52.h 3~ 0.0 432.0 360.0 432.0
.0 .0 70.0 70.0 •0 .0 70.0 70.0

S rCBu llOl 35500n. 2~~~on 0. 150000. LONG .4808 .1202 185.0 1.4 0
.0 —37.0 .0 —32.~ 218.0 2b0.0 219.0 250.0
.0 .0 55.0 55~ fl .0 .0 ss.o ss.n

5 0720 210000. 169000. 129000. MFOIU M .4~~Q0 .1200 145.0 1.4 6
.0 —32.0 .0 —32.0 231.0 263.0 231.0 263.0
.0 .0 49.0 49.0 .0 .0 49.0 49.0

7 P727—200 172000. 15~ 000. Q7L~~~. M~ Dlu4 .4~~18 .2300 170.0 1.6 4
.0 34 .0  19t .O 225.0
.0 .0 .0 • 0

14 R72 7—t00 lS000i. 132000. 95000. NEOIU’ .4518 .230~ 170.0 1.6 ‘4
.0 —3 4 .0 191.0 225. 0
.0 .0 .0 .11

9 0C9(P7 37) 100000. 86000. 63000. cHORT .44Q0 .2200 150.0 1.14 ‘4
—2 6 . 0 .0 17 1.0  197. 0

.0 .0 .0 .0
10 F27 40000. 35000. 25000. cHORT .42O~ .2100 110.0 1.5 4

.0 —1 7.5 265.5 283.0

.0 .0 .0 .0

b. INPuT OF A IRCRA FI WEIGiT S

A IRCRAFT TO~ LRW TOW 1442 RA Dl~lS RADIUS RADIUS FA CTOR FACTOR FACTOR APT
TO W L~’.W TDW TOW LRW TOW

1 615000. bOlRSp. 7b~ 777~ 44.0 7,8611 7.1~~3S 8.7490 1.4713 0.14262 1.5246 .229°—07
2 515000. 3638Q~~. 573840. 54.0 0.5359 8.2331 10.0604 1.3215 1.2774 1.3401 .2636.07
4 400000. 341206. 511 602. 52.0 ~ .1b~ 3 14~ 4b94 00.3606 1.2516 1.2323 1.7647 .271 1—0 ’
5 300000. 230210. 345329. 32.0 7.8758 6.9002 8.4510 1.32146 1.2881 1.01464 •2211—0 2
7 170000. 146587. 222650. 34.0 8.5701 8.0150 9.8163 1.1686 1.1575 1.193!. .1264—0’
9 iOb000. R~ 60o. 134400. 26.0 7.0347 6~ 4676 7.9212 1.1750 1.1607 1.1975 .1036—02

10 4 0 0 0 0 .  36000 .  540 0 0 .  17 .5 8 .9302 4 .6772 5. 7284 1.1603 1.1519 1.186~ •71493~ Q0

~ . AD4 ~ AVERA GF DA ILY ~
0W
~ ’4~ 4T

A I M  *04500
NUMBER OF AIRCRAF T MOVFMFNT5

10*6 6747 DC30/3~ LiDil OC R(8707) ~727—7Qo 0C91 8737) F27 GA
1976 0. 0. 13. 19. 60. 5,. 24. 37.
1977 0. 0. 16. 17. 64. 54. 24. 36.
1962 • e. 1. 3s. Il, 80. 49. 18. 4 4 .
1967 1. 3. 51. 16. 96. 38. 10. 46.
1992 2. 14. 66. jA~ 112. 25. 3. Sn.
1991 14. 7. 60. 19. 117. 12. 0. 5~~.

93



3~ 5 AIRPORT TRAFFIC DISTRIBU TION

a. TYPE OF FACILITY

TYPE FACILITY FACILITY FACILITY FACILITY FACILITY

1 RW RUNW A Y
2 TW IAXI WA y
3 HP APRON GATF

b. FACIL ITY . STATION ANL) TYPE

FA CILITY CODE SIA— FROM STA—TO TYPE

1 14W 1—1 9 .00 70,on 1
2 Rw 1O—2I~ 5.50 ~2.OO 1
3 Tw 1-19 18.00 59.00 2
4 TW 10—28 21.50 83.00 2
5 HP/TW1 .00 18 ,00 3
6 HP/1W19 59.00 70.00 3
7 HP/TW2B 5.50 21.so 3
8 PiP/Twil) d3.00 92.00 3
9 T w 5—23 .00 39 .00 2
10 • TW/X—MI .00 .00 2
11 TW/X—LO .00 .00 2
12 1W/V—M I .00 .00 2
13 TW/Y—LO .00 .00 2
lie GA1E/D—’lI .00 .00 3
15 GAIE/D—LO .00 .00 3
16 GAlE/C—H I .00 .00 3
17 GATE/C—LO .00 .00 3
18 GATE/B—MI .00 .00 3
19 GA1E/B—LO .00 .01) 3
20 GATE/A— H I .00 .00 3
21 GATE/A—LO .00 .00 3
22 TW/GRIO Z .00 .00 2

c. ATO, AIRPORT TRAFFIC DISTRIBUTION

ATD ATOSIJG
FACILITY YEAR TOw S TOwS TOWS TOWS T085 TOWS

LRW% LRW% LRW S LRwS LRw% LRWS
TOWS TOWs TOWS TOWS TD~% TOWS

STATION STATIO~j STATION STATION STAT I4
~N STATION STATION

1 1976 ‘40.0 80,0 140. 0
20.0 20,0 20.0
10.0 .0 10.0

.00 25.00 45.00 70.00
2 1976 18.0 20.0 2.0

80.0 80.0 80.0
5.0 .0 75,0

5.50 30.30 62.00 92.00
3 1976 25.0 40.0

S.D 10,0
18.00 40,00 ~9.0014 1976 15.0 5.0

30.0 5.0
21.50 314.50 63.00

5 197b 55.0 ‘40.0
35.0 55~ Q
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C. 3EFAULT SYSTEM FOR PFL

PFLPAV CODE LATER THICKNESS EVALUE POISSON

1 1/LCF 15/DAVDF ‘e,r~ 100000. .30
6/PAV INF I (40000. .30

2 2/ASPHLT 15/DAVr)F 1 .0 100000. .30
0 /PA I I  INF T 0000. .30

3 3/CONC 15/PAVDF 3.0 120000. .30
b/5AV IN F I c~s009. .30

d. PELDI

.12 SMOOTH PAVE~iENT SURFACE.18 OPERATIONAL SURFACE

.25 UPPER LIMI1 O~ ROUGHNESS TOLERANCE

.30 RA..JOR REHA BILITA TION REr)L,IHEr)

e. IDENT IFICAT ION OF KEEL 4”.~D SIDE

PAV EMENT NUMBER ~EEL SIDE SDFC

~6 4 .5
5 5 .5
6 6 .5
1 .0
3 5 .0
1 1 .0
2 2 .0
3 3 .0

MwELP PAV E~’.1EF’4T PA V FMEr . J T  PAV EMENT PAVE~1ENT DAVE 4tFNT PA VEMENT PAVE ME NT

1 2 3 (4 5 6

f . 5IAV IGATIO N SYS1 EM, DT ’ IA MIC RESPONSE AN D V E L O C r T Y

3ANOW LDTM COUF I L~)D!2 RW TW HP

1 NOH ol/VISUA L (40.0 16.9 t6.O
2 LIOHTS/ILS 20 .0 10.0

DI 1

.12 .12 .15
SIDE .1B .1s .18

VEL kM 1~ HP

<EEL 1145. ~0.
SIDE 1145. ~ fl . ~~~
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3.8 EQu IVALENT AIRCRAFT OPERATION

4. &PX FOR BANDWIDTH NORM/VISUAL
A IRCRAFT NW 7W

TOW LRW TOW TO W LRW noW TOW LRW TDW
87147 .3781 .3436 .4,20R .14329 •39344 .44818 .‘d329 .3934 .I4818
0C10/30 .2730 .2357 •2887 •‘4655 •I4019 •44923 • u655 .4019 .4923
(.1011 .2362 .2182 .2672 .14557 .14208 .5i5’. .14557 .44208 .51544
~C8 B707) .2281 .1998 •2448 .14696 .141114 .5o39 .5*6% .41114 .5039
8727—200 43014 .1219 .11493 .25114 .2351 .2879 .25114 .23~ 1 .2879
3C9 B137) 

