


Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE (lf'hen Data Entarad) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1. REPORT NUMBER r· GOVT ACCESSION HO. 3. RECIPIENT'S CATALOG NUMBER 

Technical Report S-75-11 

4. TITLE (end Subtitle) 5. TYPE OF REPORT a PERIOD COVERED 

PAVEMENT RESPONSE TO AIRCRAFT DYNAMIC LOADS; 
Volume II: PRESENTATION AND ANALYSIS OF DATA Final Report 

6. PERFORMING ORG. REPORT NUMBER 

7. AUTHOR(•) 8. CONTRACT OR GRANT NUMBER(•) 

Richard H. Ledbetter 
DOT FA 71WAI-218 

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK 

u. S. Army Engineer Waterways Experiment Station 
AREA a WORK UNIT NUMBERS 

Soils and Pavements Laboratory 
P. O. Box 631, Vicksburg, Miss. 39180 

1.1. CONTROLLING OFFICE NAME ANO ADDRESS 12. REPORT DATE 

Federal Aviation Administration September 1975 
Systems Research and Development Service 13. NUMBER OF PAGES 

Washington, D. C. 20591 204 
14. MONITORING AGENCY NAME a ADDRESS(ll different from Controlllnll Olllce) IS. SECURITY CLASS. (ol thle report) 

Unclassified 

I Sa. DECL ASSI Fl CA Tl ON/ DOWN GRACING 
SCHEDULE 

16. DISTRIBUTION STATEMENT (of thle Report) 

Approved for public release; di stri but ion unlimited. 

17. DISTRIBUTION STATEMENT (of the •betract entered In Block 20, II different from Report) 

18. SUPPLEMENTARY NOTES 

Designated Report No. FAA-RD-74-39-II by Federal Aviation Administration, 
Washington, D. c. 

tg. KEY WORDS (Continue on revere• aide II neceeeary end identity by block�numberr 

Aircraft dynamic loads 
Elastic behavior 
Flexible pavement response 
Inelastic behavior 
Rigid pavement response 

20. ABSTRACT ('C"oatlaue .,. ,..,,.r_ eia It� -d. ld•nJlly by block numb.,.) 

Instrumented aircraft were used to apply static and dynamic loads to instru-
mented pavement structures (both flexible and rigid) at the National Aviation 
Facilities Experimental Center (NAFEC), Atlantic City, N. J. Volume I of this 
report describes the testing program and instrumentation systems. This volume 
and Appendixes A and B present the reduction and analysis of data and the test 
results. Volume III contains a compendium of the entire study. 

Measurements of relative displacement, velocity, pressure, and temperatures 
(Continued) 

DD FORM 
l JAN n 1473 EDITION OF f NOV 65 IS OBSOLETE 

Unclassified 
SECURITY CLASSIFICATIOl!t OF THIS PAGE (IJ'hen Det• Entered) 



ITncJ a55j fj ed 
SECURITY CLASSIFICATION OF THIS PAGE(Whm1 Dete Entered) 

20. ABSTRACT ( Continued ) . 

were made in the two pavement structures. Two phases of material behavior 
(elastic and inelastic ) in both flexible and rigid pavement structures were 
identified. Each phase had to be treated independently for a full analysis 
of the static and dynamic load test results. 

The tests at NAFEC showed that no basic aircraft ground operating mode 
induced pavement responses ( elastic plus inelastic ) greater than those occurring 
for static loading conditions. However, the test results indicate that for 
stiff pavement structures, such as the rigid pavement and the flexible pavement 
during cold weather, unusual conditions (pavement conditions rougher than those 
during testing at NAFEC) of dynamic loading could possibly cause responses 
larger than what would occur under static loading. This behavior is possible 
because of the inelastic behavior being of low magnitude for the stiff pavements 
The test results also indicate that a reduction in the thickness of pavement 
structures could be allowed in the interior of the runways except at exits 
where aircraft side thrust is high. 

Unclassified 
SECURITY CLASSIFICATION OF THIS PAGE(When D•t• Entered) 



THE CONTENTS OF THIS REPORT ARE NOT TO BE 

USED FOR ADVERTISING , PUBLICATION , OR 

PROMOTIONAL PURPOSES . CITATION OF TRADE 

NAMES DOES NOT CONSTITUTE AN OFFICIAL EN

DORSEMENT OR APPROVAL OF THE USE OF SUCH 

COMMERCIAL PRODUCTS . 

l 



PREFACE 

This proj ect was conducted by the So ils and Pavement s Laboratory 

(S&PL) , U .  S .  Army Engineer Waterways Experiment Station (WES ) ,  for the 

Federal Aviat ion Administrat ion under Inter-Agency Agreement Dar FA71WAI-

218 during the period May 1971-January 1975 . 

The proj ect was conduct ed under the general supervision of 

Mr. James P .  Sale , Chief of the S&PL , WES .  Re sult s o f  the study are 

included in the following volume s of the report entitled "Pavement 

Response to Aircraf't Dynamic Loads" : 

a .  Volume I .  " Instrumentat ion Systems and Te st ing Program . "  

b .  Volume I I  and Appendixes A and B.  "Presentat ion and Analysis 
of Data. " 

.£.• Volume III.  "Compendium . "  

Thi s volume (Volume II ) of the report was prepared by Mr. Richard H.  

Ledbetter . 

Because of the uniqueness of this study , WES requested and re

ceived assistance in the de sign of the experiment from the following 

consultant s:  Profes sor R. E .  Fadum , North Carolina State University ; 

Profes sor W. R.  Hudson , Univers ity of Texas ; Dr . Willard J .  Turnbull , 

Consultant , Vicksburg , Mississippi ; Profe ssor C .  L .  Monismith , Uni

vers ity of California ; Professor M. E. Harr , Purdue University ; Profes

sor W. H. Go etz , Purdue University ; Professor A. S .  Ve sic , Duke 

University; Profes sor R .  K. Watkins , University of  Ut ah ; Professor K. B .  

Woods , Purdue Univers ity. 

A concept for.reduct ion and analysis  of instrumentation data 

somewhat different than normally used for pavement response analysis  was 

used for this proj ect . Because of this , WES requested that Volume II of 

the report , which describe s the method of analysis in detail , be thor

oughly reviewed by Professors·Fadum, Hudson , Ve sic and Monismith . The 

consensus of  the review was that the method of analysis  was not only 

valid but essent ial to meet the stated obj ectives . It was the opinion 

of the reviewing consultant s that the study has resulted in a maj or con

tribut ion to the understanding and knowledge of pavement response under 

static and dynamic loading . 
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Directors o� WES during the conduct of the study were BG E .  D .  

Peixotto , CE , and COL G .  H .  'Hilt , CE . The Technical Director was 

Mr. F. R. Brown . 
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CONVERSION FACTORS , U .  S .  CUSTOMARY TO METRIC ( SI ) 
UNITS OF MEAS UREMENT 

U.  S .  customary units of measurement used in this report c an be convert ed 

to metric (SI ) units as follows: 

Mult iEl� 

inches 

feet 

inches per second 

feet per second 

knot s 

ounces 

pounds 

pounds per cubic foot 

kips 

pounds per square inch 

Fahrenheit degrees 

B� 

2 . 54 

0 . 3048 

2 . 54 

0 . 3048 

0 . 5144444 

0 . 02834952 

o . 4 5359237 

16 . 018489 

4 . 448222 . 

0 . 6894757 

5/9 

To Obtain 

c entimetres 

metres 

c ent imetres per second 

metres per second 

metres per second 

kilograms 

kilograms 

kilograms per cubic metre 

kilonewtons 

k ilopascals  

Cels ius degrees or Kelvins* 

* To obtain Celsius ( C ) t emperature readings from Fahrenheit ( F ) 
readings , use the following formula: C = ( 5/9 ) ( F  - 32 ) .  To obtain 
Kelvin (K ) readings , use: K = ( 5/9 ) ( F  - 32 ) + 273 . 1 5 . 
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INTRODUCTION 

BACKGROUND 

Reports of  pavement distress assoc iat ed with current commerc ial . 

aircraft loads and growing concerns over the possibility of detrimental 

aircraft dynamic load effects on airport pavement s persuaded the Federal 

Aviation Administration (FAA ) to sponsor a Lockheed-California Company 

study described in Report No . FAA-RD-7 0-19 , "Aircraft Dynamic Wheel Load 

Effects on Airport Pavement s ," dated May 1970 . 1 The Lockheed study con

sisted of a l iterature study , computer analys es to determine aircraft 

loads and pavement responses , scaled pavement t est s , and correlat ions 

between exper imental and analytical data . In general , the Lockheed 

study concluded that aircra� dynamic wheel loads have a s ignificant 

effect on port ions of airport pavement s .  Spec ific ally , the study showed 

that the primary effect s that influence pavement response to dynamic 

loads are: 

a .  The increased magnitudes o f  aircraft wheel loads result ing 
from aircraft modes of operat ion ,  pavement unevenness , and 
aircra� structural characteristic s during moving ground 
operations . 

b .  The dynamic load phenomena assoc iated with the materials used 
in the construct ion of both r igid and flexible pavements .  

For a given aircraft and level o f  pavement unevenness , the loads 

imposed upon a runway c an be ac curately defined for various ground opera

tions . On the other hand , there is presently a serious void in informa

tion necessary to obtain an ac curate description of pavement response to 

dynamic loads . 

PURPOSE 

This study was undertaken in an effort to provide experimental 

pavement response data so that the significa?ce o f  dynamic loads on air

port pavement s could be evaluated . Spec ifically , the basic purpose  of 

the study was to determine the relat ionship between the responses of 

typical flexible and rigid �nway pavement s to stat ic and dynamic loads . 

The requirements to determine the magnitudes of the dynamic loads , to 
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determine the depths of pavement structures affected by static and dynamic 

loads , and to investigate the relationship between aircraft ground speeds 

and aircra� dynamic loads were es sential element s of thi s  study. 

SCOPE 

The purpose of this investigat ion was accomplished by conduct ing 

two series of full-scale test s  using instrumented aircraft and both 

flexible and rigid instrumented runways . One series of tests was con

ducted during the cold period of the year when the average temperature 

of the top pavement layer was in the range of 35 to  5 5°F , * while the 

second series was conducted during the hot period of the year when the 

average temperature was in the range of approximately 84 to 116°F . An 

instrumentation system was installed aboard the aircraft to measure and 

record the three component s of force of each of the main gear as semblies 

of the aircraft . Instrumentat ion systems were installed within the 

flexible and rigid pavement structure s to measure the pavement responses 

to aircra� loads in the form of relat ive di splac ement s and pressures .  

The key element in this experimental approach was the recording o f  a 

common t ime base for both the aircraft load measurements and the pave

ment response measurement s .  This control provided a means of  correlat ing 

the aircra� dynamic wheel loads and the response measurement s of the 

two pavement structures to within 1 �sec . The loc at ions of the two in

strumented pavement test sites were select ed so that all pos s ible modes 

of aircra� ground operation could be investigated during the course of 

the experimental study . 

The authors felt that the scope of the subj ect matter was too broad 
2 to be presented in a single report . Therefore , Volume I o f  the report 

mainly describes the instrumentation systems and their installation and 

operatioq to collect the data required to  determine the pres sures and 

relative di splacements under stat ic and dynamic loads . Volume I also in

cludes the history and chronology of the · invest igat ion and presents a 

* A table of factors for convert ing U.  S .  customary unit s of measurement 
to metric ( SI ) unit s i s  presented on page 11 . 
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complete descript ion of the testing program. This report , Volume II , 

describes the reduct ion , interpretat ion , and analys is of instrumentation 

data collected during the tests . Appendix A of this report describes 

the automat ic data proc ess ing (digital ) system and techniques . Appendix 

B presents the data in reduced form; however , data summary plot s are pre

sented in the main text . Volume III of the report3 contains a summary 

of the ent ire study. The computer output form o f  the reduc ed data , 

which is available at the U.  S .  Army Engineer Wat erways Experiment Stat ion 

(WES ) , makes a stack greater than 5 � in he ight . Pr essure data for the 

1974 tests are available for only the f irst 4 0  events; the field-recorded 

magnet ic tapes were found blank upon entering the automatic data proc es

sing syst em.  

1 5  



TEST PROGRAM 

Instrumentation systems were installed in the pavement structures 

of runways 04-22 and 13-31 at the National Aviat ion Fac il ities Experi

mental Center (NAFEC ) Airport , At lant ic City , N .  J . , at the two s ites 

indicated in Figure 1 .  Instrumented aircraft were used to conduct the 

most common of aircraft ground operat ions for these test s ites . Detail 

descriptions of the test program are presented in Volume I of this 
2 report . 

FLEXIBLE PAVEMENT TEST SITE 

PAVEMENT STRUCTURE 

An 80-ft-long segment of runway 13-31 located at it s intersection 

with runway 8-26 was selected as the flexible pavement t est s ite . This 

test s ite was chosen to enable the collect ion of typical response mea

surements during landing and at the point of rotat ion for takeoff as well 

as during low- and high-speed taxiing , braking , and turning operat ions . 

This part icular s ite was in a port ion of the runway which had been 

scheduled for reconstruction , and this factor was of gr eat benefit during 

the installation of instrumentation . Aft er reconstruct ion , the flexible 

pavement structure in this area consi sted of 3 in . of bituminous surfac e 

course , 6 in . of bituminous base co�rs e ,  9 in . of base course constructed 

from the original pavement surfac e and base courses , and 12 in . of subbase 

course constructed from the original subbase course over the compacted 

subgrade . 

Gradation curves for the subgrade and subbase course materials are 

shown -in -Figures-2 and 3 ,  respectively. -Unified4 and FAA5 soil classi

fications for both materials were SP and E-1 , respectively . For the 

9-in .  base course , construction spec ificat ions stated that the original 

pavement surfac e course (pr ior to reconstruction) was to be completely 

broken up such that the maximum dimension of any individual piec e would 

not exc eed 3 in . The resulting mat erial was uniformly blended with the 

original base course material to form the new bas e course . 

The bituminous base course conformed to Divi sion 3 ,  Sect ion 2A, 
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Figure 1 .  
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of the New Jersey State Highway Department "St andard Specifications for 

Road and Bridge Construct ion. n6 Aggregate was c rushed hard stone mix 

aggregat e conforming to the following gradat ion : 

Sieve Size 

1-1/2 in. 
3/4 in. 
No. 4 
No. 10 
No. 4o 
No. 200 

Total Perc ent Dry 
Weight Pas s ing 

100 
55 to 90 
25 to 60 
20 to 50  
15  to 30  

5 to 1 2  

The mix design for the bituminous base course material conformed t o  mix 

No. 1 for hot-mixed bituminous concrete in Art icle 3 . 10 . 2  of the New 

Jersey specificat ions. 

The bituminous surfac e course conformed t o  It em P-401 of FAA 

Advisory C ircular AC 1 50/ 5370-lA . 7 Compos it ion of the mixture conformed 

to Table 1 of Paragraph 4 01-3 . 1 .  Gradation of the aggregate conformed 

to gradat ion B. Asphalt c ement conformed to the requirement s for an 

85-100 penetrat ion grade. The bituminous surfac e course was designed 

for gro ss  aircra� weight s of more than 30 , 000 lb. Table 1 sunnnarizes 

the mat erial propert ie s determined for the fl exible pavement test site 

during and a�er reconstruct ion. 

INSTRUMENTATION 

A typical layout of.the flexible pavement instrumentat ion system 

is shown in Figure 4 .  Three gage rows approximat ely 12  ft in length 

containing Bison coils , SE soil pressure cells , WES deflection gages , 

WES soil pressure c ells , induct ive probes , and veloc ity gages for a 

total oT -16-2 -instrument s were 1nsta1.1.ea in tne pavement structure during 

the reconstruct ion of runway 13-31 . Each gage row contained 12 SE soil 

pressure c ells , 1 WES soil pres sure c ell , 1 WES deflect ion gage , and 

1 veloc ity gage. The middle gage row contained 5 0  Bison coils and 5 

induct ive probes ,  and the out er two rows contained 2 5  Bi son coils and 

4 induct ive probe s. In addition , a thermistor was installed on the sur

fac e and at depths of 3 ,  6 ,  and 9 in. within the pavement structure. 

A system of laser light beam source s  and detectors  was installed 
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Table 1 

SUl'l'.rna!:l of Material Pro12erties for the Flexible Pavement Test Site 

Measurements After 
Depth MeasureMents Durir.� Construction Constructiont 
Below Water Water Dry Water Soil 

Station Surface Pavement Stru�ture CBR* Content* Content** Density** CBR Content Clas si ficat ion 
No. in. Element 0.1 in. 0.2 in. 12ercent 12ercent J2Cf 0.1 in. 0.2 in. 12ercent Unified FAA 

65+20 18 Subbase coursie 97.0 4.1 8.7 130.9 SP E-1 
30 Compacted subgrade 39.0 40.5 6.7 12.2 121.4 SP E-1 
42 Compacted subgrade 43.5 57.0 7.0 SP E-1 
54 Compacted sub�rade 16.o · 21.0 1.0 SP E-1 

65+34 11 Ease course 37.0 43.0 4.1 
20 Subbase coursie 25.0 26.0 5.8 SP E-1 
32 Compacted subgrade 27.0 30.0 7.5 SP E-1 
44 Compacted sub�rade 41.0 54.0 9.1 SP E-1 

65+35 10.5 Base course 42.0 41.0 4.2 
19.5 Subbase cours� 24.0 26.0 5.2 SP E-1 
31.5 Compacted subgrade 25.0 31.0 1.6 SP E-1 
43,5 Compacted subgrade 37.0 45.0 8.4 SP E-1 

65+50 18 Subbase cours� 58.5 67.5 5,5 8.6 131.1 SP E-1 
30 Compacted sub�rade 48.o 56.5 6.3 12.0 119.3 SP E-1 
42 Compacted subgrade 34,5 44.5 7.1 SP E-1 
54 Compacted subgrade 17.5 20.5 6.8 SP E-1 

65+80 11 Base course 33.0 35.0 6.6 
20 Subbase cours� 26.0 29.0 5.1 SP E-1 

32 Compacted sub1�rade 24.0 30.0 5,8 SP E-1 
44 Compacted sub1.�rade 44.o 44.o 6.5 SP E-1 

65+81 11.5 Base course 55.0 54.o 6.9 

20.5 Subbase cours� 33.0 39.0 5.3 SP E-1 

32.5 Compacted sub(�rade 40.0 46.o 5,7 SP E-1 

44.5 Compacted sub�rade 64.0 7.8 SP E-1 

66+00 18 Subbase cours1r 65.0 67.0 7,5 9,3 124.2 SP E-1 

30 Compacted subgrade 34.o 41.5 6.5 10.8 124.7 SP E-1 

42 Compacted subgrade 32.0 42.5 6.9 SP E-1 

54 Compacted subgrade 27,5 33.0 7.0 SP E-1 

* Average values determined f�;-om measurements in two test pits. 
** Average values determined from two measurements with nuclear density device. 

t Determined from small apert\:U-e testing. 
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along the edge of the runway such that a light b eam was proj ect ed directly 

above and parallel to each gage row . An electrical impul se was generated 

when the wheels of the instrumented aircraft passed between the sourc e 

and detector , thereby s ignaling the instant at which the wheels were 

directly over the gage row. The lat eral posit ion o f  the aircraft was 

determined by visual inspection of a stripe of flour and water solut ion 

painted on the surface of the runway adj ac ent and parallel to each gage 

row . 

A synchronized connnon t ime signal was recorded on both aircraft 

and ground data tapes . This provided the means by which the pavement 

response could be correlated with the corresponding aircraft load . With 

the exception of the thermistors , all instruments were r ecorded s imul

taneous ly on magnetic tape s , and all ground data tapes contained the 

time code and laser signals . Temperatures were recorded o n  paper tape . 

RIGID PAVEMENT TEST SITE 

PAVEMENT STRUCTURE 

A 72-ft-long segment of runway 04-22 was instrumented at it s inter

s ection with runway 17-35 to form the rigid pavement test s ite . The pave

ment structure in this area consisted of 7 in . o f  port land c ement concrete 

(PCC ) pavement and 8 in . of subbase course over the compacted subgrade . 

As was the case for the flexible pavement site , this  s ite was chosen to 

enable the collection of typical measurements during normal aircraft 

ground operat ions . A 12-1/2- by 25-ft s lab was removed from the runway 

at the locat ion of each o f  the gage rows , and gages were installed in 

holes cored through the underlying mat erial • .  Sinc e  the installation of 

gages required the- closing of the- runway- , :tt- was- necessary that tlie 

reconstruction of runway 13-31 be completed and the runway reopened to 

traffic prior to instrument ing runway 04-22 . 

Gradat ion curves for the subgrade and subbase course mat erials 

are shown in Figures 5 and 3 ,  respectively . Unified and FAA soil c lassi

fications for the subgrade material were SM and E-1 , respect ively . 

Table 2 summari zes the materials propert ies determined for the rigid 

pavement test site . The nuc lear density and water content values were 
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Table 2 
Summar;:t: of Mat erial ProEert i e s  for the Rie;id Pavement Test Site 

Depth 
Below Wat er Wat er Dry Soil 

Stat i on Sur face Pavem�nt Structure CBR Content Content* Dens ity* Clas s i fi c at ion 
No . i n .  IUement 0 . 1  in . 0 . 2  in . Eercent Eercent :EC f Uni fied FAA 

26+ 5 5  8 Subbase course 9 10  9 . 2  1 3 . 05 114 . 8  SP E-1 
16 Compacted subgrade 10 10 8 . 2  SM E-1 
28 Compaqt ed subgrade 8 9 7 . 4  SM E-1 
4 0  Compaqt ed subgrade 13 11 6 . 1  SM E-1 

26+55 8 Subba�e course 10 9 9 . 5  1 3 . 05 114 . 8  SP E-1 
16 Compact ed subgrade 20 20 6 . 9  SM E-1 
28 Compact e d  subgrade 12 12 8 . 1  SM E-1 
4 0  Compaqted subgrade 13 12 6 . 8  SM E-1 

I\) 26+90 8 Subba�e course 10 10 13 . 1  1 3 . 5  122 . 5  SP E-1 VI 16 Compacted subgrade 23 24 6 . 1 SM E-1 
28 Compac t ed subgrade 9 8 8 . 6  SM E-1 
4 0  Compacted subgrade 21 25  10 . 0  SM E-1 

26+93 8 Subbas.e c our s e  11 11 8 . 6  13 . 7  123 . 3  SP E-1 
16 Compacted subgrade 23 25  8 . 1  SM E-1 
28 Compact ed subgrade 1 5  14 5 . 0  SM E-1 
4o Compacted subgrade 20 24 5 . 9  SM E-1 

27+22 8 Subbase c ours e  16 18  9 . 4  11 . 5  125 . 7  SP E-1 
16  Compact ed subgrade 28 36 7 . 8  SM E-1 
28 Compacted subgrade 18 19 7 . 4  SM E-1 
40 Compacted subgrade 16 13  5 . 9  SM E-1 

27+30 8 Subbase course 14 11 9 . 4  12 . 0  125 . 2  SP E-1 
16 Compacted subgrade 15 16 7 . 7 SM E-1 
28 Compact ed subgrade 11 12 6 . 7  SM E-1 
40 Compac ted subgrade 16 13 4 . 6  SM E-1 

* In-place measurement s m.1ade with nuclear dens ity devic e . 



determined pr ior to placement of the concrete slabs , and the CBR values 

were determined aft er plac ement . 

The PCC pavement batch plant-mix des ign was as follows: 

a .  1950 lb o f  gravel aggregate per cubic yard . 

b .  1265 lb of sand per cub ic yard with 4 perc ent moisture if wet . 

c .  560 lb of 3/4 high early (HE )  portland cement per cubic yard 
with 5 o z  of po zzol ith per bag .  

d .  2 perc ent entrained air per cubic yard . 

e .  Slump of 2 . 5  in . 

Samples of the concrete were taken from the concrete mixtures as  they 

were discharged from ready-mix trucks . Six- by 6- by 36-in . beams and 

6-in . -diam by 12-in . -high cyl inders were taken that were representative 

of the concrete placed for each slab and were field-cured . Tables 3 

and 4 summari ze the material propert ies . 

INSTRUMENTATION 

The instrumentation system installed in the rigid pavement test 

sit e was similar to that in the flexible pavement test s ite of runway 

13-31 . Figure 6 shows a typical layout of the instrumentat ion syst em. 

A total of 153 gages consisting of 104 Bi son coils , 13 inductive probes ,  

3 WES deflect ion gages ,  9 Valore strain gages , 18 SE so il pressure cell s , 

3 WES soil pressure cells , and 3 veloc ity gages were installed in three 

gage rows at various depths and offsets within the pavement structure . 

Thermistors were installed . on the surfac e of , at the bottom of , and at 

a depth of 3 . 5 in . within two slabs  of the r igid pavement test site . 

The laser and t ime code systems used in the flexible pavement 

test s were also used in the rigid pavement tests . The data acqui sition 

system was ident ical with that used in the flexible pavement test s .  

AIRCRAFT 

Instrumented aircra� were used in both the init ial cold weather 

and the subsequent warm weather tests  to provide the monitored load for 

the pavement structure s .  An instrument ed B-727 was leased from United 

Airlines , Inc . , for the cold weather testing o f  1972 , and a similar B-727 
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Table 3 

Flexural Stren5th Data for 6- b:z'.: 6- b:z'.: 36-in . Field-Cured Bea.ms 
of Concret e Plac ed in Ri5id Pavement Test Site 

Average 
Flexural 
Strength Average 

Class of for Flexural 
Portland Curing Flexural Class Strength 

Specimen Slab Slump Cement Time Strength and Age for Age 
No . No . in . Concrete da:z'.:S :12si :12si :12si 

N-4 3 2 . 50 4000-psi HE 4 650 650 650 

N-1 1 , 2  2 . 25 3000-psi HE 7 683 
N-2 1 , 2 2 . 25 3000-psi HE 1 677 678 . 5 N-2 1 , 2  2 . 25 3000-psi HE 1 682 

l 
N-1 1 , 2  2 . 25 3000-psi HE 7 672 677 . 75 

N-4 3 2 . 50 4000-psi HE 1 670 
N-4 3 2 . 50 4000-psi HE 7 683 677 
N-4 3 2 . 50 4000-ps i HE 7 678 

N-3 3 2 . 50 4000-psi HE 20 713 
N-3 3 2 . 50  4000-psi HE 20 722 730 . 75  730 . 7 5  N-3 3 2 . 50 4000-psi HE 20 755  

. N-3 3 2 . 50 4000-psi HE 20 733 

N-1 1 , 2  2 . 25 3000-psi HE 21 723 
N-1 1 , 2  2 . 25 3000-ps i HE 21 101 724 . 75 724 . 75 N-2 1 , 2  2 . 25 3000-ps i  HE 21 732 
N-2 1 ,2 2 . 25 3000-psi HE 21 737 
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Table 4 

Compressive Stren5th Dat a  for 6-in . -Diam bl 12-in . -Hish Field-Cured Czlinders 
of Concrete Plac ed in Ri5id Pavement Test Site 

Average 
Compress ive Average , 

Class of Strength Compressive 
Portland Curing Compres s ive for Class Strength 

Specimen Slab Slump Cement Time Strength and Age for Age 
No . � . in • .  Concret e dais psi psi psi ---

NAF-4 3 2 . 50 4000-psi HE 4 3431 3431 3431 

NAF-1 1 , 2 2 . 25 3000-psi HE 7 3820 3873 

} 
NAF-2 1 , 2  2 . 25 3000-psi HE 7 3926 

4165 
I\) NAF-4 3 2 .  50 4000-psi HE 7 4705 4457 a:> NAF-4 3 2 . 50 4000-psi HE 7 4209 

NAF-3 3 2 . 50 4000-psi HE 20 4740 
NAF-3 3 2 . 50 4000-psi HE 20 4809 4797 . 67 4797 . 67 
NAF-3 3 2 . 50 4000-psi HE 20 4844 

NAF-1 1 , 2  2 . 25 3000-psi HE 21 4386 
NAF-1 1 , 2 2 . 25 3000-psi HE 21 4457 4 563 4563 NAF-2 1 , 2  2 . 25 3000-psi HE 21 4669 
NAF-2 1 , 2 2 . 25 3000-psi HE 21 4740 
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and a C-880 were obtained from the FAA and instrumented by WES for the 

warm weather testing of 1974 . Both B-727 airc raft were equipped with 

strain gages installed on the drag strut s ,  s ide strut s ,  and axle s of 

both main gears and pot ent iometers installed on the torsion links of 

both main gears to measure the three component s of forc e transmitted to 

the pavement structure . Acc elerometers were the only instrument s in

stalled on the C-880 and were placed at three locat ions to measure the 

aircraft accelerat ion response for estimat ing the main gear load during 

dynamic test s .  Similar systems of ac celerometers were installed on 

board both B-727 aircraft as backup systems for the instrumented main 

gears . On-board instrumentat ion for all three aircraft included s ignal 

condit ioning equipment , a t ime code generator ( synchronized with the 

ground t ime code generator for correlat ion of test re sult s ) , and a 14-

track analog magnetic tape recorder.  