- 
.11149 .1056 .12914 .2193 .2016 .21470 .2193 .2016 .2470

F27 .0691 .0655 .0803 .1616 .1533 .1878 .1616 
~~~~~ 

.1878

APX FOR BANDW IDTH L1&HTS/ILS
AIRCRAFT MW 7W HP

TOW LRW TDW TO W LRW TO W TOW L~~
14 TDW

875*7 .399? .3632 ,Is44148 .5316 .14831 .5916 .U32~ .39 314 .14818
)C10/30 .44 13 14 .3569 ~i*3 71 .5811 .5017 .61~~5 .14655 .44019 .44923
(.1011 .440 21 .3713 ,44 5148 .5679 .52145 .61423 .455 7 .4200 .5154
~C8I8iO7) .39140 .3451 ,14227 .63 18 ,55314 .6778 .14646 .441 114 .5039
0727—200 .2121 •1983 .24429 .3335 .3jjB • 3819 .25114 .2 351 .2879
0C9(B737) .1818 .1671 .20147 .3088 .2839 .34477 .2193 .2016 .2470

.1313 .12186 .1526 .2425 .2300 .2817 .1616 •~~S33 .1878

- 
O(SIGN AIRCRAFT w~~IGI4T

7 170000,

MODEL PAVEMENT: CONC PCC 12.0 4000000. .15
- CT B 6.0 2 00000. .25

SS14S 8.0. 10000. .35
- - 

Sub INn 7500.  .3~
A IRCRAU SURIA CI 0(FLECTION , Vi SIRISS At LAY IR: PCC

TOW t R W  T O W  T OW LRW T O W
.18243 .55130 .2249 3 397 .2 335 .2  479 .8

0( 10/ 30 . 15235  .1146 1 .16985 ~4 3? .7  339.8 48 1.6
i~~Ol1 .12653 .1085? .16067 415 .2  362 .3  511. 4
DtUB7fll ) .11627 .0900! .13318 395.8 353.3 468.1
14727—200 .07203 .06346 .09314 410.? 36S.C 519.9
0(9(8737) .04598 .03923 .05748 275.5 237.4 339.9
F?? .01~ BO .01419 .02123 117.0 106.7 152.2

MODEL PIVEMENT~ ASPOV1 ASTOP 6.0 100000. .30
PAW INn ) 40000. .30

AIRCRJF T SURFACE DE F L ECT ION,  Ml S T R E S S  AT LITIR : A S T O P
T014 LAW TOW TOW LAW TD W

8747 .08028 .06908 .09694 47.5 50.8 41 .7
0t10~ 3O .08153 .06553 .08851 36.8 43.1 30.7
LiO ll .07699 .06865 .09210 40.2 64.8 30.9
0(8(8707)  •C7069 .05795 .07862 47 .5  51.7 43 .9
P727—200 .06160 .05593 .01450 60.?  63 .8  32 .0
0(9(8737) .04282 .03791 .05084 41 . ?  42.8 38 .5
F? ?  •C1988 .0183? .02473 30.1 29 .2  31.7

MODEL PA VEM ENT: A SPOY? A STOP 6.9 200000. .30
P A W  I N F I  40000. .30

A I R C R A F T  S U R F A C E  DE FL E C T I O N ,  Wi STAISS AT L A Y E R : ASTOP
TOW LA W TOW TOW LAW TOW

1474? • “71?8 .06099 .08605 135.6 13~~.i. 135 .1
0(10/ 10 .0 7325 .05771 .08010 125.6 127.5 123.2
L~ O11 .“6 837 .06024 .08314 135.3 l36.~.j 130.4
G( b( B? 07) .0672! .05004 .06998 136.3 132 .4  136.5
t i?2?—200 •C 5 3 ? 1  .04827 •0663 1 128.1 127.8 12 S . 2
0 (9 (8737)  .03652 .03189 .04419 109.7 106.1 112.8
F ?? .01616 .01480 .02064 66.6 63 .4  75.1
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+I~~ . A 1 k ( + * I T  l k A F l I (  $0V(~~I 1115
5 1 * 1 1 0 1 1

*8(111’ !  S I R + Y R  * 0 1 1 I ( A S T  F * r ~M— T O  41747 0(10,33 11011 8(8(4707) 4727—200 0(9(8737) 427 GA

444 1 -1’  I ~~A N 5 4JG 0.— 2” . T 1 * - .0000 .0000 .?2~~34O 4 .2628.0” .9fl52~ O4 .7917404 .550 4.04 .5675+04
168 : 0000 .0000 .1 1’ 1~~04 .1314*04. .4526.04 .3978404 .1752.04 .2?37•04
TDW: .3000 .0000 .5657*03 .65’O’03 .?263’04 .19*9*04 .8760.03 .1369*06

~a 1-1 ’. 1 18’SuG 23.— 43. TOw:.0000 .0(00 .4526*04 .5256+ 04 .1810.03 .1591.05 .7008.04 .8095405
LRw:.0000 .0000 .113l~~04 .13 14404 .4526.04 .397840’ .1752.06 .2737+04

- 
TDw:.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

*8  ) — j ~ 1l’SU ~ 4!,.— 70. T O w : . 0 O t 7 O  .0000 .2 2 6 3* 04  .2628 .04 .9052 .04 .795?.Q4 .3504+04 .5475404
L8+:.r030 .0000 .1111.04 .13 14+04 .4526*04 .3978,04 .1752+04 .2737•~’tDw:.0000 .3000 .“6 5 7 ~~03 .6370.03 .2263*64 .1989.04 .8760+05 .1369’C4

84 ¶ U — ~~* I 1* SU~ 5.— 30. 10w :.0000 .OCOO .1018.04 .11*3*04 .4073’04 .35*1 04 .1577.06 .2464,06
LR~~~.O000 .0000 .45?6~ O4 .52 36+04 .1810.05 .1501+05 .7008’04 .1095.05
lDw:.0000 .0000 .2829*0’ .32~~5’0’ .1111• 04 .9946.03 .4380.03 .68~ 4•03‘4  10—7. 1 Ia’5~j 0 7 . — 62. 10w:.0000 .0000 .11’1.Q4 .1314,04 .4 5 2 6 + 04 .397 8+04 . 17 5 2* 0 4  .273 7 .04
LRW :.0300 .0000 .4526.04 . 525 6 ~~04 .181 0.05 .159 1*05 .7008*04 .1095’C5
IDU:.0000 .0000 .0000 .0000 .0000 .0000 .0000 .0000

84 10—21 1 I A O U G  12. — 97. ToW:.0000 .0000 .1131+03 .1314403 .4526+01 .5978.03 . 1752+0 3 .2737 4 0 3
LRW :.0000 .0000 .‘526 .0’  .5 2 56 ’ 04  .1810405 .1591.03 .7008*04 .1O95.C5
TOw :.0000 .0000 .‘743’04 .4927.04 .169 74 0 3  .1492.05 .6S70~~04 .1027~~C5

I,. 1 1 ’ - 1 8* ’3 t ~ 1 4 ~~~ - T0w~~.O0CO .0000 .16 14•04 .16’2•04 .5637’04 .4973+04 .2190•04 .3422,C4
LR*:.0000 .0000 .?829•03 .3285’O3 .1131’04 .9946*03 .4380*03 .6844403

TI. 1—1~ I S A ’ S U G  4 0 . — ~0 . T0w~~.0O00 .0000 .22 63*04 .2628.06 .9052,0’ .7957.04 .3504,0’ .5415404
1SlW:.0003 .0000 .5657’u3 .6570~ 01 .22 63*04 .1989’04 .8760.03 .1369.04

T W  1 , ~~~~ 1 F A ~~S U G  2 1 .. 34. T0w: .0000 .0000 .8486*03 .9855*03 .3394*04 .2984*04 .1314406 .205540’
LRW:. C000 .0000 .1697*04 .1971*04 .67894C4 .5968404 .2628.04 .4106’C4

II. lQ•7o 1 F*’SLI G 34.~~— *3. rOw:.0000 .0000 .2*2 9*07 .3215’03 .1111+06 .9966.03 .4380403 .6844*03
LRW: .0000 .0000 .2829*03 .32 -03 .1131.04 .9946’03 .4380+03 .6844~~03

IIPITW1 1 F+ 5u6 3.— 12. TOW :.0000 .0000 .‘11~~*Q4 .3613’04 .1245405 .10Q4•05 .4818.04 .75284C6
LRW:.0000 .0000 .1990.04 .2299+04 .7920.04 .6962.04 .3066404 .4,791’C4

*87141 1 *A ’SUG 1?.— 1 .. TOW :.6000 .0000 .2263’1~4 .2628~~04 .9052’0’ .7957.04 .3564*04 .5475.04
L8w:.0000 .0000 .3112*04 .3613*0* .12’3•O5 .0094.05 .4818.06 .7328.04

I ’ P IT41 l~ 1 F*4SUG 59.— 7C. TOW: .0000 .0000 .2263404 .2628.04 .9052+0 4 .7957+04 .3504404 .5415.04
iRw:.0000 .0000 .3657*03 .6570•O3 .2263•04 .1989.04 .8760.03 .1369.06

.1. Aircraft Movemeot - 20 Y,az-8

ST AT TOW
‘80101 17 ‘,FkVY ~090CAST FPO* 4— TO ~7*7 ‘~010/37 L IO lI DC8lP~ 07) *727—200 010(9737) ‘27 04

-4 . 1— 1~ 20 (*4530 0. 25. 1O,:.06S0~~04 .~~ 395+044  .1~*78+06 .5183 05 .2778+06 .1 058+116 .313~ ’05 .136~ ’06
L’~,:.lM25 04 .4197+115 * .73y1~~US .2591’05 .13*9+06 .5292+05 .1560,03 .681*4+03
TDw:.9123’Ot .2099+114 .369frn0S .12 96 05 .694+*05 .2646’05 .7847+04 .35*22*05

-,. 1 — 1  • .~0 FA ’ S :0  ~5 ~
., IQW:.7300*O4 .I61°*fl5 .2~ 5b’06 .1037+06 .5555+06 .7117+06 .627R’05 .2737+06

L+w:.I82~~’O4 .4197+0’ ~7391*05 .2591’OS .13*9+06 .5292’flS .15p0.08 .68444 +05
13.2.9003 .0000 .0000 .0000 .0000 .0000 .0000 .0000

9. i—ia 20 FA TM 5JC ,  +5.— 70. T0W:.3650’fl’ .~~~3 95 + f l~I .1+78406 .5183+35 .2718~ 06 .1 056*06 .3139+03 .1360406
LRW :.1925’04* ,4197+fle .7391’oS .2591~~fl5 .13*9+06 .~‘29?’05 .1569+05 .6844*405
TDw:. Qi25~ 00 ,2999+04 .3696~ U5 .I296~ 05 .69414+05 .26446+03 .7847+04 .31422+08

10—2 4 20 r*~ sJ0 5.— On . 10w :.I647~~04 •‘778,’14 .6652~ 0~ .2332’05 .1280+06 .4763.05 .1413+08 .6150408
L*w : . 7 3 0 0’ 0 4  .1679+115 .2956’ u6 .0037’06 .5585+06 .25 17406 .6278+08 .2737+06
TDw2.+862~~03 .805*9+04 .I A4B•o3 .6479’Ok P3 4 7 2 + 0 5  .1123+05 .3924’O’ .17)1+03

‘~~ 10 2* 20 1*4536 ~n. “2.  T 0 W : . I 1 4 2 S~~0’+ .~~ 97+3I8 .73.3 i~~U~ .259 1’OS .13*9 +06 .5292 +05 .1560’O3 .68411+05
L 4 * .7 0 0 0’O +  .1679+05 .2956+06 .1031106 .5555+06 .2117+06 .8278+05 .2737+06