TESTING PERIODS 

Two series of dynamic load te st s were conducted at the NAFEC Air

port to determine the nature of the pavement re sponse to dynamic aircraft 

loads . The first series of test s , the cold weather t est s , was conducted 

during the period of 12 November-11 December 1972 , and the second series 

of test s , the warm weather t e sts , was conducted during the period of 

8-1 5 July 1974 . Similar t e sting programs were followed for each serie s 

of test s  with the only sign ificant exception being that t est s were con

ducted on both test sites during the cold weather t est s but only on the 

flexible pavement test site during the warm weather tests . 

Data were collected for 408 aircra� operat ions during the cold 

weather test s .  O f  this total , 203 operat ions were o n  the flexible pave

ment test site and the remaining 205 were on the rigid pavement t est 

sit e .  

During the warm weather test s , data were collected for 281 air

craft operat ions on the flexible pavement test site . A B-727 was used 

to load the pavement for 240 of thes e  operat ions , and a C-880 was used 

for the remaining 41 operat ions . The gage s that had been installed in 

the flexible pavement test site for the 1972 test series were checked , 
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and approximately 94 perc ent of them proved to be in good condit ion . 

Ten pres sure c ells were not operating . With the exc ept ion of  one veloc ity 

gage , no addit ional instruments were installed in the flexible pavement 

structure for the warm weather testing . 

The range s of average pavement temperatures were 35 to 5 5°F and 

84 to 116°F for the cold and warm weather tests , respect ively . Daily 

high , mean , and low temperatures  for the four flexible pavement depths 

are shown in Figures 7-10 and 11-14 for the cold and warm weather test s , 

respect ively. Daily high , mean , and low temperatures for the three 

rigid pavement depths are shown in Figures 1 5-17 for the cold weather 

tests . Figure 18 shows a typical 24-hour temperature cycle for the 

warm weather test s .  

TEST MODES 

The following types of test s were performed during both cold and 

warm weather tests : 

a .  Static load tests . The aircraft was po sit ioned over each 
gage row and data collected . These test s provided data for 
comparison with data from dynamic load test s as well as a 
check of the capab ility of the instrumentat ion system . 

b .  Dynamic load tests . Var ious aircraft ground operat ions 
were conducted on the test sites and data collected . Pave
ment responses and aircra� dynamic loads were determined 
under the following aircraft operat ing modes : 

(1 ) Creep-speed taxi ( 3  to 8 knot s ) . 

( 2 )  Low-speed taxi (15  to 30 knot s ) . 

( 3 )  Medium-speed taxi ( 4 5  to 80 knot s ) . 

( 4 ) High-speed taxi ( 85 to 130 knot s ) . 

( 5 )  High-speed braking ( 130 to 4 5  ·knots ) .  

( 6 )  Takeoff rotat ion ( 8 5  to 130 knot s ) . 

(7 ) Touchdown . 

( 8 )  High-speed braking with reverse thrust . 

( 9 )  Turning ( 4  to 30 knot s )  • 

. Although this part icular breakdown of possible aircraft operat ions differs 

slightly from that described in the Lockheed report ,1 data obtained during 

these operat ions should be directly applicable to those presented by 
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Lockheed . Responses of  each type of gage were recorded dur ing test s 

conducted under each mode of operat ion . As an example of  the applica

bility of the t est mode s to typical airport operat ions , c onsider a normal 

takeoff . At any airport , this  operation involves seven of the test 

modes:  stat ic loading; turning; creep- , low- , medium- , and high-speed 

taxi; and takeoff rotation . If the takeoff was aborted , the high-speed 

braking modes would become applicable .  
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DATA ANALYSIS 

AUTOMATIC DATA PROCESSING 

A detailed descript ion of the automati c  data process ing syst em i s  

presented i n  Appendix A of this report . This part of  the report sum

marizes significant sect ions of Appendix A concerning the data and 

reduct ion . 

DATA FORM 

The data were in analog form and of two basic types ,  stat ic and 

dynamic .  Data from the stat ic load tests were in the form of straight 

lines or constant voltage levels .  Data from the dynamic load test s 

were in the form of impul ses at the instant a gage row was cros sed and 

constant voltage level s before and a� er . 

Some gages responded in the form of both upward and downward 

movement data peaks , while others re sponded in only one direct ion . The 

WES deflect ion gages , Valore strain gage s ,  and pressure c ells primarily 

registered only one dat a peak .  Figure 19 shows typical digital computer

reproduc ed recordings for a WES deflect ion gage and an SE soil pressure 

c ell . The Bison coils and veloc ity gage s regi stered more than one data 

peak . 

Bison coils primarily registered two data peaks in opposit e  

direct ions . An upward movement peak occurred immediat ely before the 

aircraft wheels reached the c enter line of a gage locat ion , and a 

downward movement peak occurred as the wheels were directly over a 

gage locat ion . These two data peaks are referr�d to as the first and 

second pea.ks ,. and their posit.ion.a were_ dat.ermined_ from_ c.or..r_elations_ 

with the laser signals . A third peak , which was of lesser upward move

ment , occurred immediat ely a� er the wheels pas sed the c enter l ine of 

a gage location . Depending on the gear-to-gage offset distanc e , the 

second peak could be an upward movement and c ould be larger than the 

first peak . Figure 20 shows a typical digital computer-r eproduc ed 

recording for Bison coils . 

Veloc ity gages responded in the form of two to four peaks , 
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Figure 19 . Typic al recordings for WES deflection gage and SE soil pressure c ell 



DI RECTI ON O F  
A I RCRAFT MOVEM EN T 

Figure 20 . Typical recording for Bison coil showing first and s econd 
peaks ( 1972 test s ) 



depending on the gear-to-gage offset distanc e .  In the immediate gage 

vicinity , two upward peaks occurred immediately before the wheels reached 

the gage c enter line , and one downward and then one upward peak oc curred 

aft er the wheels pas sed . At offset distanc es not within the immediate 

gage vicinity , only a downward and then an upward peak occurred . Fig-

ure 21 shows typical digital computer-reproduc ed recordings for a veloc ity 

gage for 0- and 1 . 5-ft gear-to-gage o ffset distances . 

DIGITIZING PROCESS 

The digitizing syst em generally consisted of a comput er-controlled 

analog-to-digital (A to D ) convert er , the comput er , and output periph

erals . Data tapes were played on an analog 1 4- or 32-track tape trans

port , and the signals passed through aliasing filters and through analog 

variable gain amplifiers .  The signal s were digitized by a multiplexer 

and the A to D converter at selected rates  and stored on disc . Processing 

involved reading small portions of data from the disc , calibrating the 

data using engineering unit s read in from a high-speed paper tape reader , 

and performing operations on the data such as digital filtering and 

standard deviation calculations .  The digitizing and processing proc e

dures followed a basic format . 

Identifying information was first entered into the comput er from 

a teletype . Next , a c alibration ( cal ) was located on the analog tape , 

digitized , and processed . T�st data were then located , digitized , and 

proces sed . The digitized data were printed out on o scillograph paper 

( examples are Figures 19 , 20 , and 21 ) , and the operator had the choic e 

of writing the data on t ape or redoing the t est : based on the appearanc e 

- of -the - osc-illograph -record . The -digitizing rat-es -sel-ect-ed were approxi

mately 2000 Hz for the dynamic load tests and 200 Hz for the static load 

tests . 

Because noise extended beyond the folding frequency , aliasing 

filt ers were needed . The data and noise frequencies varied from channel 

to channel and test to test . Therefore , computer-controlled digital 

low-pass filt ers which can be easily shift ed in cutoff frequency were 

also included in the proc essing program. Values s elected for the aliasing 
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filters  were 14 and 700 Hz for the static and dynamic load test s , r e

spectively . Digital filtering was of the low-pas s ,  s ingle-pole recurs ive 

type . Phase shift normally introduced by this type f ilter was cancelled 

out by passing the data through the filter in the forward and reverse 

directions . 

The standard deviation ( noise level ) was calculated for each data 

channel . Noise remaining after filtering was approximately s inusoidal 

around the mean level of the data; therefore , the constant by which the 

standard deviat ion was mult iplied to obtain peak-to-peak no ise was 2 . 828 . 

This constant occurs because the root-mean-square value of a sine wave is 

the peak magnitude divided by the square root of two . The standard de

viat ion value accompanied each data value in the final output . 

DATA OUTPUT 

The digital proces sed result s were output on both hard copy (o sc il

lograph records ) and digital magnetic tapes in binary coded dec imal (BCD ) 
format , the mo st widely ac cepted input format for 7-track digital tapes . 

Digital BCD tapes provided the input media for dumping or further proces

sing of the data on high-speed computers , and the data are available at 

WES in thi s  form . 

Des ired data output varied with the type of test and the type of 

gage proces sed . Static load tests were more important in their rela

tionship to one another than in themselves .  Therefore , in addition to 

the magnitude o f  the static level , the change in each static level from 

the preceding cal and the static level was output . In addit ion to the ' 

cal zero level , the change from the last c al z ero level was al so output . 

For all instruments except the veloc ity gages , the informat ion 

-that was output Tor -the stat1c -ioaa tests was al so output for the dynamic · 

load test s , although this was supplemented with addit ional informat ion .  

Both data peaks were output for the Bison coils , but only one peak was 

output for the other gages .  All data peaks were calculated from the 

prior-to-peak no-load level; however , the differenc e between the prior

to-peak and the after-peak no�load levels was also output . Another 

output was the change in no-load level from test to test . A descript ion 
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of each test in engineering units was also output . This was made by 

print ing (with an o sc illograph ) groups of po int s  0 . 01 sec in length from 

0 . 2  sec before to 0 . 2  sec aft er the peaks and recording on magnet ic tape 

the first point of each group . The groups on hard copy containing the 

peak points were marked by lines on e ither s ide of the group . 

Due to the operating princ iple of the Bison c o ils ( electromagnetic 

coupling ) ,  they are affected by metal . The metal effect i s  a constant 

for a given vehicle and can be eas ily determined with a pair of coil s . 

This constant only needs to be appl ied to in-plac e measurement s for 

affected c oils . The B-727 aircraft unders ide was completely surveyed 

with a pair of Bison coils , and the only metal influence found was in 

the immediate vic inity of each wheel . For a wheel o f  the B-727 or C-880 , 

the zone of influence for vert ically spaced c o ils extended about 5 in . 

out from and around the wheel and was of a magnitude of  approximately 

0 . 003 in .  of extension for 6-in . -spaced coils . For a wheel , the zone 

of influence for hor izontally spaced coils ext ended about 10 in . out 

from and about 5 in . around the wheel and was o f  a magnitude of approxi

mately 0 . 003 in . of compression for 6-in . -spaced coils at a 9-in . depth . 

These constant s were applied as corrections in the wheel vic init ies to  

the Bison coil data of  the flexible pavement 3- to 9-i n .  depth and the 

9-in . depth for horizontal coils . The hori zontal coil data for the 

bottom of the rigid pavement slab were corrected in the same manner . 

A standard proc edure for reduc ing veloc ity data is integrat ion 

of the signals . If data response is simple , such as downward and then 

upward movement , this proc edure is applicable and the result is the 

mot ion ( displacement ) that caused the veloc ity. For the NAFEC veloc ity 

response data at gear-to-gage_ ottae_t_ diatanc_es_ no_t_ within_ the_ immediate_ 

gage vic inity (Figure 21 ) ,  integrat ion of s ignals yielded the pavement 

displacement . However , for the veloc ity data in the innnediate gage 

vicinity where mult iple movement peaks occurred , .  direct int egrat ion was 

not applicable and yielded erroneous result s . A description of  the 

methodology for reduct ion of the veloc ity data to measurement s of dis

placement is  pre sented later in this report under "Interpretat ion of 

Pavement Structure Relat ive Displac ement s and Mot ion . "  A comparison 
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and check of movement computed from the velocity gage response with that 

measured by a WES deflect ion gage will also be presented in this section . 