Tu,:.1000 .0000 .00 00  .0000 .000 0 .0000 .0 000 .0000

~. 1:—’~ 14 1*4 S,lG ~2. ~ ‘. T O . : . 1 9 7 5 ’ O O  .4 ( 9 7+03 .73’.41~~0~ .2591~~04 .1 3*9 +05 .5292’04 .1569 +04 .68414+04
L+,:.7300’04 .1679+06 .2056+06 .1037+06 .5555+06 .2417+06 .6278+05 .2737’06
1042.6*44+04 .1374+05 .7772+06 .9718+05 .3208+06 .1985+06 .5886+03 .258,6.06

1* 1—1- .  10 FA MSJ5 18.— 4(1 . 1J.:.? 281+04 .5247 .04 .9239 05 .3239~ 0S .1786’Ob .6616+05 .1962.05 .8558+08
i~~,:.+867’01 .1049+04 .1A4 8’0~ .6479’04 .35* 72+05 .1’23 +05 .3924+05* .1711*05

~ —~~~-* io 1+”, 0 +f l . — SO . T O w : . 36 5 0 ’ 0 4  8395*04 .1478+06 .518O~ 05 .2778+06 .1058+06 .313Q+05 .1369+06
L4w:.9128’03 2999+04 .36q6’U5 .1296 05 .6944+05 .7646+05 .7847+014 .31422+05

Ii 10—7 ~ 20 FA ~~~JG 71. 04 .  T0 w~~.136°’04 ~0 t 4 8 4 0 4  .33u3’OS .19144+05 .1042+06 .3969+05 .1177+08 .3133+05
L*W .2 731 04 .6296 +°4 .11o9’06 .388 7~ 05 .2083 + 06 • 70 39+(15 .23514.03 .1027~ 0F,

T 4  10—? ~ 20 F844, ’, ~4. — 89 T o , : . 4 436?’03 .10 148 + 04 .185* 8+08 .6+ 79 04 .31472+05 .1320 +03 .392u+04 .1712+ 05
L’.. .4567 03 .1049 +04 . l8+B~~~5 .6479~ 04 .0472* 05  .1123 +03 .3024.014 .1711+05

-4P~~7~~1 20 ( 4’ ~~, 0 0. — 12 .  T0.:.30l~~’04 .l154+’S .20 33406 .7127 0~ .38j9 +0b .1455+06 .8516•O3 .1852*06
LRW .3l~~404 ,7346,04 .1293~ 06 .4535’OS .21430+06 .9262,05 .27u7+05 .1198406

4*/ T I t  20 r8*I~ jC, 12. I’.. 10w:.1( 50•O14 .~~395+05* .14 78406 •5183~ 05 .2778+06 .1058+06 .3550408 .136~ •06
1 *:.5OIQ’04 .1154*05 .2033 06 .7227’05 .3819+06 .1455,06 .4316’03 .8882+06

‘4P / T * I 4  20 1*”, IC, ~ ‘1.— 1
~~. T0W:.365(T 04 •~~3~ 5 ’~’~ •%475 06 .5183’OS .2778+06 .1058+06 .3139+08 .136~ •0P

04W1.9l25~ 03 •7990405* .3b9b~ 03 .1296’OS .6044405 .28146,~ 5 .7847+014 .3422’03
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3.10 PRESENT FUNCTIONAL LIFE

S U M M A R Y  OF PRES ENI F U N C T I O N A L  LI F E

DYN AMIC INCREM ENT C A U S E D  BY A I R C R A F T  M O V E M E N T
O V E R  A N D  A B O V E  P R E S E N T  L E V E L  OF S U R F A C E  ROU G HNESS

.12 SNOOTI4 PA V E M EN T  S U R F A C E

.18 O P E R A Y J O N A L  S U R FA C E

.25 UP-PER tI*FV 08’ R’OU6W*t~~~ YOt EPANC!

.30 M A J O R  R E H A B I L I T A T I O N  R E Q U I R E D

M9O~~~ 70fi ~~~~~~EI&T (O$*( *Vt’+ 3-S0—-I’tOOOOm ‘~~0~
PAy iNli 85000. .30

F A CI L I T Y  ~~I*TEO44 4.04 -Di yEL 6—S-UP ~AN • #740-6 --- ‘P-Pt--—
PRO M—TO

aN 1— 19 0.— 9. KEEL .12 1-45. .4764O5 s 35- #04--3128~ G3~~’303’
RN 1—19 0.— 9. KEEL .18 165. .916.-OS .489.04 .151 .05 3.,.
RN 1— 19 0.— 9. KEEL .25 145. .976+05 .512.04 .280.0? 3..’
AN ¶ 1 9  ~~ S 9. KEE L .30 1455 .9-76+05 r5 $O*’—.40f+-09’---3~*+~~

RN 1— 19 9.— 21. K E EL  .12 145. .754.05 .435.04 .710.02 .02
k~ 1— 1 9 9.—~~ S. K€EL .18 145. •?$4-+05 -.489 04 •468 404 —i-9*-’
RN 1—19 9.— 25. KEES . .25 165. .754.05 .512.04 .461+06 3..,
RI. 1—1 9 9.— 25. KEEL .30 145. .754.0 5 .521.06’ .107+08 3.’.

NIl 1—1 9 25.— 45. K E E L  .12 145. .754.05 .729.04 .flO’02 .01
R h  1—19 25.— 45. KEEL .18 1 45. .754.05 .825.04 .468+04 .57
R N  1— 19 25.— 4-5-. KEEL .25 145. .764. 05 .86?-s’04- - -.-4-61.06 3• 44
Rh  1—19 25.— 45. KEEL .30 145. •~~~‘OS 

.883.06 .101.08 3.’.

RN 3—19 45.— 53. KEEL .1-2 145. -.756.0-5 .434-404— .-740-.-0?- —~ 8?-- -
RI 1—1 9 45.— 53. KEEL .18 145. .754+05 .489404 .468.04 .96

9 RN 1—19 45.— 53. KEEL .25 145. .754.05 .512404 .461.06 3...
RN 1— 19 45.— 53. KEEL .30 145. .754405 .521.04 .1o7-.06 -3-.-.--.----

RN 1—19 53.— 60. KEEL .12 145. .156.06 .435.04 .463403 .11
RN 1—19 53.— 60. KEEL .18 165. .156406 .489.04 .193.06 3...
RN 1— 19 53.— 60. KEEL .25 141. .156.06 .512.04 .143+09 3.’.
RI 1— 19 53.— 60. KEEL .30 145. .156.06 .521.04 .133.11 3...
RN 1— 19 60.— 70. KEEL

’ 
.12 145. .479+05 .435.04 .300.02 .01

RN 1— 19 60.— 70. KEEL .18 145. .479.05 .489.04 .846+03 .17
AN 1-19 60.— 70. KEEL .25 145. .419”-OS .512-406 .Ht+OSr-3j”4-
RN 1— 19 60.— 70. KEEL .30 145. .479.05 .521.04 .405.06 3.”

RN 10—28 5.— 30. KEEL .12 1-45. .683.05 .787.04 .38~~01 .01-
RN 10—28 5.— 30. KEEL .18 145. .688.05 .891.04 •322’04 .36
R N 10—28 5.— 30. KEEL .25 145. .688.05 -.935.04 .259+06 3.”
RN 10—23 5.— 30. KEEL .30 145. .683405 .955.04 •5-23+0? ‘3-r.”— --

S

RN 10—28 30.— 62. Ut-I. .1?- 145. .688405 .801.04 ‘aSM’OZ ”.Ol’ ’
RN 10—28 30.— 62. KEEL .18 145. .688.05 .906.04 .322.04 .35
RN 10—28 30.— 62. KEEL .25 145. .688405 .952.04 .259.06 3.4’
RI. ¶0—~~8 30.— 6?. R ft t  .3-O- f ~ 5. .688+05 .0?0 04 2 5- .? 5~.” 

-

R N  10—28 62.— 66. KEEL .1? 145. .688405 .67740 4 .588.02 .01
All I0- - 28 62.— 66. KE E L  .48 4*5. .683405 ~76?40 -i-3fl-v0*- —-j’4t—
RN 10—28 62.— 66. KEEL .25 145~. .688+05 .807.04 .259+06 3.”
RN 10—28 62.— 66. KEEL .30 145. .688.05 •822e06 .523’O? 3.44

RN 10—28 66.— 9?. KEEL .12 145. .355.05 .677.06 .186.02 .00
RN 10—28 66.— 92. KEEL .18 145. .355+05 .761.04 .330.03 .04
R’~ 1-0-28 66.— 91. *ttt .~~5 145. o 3 ’ S T h OTI04’0)??0.04 ~~~~~

$ ‘

RN 10—28 66.— 92. KEEL .30 165. .355405 .822.04 .668405 3...
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3.11 THICKNES S DES IGN AND COST ANALYSIS

a-  GRID SYSTEM F~~R 0ES1G~I C’IA pTS

PA VE MEN T LAYER HUIN 4’4~~A T  ~c T r P

5/LCFC “.0 p2 .0 3.0
2 2 /A ~ RS 2.0 26 .0 41.0
3 t /P CC 6.0 11.0 2 .0
I. 2 / L CY A  41.0 16 .0
5 2/A S HS 2.0 72 .0 41 .0
6 l/PCC I 0.0 16 .0

44 !~~ PAVE ’4E N T ESU6I 9 1J  EV A LIJ ES

5000. bI)00 7300~ ‘8000.

b. DI3 - 1o41 C 6 6 5 T  — ST RLS S (SIT ESIS

lI I.(6IIT : 6721— 2,, ’ .4 IGR T ~ 1~~~’fl~~.

PA 9 I M ( 4 1 T ;  C041C P( C 4 .  4CU
~~J)c(. .15

tic- ~~.‘ ZY’ L C t .  25
‘01- S 1’ .0 1 , 0 C C .  • 25
5 ( 4  IT’ l l  S.  .30

T I ’  I t s  .I L I J I L , J (

‘~~-~c . ‘Cc). ~~~~~ c O O L .

.~~l ??. 43 .P S c s . u  .,2 0 . ’3 . c-~~c 6 . O ’

P.~ .o”’~~*L3 . 6 7 ’4 . 3 3  ~~~~~~~~~~~~ .6288.33

IC. .01. O’03 .‘3C9’23 ~~T l T. 3 . ‘59*C ~

I. .0 .~~423*Q3 .L,75,33 .1.1O’.C3  . 3 9 P Q . 0 T

16 .0 .3660.7 3 .3027.33 .3374-. 3 .3 2 6 6 . 0 1

l c . Q  ~3(98.[3 .29’7.)3 .2 84 0 .03  . 2 7 3 9 .0 3

1~~.’ .26U’03 2501.OT .243(.03 .23’.2.03

C. 0 f ’ lGl ’ C , , , k T  — D E I L I C T I O P I  6 8 1 1 1 4 1 5

0 1 I ’ ( W A I T :  9127—241 W L I C , T :  I’013C.

4 - 6 9 1 1 8 4 1 T :  6 0 416  rC ( • •  4~~u C C 0 6 .  .1’
6 14- .!‘ 730006. .C~¶ 01 - S “ .3  1~~00C • 10
S S t  1 . l I 5. .3’

T M !  CI ’ .18 VALU E

¶ 2 3 0 .  ~C~03. ?SLI 9000.

.3397.0) .3 2’0L) .1~~27~~3-. .4997—01

~ . T211.U0 .1051.00 .~~96,—O1 .7738— 01

TL .0 .10’e.OO .9416— 0 1 •799 c— t~3 .6661— 01

Te.3 .9968-01 .9677-31 .7230—01 .6239— 21

16 .0 • 9236—7 1 • 7710—01 .66/5—03 .5176—01

• • 8597—03 • 7466—0, .6239—Cl .5400—0l

• 0 - .0t ~~— O t  .7914— 01 • 5 7 3 5 — 3 1  .L?7—Ul
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d. S U M M A R Y  O F  P A V E M E N T  DESIGN A N D COST A N A L Y S I S