Because of  the complicated behavior o f  the veloc ity data , comput er 

treatment and integrat ion would have been extremely complex and t ime

consuming . In addition , the t ime and cost factors were not j ustified 

because the movement s computed from the velo city gage responses did 

check with those measured by the WES deflection gage and Bison coils . 

Because veloc ity gages responded sharply (at very high fre

quenc ies ) ,  over a long period , and with mult iple peaks , two t ime expan

sions were made by the comput er , recorded , and printed of their channels 

as data output . The first expansion was in 0 . 01-sec increments from 

0 . 2  sec before the peak to 0 . 2  sec aft erward , and the second expansion 

was in 0 . 0005-sec increments from 0 . 02 sec before to 0 . 05 s ec after 

(Figure 22 ) .  This is  the form of the veloc ity data output that i s  

available o n  BCD tapes at WES.  

AIRCRAFT LOAD DATA 

Load data for the B-727 aircraft were reduc ed both manually and 

by automat ic data proc ess ing as described in Appendix A. Ac celerometer 

data for the C-880 dynamic load tests were not reduc ed for the four 

dynamic load applicat ions with this aircraft . 

F igures 23-26 summari ze the B-727 aircraft dynamic loads imposed 

upon the flexible and rigid pavement structures . The bas ic operat ional 

modes are represented in these figures . A gear load ratio , which is the 

ratio of dynamic to static load , is used to present the aircra� vert ical 

loading conditions in Figures 23-25 .  The data for each operational mode 

are grouped and are presented at velocity values that are representative 

of a spec ific veloc ity range for each mode . Creep- and low-speed taxi 

data are plotted at the upper ends of their veloc ity ranges because the 

maj or ity of these tests oc curred in these ranges . High-speed taxi data 

are plott ed at the upper end of their veloc ity range in order to repre

sent the highe st veloc ities used in the tests . All other modes are 

plotted about the centers of their respect ive veloc ity ranges .  

The dynamic load spread at each mode is  represented by mean values 
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Figure 24 . Aircraft gear load ratios for 1972 rigid 
pavement tests 
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Figure 25 . Aircraft gear load ratios for 1974 flexible 
pavement tests 
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plus or minus one standard deviat ion . Taxi mode s are connected acro ss 

the figure in order to bett er show their range of dynamic effect s  and 

the general decrease of the median load with an increase in taxi veloc ity . 

Also , compari sons of other operat ional modes with the taxi, modes can be 

easily made with the taxi mode l ines . The out er envelope represent s the 

high and low data po int s for the taxi modes . The s imilarity between the 

1972 and 1974 t est s ( see Figures 23 and 2 5 )  i s  evident . 

Figure 26 shows the horizontal side thrust increase for turning 

operat ions . These re sult s are for the 1972 t est s on both the flexible 

and the rigid pavement t e st sites . Results of the 1974 t est s on the 

flexible pavement test site are similar and within the same ranges .  

For the reduct ion and int erpretat ion o f  data described in this 

report , the aircraft dynamic loads were not used to normalize the pave

ment structure response data.  Pavement structure s re spond nonlinearly 

to load changes , and prel iminary studies showed that l inearly normalizing 

the NAFEC pavement re sults using the aircraft data caused more var iat ion 

and scatter than actually existed . In order t o  properly and accurat ely 

adj ust the pavement structure re sult s for the aircraft load variable ,  

other pert inent variable s  (discus sed in the following sections of this 

report ) that affect the pavement structure responses and their rela

t ionships must be known and properly taken into account . If all variables 

and their relat ionships are not consi�ered , account ing for any single 

one could cause erroneous result s .  

Table 5 pre sent s the aircraft average wheel loads for both the 

1972 and the 1974 test .serie s .  The average loads are for both stat ic 

and dynamic test conditions . 

INTERPRETATION OF PAVEMENT STRUCTURE 
RELATIVE DISPLACEMENTS AND MOTION 

Thi s sect ion of the report pre sents and briefly explains a basic 

hypothesi s of pavement and soil structure int ernal behavior . The hy

pothesis  is  still in its infancy , and much more work and study are 

necessary ,  part icularly in the nonelast ic phase (to  be defined in the 

following discussion ) . Much informat ion needed for verificat ion and 

expansion was gained from the result s  of the t ests at NAFEC . However , 
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V1 V1 

Aircraft 

B-727 

B-727 

B-727 

C-880 

Test 

1972 flexil:�le pavement 

1972 rigid pavement 

1974 flexil:�le pavement 

1974 flexi�>le pavement 

Table 5 

Average Aircraft Wheel Loads 

Average Vertical Wheel Load , lb 

28 , 073 

28 , 588 

30 , 286 

18 , 050 

Standard Deviation , lb 

2990 

1971 

2938 

Not e :  For the 1972 and ' l974 test s  with the B-727 aircraft on the flexible and rigid pavement test 
s ites , the average horizontal side load for taxiing at 4 5  knots was 1000 lb with a standard 
deviation o f  100 lb . 



some measure of  verificat ion of the hypothesized behavior had already 

been obtained on WES pavement test sections by two type s of deformat ion 

measuring instrument s (WES deflection gage s and Bison coils ) with en

tirely different operat ing pr inc iples . The NAFEC t ests further verified 

the behavior measured by these two different instrument s .  Furthermore , 

to a c ertain extent , verificat ion was obtained with a third type of in

strument at NAFEC (the veloc ity gage ) that has an ent irely different 

operat ing princ iple . 

The hypothesis  may define a common charact erist ic that links the 

performance of all pavement type s .  In fact , inelast ic behavior may be 

the maj or controlling factor of or mechanism for determining pavement 

performance and l ife sinc e it can be the main movement (larger than 

elastic ) occurring for stat ic loadings and low-speed operat ions . Further

more ,  this hypothesis  explains a direct link that was observed between 

the behavior of WES pavement test sect ions under s imulat ed aircraft loads 

and traffic and the behavior of  actual pavement s under actual aircraft 

loads used at NAFEC . 

The NAFEC test result s for relative di splac ement are presented 

in the figures in Appendix B .  This appendix also detail s the rat ionale 

for the order in which the figures  are present ed .  The results are dis

cus sed and summarized in this sect ion of the report . 

CHARACTERISTIC BEHAVIOR 

The NAFEC t est data were interpreted according to a basic hypothe

sis  of pavement structure behavior that was conceived and derived in the 

WES mult iple-wheel heavy gear load ( MWHGL) study . The basis o f  the hy

pothesis  is  described -in �ea.bett er e-t a:l .  8 
In the MWHGL flexible pavement tests with WES deflection gage s , 

a thorough analysis  and search for a no-load referenc e  or datum from 

which a gage was operat ing under load result ed in ident ificat ion of a 

load- and pos ition-dependent , moving ( float ing ) reference for each gage . 

This float ing referenc e  reflect s  the pavement structure real behavior 

and is defined by the pavement rebound posit ions aft er each load appli

catio n .  The WES deflect ion gages in the MWIIGL t e st section were loc ated 



at different depths within the pavement structure and were all anchored 

at a depth of 12 ft . These gages measured total pavement structure 

movement and not individual pavement element or layer movement s .  

As a simplified example of the hypothe si zed behavior , cons ider 

an instrumented pavement sect ion and a loaded single wheel . The instru

ment s measure pavement structure movement over a long gage length for a 

total type effect . Tests are conduct ed by statically loading the pave

ment ; the following instrument responses are measured : ( a ) an init ial 

no-load response ( i . e . , prior to loading at each gear-to-gage offset 

distanc e ) , (b ) a load response , and ( c ) a final no-load response ( i . e . , 

aft er each loading ) . Now , if loads are applied sequentially , the f inal 

no-load response a� er loading at a given off set distanc e i s  the initial 

no-load response that will be measured prior to loading at the following 

offset distance . For each instrument , a plot of the three responses  for 

each offset distance result s in the development of three curves ( an 

init ial no-load re sponse curve , a load re sponse curve , and a final no

load response ( rebound ) curve ) for the loading sequenc e as shown in 

Figure 27 . (Curve s of thi s  type are presented in Ledbetter et a1 . 8 ) 
A set of thre_e curves for stat ically loaded offset distances can be 

developed following thi s proc edure along any line at any angle to  the 

wheel axis . Such curves can also be developed for slowly moving vehicl es . 

If the load vehicle is  moved down lines offset from and parallel to a 

line over an instrument , the recorded instrument responses can be broken 

down into initial no-load , load , and f inal no-load responses for each 

offset distance . A plot of these responses result s in the three curves .  

The relat ionships of these three response curves form the crit ical 

basis of the hypothesis of pavement structure behavior . Once the curves 

are obtained , they can be reduced to values of movement or displac ement 

at the maximum and offset po int s .  In the example curves shown in Fig

ure 27 , if  the no-load reference for the sequence i s  t aken to be the 

first po int on the initial no-load re sponse curve , the last point on 

the final no-load response curve , any point on an incl ined l ine between 
the first po int on the initial no-load re sponse curve and the last point 

on the final no-load response curve , or the initial no-load response 
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curve it self , displacement s are not symmetrical , repetit ive , or equivalent 

at duplicate  po int s in the pavement structure , and they are different for 

each refer�nce method . Also , as can be seen in the portion of the curves 

to the right of the instrument c enter line in Figure 27 and depending on 

the reference method , the rebound movement can b e  greater than the ini

tial movement within a given range of offset di stances . In addit ion , 

the maximum displacement i s  not c entered on the instrument . 

However , if the rebound curve (the float ing referenc e ) is  used as  

a reference for each load po int , the resulting elast ic displacement s are 

symmetric al , repet it ive , and eguivalent at duplicate  po int s in the pave

ment structure , and they are different from those obtained by any other 

reference method . Also ,  when the rebound curve is used as the reference ,  

the maximum displac ement occurs on the c enter o f  the instr1.llnent and does 

not lead or lag the load . For other than a single wheel when this proc e

dure of observing the behavior is followed , duplicate elast ic displace

ment s occur on the same and duplicate instrlUUent s , at symmetrical gear 

load po int s , and under repetitive loadings . 

As is obvious from the above discussion , the float ing reference 

breaks out of the response an elast ic phase of behavior . By using the 

rebound curve as a reference and comput ing the differenc e from the load 

curve , displac ement values result that are entirely elastic and , in all 

probability , represent the total elastic phas e or property of the pave

ment structure with respect to a given depth and load . 

The init ial no-load response curve is  not thought to be very 

meaningful s ince it is the rebound curve shift ed laterally for a se

quenc e of loads , and reference to it caus es inconsistency of dat a .  

Static load elastic displacement in the MWHGL t est s was found- t-o 

remain r elat ively constant through thousands of  load applications and 

with vehicle veloc ities up to approximately 1 0  knot s .  Indicat ions from 

the MWHGL t ests were that this elast ic behavior should be constant up 

to much higher veloc ity values ,  provided no viscoelast ic behavior i s  

pre sent , and the MWIIGL t ests indicated only a negl igible t o  no amount 

of viscoelast ic behavior . 

As can be seen in Figure 27 , the greatest differenc e between 
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referenc e methods occur s at the maximum load point ( instrument center 

line ) . This difference can be as large as the elast ic value calculated 

from the rebound curve as shown in the MWHGL tests . However , the dif

ference is a funct ion of the pavement structure strength , total load , 

number of wheels ,  vehicle veloc ity (rat e of  load application ) , and load 

history . (Load history means the magnitude of the previous load and the 

offset pos ition with respect to a point in the pavement structure . ) In 

the MWHGL tests , the difference in values obtained using the different 

reference methods increased with an increase of load and number of  wheels ,  

and it decreas ed with an increase of pavement structure strength and rate 

of load appl ication . 

The primary subj ect of the previous discuss ion has been the elas

tic phase of behavior , and the remaining phase has not been defined or 

discussed in detail . For the MWHGL flexible pavement tests , the only 

displac ement data were from WES deflection gages . There was a possibility 

that the float ing reference observed in these tests was a funct ion of the 

instrument s and not real pavement structure behavior . Thorough instru

ment and electrical system checks were therefore made , and they indicated 

the validity of the measurements . However , there were no other movement 

measur ing instruments in the test sect ion to verify the behavioral pat

terns . Even though the behavioral patterns could have been caused by 

the instrument s ,  the elastic response derived from the behavioral patterns 

was believed to be correct . ·This assumption was based on the previously 

discussed elastic response characteristic s . Results of tests of subse

quent WES pavement test .sections have verified the behavioral patterns . 

The remaining behavioral phase will be referred to a s  "inelastic . "  

This inelast ic behavior is not a permanent nonrecoverable displac ement ; 

it recovers as a funct ion of load history. Inelastic movements are 

upward or outward as well as downward or inward and can be larger than 

the elast ic movement s .  The inelastic behavior does not appear to be 

related to measured total pressures but could poss ibly be explained by 

a deformat ion law. This behavior has not been proven to be  truly plast ic 

in the classical sense , and for this reason it is of  a pseudoplast ic-type 

nature that will become more clear in the following d iscussions . 
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This inelast ic behavior has been not iced in pavement tests since 

the 1940 ' s .  However , the errat ic behavior a s  indicated by instrument s 

has always been de scribed as an amb iguous phenomenon due po ssibly to 

unstable (varying or changing zero ) instrumentat ion or has simply been 

assumed to be meaningle ss . Thi s inelastic behavior has led to test ing 

procedures in which the pavement has been loaded at a point repeat edly 

(conditioning ) unt il instrument s "become stable" before recording in

strument re sponses . ( Condit ioning makes the inelastic response approach 

zero , as discussed in the following paragraphs . )  While thi s type con

ditioning temporarily eliminates the inelast ic movements ,  it is  not 

really repre sentative of behavior under actual traffic loading , since 

traffic is  randomly distributed and approaches a normal distribut ion 

with t ime . 

The nature and behavior of the inelastic phase o f  movement has 

not been defined , fully described , or ut il ized in the past . It is  real 

and i s  believed to be an important part o f  pavement structure response . 