UN IT PRICE OF PAV E M E N T  L A Y E R S , 5/ S1’/ IN~ CONC PU
CTB .71
S S U S  .34
SUi~ .33

E OLJIVA L EF-.T A I R C R A F T  OP ERATION: B7?7—2 00
NAVIG ATIO N : NORM/VISUAL FORECAST: FA M SU G
LENG TH OF S E R V I C E  P E R F O R M A N C E :  20 Y E A R S

L A Y E R TH ICKNESS E S
F A C I L I T Y  STAT ION LOC DI VII 1—SUP ICC AM C PCV PCC CTB SSBS SUB

T N  ~—2! ‘i~.— 8. kILL .12 4 J .  .500.04 28.79 .14 !1.4~ 12.8 6. 8.1 IN F I
T~ 5 — 2 ’ 8. — ‘3. kEE L .12 ~. .SQO+04 30.08 .14 31.72 13.6 6.(’ 8.0 INFI
TN ~—2’ 33.— 39. ~LEL .12 ~O.  .500+04 28.79 .14 3).4Li 12.8 ~~~ 8.0 IkIF !

A V E R A GE 3 1 . 2 6

T~ ‘—2! ~.— 8. SID E .18 50 .  .500.04 21.65 .14 23.45 8.6 o.r B.. INFI
TN ~—2’ 

P • - 33. SIDE .1& 5u. .500404 22.50 .15 24.53 9.1 6.” 8.~ IN E!
1w I’ — 2’ 3!.— 39. SIDE .18 I’0. .500+04 21.65 .14 2’.46 8.6 6.C~ 8 .C  INFI

A V E R A G E  2 6 .ls

UNIT PRICE OF PAVEMENT L A Y E R S ,  5/S Y/ IN : 65P0V2 A S T O P  1.3c -
• 1~

EQ U I V A L E N T  A I R C R A F T  OPERATION: 1 3 7 ? 7 — 2 0 3
NAVIG ATION: L IGHTS / ILS FO PE CA ST : FA M SUG
L E N G T H ’  OF S E R V 1 C L  P E R F O R M A N C E :  ?Q Y LAIT S

LA Y E R  TH ICKN E SSES
F A C I L I T Y STATION LOC 01 VII 1—SUP ICC AI C PCV ASTOR PAV

R N  l u — 2 8  6 S 3u. KE E L .12 145. .688405 3.54 .17 6.56 2.4 INFI
~~~ 1O— 2 1~ 3C. — 62. K E E L .12 145. .688+05 3.65 .17 6 . 6 4  2 .5  IN FI
Pw 13—n- ~ 2.— 70. W E L L .12 145. .688+C5 2.39 . 17  5 . 4 2  1.6 I N F I
~~~ . 1G— ~~ . 70.— 92. K E E L  .12 145. .355+uS 11.52 .17 14.2.~ .8.2 INF I

A V E R A G E  0 •44

R~ 10— 6.— ‘0. SIDE .18 145. .688+05 1.56 .19 5.14.~ 1.0 INFI
R N  10— 25 30.— 62. SID E .15 145. .688.05 1.56 .19 5.10 1.0 INFI
Rw 13—28 s2.— 70. SIDE .18 145. .688+05 1.56 .19 5.07 1.0 INFI
R N  10—2c 7C.— 92. SIDE .18 145. .355.05 1.56 .19 5.07 1.0 IN F I

A V E R A G E  5.09
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PART 4

RECOMMENDATION FOR FUTURE RESEARCH AND VALIDATION

4.1 MAJOR AREAS FOR FUTURE RESEARCH

Research into the NDT frequency sweep and func tional pavement
des ign me thods is necessary to search for new approaches which are
bet ter and more reliable thar those presently known .

NOT Theory The presen t data processing method assumes that multi—
frequency spec tral analysis can be applied to the response f unc t ion
whose damping charac teristics are represented by a single degree of
freedom system . A more exact mathematical model which can be used
to express the dynamic response of a multi—frequency system is:

c F  i
Z
i 

= ~ k 
,~/~1_ (w /p )

2
)
2
+ (28 (w

1
Ip ))

2

The combined spr ing cons tant k , under a sta tic load will be:

— -
k k
0 n

in which n = n umber of elastic layers in series ,
i NDT test counter ,

c = coefficient of effective load distribution in the n—tbn layer .
fundamental frequency of the n—th layer,

— s tructu ral damping coefficien t of the n—th layer ,

k = spring cons tant , reflec ting E—value and thickness of the
~ n— th layer ,
k spring constant of the entire layered system ,

z~ = dynamic response measured at the i—th test ,

F
1 double ampl i tude  of force  at the 1— th t es t ,

forcing frequency at the i—th test.

There are 4 x n unknowns in this system . Valid solution will
depend upon the number and quality of tests as well as the computer
matrix operations .
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Vibrat ion—Smoothness  Cr i t e r i a  Only one f ie ld  test , conducted with
the FAA ’s Convair 440 a i r c r a f t  at JFK Airpor t , was used in th is  report
for eva lua t ing  the t r a n s f e r  f u n c t i o n  between a i r c r a f t  v ibra t ions
and longitudinal  pavement waves. I t  would be desirable for  the ATA ,
AlA , and a i r l i ne  p i lo ts  to cooperate in developing objective aircraft
vibration criteria to be used for judging functional pavement perfor-
mance. The following basic criteria should be considered in this
research program:

(1) Dynamic acceleration of the flight deck and gear wheels
should be monitored on separate instrument channels;

(2) Constant take—off or landing speeds should be managed
during the test. Thus , the minimum length of a test runway
should be 10,000 feet;

(3) B727—200 and DC—lO/lO or Lloll are the most desirable
commercial aircraf t to be tested;

(4) The airport operator should measure three pavement surface
profiles in the longitudinal wheel path at 25 foot inter-
vals. A computer program developed by the contractor
could be used to process the power spectral density of the
surface configuration .

Progressive Deformation Actual field surveys should be conducted
to determine the transfer function between longitudinal and trans-
verse deformations. There are many factors involved in this trans-
fer function , such as , regional conditions , construction practices ,
specification requirements , material variations , traffic dis tributions ,
etc.

Material Characterization When a refined and complex mathematical
model such as the multi—wheel elastic layered system is used for
pavement design analysis, rigid discipline should be exercised in
the characterization of material properties . The default values
are programmed for the convenience of early application of the complex
design system. In the final stage of the design program , a standard
material file should be established to characterize the physical pro-
perties by the : (1) linear stress—strain material ratio with respect
to the tensile elongation , (2) tensile , compressive and fatigue strengths ,
(3) variability, (4) volumetric change and (5) time and temperature
dependent properties . Reliable material characterization will assist
the development of transfer functions between the progressive deformation
and elastic deflection of pavement layers.

Computer Simulation The 1976 FAA study [17] confirms Article 2.3a ’s
finding that the multi—layered system is a valid mathematical model
for pavement design analysis. Further development of other basic math-
ematical models (i.e. finite element models) can be done through com-
puter matrix operations . However , within the framework of the multi-
layered system , simulation analysis can be performed to reduce depen-
dence on default values .
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4.2 VALIDATION PROGRAM OUTLINE

The concep t of functiona l pavement design should reflect the user ’s
requirements and the cost/benefits to airport management. The design
proced ure reported herein should be validated prior to its final adop—
tion. Validat ion procedures are outlined below.

Imp lementation of the Computer Design Program The pavement design
program developed by the contractor is on nag—tape and can be adopted to
DOT computer center in Washington D.C., where program acces s would
be restricted to AAP and ARD during the validation period . The cen-
ter ’s graphic plotter would be utilized to supp lement the pavement
program by constructing the required design charts.

NDT and Pavement Evaluation Frequency sweep NOT have been conducted ,
or are in the planning stages at airports in many FAA regions e.xcept
in the Rocky Mountains, New England and the northern Great Lake region
It would be desirable to conduct validation tests at four airports
in these regions . A well balanced geographic and climatic distribu-
tion of pavement evaluations would provide a diversified background
for the research program.

Pavement Design Transition For successful transition from conven-
t ional pavement design and test methods to the functional design con-
cept and frequency sweep NOT, special effor ts should be devoted to
(1) correlating NDT E—value and DSM(W) and (2) substituting computer
oriented pavement design charts for the present design curves .

Technical Seminar The theoretical background and practical applica-
tions of the computer program should be disseminated at a series of
technical seminars. Airport engineers , FAA staff , industry working
groups , professional engineers , and academic researchers should be
invited to participate in these seminars which would be held at air-
ports conducting NOT validation studies.

Computer Process A group of seminar par ticipants suggested by the
contractor and approved by ARD/FA.A should have a hand in the operation
of the pavement computer program . They should be encouraged to (1)
introduce actual input da ta , (2) reduce computer dependence on default
values and (3) conduc t independent research on NOT and the pavement
concept.

Computer Operations Manual The ultimate goal of the validation pro-
gram is the writing of an operation manual for users of the computer
design program . It should be a simple booklet which will allow the
average computer operator to appropriately input data. The manual
should also assist airport engineers in formulating inputs according
to t h e i r  specific conditions , as well as in interpreting the computer
outputs to be utilized in the fina l pavement design .
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APPENDIX A

VIBRATION OF CIRCULAR PLATE ON ELASTIC SOIL
Daniele Veneziano , Prof., M.I.T.

Most of the available theoretical results are for circular foot-
ings on (homogeneous, linear) elastic half space, under stationary
vibration. Extentions include the vibration of footings on a linear
elastic stratum of finite depth , and a few results for footings on a
multi—layered (typically, 2 or I layer) soil systems. A brief review
of the basic results is given below , and a method is proposed for the
estimation of the elastic soil moduli from nondestructive dynamic tests.
Such method, which is based purely on the dynamic properties of plate—
soil systems , might have some value in future research .

Circular Plate on Elastic Half Space Consider a body of mass m and
circular contact area with an elastic half space. The problem consi-
dered here is to relate the stationary vertical displacement w(t) of
the body to the intensity and frequency of the vertical periodic force
P(t) app lied to it. In the analysis, the half space is assumed to
have zero material damping .

With reference to Figure 1, the equation of motion for the parti—
des in the contact area is:

m~~+ Q = P (1)

iutwhere P — P(t) = P0e is the applied force (positive if downward),
a ~eriodic~ f~nction of time,

Q = Q(t) = Q0e 
W 

is the force (positive if cowpressive) between
the plate and the surface of the elastic half space.

Following Reissner (1] (who first developed the theory) or Ouin—
lan [2J , or Sung (3~ , the stationary relationship between w and Q is:

iU) t
= 0e 

— if
2

) (2)

Ein which G = Shear modulus ,2(l—~i)
a = radius of the circular area of loading ,

= “Reissner displacement func t ions” ,

2i — -1
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f 1 
and f

2 
are compl ica ted  f u n c t i o n s  o f :

o the d imens ion less frequency a = oR/ C 5 =

- o Poisson ’s ratio , U ,

o the stress distribution over the loaded area.

In the expression for a0, C~ = AJ~~7~~ is the shear wave veloc i ty,r and p
is the mass densi ty  of the e las t ic  medium .

Equivalently , Equation (2) can be written as:

- 
0(t) ~O (1 U) [_!L~/f 2 + ~~~

2 . e
(0t_

~~ (3)

in which the f i r s t  term is the disp lacement  of the e las t ic  su r face  un-
der the static load Q0; the second term accounts for the dependence
of the amplitude of the response on the forcing frequency: and the
third term indicates that the displacement w(t) “follows” the load
Q(t) with a phase lag a = f

1
/ f
2
.

For w-~~O (s ta t ic  load) one f inds  f 2-~~0 and f 1
.*-( 1—p )/4 so tha t

in th is  case , Equation (3) yields:

o = = the static displacement.4Ga

If Equation (1) is solved for Q and the result is substituted
into Equation (2) or (3), one finds the relationship between the ex-
ternal force P and the displacement -

~~. This relationship involves
Reissner ’s “mass ratio”:

b = ~~~~ (4)

and reads :

P(t) fj. — if 20(t) = 
(1~a0

Zbf 1) + iac/bf2

— ~o(l-U) 4 / f1
2 + i(ot—cz)

4Ca 1— U ,~( (l—a0~bf 1)2 + (a
0
2bf 2)2 e

Again, the three terms in Equation (5) have the meaning of static dis-
placement (first term), dynamic amplification factor (second term),
and phase lag (a) of the response ( th ird  term) .

iwtFor the case when the vertical load P — P0e is provided by a

ill

—~~~



—~ —~ —~ — —~ — —

mis s me (or two masses ml=me/2 , as in Figure 1) rotating with eccen-
tricity e, the maximum force P0 is given by:

P = m  ~~e~~~ o
2 (6)

o e

The main problem in actually calculating the displacement 0 (t)
in Equation (5) is to find the functions fj and f2. As indicated ‘

I
previously, these functions depend on the stress distribution over
the loading area. Common approximations assume that the stress di-s—
trihut ion on the circular contact zone is uniform , )r parabolic (with
the radius) , ~r that it is the same is f~~r a rigid base under static
load conditions (Reissner [I], Barkan [4], Sung [3], Quinlan [2], By—
croft [51). Different displacements are found under different stress
distribution assumptions : for the case when h 5  and u=l/4 , the ampli-
tude—frequency response curves at the center of the circular p la te
are shown in Figure 2 (after Richart and Whitman [61). The effect of
changing the stress distribution is due main ly to the change in the
static spring constant:

k =
~~~~~~~ ( 7)