In analysis and interpretat ion of instrument response data from noncon

dit ioned pavement structures , the inelast ic behavior c an be of a crit ical 

nature and should be considered . For random or distributed pavement 

loadings (which represent real loading conditions) , instrument responses 

cannot be fully or c orrectly analyzed unl e s s  the inelast ic behavior is 
fully recognized and ut il ized . The following di scussions are believed 

e s s ent ial to this report in describing the inelast ic phase of movement 

and its  behavior and considerat ions in the analys is  o f  the NAFEC pavement s 

under load test s .  In inve stigating pavement response to dynamic loads , 

the inelastic behavior i s  at least as important as the elast ic behavior . 

Inelastic behavior in this report i s  a material response that is  

characterized as follows : 

a .  

b .  

If a mat erial i s  loaded so that deformat ion i s  induc ed which 
doe s not completely recover and the mat erial is never loaded 
again , the residual deformation i s  permanent (never recovers ) .  

However , if the material i s  loaded again in the same or another 
location ,  movement of the above residual deformation may occur 
that may change in d irection and/or magnitude and result in a 
new residual deformation that i s  again subj ect to thi s  
definition . 
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Inelast ic displacement can be determined for a single load application 

or for a sequence of load applicat ions . In Figure 27 , the differenc e 

between the init ial no-load response  and rebound curves at any point is  

the inelast ic displacement for that load point . However , if the reference 

is taken to be the highest po int occurring for a sequence ( on the left 

s ide in Figure 27 ) ,  the inelastic displacement at any po int may be much 

larger that that det ermined as described above . As can be s een in 

Figure 27 , inelastic displac ement occurs in both upward and downward 

direct ions , depending on the load history . 

Inelastic behavior includes an increment of permanent displacement . 

For a full sequenc e of load applicat ions ( from an offset of no-load 

influence on one s ide of an instrument in the pavement structur e to an 

offset of  no-load influenc e on  the oppo site s ide ) , these increments of 

permanent displac ement ac cumulate and c an be  determined . The permanent 

di splac ement for the sequence in Figure 27 is  the differenc e between the 

highest po int occurr ing and the final rebound po int of the s equence .  

However , according to the definition , this i s  the permanent displac ement 

if and only if another load application or sequenc e is  not applied 

causing an upward movement recovering part of it and changing the per

manent to inelastic displacement . 

In WES test sect ion studies subsequent to the MWIIGL study , move

ment measuring instruments (Bison coils ) that operat e on an entirely 

different princ iple from that of the WES deflect ion gage were used . 

Bison coil measurement s verified the behavioral patt erns indicated by 

the WES deflection gages in the MWIIGL tests , and they also extended the 

knowledge of the character of the behavioral phases . The Bison coils 

gave internal responses for individual pavement structure element s or 

layers , whereas the WES deflect ion gage s gave responses for the total 

pavement structure . 

In add it ion to verifying the inelastic and elastic phases of 

behavior , the Bison co il responses to static load showed that elastic 

expans ion or swell was occti.rr ing internally in the pavement structure 
element s with respect to gear-to-gage offset . Recorded vehicle traffic 
also showed that elastic expans ion was oc curring at lateral offset 
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distances as well as in front of  the wheels . This additional elastic 

phase of behavior needed to be verified not only in other pavement 

structures but with other types of instruments , and verification was 

obtained in the NAFEC test s . 

Additional informat ion was also ga ined concerning the inelastic 

phase of behavior in the subsequent WES test section studies . Bi son 

coils were recorded for a maj ority of the applied traffic , and these 

recordings showed that , for a given sequenc e of load applications with a 

given wheel configurat ion and load , the inelast ic response had a spec ific 

form or pattern and was cycl ic with the traffic pattern . The inelast ic 

respons e was nearly constant under traffic until failure (as defined by 

WES for its test sect ions ) , at which po int it increased drastically . 

However , the elastic response remained nearly constant even past failur e .  

Similar behavior had al so been obs erved i n  the static load tests o f  the 

MWHGL study before , during ,  and after traffic . Information conc erning 

this behavior at failure , however , is very limited and not conclusive , 

and much more informat ion needs to be obtained in this subj ect area . 

This trend at failure has been d iscussed because it concerns the inelastic 

behavior spec ifically , has been indicated by data , and could be very 

important in defining a mechanism or mechanisms of failure . 

Inelastic behavior is dependent on magnitude o f  load , number of 

wheels , pavement structure strength , and rate of load application. It 

shows the effect s of temperature in highly plastic , temperature-dependent 

materials , and it is  also highly dependent on the load history. For 

repeated loadings at the same point on a pavement structure not near 

failure ( same as conditioning ) , the inelastic response approaches zero 

after only a s ingle or a few load appl ications , whereas the elastic 

response
. 

remains constant with load applications at the same po int . For 

a sequential static or dynamic loading pattern , �he inelastic behavior 

is cons istent . However , if loading is random , the inelastic behavior 

may be errat ic , depending on the load history and structure strength . 

Also depending on load history and structure strength , the inelast ic 

phase at a given point may require more than one load application for 

completion . 



Under relat ively constant conditions , an elast ic response is 

obtained by separating displacement s into elastic and inelastic that 

is independent of inelastic behavior 2 no matter what it is 2 and that 

is symmetrical , repet itive , and equivalent at duplicate  point s in the 

pavement structure . Inelastic displac ement may range from a magnitude 

of zero to many t imes the elast ic response , depending on the load history 

and rate of load application . Now , as can be  seen from the above dis

cussion , a spec ific total ( elast ic plus inelast ic ) movement or displac e

ment is impos s ible to define exc ept for a singl e load appl ication in the 

load history of a pavement structure or for high rates of loading at 

which the inelastic response is essentially zero and only elastic re

spons e is occurring . At any point in t ime of the load history , the 

magnitude of total movement can range from the elast ic response value 

to many times this value . Because o f  this behavior , a total displac ement ( 
value is completely meaningless and in fact incorrect for the condit ions 

under which inelastic behavior is active . Due to the nature of inelast ic 

behavior coupled with the influence of random and distributed traffic or 

static loads acting over a pavement surfac e ,  a pavement structure is  

continuously pul sating upward , downward , and laterally. ( Liken the 

behavior to that of a ball of putty being molded . ) The pavement struc 

ture is plastic t o  the extent that it is  stable at various levels to 

which it might be worked under loaded conditions , and it exhibits elastic 

behavior at each of it s changing states of  inelastic ity with the elast ic 

behavior operat ing from the float ing r eferenc e .  

The response o f  a pavement structure t o  a loaded vehicle moving 

on its surface_, therefore_, can now be defined . Three-dimensional wave 

forms of  the type shown in Figure 27 move through the structure .  Along 

an axis in the direct ion of vehicle motion , a wave form moves with the 
vehicle ; along a perpendicular axis , another wave form sweeps through 

the structure . A given po int in the pavement structure responds to both 

of these wave forms , and the magnitude o f  the effect is a function of 

the offset distanc e perpendicular to the direct ion of vehicle mot ion . 

As the vehicle applies distributed or random traffic , a g iven point 

rides both of these wave forms from one end to the other . The point 
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completely rides a parallel wave with each passage , but the perpendicular 

wave takes longer to ride depending on the pattern of traffic . If a 

normal distribut ion of traffic is appl ied , the perpendicular wave form 

is continuously repeated at a given po int in a cycl ic manner . Repet it ive 

loading along a traffic line results  in repetit ion of elastic but not 

inelastic response of a point at the plac e on  the wave forms . The wave 

forms and curves in Figure 27 are the ones that move cont inuously through 

the structure for a s ingle wheel ; however , the behavior is exactly the 

same for multiple wheel s ,  though much more complicated due to interact ion 

of the wheels and the effect of having more than one gear maximum load 

�i� . 

The relationships of various vehicle loads , number o f  wheels , and 

structure behavioral patterns are not linear . In fact 2 they are very 

nonlinear , increas ing with both load and number of wheels .  Work concerned 

with the charact eristics of the elast ic phas e of behavior , as derived 

from the hypothesis , can be found in References 8-1 0 .  These report s in� 

elude spec ific work with the princ iple of superposition and test s ect ion 

data . 

This general discuss ion of a behavioral hypothesis has now led to 

the point that the NAFEC tests need to be cons idered . Based on the WES 

test sect ion results ,  the following various behaviors would have to be 

studied to determine the dynamic load test result s :  

a .  Inelastic phase :  Can the response measured i n  previous 
studies be verified? How does inelast ic response vary with 
the rate o f  load application and temperature? 

b .  Inelastic wave form : Can its presenc.e b e  verified? How does 
it behave? 

c .  Elastic ( including viscoelast ic ) phas e :  Can the response 
measured in previous studies be  verified? What is the nature 
of its constancy with changes in the rate o f  load applicat ion 
and traffic? 

d .  Elastic expansion or swell : Can it s presenc e  be verified? 
How does it behave? 

e .  Differences in total structure and layer responses : Can they 
be verified? 

NAFEC Total Pavement Structure Behavior . Figure 28 shows typical 

static load test result s for a WES deflection gage measuring vertical 
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movement between the surface and a depth of 1 5  ft . These t est s were con

ducted on the flexible pavement t est site in 1974 with the B-727 aircraft . 

Offset distances  were determined visually . Because t he time allowed on 

the runway during dynamic test s normally was not suffic ient to make pre- · 

cise  measurements , offset distances consequently have a variat ion of 

about ±2  and ±3  in.  for all stat ic and dynamic load t ests , r espectively . 

In the static load tests , the aircraft was left in plac e for at least 

5 min prior to recording measurement s for the 1972 t ests and for at least 

10 min prior to recording those  for the 1974 t ests . These t ime periods 

also elapsed for rebound ( final no-load ) recordings . The times were 

determined prior to test ing by t iming static loads and asc ertaining the 

time for approximat ely 95 percent of the movement or deformat ion to 

occur . 

Figure 28 has two part s ,  a and b .  The result s shown in this figure 

are plotted along a line through the gear c enter point and perpendicular 

to the longitudinal axis of the aircraft . The manner o f  presentat ion 

gives the appearance that the aircra� was stationary and the gage it

self was moving to various offset distance s  from it ; however , this is 

not the case . Figure 28a shows the elast ic response ( derived from 

Figure 28b ) as determined by the previously discuss ed hypothesis . Fig

ure 28b shows two set s  of result s ,  one for each of two s eparate s equences 
of loadings . These load sequences were conducted with about a day of 

elaps ed t ime and 23 dynamic load operat ions ( i ncluding creep-speed taxies ) 

occurr ing between them . For each load application , the measured responses 
in terms of initial , load , and rebound values are plotted .  Al l  like 

points are connect ed by arrows acro s s  this part of- the figure in order 

to show the sequence of loading . No zero po int is shown on the displac e

ment axis in Figure 28b because , ac cording to the hypothesis , the r efer

ence i s  floating . However ,  the scale o f  movement i s  g iven . Two scales 

are given on the abscissa axis for clarity. 

In Figure 28b , the behavioral patt erns of upward and downward 
movement are obvious . Also obvious is the upward and then downward move
ment o f  the load curve . The float ing reference is defined by the r ebound 
points and l ines . By computing for both s equences the differences 



between the load and rebound values and by following the direct ions of  

movement , the elastic responses for Figure 28a are obtained . Not ic e  

the cons istency of the elastic responses regardless of the loading s e

quence , of the loads between sequences , or o f  the upward and downward 

movement . A small amount of variation in the stat ic load result s was 

caus ed by offset distances  not being exactly determined , by variat ions 

in the pavement structure , by responses b eing affected by the load 

history , and by variations in the electronic syst em .  

Now , b y  c omputing for both s equences the differences between the 

init ial and rebound values ,  the inelast ic respons e for each applied load 

is  obtained . Notice that the inelast ic response goes in both upward and 

downward directions and varies between the two s eguenc es . For a given 

load s equence , the inelastic respons e c an be c alculated by taking a 

referenc e value anywhere that appears appropriat e .  As can be s een in 

Figure 28b , the largest inelast ic respons e for an individual point is 

approximately equal in magnitude to  the corresponding elast ic response .  

Figure 28b present s the actual measured movement s as if they were 

plott ed in instrument voltage output with the convers ion factor given . 

The load s eguence is specified ;  therefore 2  any desir ed method of  movement 

reference and data interpretat ion c an be chosen . The rebound po ints 

represent the actual posit ions of the pavement surfac e at the gage c enter 

line aft er each appl ied load . If surveying instrument s had the reguired 

accuracy and prec is ion , they would show the same patt erns a s  those  in 

Figure 28b at a given point for a load s eguence . In other words 2  the 
surveying instruments would show changing elevations at a given point 
as a funct ion of the load s equence .  Another important fact that is 

obvious is  that measuring t echnigues external to the pavement structure 
cannot pos s ibly determine the patterns shown in Figure 28 in the vic inity 
o f  the wheels .  External measuring t echniques can determine the o ffset 
bas in shape , but an extrapolat ion o f  the shape beneath the wheels would 
certainly be in error . 

Figure 29 shows typical creep-speed taxi t est results of the same 
WES deflection gage as above for the 1974 t est s . The results are pre
sent ed in the same manner as previously discussed . The static load 
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test curve of Figure 28a is superimpo sed on the result s in Figure 29a 

to enable a comparison of elast ic result s for the static load t est with 

thos e for the creep-speed taxi test . As can be s een , there is a reduc

tion of maximum vert ical elast ic displacement . This r educt ion is believed 

to be a viscoelastic effect which will be discussed under "Test Result s . "  

The slight variat ion in the result s was c aused by the previously discussed 

variables ; however , there is more variat ion in thes e result s due to the 

offset distances being even less exactly determined for the moving air

craft (as discus sed previously ) .  For the creep-speed taxi mode , there 

is also a reduct ion in inelast ic response (Figure 29b ) . Again , the 

inelastic behavior is affected by the rate of load applicat ion and de

creas es to zero at high speeds or rates  of load application . This effect 

is also discussed under "Test Result s . " 

Figure 30 shows the actual analog recordings for the creep-speed 

tests from which the result s in Figure 29 were obtained . For each load 

applicat ion , the elastic responses were taken from the final no-load 

traces (proj ected back) ,  and the difference between the initial and 

final no-load traces is shown . The differenc e between the initial and 

final no-load points is  the inelast ic response for each load application . 

It can eas ily be seen in Figure 30 that the magnitude and direct ion o f  

movement of the inelastic response are controlled by the gear-to-gage 

offset distanc e .  The change in direct ion o f  the inelast ic response and 

the upward movement at the various offsets and in the immediat e gage 
vic inity are also evident . Not iceable too are the symmetry and repeti- · 
tion of the elastic and inelastic responses for . the load sequence .  
Inelast ic response is  symmetric ana repetftive t�or a given symmetric or 
orderly load s eguence .  In Figure 30 , the final no-load trace for each 
event is the initial no-load trace for the following event . One other 
notic eable fact shown in the figure i s  the odd shaped , unsymmetrical load 
response ; this will be discussed in a following s ection dealing with 
pavement structure vert ical veloc ity. 

Figure 31 is the inelast ic wave form corresponding to the creep

speed taxi test s  illustrated in Figures 29 and 3 0 .  The result s plott ed 

in Figure 31 came from the inelast ic response to each individual load 
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applicat io n .  The symmetry of the wave form for the creep-speed taxi s e

quence is evident . For any load s equence and rat e  of  applic ation s imilar 

to those  in the creep-speed taxi sequenc e ,  this i s  the inelastic wave 

form that r epetitively sweeps through the pavement structure.  Figure 31 

shows the inelastic respons e per load applicat ion at any offset position ; 

it does not give the accumulated response for a s equence of loads . If a 

single pos it ion is  loaded s equentially , the inelastic wave form will not 

indicate the response s inc e ,  as  stated previously , inelast ic response 

approaches zero af't er only a s ingle or very few load applicat ions . 

In order t o  clarify the previous discussion conc erning inelast ic 

behavior and wave forms , Figure 32 has been developed . Figure 32 con

sists of a base sheet and a s eries of cl ear overlays with the inelastic 

wave form of Figure 31 on them .  The overlays are numbered "l" through 

"7 , "  and they correspond to the sequence of creep-speed taxies illustrated 

in Figures 29 and 30 . Ea.ch offset position is indicated on the overlays 

by a po int on the wave . Movements are shown for a point ( indicated by 

an "X" . on the bas e ) on the pavement surfac e .  

Plac e overlay 1 on the base  and align the cross below the point 

on the overlay with the X on  the base . Al ign the top l ine on the overlay 

with the s ide mark numbered "l" on the base . Now ,  the resulting figure 

shows the inelastic movement actually oc curring at this point when the 

aircraft rolled past it . Plac e overlay 2 o n  top of  overlay 1 .  Align 

the cross  on overlay 2 with the point on the wave of overlay .l and the 

top l ine on overlay 2 w�th s ide mark 2 on the bas e .  The r esult ing figure 

shows the actual additional inelast ic movement occurring at the point 

due to the aircraft rolling past at another offset position . 

Continue plac ing overlays and al igning them as described above . 

The resulting figures show the actual wheel pos itions for the seguence 

of creep-speed taxies , the actual inelastic wave seguence ,  and the actual 

inelastic movement at any pavement surfac e po int for each load applica

tion. A s imilar s eries c an be constructed. for the elast ic phase o f  

behavior . 

Illustrat ion , in this volume , of the total pavement structure 
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Figure 32 is  in the envelope inside the back cover . 
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behavior for the rigid pavement tests was not felt nec essary (Appendix B 

shows the behavior ) .  The WES deflect ion gage s were anchored to the con

crete slabs and at a depth of 1 5  ft , and slab behavior under stat ic 

loading was almost ent irely elastic with only a negligible amount of 

inelastic response occurring directly beneath the aircraft wheels .  How

ever , the magnitude of the inelastic response did approach the instrument 

response variat ion and was therefore not definite . Inelastic behavior 

is possible in a rigid pavement structure because the slab c an stay 

slightly bent under its own weight aft er a d irect load applic at ion . 

The foundat ion mater ials of the rigid pavement test s ite did show inelas

tic behavior , and thi s will be di scussed in the following sect ion . Under 

creep-speed taxies , the slabs responded fully elastically and the po ssible 

inelast ic re sponse was of zero magnitude . 

NAFEC Individual Pavement Structure El ement Behavior . Figure 33 

shows typical stat ic load test results  for Bi son coil s  measuring vert ical 

relative di splac ement within the flexible pavement structure for a depth 

of 9 to 18 in . The se tests  were conducted on the fl exible pavement test 

site in 1974 with the B-727 aircra� . (Previous remarks conc erning test 

methods and figure part s a and b also apply to this figure . )  Thi s  f igure 

is also representat ive of the response of rigid pavement elements (as can 

be seen in Appendix B )  with the except ion o f  the movement between the 

wheels .  The rigid pavement element s do not show individual wheel effects  

below the concrete slab . 

Of importance in this figure is the elast ic expansion that occurred 

out side of the wheel vic inity. This behavior (as c an be seen in Appen

dix B )  occurred in both flexible and rigid pavement element s and al so in 

all the dynamic lna.d_ t_e_s_t_s_._ The elastic exoansion o f  the element s is in 

contrast to the total pavement structure behavior illustrated previously . 

Also shown in Figure 33 is  the inelastic behavior c ommon to both fl exible 

and rigid pavement elements (as seen in Appendix B ) . 

No stat ic load tests were conducted to measure the movement s 

ahead of or behind the wheels �  However , the elastic characterist ic shown 
in Figure 33 , result s of WES t est section studies , and logic imply that 
elastic expansion should also occur ahead of and behind the wheels .  
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In the dynamic load tests , elastic expans ion did occur ahead of 2 to the 

sides of 2 and behind the moving wheels in both pavement types (as  seen 

in Appendix B) . The measured expans ion ahead of the wheels will be 

referred to herein as a "bow wave . "  Bow waves are believed to be generated 

by the elastic mechanism observed in the stat ic load test s .  

Onc e a bow wave has been generat ed for a moving wheel , it i s  

probably modified by forces  assoc iated with the rolling wheel . A typical 

example of a bow wave is shown in Figure 20 by the first peak . Figure 34 

shows computer-reproduced typical recordings o f  creep-speed taxi vert ical 

responses measured by Bison coils . These c ame from the 1974 flexible 

pavement tests . Figure 34a i s  for the immediate vic inity of the wheels 

and shows the responses of the elast ic bow wave , the elastic displac ement 

beneath the wheels , and the inelastic di splac ement . F igure 34b is for 

the area out side the wheel vic inity and shows the elast ic expansion and 

inelast ic response . The elasti c  expans ion along the wheel axis  is shown 

here to be the largest movement ; however ,  this i s  not always true . In 

some cases , the bow wave is  larger than the expansion along the wheel 

axis . Outs ide the wheel vic inity , the bow wave and expansion are not 

two separat e occurrences  because they tend to be a common swell that 

may peak before or at the wheel axis . ( The bow wave peak magnitudes are 

presented in Appendix B as part c of the figures . )  

The previous discussions have dealt with two types o f  vertical 

response ,  those for the total pavement structure and those for the 

individual pavement structure element s .  Both types have elast ic and 

inelastic behavioral phases ,  but the two tyPe s of responses ar_e_ d.if'i'-erent 
in that the elements show elast ic expansion while the total pavement 

structure does not . The total pavement structure elastic displac ement 

was in the form of a downward basin shape , while the element d isplac e

ment (out side the wheel vic inity ) was in the form of upward elastic 

expansion . The total pavement structure downward elast ic movement was 

larger in magnitude than the sum of the element upward elastic move

ment s ;  therefore , the re sultant elast ic movement was downward . The elas

tic response that was measured by the WES deflect ion gages was this  

resultant downward elastic movement . This effect will be d iscussed 
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further in the sect ion dealing with pavement structure vert ical veloc ity . 

Horizontal longitudinal and transverse relat ive displac ements 

measured by Bison coils within both pavement test s ites (as seen in 

Appendix B ) indic ated effects from both total pavement structure and 

individual element tyPes of vert ical elastic respons es.  The inelastic 

behavior was the same as that observed for the vert ical displac ements . 

The horizontal elastic displacement s showed a reversal of movement with 

increases in transver se offset distanc e ,  an effect that is similar to 

the element type of vert ical elastic response . However , in the longi

tudinal direct ion , hori zontal elastic displac ement primar ily reflected 

the total pavement structure downward bending with no reversal of move

ment between the t ime before the wheels reached the c ent er l ine of the 

gages and the t ime at which they were directly over the gages . There 

was an occasional tendency for reversal which was indicated by the magni

tude of the response being larger before the wheel s reached the c enter 

line of the gages .  

Horizontal transverse relative displac ement in the top o f  the r igid 

pavement slabs was measured with the Valore strain gages . These strain 

gages indicated both elastic and inelastic responses as  illustrated in 

Appendix B. The gage s also indicated effects from both total pavement 

structure and individual element vert ical elastic movement s .  Along the 

wheel axis with increases in offset distanc e ,  there was a r eversal in 

the movement . However , there was no reversal between the t ime before 

the wheels reached the cent er l ine of the gage s and the t ime at which 

they were directly over the gages . As stated previously , inelastic 

behavior of the slabs is  poss ible . Because of the inelast ic response 

in the foundat ion mat erials , a slab c an stay slightly bent downward 

under its own we ight or slightly pushed upward by it s foundation .  

Mathematical Model. Figures 3 5 , 36 , and 37 are computer-generated 

static load curves fitting the data and matching the curves shown in 

Figures Bll6 , Bl23 , and Bl30 which were drawn by hand . These curves and 

data are for stat ic load tests in three layers o f  the flexible pavement 

structure in 1974 . The data po int s show the elast ic displac ements 

determined by the behavioral hypothes i s . These curves are presented 
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to show that a mathematical model or models for duplicat ing the response 

curves and data are possible . Obviously , inelastic response curves 

similar to that shown in Figu.re 31 ca.n al so be generated by the same 

model that was used for the se curves .  

The model for the three curves was the s ame equation and may be 

a characteristic response eguat ion. The basic equation i s  a decreasing 

amplitude osc illatory wave , and it was modified in order to make it 

produc e symmetrical waves about a single point . For dual wheels ,  the 

responses for each wheel were calculated and added together . The modi

fied wave equat ion that was used is 

where 

x = -Ae-B I Z-M I cos c l z - M l 
-B1 1 z-M-s l · 

-A1e cos c1 1 z - M - s l + D 

X = displacement 

A ,  B ,  C ,  D ,  A1 , B1 , c1 = constant coefficients  such that A1 

(1 ) 

= A , B1 = B , and c1 = C if each wheel 

�erl s the same load 

z = off set di stanc e of t� gear from the 
runway c enter l ine 

M = off set distance of the first wheel from 
the runway c enter l ine 

S = c ent er-to-center wheel spac ing 

Figure 38 shows the form of Equat ion 1 for a s ingle wheel . In the 

regions directly beneath tne wheels ,  a simple second�degree curve- (ax2 +

bx + c ) was used to define the flatness shown in the curves in Fig-

ures Bll6 , Bl23 , and Bl30 . The second-degree curves were t ied into the 

wave equat ion curves at minus one-half and plus one-half the t ire width 

from point s at the cent er lines of the t ires . 

The coefficients A , B c and D varied between the three 

layers but were constant within each layer . The se coeffic ient s should 

be functions of and be capable of correlat ion to such variables as depth , 
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load , number of wheels , structure strength , temperature , rate of load 

applicat ion , etc . If the above variables are known , all of the t est 

result s and curve s can be accurately mathemat ically predicted . 

NAFEC Pavement Structure Vert ical Veloc ity of Motion . Figure 21 

shows typical recordings of vert ic al velocity responses measured by a 

veloc ity gage in the dynamic load tests . The se responses are representa

tive of those for both test sites , and the veloc ity measurement s vere 

made in the pavement surfac e layers .  The gage s were installed at a depth 

of about 3 in . in the flexible pavement test site and were embedded in 

the bottom of the slabs in the rigid pavement test site . The trac es in 

Figure 21 were recorded in 1972 on the flexible pavement test site . The 

rigid pavement structure shows a little more vibrat ion in the signals 

than is  shown by this figure . 

As ment ioned previously , simple int egrat ion of veloc ity data in 

the immediate gage vic inity yields erroneous result s .  For an example ,  

simple integrat ion o f  the veloc ity response in Figure 2la first yields 

an upward movement of 0 . 0062 in . , then a downward movement of 0 . 0130 in . , 

and lastly an upward movement of 0 . 0069 in . , which brings the instrument 

back to it s zero locat ion . The first movement could be a bow wave , but 

the second .and last movements should then be the downward and rebound 

movement s that correspond to those measured by a WES deflect ion gage . 

However , the corresponding WES deflection gage response ( Figure 39)  i s  

a downward and rebound movement o f  0 . 041 in . ( compared to the above 

0 . 0130 in . and 0 . 0069 in . ) .  Thus , the veloc ity and WES deflection gage 

responses do not compare favorably. · Neither do the velocity peaks , zero 

point s , or phase shi� s correspond to any known motions . Due to the 

above results , an analysis of the mot ions and velocities was made which 

led to a possible explanat ion of and methodology for interpreting velocity 

responses . 