V

in which k is a constant factor with va l ues : 1& for the rigid—base
stress distribution , it for uniform stress , and 31t / 4  for parabolic stress
variation. The amplitude of the response increases with the assumed
relative stress at the center of the plate.

The curves in Figure 3 show the effect of changing the Poisson
ratio while keeping b constant (b=5), under the assumption of rigid—
plate stress distribution .

An interesting aspect of the curves in Figure 2 is that they have
the same general shape as the frequency—response curves of simple
mechanical os ci lla tors , a fact which has motivated using viscous elastic
oscillators as dynamic equivalents of elastic half spaces (see below).
The same curves show that even for zero material damp ing,  ther e is
enough geometr ical (radiation) damping to make the response amplitude
finite at all frequencies. The damping effect increases with decreas-
ing b , as shown in Figure 4. For b=O (no mass on the surface) there
is no peak in the response amplifica tion curve . The (normalized)
peak disp lacement , °max is shown in Figure 5 as a function of h , for
U 1/4. In Figure 5 , the resul ts by Barkan [4], Sung [3), and Bycroft
[5) are approximate (they correspond to different assumption about
the stress distribution over the contact area), whil e those by Awolohi
and Robertson were obtained by solving the exact problem with a rigid
plate. The difference between the “exact ” solutions is due to differ-
ences in the numerical methods used in evaluating the integrals. When
compared with these solutions , the results from Sung ’s theo ry are found
to be very accurate and slight ly conservative .
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All the theories (approximate and “exact”) give values of the
resonant frequency wh ich are practically identical.

A d i f f e r e n t  approach was followed b y Lysmer [81, who divided
the circular contact area into concentric rings and ass umed a cons tant
(but unknown) stress level at all the points of the same ring . The
stresses in each ring were then fo und by Lysmer by imposing the con-
di tion that the average displacement of all the rings to be equal~ at
any given time . This approach has allowed Lysmer to extend the cal-
culat ion of f 1 and 

~2 
beyond the range of a0 (a0<l.5) over which it

had been possible to calculate the same functions from earlier approxi-
mations .

Eguivalent Simple Oscillators Equations (1) and (2) can be manipu-
lated to give :

m~~+ c x ~~~+ k x w = P  (8)V 2  v l

in which k
v 

= static spring constant

c = a~

~l ~~~~~~~~~~~ f2
2

— i—n f~ /a0X
2 4 f1

2 +  f 2~~
While k and c do not depend on the frequency , x1 and x2 do , as shown
by the ~1ots iX Figure 6 (for Lysmer ’s theory and ii=l/3) . The depen-
dence of x1 and x2 on o makes the “effective stiffness” and the “effec-
tive damp ing” of the elastic half space also depend on w. However ,
when approximating the actual physical system by a one degree of free-
dom (ODOF) system , the parameters are fixed at appropriate values , which
are then left constant over the entire spectrum of input frequencies.
The cirteria for selecting the parameters of a ODOF system are not
unique. In general , one tr ies to reproduce bo th the resonant frequency
and the resonant amp lit ude . At the same time , one tries to produce
accurate approximations in the high frequency range (this suggests tak-
ing m to be the mass of the v ibra tor)  and in the low f requency range
(this suggests taking x1=l in Equation 8). Then , only the damping
ratio remains to be chosen and is generally impossible to match exactly
both the resonant frequency and the resonant amplitude. Lysmer sug-
gested taking x2 0.85. From Figure 6 it is clear that this choice
prod uces ODOF systems which give very good approximations for small
frequencies (say, for a0< 1.0). Corresponding to this choice of X2
the damping ratio Cf the ODOF system is:
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0.85_c~ = ( 9 )
V 

2 i/km ~t~~1-U)

is quite r~ens itiv e to the mass ratio h .

A -orura rison )etween the amplitudes of the half space response
and the ODOF response (with mass m , stiffness k~ , and damping ratio

is Shown in Fi gure 7 .  The agreement is quite good .

One can also compare the resonant frequencies of the two systems .
This is dune in Figure 8, where Sung ’s theory with U=l/4 is used for
the elast ic half ~ pni ’e. The accuracy of the ODOF increases with the
mass rat im , and in general , is quite good. The frequency normaliza-
tion constant us~ is the undamped natural frequency for the ODOF system ,

0 k / m  (10)
V V

The discrepancy botwk en the curves in Figure 8 comes prinarily from
assuring x1 l or the ODOF system . T~ie choice of the mass and/or of
the ~ t if fness of  H~ c h(1F sv.st e : i  in or -her to ir’p~ ovo the agreement
5t tWeCT the resonant frequencies has been discussed , among o the rs ,

- - 
°seib [n). Howc’ier , for large h (this is the case with typ ical

dynamic pavem -n t tests) the parameter values given above pr vide ap—
proximat ions which are accurate enough for all practical purposes.

E s t i m a t i o n  of the Shear Modulus C The theory of circular footings
on elastic half space which was reviewed in the last two sections allows
one to calculate the resonant frequency and resonant amplitude as func-
tions of the parameters of the soil (shear modulus C, Poisson ’s rati o U,
mass density p), of the footing and machinery (mass m) and of the in-
put (rot iting mass me, eccentricity e , and frequency w).

Actuall y, the soil propert ies on which the resonant amplitude

~~~ 
depends are p and 

~ ; i.e ., 0max does not depend on C. As a con-
sequence , C cannot he found from the experimental value of the reso-
nant amplitude alone.

On the co nt rary , the resonant frequency °n depends on all three
so i l parameters P. p and C . Relationships between the d imensionless
re (lui n(-y a0 it reconance:

a = 0 (11)

and the mass ratio b are shown in Figure 9 for lJ=O , 1/2 . 1!4 (th e re—
suits are for Sung ’s theory). From curves like these one can esti-
mate C as follows . Given h for a spec ili c experiment and civoii the
Pc on ratio U, nn~ can find -i from Figure 9. Then ore calculates
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C from a given 0n and (solve Equation 11 for C):

2 2
I = 

~~~~ 

~ ( 12)

This estimation procedure was used by Whitman [10] and is illustrated
next through a numerical example .

Examp le The amp l i t u d e — f r e q u e n c y  curves in Figure 10 were obtained
by Fry [11] using circular footings on a homogeneous subsoil. The
soil had a unit weight y=ll7 pcf and a Poisson ’s ratio ii=0.35. The
total weight of the footing and vibratory machine is 30,970 pounds and
the radius of the footing is a3 1 inches .

Each curve in Figure 10 is for  a given e c c e n t r i c i t y.  Eccentri-
ci ties and peak amplitude frequencies (from the smoothed curves) are
given in the table below .