Ut iliz ing the methodology in comput er reduct ion o f  "'Velocity data 

to measurement s of vert icai movement was not undertaken because of the 

complex and t ime-consuming nature of such operations , as should be ob

vious . Thi s sect ion of the report , however , presents in example form 

the methodology for reduc ing veloc ity data in the wheel vic inity . The 
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result ing total pavement structure movement determined in this manner 

compares favorably with that indicated by the corresponding WES deflec

tion gage . In addition , these re sults verify the presence and effects 

of structural element responses (bow waves )  in the wheel vic inity . 

Veloc ity response out side of the wheel vic inity c an be normally inte

grated to determine movement ; however , a demonstration of this proc edure 

was not felt nec essary. 

Figure 39 shows a typical computer-reproduc ed recording for a WES 

deflect ion gage measuring total pavement structure displacement , X • 

Part a shows the gage re sponse in real t ime , and part b shows it in ex

panded t ime . These trac es are for a taxi test at an aircra� ground 

speed of 166 . 7  �/sec . Linearly extrapolating the t ime sc ale of  166 . 7  ft/ 

sec to a t ime scale of 233 . 3  ft / sec and replott ing the data in Figure 39 

result s in Curve 1 of Figure 40 . Whether plott ed at 1 66 . 7  or 233. 3 ft / sec , 

however , the displacement is fully elast ic (recovered ) .  

If elastic response is symmetric , as indicated by the static load 

tests at NAFEC and at WES , the di splac ement shown by Curve 1 of Figure 40 

should be symmetrical ; however , the measured response obviously is  not 

symmetrical . By plotting the mirror image of  Curve 1 on the left-hand 

side in Figure 40 , Curve 2 is obtained . Now,  assume a bow wave is  riding 

on Curve 2 .  A bow wave measured by Bi son coil s  in the top 3 t o  9 in . of 

the pavement structure at an aircraf't ground speed of 233 . 3  ft /sec i s  

plotted i n  Figure 41 . As can be seen , the rise t ime that a velocity 

gage would detect for the bow wave is approximately 0 . 06 sec . 

In Figure 40 further as sume that the difference between Curves 1 

and 2 ,  which is Curve 3 ,  is the peak amplitude of a total pavement struc

ture bow wave . ( Curve 3 represents the amplitude of the bow wave at dis

tances or t imes before the wheels reach the c ent er l ine of the gage . It 

is al so the growth of the bow wave . )  Now , at any given point ( in terms 

of distanc e or t ime ) before the wheels reach the c enter l ine of the gage , 

the upward change in displac ement �X i s  the differenc e between Curves 1 

and 2 ( i . e . , Curve 3 ) .  Assume that the rise t ime or t ime increment �t 

for � i s  the 0 . 06-sec rise t ime of  the · measured bow wave in the top 

layer of the pavement structure ( Figure 4 1 ) . The upward veloc ity X 
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of the total pavement structure bow wave can now be approximated as equal 

to 6X/6t • Before the wheels reach the c enter line of the gage , this 

total pavement structure upward bow wave veloc ity is larger than the 

total pavement structure gradual downward veloc ity and should be indi

cated by the veloc ity gage . 

The total pavement structure displac ement ( Curve 1 in Figure 40)  

as  measured by WES deflect ion gage s i s  therefore the resultant of  two 

displac ements occurring at exactly the same t ime . At any po int before 

the wheels reach the center line of the gage , the resultant of an upward 

elast ic di splacement and a larger downward elast ic displacement would be 

the downward displacement shown by Curve 1 .  This re sultant is  the only 

displacement that a gage measuring total pavement structure displacement 

such as the WES deflect ion gage can indicat e .  In other words , the unsym

metrical response of Curve 1 is  caus ed by a total pavement structure bow 

wave holding the pavement structure above where it would be i f  the bow 

wave did not exist . 

Figure 22 shows the measured veloc ity of Figure 21 reprinted with 

an expanded t ime scale . The veloc ity data expansion for the wheel vi

cinity corresponds to the displac ement s in Figure 4 0  presently being 

discus sed . Aircraft ground speed for the veloc ity data was 233 . 3  ft/ sec . 

Figure 42 shows a plot of the measured velocity of  Figure 22 before the 

wheels reach the c enter line of the gage . The upward veloc ity X c al

culated from the previously discus sed 6X/6t i s  plotted in Figure 42 

for comparison with the measured veloc ity. As can be seen , the agreement 

is exc ellent . 

- Curve 3 -in -F-igure --40 -c an -be -obtained from the !I1..easured veloc ity. 

The measured veloc ity i s  the resultant R of the downward veloc ity v2 
of Curve 2 and the upward veloc ity v3 of  the total pavement structure 

bow wave , i . e .  

R = v2 + v3 

Determining v3 from the above expres s ion and calculat ing the area 

under the v3 curve yields Curve 3 of Figure 4 o .  

The previous di scus sion has been for the pavement structure 
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behavior up to  approximately 0 . 01 sec before the wheels reach the c ent er 

line of the gage . tn this region , the measured veloc ity curve i s  in 

phase with the displac ement curve as shown below: 

a .  The natural undamped frequency o f  the veloc ity gage w = 
29 . 845 rad/ sec . n 

b .  

c .  

The pavement structure displac ement frequency corresponding 
to one-quarter of a cycle : one-quart er cycle = 0 . 052 s ec 
and w = 4 . 81 cycles/sec = 30 . 2  rad/ sec . 

w/w = 1 . 01 � 1 . 0 .  n 
d .  The damping factor for the veloc ity gage D = 0 . 6 5 .  

e .  The phase angle � determined from veloc ity gage damping 
versus frequency ratio response curves = 0 deg = 0 rad . 

f .  The t ime of the phase shift � /w = 0 se� . 

Consider the veloc ity gage as modeled by the s imple system in 

Figure 43a . Figure 43b repre sents the movement of the mass for the first 

motion up to 0 . 01 sec before the wheels reach the c enter line of the 

gage . Figure 44 is a plot of the measured total pavement structure dis

plac ement up to the point at which the wheels reach the cent er line of 

the gage . Superimpo sed on Figure 44 is  the acc elerat ion X calculated 

from the measured di splac ement . Figure 4 5  i s  a plot of the measured 

veloc ity from 0 . 01 sec before to the po int at which the wheels reach the 

center line of  the gage . 

As shown in Figure 41 , at approximat ely 0 . 02 sec before the wheels 

reach the cent er line of the gage , the bow wave peaks and i s  pushed down

ward by the wheels .  At approximately 0 . 01 sec before , the downward 

ac celerat ion exc eeds the ac celerat ion of gravity (g = 386 . 4  in . / sec 2 ) 

- as - shown -in _Figure 44_. When ±_his .o_c_cur_s 1 the veloc ity gage mass  is in

stantaneously motionles s ,  the gage housing i s  moving , and the mot ion 

reference changes from the housing t o  the mass . ( Liken thi s  to a mass  

riding in an elevator that i s  being forc ed downward beyond the acc elera

tion of  gravity . When the elevator exc eeds the ac celeration of gravity , 

it is  then moving faster than the mas s . )  Thi s  change in reference c auses 

the veloc ity indicated mot ion to be the oppo site to the actual mot ion ,  and 

the veloc ity gage responds as shown in Figure 4 5 .  Al so shown in Figure 45  

is  the veloc ity gage model mass  pos itions with t ime that would lead to 

96 



HOUSING REFERENCE 
FOR MOTION 

--+--+--- MASS 

+ 
HOUSING 

a. S P R I N G - M ASS SYS TE M b .  MOVEME NT OF MASS F O R  
F I RST M O T I ON U P  TO 0 . 01 

t-
z 
w 
� 
w 
u 
c( 
..I 
a. 

S E C  B E F OR E  WHE E LS R E AC H 

CE N T E R  L I N E  O F  G A G E  

Figure 43. Veloc ity gage model and movement of  mass 

z 

B E FO R E  WH EELS REACH � O F  GAG E I A FTER WH EELS PASS 
T IME ,  SEC 

0 . 0 5  
50 

40 

30 

0 . 0 3  0 . 0 2  0 .0 1  0 

j 

I 
I 

0 . 0 1  0 • 0� 2000 

- 1 60 0  

- 1 200 

Cl) "'  - , 0 0 20 - 800 
w 
> 

t-
c( 
..I 
w 
a:: 

w 
a:: 
:::> 
t-
u 
:::> 
a:: 
t-
Cl) 

t-
z 
w 
� 
w 
> 
c( 
a. 

..I 
c( 
t-
0 
t-

x CA L CULA TED X -
J: 
t-
a. 

. 1 0  

w 
0 

t-
u. 0 

I IO ... 
0 
t-

- 1 0 I 
0 
z 
w 
w - 20 � 

- - - -\ -- -.... 

\ 
t-
w 
m 

- 30 

M EA SURED X 
- 40 

- so 

r--- \ _ g  

.., 

, 
\ 

=-'t"'g -

_\ - i ' -

� \ 
"' ...., ...., 0 
0 
II . 

\ )( 

----\ 
\ • ---

- 400 

0 

400 

800 

1 200 

1 600 

2000 

Figure 44 . Measured displacement up to point at which 
wheel s reach center line of gage ( from Figure 40 )  

and calculated acc eleration 

91 

N 
u 
w 
Cl) ' 
z 

:x 

z 
0 

t-
c( 
a:: 
w 
..I 
w 
u 
u 
c( 

w 
a:: 
:::> 
t-
u 
:::> 
a:: 
t-
Cl) 

t-
z-
w 
� 
w 
> 
c( 
a. 

J 
c( 
t-
0 
t-



...I 
<( u 
� 
0:: 
w 

> u  
W w 
0:: I/) 
:::> ' 
r . 

u �  
:::> o:: .x 
r 
I/) >-
r r 

z u 
W o 
:E ...I 
W w 

> > <( 
n. 

...I 
<( 
r 
0 
r 

B E FO R E  WH EELS R E ACH � O F  G A G E I A FT ER WH E ELS PASS 
T IM E,  S E C  

0.05 
- 1 .5 

- 1 . 0 

- 0 . 5  

0 

0 . 5  

1 .0 

1 . 5 

0 . 0 3  0.0 1 

I 
I 

M EASURED x--� 
I 

0 0 . 0 1  0 . 0 2  

j 
v 

a .  M E ASU R E D  V E R T I CA L  V E L O C I TY 

b. M A SS P O S I  Tl O N  

B E T W E E N  0. 0 1 0  
A N D 0.008 S E C 

HOUSIN G REFEREN C E  

t-=i o=r 
c .  MASS POSI T I O N  

B E TW E E N  0.008 
A N D  0.003 S E C  

Figure 4 5 .  Measured vertical veloc ity between 0 . 01 sec before wheels 
reach center line of gage and point at which wheels reach center line 
of gage along with corresponding veloc ity gage model mas s  pos itions 

98 



the indicated veloc ity. Aft er approximately 0 . 002 sec , the acc eleration 

reaches a peak and the spring forc e causes the mass  to start moving . 

Again , thi s behavior changes the referenc e back to the housing , and 

the veloc ity indicated motion i s  in the correct direct ion . Therefore ,  

the indicated negat ive veloc ity after 0 . 01 sec must be added vectorily 

to the positive veloc ity as i s  shown in Figure 46 . 

A peak veloc ity is  reached at approximat ely 0 . 003 sec before the 

wheels reach the center l ine of the gage . The di splac ement from 0 . 008 

sec before to the point at which the wheels reach the c enter l ine of  the 

gage is of very high frequency , and the veloc ity peak i s  leading the peak 

displac ement by about 90 deg as it should . As c an be obs erved in Fig

ures 39 and 40 , the di splacement curve is a complex wave form containing 

regions of different wave behavior characteristic s . These regions are 

more clear in the veloc ity response curves in Figure 22 . The veloc ity 

gage responds in each region with a complete change in veloc ity behavior 

character , and the se changes produce the complex veloc ity response curve . 

Now , as suming that the displacement response from 0 . 008 sec before to 

the point at which the wheel s reach the center l ine of  the gage i s  such 

a region , the veloc ity response in this region of Figure 46 represent s 

approximately one-fourth of the veloc ity response as if this displac ement 

cycle would be continued ( not interrupted ) . For this region , the veloc ity 

being 90 deg out of phase with the displacement means that the veloc ity 

should be zero at the point at which the wheels  reach the c enter line 

of the gage . Therefore ,  the di splac ement corresponding to the veloc ity 

for thi s region can be approximated by the guarter cycle veloc ity re

sponse and is approximately 0 . 0324 in . The measured deformat ion for thi s 

region is about 0 . 0335  in . , as c an be seen in Figure 44 . 

The region from the po int at which the wheel s  reach the c enter 

line of the gage to 0 . 003 sec aft er they pass will be discussed later . 

As can be seen in Figure 44 , at approximat ely 0 . 003 sec aft er the wheels 

pass the center line of the gage , the deceleration decreases below -g • 

When this response occurs , the mot ion change s to a low frequency , thereby 

shi� ing the phase from lead to lag . Figure 47 i s  a plot of the displac e
ment from the po int at which the wheels reach the c enter l ine of the 
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gage to 0 . 11 sec a� er they pas s , and Figure 48  i s  a plot of  the cor

responding measured vert ical velocity. As suming the displacement region 

between 0 . 003 and 0 . 085  sec after the wheels pass to be the last quart er 

of a cycle , the d isplacement and veloc ity gage response phase angle can 

be c alculated as follows : 

a .  

b .  

c .  

For the veloc ity gage : w = 29 . 84 5  rad/ sec and D = 0 . 65 • n 
For displac ement : one-quarter cycl e = 0 . 082 sec , w = 3 . 049 
cycles/sec = 19 . 1 560 rad/sec , and w/w = 0 . 64185 • n 
From veloc ity gage damping versus frequency ratio curve s ,  
veloc ity i s  lagging the displac ement by � = 3 5  deg 
= 0 . 61087 rad . 

d .  The t ime of the phase lag = � / w  = 0 . 032 sec . 