TABLE 1 MAX . AMPLITUDE FREQUENCY

Max. amplitude
Eccentricity frequency, 

~R
~n. cps

0.105 21.7
0.209 20.2
0.314 19 .2
0.418 18.5

The mass ratio , b= 
~~~~~~~~ 

= 15.35 corresponds to a dimensionless frequency

a0=0.67 (use plots in Fi gure 6 with p=0.35). The following estimates
of C are then obtained from Equation (12).

TABl E 2 ESTIMATE OF SHEAR MODULUS

Estimate of G ,
Eccentricity from Eq. (12)

in. psi

0.105 6980
0.209 6068
0.314 5464
0.418 5073

Note the nonlinearity in the force—deformation behavior of the soil ,
which reduces the modulus at higher strain levels (for the same site ,
the value G~ 534O psi was sugges ted by Richar t et al. [12], p. 354).

In pavement tests of the type conducted by Yang, the mass ratio
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b , is generall y very large and the ODOF model with k = ~
-
~~

-
~~

- , m = total

mass of footing and-vibrator , and small damping , is quite accurate.
In this case , one might use in Equation (10) as an approximation
to the frequency of maximum response amp litude and estimate C from :

2
= 

w~ m(l—p ) (13)4a

where w-,~, is the resonant frequency from the te ~~t .

Using Equation (13) in the previous example (w~=f~~
.21t is given

in Table 1), the following values of the shear modulus are found :

TABLE 3 ANOTHER ESTIMATE OF SHEAR MODULUS

Eccentricity C , from Eq. (13)
in. psi

0.105 7818
0.209 6776
0.314
0.418 5682

Note the approximation by Fry [11] improves with large b values (e.g.
with decreasing dimension of the vibrator footing) .

The methods proposed above contain a few elements of uncertainty,
which express the degree to which the elastic half space and the ODOF
models are accurate in representing the actua l physical system . The
main sources of error are : (1) the “effective mass of the soil” which
should be added to the mass of the vibrator and footing in the ODOF
model, and (2) the material damping of the soil , whi ch was neglected .
Both approximations (neglecting the mass and the damp ing of the soil)
make the measured resonant frequency smaller than the uridamped natural
freq uency, Equation (10). In the approximation by Hsieh [14], it was
assumed in addition , that the frequency ratio plotted in Figure 8 is
1 . The nonlinearity of the force—deformation relationship have also
effects of some importance (see Lorenz [13] and Alpan [14]).

116



REFERENCES

1. Reissner , E., “Stationare , axial syuinetrishe durch eine shuttelude
Masse crregte Schwingungen eines homogenen elastischen Hal-
braumes ,” Ingenieur - Archiv , 7, Pt. 6, pp. 381-396 , 1936.

2. Qu inlan , P.M., “The Elas tic Theory of Soil Dynamics ,” ASTM STP No.
156 , pp. 3 3 4 , 1953.

3. Sung , T.Y., “V i b r a t i o n s  in Semi-Infinite Solids Due to Periodic Sur-
face Load ings , ASTM SIP No. 156, pp. 35- 6-~, 1953.

4 . Barkan , D . D . ,  “Dynamics of Bases and Founda t ions ” , t r ans l a t ed  from
Russ ian , McGraw-Hill , New York , 1962.

5. Bycroft , G.N., “Forced Vibrations of a Ri gid Circular Plate on a
Semi-Infinite Elastic Space and on an Elastic Stratum ,” Phil.
Trans., Series A , 248 , pp. 327-368, 1956.

6. Richar t, F.E. Jr. and Wh i tman , R.V., “Comparison of Footing Vibra tion
Tests with Theory,” ASCE Journal , Vol. 93, No. SM 6, November
1967, pp. 143-168.

7. R i c h a r t , F . E. J r . ,  “Foundation Vibration ,” ASCE Trans. Vol. 127 ,
pp. 863-898, 1962.

-~~. Lysmer , J., “Ver tical Motion of Rigid Foo tings ,” a PhD disser tation,
Universi ty of Michi gan, August 1965.

9. Hsieh , T.K., “Foundation Vibrations ,” ICE Proc. Vol. 22, pp. 211-226 ,
1962.

10. Whi tman, R.V., “Analysis of Founda tion Vibrations ”

11. Fry , Z.B., “Developmen t and Evaluation of Soil Bearing Capacity,
Founda tions and Structures ,” %‘~ES Tech. Rep. No. 3-632 , July
1963.

12. Richar t, F.E. Jr ., Hall , J.R. Jr., and Woods , R.D., “Vibra tions of
Soils and Founda tions ,” Prentice-Hall , New Jersey , 1970.

13. Lorenz, H., “Elas ticity and Damp ing Effec ts of Oscillating Bodies
on Soil ,” ASTM STP No. 156 , pp. 11 3-123 , 1953.

14. Alpan, I., “Machine Foundations and Soil Resonance ,” Geo technique ,
Vol.  XI , pp.  95-1 13 , 1961.

117



1 
_ _ _ _ _ _ _ _ _ _ _

\/~~~~ \ /~
~‘ig . 1 Cixcular Footing on Elastic Hal f Space

:: ~
*

0: 

i~~~~’YTE; 1Tll.A~L’L

Fig. 2 E f f e c t  of Pressure Dis t r ibu t ion  on Theoretical
Response Curves for  Ver t i ca l  Footing Mot ion ,
after Richart  and Whitman

118



1.6 -
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APPENDIX B

A VIEW OF THE DEVELOPMENT OF
THEORETICAL FRAMEWORK FOR NDT ANALYSIS

By William H. Walker , Prof., UTCU .

The objective in this report is to set forth a view of the deve—
lopme nt of a theoret ical  framework for  the analysis  of NDT of forced
vibration tests of airport pavements. Dynamic tests are faster , less
disruptive to operation and less expensive than p la te  bearing tesfs ,
but to be useful  they must  be in terpre ted to y ie ld  informat ion on
stiffness of modulus which correlates well with plate bearing tests.

A dynamic tes t run at a single , unvaried frequency set without
reference to the site conditions , the effect of geometry , layer ing,
pavemen t thi ckness , sub grade proper t ies , etc., i.e. the probable spec-
trum of response , would have problems unsolved. Although , once a
spectrum of response has been established , then addi t ional tes ts, say
at various force levels could be run for a smaller number of selected
frequencies. However , if a su i tab l y automated t es t ing  apparatus is
available to provide a sweep of test f requencies , then a more effec-
tive approach is to run a family of spec tra at selected load levels.
When tests are conducted with the spectrum approach , the task remains
to reduce the data in a fo rm which can be statistically correlated
wi th  the s t a t i c  properties of the pavement system.

The data processing equation 1.17 , presented in the report is
in essence a numerical me thod for  weighing the disp lacement force re—
lationship at the test frequencies. The contribution of the t est data
points varies inversely with the frequency . This reduction in the
effect of the higher frequency components is consistent with the re-
duc tion in the terms in a Fourier representation of a function which
is con tinuous to the second order , i.e., with terms of the form A/n
where n is the frequency number.

The effect of the use of equation 1.17 , wh ich is based in equa tion
1.13 , is to compare the shape or more exactly a measure of the shape of
the spectrum within the range of the test frequencies with X(u). The
correcti on equation 1.21 , for  the tail  of the spec trum is probably no t
essential since the test data are also truncated . Also , it should be
noted that the evaluation of the X(u)/u integral from u 1  to infinity
is approximate for use in comparisons with measurements since the point
u~ l is not known and must be deduced from the field results as the
poin t of the apparent first peak in the response spectrum , i.e ., it is
more closely related to the quantity ~~~~ = (l_28 2~~ , the location of
the peak in X(u). See attached Fig. B.1. The shif t in location of the
spec trum peak and also the change in the amplitude at u~ 1 become more
impor tant as the effective damping increases , both structural damping
and damping associated with geometric dispersion. These comments all
appl y to a single—degree—of-freedom system model and do not reflect the
important differences in shape of the more typical response spectrum
including mul tIple peaks .
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The approach of equation 1.17 is considered to be heuristic. Fur-
ther studies are needed before a unified theoretical basis can be estab—
l ished . However , the present results of the application of equation 1.17
ar e encourag ing , independent of the theoretical framework on which the
method is based . Similar comparisons should be made to relate equation
1.17 to response spectra calculated for simple layered systems , the ela-
stic half—space and selected multi—degree—of—freedom models.

The investigation of a simple two degree—of—freedom model with
damp ing and a continuous shear beam model can be implemented readil y.
These studies will provide useful information on effective damping ,
the influence of multiple peaks in the spectrum , and a direct compari-
son of equation 1.17 and the theoretical static stiffness of the various
models.

In summary , work on the NDT data reduction method could proceed
along two lines: (1) Additional field tests for validation to broaden
the statistical basis. This should be combined with continued studies
of available data. (2) A parallel study to apply equation 1.17 to se-
lected response spectra for simple models of the pavement system for
which the static response is readily determined as a function of the
parameters of the model.
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APPENDIX C

ADMINISTRATIVE AND FISCAL POLICIES OF AIRPORT
MANAGtMENT PERTAINING TO PAVEMENT MAINTENANCE

R.J. Sutheriand , Consultan t

Runways , taxiways and terminal aprons comprise the principal ele-
men ts of airport pavements. The pavements composing these elements con—
sist o: eit u cr a mixture of bituminous materials and aggregates or port—
land cement concrete. The basic function of these airport pavements is
to d istribute aircraft wheel loads so that subgrade stresses do not ex-
ceed the capabil ity of the underly ing soils . At the same time airport
pavements should be capable of provid ing a smooth. comfortable riding
surfacc for airline passengers as well as a safe operating environment
for aircraft operations.

Airports represent large expenditures of funds and a major portion
of such expenditures is spent for airport pavements. Statistics show
that nearly 60% of all the federal funds allocated under the administra—
don ol Federal Airport Development Aid Program (ADAP) were for pave-
ment construction.

Thic cost factor is expected to continue in the future and with
th is in mind it was felt appropriate to examine the administrative and
f iscal policie s of the managements and operators of the civil airports
with respect to the maintenance of their airport pavements which re-
present ..uch a large investment. It should be stressed that this study
did noc involve the technical methods or qualities of materials used
in the maintenance of pavements but instead concentrated solely on the
administrative policies governing the practices and programs rela ting
to pavement maintenance. In other words it In effect examined the
att itudes of the airport managements toward their investment in airport
pavements.

For this stud y we arbitrarily selected some twelve airports lo-
cated uniformly throughout the various, regions of the United States.
Includ ed were some of the busiest airports in terms of enplaned passen-
gers and aircraft operations as well as some with medium and smaller
operational activity levels.

A li st of questions was developed for discussion with the airport
manageme nts in an attempt to get un i form i ty of r ep l i e s Inso f a r as
possible. The questions were divided into three grou’is. The f i r s t on
gener al policy with respect to the select ion of pavemen t t y p e .  The
second on pavement maintenance policies and standards. The t i -i rd on
cost of pavement maintenance.

The reaction of the majority of the airport management represen—
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tatives contacted to the questions was generally cooperative . In most
cases they responded readil y to the discussion type questions such
as those in the first two groupings. When it came to the third group
of ques t ions on cost of pavemen t main tenanc e they all seemed to be
much more reticent . Actual detailed cost records of pavement mainte-
nance were no t generally available except at a few airports. In no
case did the annual 0 & M bud get include a separate all—inclusive
pavement maintenance item . By far the majority of airports covered
pavemen t maintenance in a general overall airfield maintenance item
which included such things as snow plowing, grass cutting , lighting and
pavement marking as well as pavement maintenance operations . In some
cases a much more business like approach was used Involving separate
items such as ma ter ials , equipment costs and manpower costs.

Table I lists the 12 airports Included in the survey together
with such items as number of runways , types of pavements , passenger
and operational activities , pavement maintenance costs expressed in
terms of cost per square yard and percentage of total 0 & M costs.

Based upon the overall results of the survey , the following gen-
eral conclusions were reached .

General Policies

Questions : 1. Is pavement design considered to be an integral part
of airpor t development planning , or does it follow
along later as a detail item of development?

2. What is the basis for selection of type of pavement?
a) Management decision based on personal preference~
b) Opera tions committee preference ;
c) Personal preference of consultants designing pave-

men t ;
d) Engineering decision based on site conditions :
e) Is initial cost a dominant factor?
f) Is expected maintenance cost a dominant factor?
g) In pavemen t projects using ADAP funds does FAA

desi gn da ta play a dominan t role on pavemen t type
selection and design?

h) With ADAP funding does personal preference of FAA
representatives play a dominant role in pavement
type selection?

i) Are alternative designs of asphal t and concre te
pavements generally put out for bids?

The design of airport pavements is considered to be a major part
of airpor t developmental planning but is not part of the initial plan-
ning . It follows the overall master planning of airports.

Airpor t management seems to be playing a substantially smaller
role in the selection of pavement type . They seem to be play ing down
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per sonal p re fe re nces and relying to a much greater extent on their
consu l tan t eng ineers dec isions based generally on site conditions .

Initial construction costs are not a dom i nant factor in pavement
design . Neither are expected maintenanco costs a dominant factor in
pavement design but the frequency of required pavement maintenance op-
erations seems to be causing some concern .

Federal ADAP funding is almost always used in the original con-
struction , reconstruction and rehabilitation of airport pavements.
FAA pavement design standards are generall y more favorably received
than was evident a few years ago . The tenden cy seems to be to exceed
such requirements. Alternate designs of both asphalt and concrete
pavement are not prepared for bidding .

Pavement Maintenance Policies and Standards

Questions : 1. Is pavement maintenance considered to be a major re-
sponsibility of Management?

2. Is pavement maintenance included as a separate item in
annual 0 & M budget? If not , how is it covered?

3. How is level of pavement maintenance funding determined?
a) Percentage of original construction cost
b) An estimated amount based on previous experience:
c) An estimated amount based on engineers determina-

tion of what maintenance requirements will be during
the next year.

4. Are preventive maintenance procedures undertaken as a
rou tinely establ ished policy?

5. Is pavement maintenance based on need to preserve ori-
ginal investment?

6. Is pavement maintenance based on operational safety
considerations?

7. How is need for pavement maintenance determined?
a) Management or engineer ’s inspection?
b) If so , is such inspection undertaken on a routine

basis?
c) If so , what is inspection schedule?
d) Is need for pavement maintenance based on comp laints

by operating airlines?

8. If visual inspections indicate pavement deteriorat ion ,
how are maintenance procedures to be undertaken determined?
a) Airpor t staff
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b) Consultant engineers
c) Combination of both

9. What is usual policy for undertaking maintenance action?
a) Take runway or taxiway out of service regardless

of operating restriction ;
b) During periods of minimum operational levels;
c) Is maintenance routinely undertaken during night

hours , i.e., 11: 00 P.M. — 6:00 A.M . to minimize
impact on operations ?

d) How is major reconstruction of a runway or taxiway
scheduled?

The main tenance of pavements is considered to be a major respon-
sibility of airport management.

Pavement maintenance costs are not usually covered under a sepa-
rate item as such in annual 0 & ~1 budgets.

Such costs are most usually covered under a general overall air-
field maintenance item.

The level of pavement maintenance funding is most often determined
by past experience and known problems to he undertaken during the coming
year.

Main tenance proc edures are general ly  based on the need to keep
pavements in acceptable operating condition . Pavements are not usually
le t to de teriora te to the poin t where a ircraf t opera t ional safe ty is
involved . Pavement maintenance is not usually based on the need to
preserve or iginal investments.

The need for pavemen t maintenance is almost always initially de-
tec ted by rou tine inspe ct ion of pavements by operations personnel.
Such inspections are usually made from slow moving vehicles on a daily
frequency basis. In some cases such inspections are made three times
daily on a shif t basis.

When visual inspection indicates such probl ems as surface crack-
ing , joint spalling , extrusion of -joint seals , surface rut ting or un-
even se ttlement , the maintenance procedures to be undertaken are gener-
all y de termined b y the airpor t sta f f  i tself or by re pre sen tatives of
munic ipal engineering departments. In some cases if the conditions
look ser ious consul ting eng ineers are called in.

Routine maintenance operatlirns are usually conducted during per-
iods of low operational activity. Where parallel or other multiple
runways are available maintenance procedures do not usually result in
serious operat ional delays.
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Pavement maintenance is not usually undertaken dur ing nigh t t ime
hours unless there is an unusual problem .

Airport staff members usually take care of all routine mainte-
nance operations . For major problems contract work is generally used .

Cost of Pavement Maintenance

Questions : 1. Are detailed cost records kept of each maintenance
project?

2. Are such records detailed to the point where the various
cost items such as removal of existing pavement , com-
paction , aggregate , bituminous materials , steel rein-
forcing , portland cement and joint sealing materials
are readily available?

3. What is annual cost of pavement maintenance at your
airport?

4. What percentage of total annual operating cost is pave-
ment maintenance?

5. What is the cost of asphalt pavement maintenance on
a square yard bas is?

6. What is the cu~ t of concre te paveme nt ma intenance on
a square yard basis?

Detailed pavement maintenance cost records are not- usually kept .
Where they are kept they are not usually detailed to the point where
itemized costs are readily available . As a matter of fact , very few
of the airport management representatives contacted could provide rea-
di l y available maintenance cost data. Most seemed to be providing such
information from memory or after some discussion with other staff re-
presen tatives provided data which they felt was more or less approxi-
mately correct. It is possible that the information provided may be
suspect in some instances .

The annua l cost of pavement maintenance var ies widely , running
from a low of l0~ per square yard to a hi gh of $1 .62 .  Pavement main-
tenance costs as a percentage of annual airport 0 & M budgets varies
from 2 to 12%.

In reviewing the maintenance cost f i g u r e s , the re  appears  t o  he
some creditability of the figures afforded by the fact tha t P- ’stor
Logan and San Francisco In t e rna t i ona l  costs are the h i g hes t  s1~~w n .
These h ig her f i g u r e s  seem to be justified by the fact that both of
these airports were constructed on unstable waterfront fil l .  The
pavements at both airports are subject to more or less continuous
uneven settlement thereby accounting for the higher ma inten o r e  t ’e~ ts~
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General Conclusions

Airp rt manag~~n& iits ts a wh olt -~r im - ‘~~~n i t  h rn~~’ t Interested
in the performance ot their p~~\’e~ 1 t I  - thin was m d  i ca t  e l  j u s t a few
year s ~~~~ They seem t o  he well aware ot ttit ’ I a rg. I nv st ments repre—
seated by their pavcm’nts and of the n -i-I to ~~cep thorn in good opera-
ting condition . As an Indicat ion , most tt  them are strengthening their
staffs by adding people that hive some hack~ round and pr~ -. ious experience
in pavement mainten ince . Uowevor , it Is qu itt evident that maintenance
and repair activiti es n&-e 1 much bett er coordinat ion . Such coordina-
tion can be achieved only by continu ou s monit ning t traffic and the
structural and functiona l coudit ions of the Ihwement and -~to rige of
s uch observations in a data base in order to upd ate the original de-
sign strategies for use in p l anning future maintenance and repair ac-
tivities .

It seems appropriate to point out the part the airlines are play-
ing in the overall airport maintenance picture . At nest locations , the
airlines now generally guarantee that t h e airports will at least break
even financially. They do this by agreeing to renego tiate the rates
and charges they pay for the use of the airports on an annual basis so
that the airport management will at a minimum recover all necessary
costs. The airlines agree that such necessary costs should include all
req u ired pavement maintenance items and therefore there should be no
reason why airport management should not be able to properly bud get
for adequate pavement maintenance programs . The airlines have come to
under stand that their abilit y to provide regularly scheduled airline
service depends to a large extent on the continuous availability of
properl y maintained pavements and hence their willingness to fund jus-
t ified pavement maintenance programs .

What is needed at this time is a more comp l ete understanding of
the overall airport pavement picture . As pointed out earlier , pave-
ments represent a major portion of airport development funding . ls
the industry really getting its moneys worth for these large invest-
ments in original pavement construction and continuing maintenance re—
quirements~ Are the pavement design methods currently In use entirely
adequate Insofar as structural soundness , availabilit y of materials ,
ease of construction and minimized maintenance requirements are concerned?
Who really has the responsibilit y to ensure that this more comp lete
understanding of the pavement picture is available to the industry ?
Since the Government , represented by the FAA , has by law the overall
responsibili ty for the administration of the Federal Aid Airport Program
wh ich finances most airport development and has adequate research ca-
pabil ity , either through their own efforts or through the use of pro-
perly qualified outside consultants , it would appear that the Government
must accept this responsibility. Aviation industry organizations , the
Airport Operators Council International , the Air Transport Assoc~ atfon ,
the  A i r c r a ft  I n d u s t r y  Assoc ia t ion  and the p ro fess iona l eng ineer ing
organizations must continue to urge the FAA to pursue all possible
efforts to ensure that this more comp le te overall understanding of the

~ii rpo rt pavement p ic ture is available to the aviation Industry .
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