This phase lag corre sponds almo st exactly with the phase lag shown 

in Figure 48 . For thi s region , the rebound displac ement c alculated from 

the maximum veloc ity change is approximately 0 . 03325 in . This  value com

pares well with the measured value of 0 . 033 in. shown in Figure 47 . 

The region from the point at which the wheel s reach the c enter 

line of the gage to 0 . 003 sec after they pas s  will now be discus sed . In 

the above 0 . 003- to 0 . 085-sec region , there i s  approximately 0 . 008 in . 

of rebound deformat ion unexplained . During the proc ess of the veloc ity 

gage changing reference systems and changing phase from lead to lag at 

about the point at which the wheels reach the c ent er l ine of the gage , 

there appears to be a veloc ity increment missing . (Missing in the sense 

of being balanced out as a result of two oppo sed mot ions , balanc ed or 

damped out due to phase shift s ,  or being at such a high frequency as  to 

not be registered by the · gage . ) 

The fact that the veloc ity curve did not go to zero at the dis

plac ement peak (t = 0 )  can poss ibly be explained . The displac ement curve 

shows an almost instantaneous change at its peak . This behavior implies 

that something similar to a step funct ion or a Heavis ide function is  

occurring. The further implicat ion is that the displac ement function 

does not have a continuous first derivat ive at t = 0 • Therefore ,  the 

veloc ity gage could pos sibly regi ster this behavior as an abrupt change 

inst ead of pass ing through zero . 

Combining Figures 46 and 48 result s in Figure 49.  For the t ime 
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period from the point at which the wheels reach the c enter line of the 

gage to 0 . 003 sec aft er the wheels pass , the veloc ity change is approxi

mat ely 2 . 3  in . /sec . If this 0- to 0 . 003-sec region corresponds to a 

quart er cycle of velocity , the corresponding calculated displac ement is  

0 . 007 in . This appears to be the miss ing increment of rebound displac e

ment . Adding 0 . 007 in . to the previous 0 . 03325 in . gives 0 . 04025 in . of 

rebound displac ement as compared with the measured 0 . 041 in . 

As c an be observed from the example use of  the above methodology , 

the displacement re spanse curve is cons idered as being generated by 

several part ions ( quart er cycles ) of different harmonic waves . The 

veloc ity gage responses indicat e  each of these guarter cycles by respond

ing differently to each . By cons idering separately each behavioral 

region , the veloc ity data can be reduc ed to movements approximat ely equal 

to the measured di splacement s .  

TEST RESULTS 

The data collected in this study were reduc ed and interpreted ac

cording to the previous discus sions . With the exc eption of the pavement 

structure vert ical veloc ity data , the test result s are present ed in Ap

pendix B .  �igures  Bl-B276 show the displac ement result s for the 1972 

and 1974 flexible pavement tests . Figures B277-B386 show the displace

ment result s for the 1972 rigid pavement test s .  Summary figures of 

these result s for the maximum load point s will be presented in this 

section of the report . 

In Appendix B ,  three part s for each figure ( a ,  b 2  c )  are presented 

Where applicable . Part- a; shcrws- the elastic- drspl-B:"c-ement- t-hat- oc"Curred 

along a l ine perpendicular to  the longitudinal aircraft axis and directly 

beneath the wheel axis .  The elastic responses for all recorded gages 

are shown in Part a ;  duplicate points  were not plotted . Therefore ,  the 

points are representat ive of from one to several test s .  When inelast ic 

displac ement oc curred for a sequence of  loadings , Part b is presented .  

However , i f  Part b i s  not presented , even though inelastic response did 

not occur for a sequence of loadings , it may have oc curred for a single 

load application directly on a gage . Maximum inelast ic responses 
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measured for single load appl icat ions directly on a gage are presented 

in the summary figures .  

Part b ,  as previously described in the interpretat ion of data 

sect ion , shows three responses representing the initial no-load , load , 

and final no-load responses beneath the wheel axis . The elast ic and 

inelast ic behavioral phases  are derived from Part b .  Part b shows a 

representat ive plot for the gage or gages but i s  not plotted for all 

gages . Inelastic responses for gages not shown are approximately the 

same as or less than those shown , depending on the load history and gage 

location . 

Part c is presented for the individual structural elements ,  and 

it shows the bow wave peak magnitude occurring ahead of the wheel axis . 

The po int s  in Part c are for all recorded gages in the structural ele

ment s . As previously discussed ,  no bow wave was detected by the Valore 

strain gages in the rigid pavement slabs . Therefore ,  no Part c exist s 

for the figures showing Valore strain gage r esult s ,  although they do 

have a Part b .  

Result s for all bas ic modes o f  operat ion are presented with the 

corresponding static load curves superimpo sed on the result s  of  the 

dynamic load t e sts . This manner of presentat ion directly shows the 

relat ionship between dynamic load test and static load t est result s .  

The medium- and high-speed taxi results are plotted together because 

the pavement structure responses to these o perations were e ss entially 

the same . (Aircraft load data were essent ially the same ,  also . ) 
Not all structural element Bison coils were monitored s imultane

ously . More coils were placed in the pavement structures than equipment 
was available for s imult aneous record ing . This approach was purposely 
taken to allow flexib ility in concentrat ing recording in c ertain areas 
if necessary and to increase the probab ility of acquiring the necessary 
data . 

As stated previously , some variation in the static load and creep

speed taxi test result s was c aused by offset distanc es not being exactly 
determined , by variat ions in the pavement structure , by responses being 
affected by the load history , and _by variat ions in the electronic system .  
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For all other operat ional modes , in addition to the above causes , varia

t ion in the aircra� dynamic loads was probably the maj or factor con

trolling the data spread . 

In calculat ing the no ise levels for each gage , if for a dynamic 

load application one-half of the no ise was as large as or greater than 

0 . 001 in . for the displac ement measuring gage s ,  the half noise level was 

subtracted from the data.  This correct ion reduc ed the data indicat ion 

to the average signal width if the comput er took the data po int at the 

top of a noise spike . For the Valore strain gages , the half noise level 

had to be as large as or greater than 0 . 000001 in . / in .  to be applied as 

a correction . No noise correct ion was required for stat ic load test 

data because the data were taken from average s ignal widths . 

Curves drawn through the static load t est result s do not repre

sent the average of the data responses . These curves were purposely 

drawn through an outer boundary for the data.  

The aircraft dynamic load results were pres ented previously 

(page 48 ) and will not be repeated here . 

Flexible Pavement Structure Re sults .  The total pavement structure 

responses as measured by WES deflect ion gages are present ed in F igures Bl

B52 . Figures Bl-B23 are for B-727 test s  in 1972 ; Figures B24-B4 6 are 

for B-727 test s in 1974 ; and Figures B47-B52 are for C-880 test s in 1974 . 

All operations for each of the three gage rows for each year are pre

sent ed in sequenc e .  No data for turning operations are presented for 

row 1 because the airc raft main gears d id not c ross this row during 

these operat ions . 

The t itle s of the figure s  in Appendix B c onsist of a series of 

key ident ificat ion words . A t itle such as  

Vert ical deformat ion , flexible , static , row 1 ,  0 to 1 5  ft , 1974 

means the following : 

a .  The data are vert ical relat ive d isplac ement results .  

b .  The result s are for the flexible pavement t est s ite . 

c .  The results are for stat ic loading . 
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d .  The results are for gage row 1 .  

e .  The instrument measured relat ive displac ement between 0 and 
1 5  ft depth and therefore was a WES deflection gage . 

f .  The tests were conducted i n  1974 with the B-727 aircra� . 

For C-880 tests , " C-880" appears before the dat e .  

Not iceable in the B-727 result s are the increases i n  both elastic 

{Part a )  and inelastic (Part b )  responses between the 1972 and the 1974 

tests . These increases are believed due to the higher temperatures in 

�· Also  not iceable is the fact that the elast ic displac ement s of 

1974 show a large decrease with increases in the rate of  load application . 

This behavior is believed to be a viscoelastic effect in the bituminous 

layers . The 1972 result s did not show this large decrease but rather 

showed elastic displac ement s tending to be almost constant . A few 

points in the 1972 result s occur gr eater than the static elast ic re

spons es ; however , it should be remembered that inelastic response is 

acting in addition to the static elastic phase .  In other words , con

sidering only the elast ic response is not valid ;  the inelastic respons e 

must also  be considered . In this respect 2 the summary curves to be pre

sented will show better comparisons of  static and dynamic load tests . 

It is  also  pos s ible that additional stat ic load test result s could have 

shown the static  test curves to be greater .  

For the C-880 tests 2 all data were obtained for the rear dual 

wheels .  As discussed in Volume I of this report 2 2 only a very few 

dynamic load tests were conducted with the C-88 0 ;  therefore ,  all dynamic 

load test result s are plott ed together for each gage row. Due to the 

-limtt-ed -numb-er -u'f - c--8-80 -statfo load -test s , no maximum r esponse was ob

tained for the WES deflection gage of row 2 .  Therefore , the static 

load curve for row 3 (Figure B4 9 )  is also used with the data for gage 

row 2 .  

Obvious in all the total pavement structure displacement results 

is  the critical nature of offs et distance determinat ions adjac ent to the 

wheels . In these regions , var iat ions in the results can be largely 

caus ed by the variations in determining actual wheel pos itions . 

Individual pavement structure element vert ic al responses as  
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measured by Bison coils are pres ented in Figures B53-B2 58 .  Figures B53-

Bll5 are for B-727 tests in 1972 ; Figures Bll6-B228 are for B-727 tests 

in 1974 ; and Figures B229-B258 are for C-880 t ests in 1974 . The structure 

element result s are presented in the same manner as the total pavement 

structure results .  Previous remarks conc erning the 1972 and 1974 test 

result s are also applicable here . The viscoelast ic effect s in the bitu

minous layers are believed to have caused the increases in elast ic and 

inelastic responses of the soil mat erial layers in 1974 . Wheel position 

again can be seen to be an important variable in these results . For the 

structure elements , comparisons of stat ic and dynamic load result s will 

also  be clearer in the summary curves . 

In the 1972 test s , all layers were monitored during the static 

load tests . Figures B67 and B74 show the static load test result s for 

all three gage rows at the 18- to 30-in .  and 39- to 51-in .  depths , r e

spectively. For the 1972 dynamic load tests , recording was concentrated 

in the 3- to 9- in . , 9- to 18-in . ,  and 30- to 39-in . depth layers and in 

the horizontal coils at a depth of  9 in . 

In the 1972 test result s for gage row 3 ,  only r esponses to stat ic 

loading and creep-speed taxies are presented for the 30- to 39-in . depth . 

During reconstruct ion of runway 1 3-31 , the subgrade in the area adj ac ent 

to row 3 became excess ively wet and had to be removed . Gages at the 

30- , 39- , and 51-in .  depths had already been plac ed , and their c ables 

had been run across the runway subgrade . The cables were therefore cut 

and pulled back and then spliced together later . The condition of this 

port ion of the instrumentation along with extraneous electrical noise 

present in the 1912 t ests mad·e the record-ed- d-ata too noisy to be used . 

However , extraneous electrical no ise was of a lower level in the 1974 

tests , and data recorded for these depths ,  though st ill noisy , were 

usable .  

In the 1974 tests , responses of all layers were r ecorded under 

the dynamic loads but with less concentrat ion per layer . However , no 

horizontal coil s  were recorded exc ept for turning operations . Also  for 

the turning operations , the 18- to 30-in .  layer o f  row 2 was not r e

corded ; its recording channel was used with the hori zontal coils . Again , 
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due to the limited number of C-880 dynamic load tests , these r esult s are 

presented together for each row and each layer . 

As discussed in Volume I , 2 the s ignals o f  the experimental induc

tive probes installed at a depth of 15  ft were too weak and the extraneous 

electrical noise was too high for them to be usable in the 1972 tests . 

They were not recorded in the 1974 t ests . 

Pavement structure element hori zontal responses measured by Bison 

coils are presented in Figures B2 59-B276 . Figures B2 59-B274 are for 

B-727 tests in 1972 , and Figures B27 5-B276 are for B-727 t est s in 1974 . 

The hori zontal responses are only for the 9-in . depth of  gage row 2 where 

the Bison coils were embedded in the bottom of the bituminous layer . Re

cordings were made for all operations in 1972 but for only the turning 

operation in 1974 . Figures B2 59-B266 show longitudinal hori zontal 

responses , and Figures B267-B274 show transverse  horizontal responses . 

The 1972 longitudinal static load test curve is superimposed on the 1974 

test results in Figures B275 and B276 . No static load tests were recorded 

in 1974 for hori zontal responses , and the 1972 longitudinal curve seemed 

to fit the data in Figures B275 and B276 . 

Flexible Pavement Structure Result s Summarized . Figures 50-55  

summar ize the total pavement structure vert ical respons es as  measured by 

WES deflect ion gages . Both the 1972 and the 1 974 t est results for the 

B-727 operat ions are shown in the same figures for c omparison . All basic 

airport operating modes for which data existed at the maximum load points 

are represented . 

The data shown are for the maximum load point s  of  the aircraft 

gear . -At ·the pavement surTac e ana 1n upper layers , these maximum load 

points are beneath one or the other of the dual wheels . The maximum 

load point then migrat es with depth into the geometric c entro id of the 

gear . This behavior occurred at a depth of about 3 ft in the flexible 

pavement structure . 

If  no data points  are shown for an operat ional mode , e ither no 

data were ac quired at the maximum load point or no data were recorded 
on the gage or gages for that mode , and the figures in Appendix B should 
be checked for the result s .  st atic and dynamic load test comparisons 
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can be s een in the figures in Appendix B for regions out s ide the maximum 

load points . A s ingle datum point in the summary f igures indicates that 

only one test was recorded or no data spread existed on the gage or gages 

at the maximum load point . 

As was the case for the aircraft load data , the data for each 

operat ional mode were grouped and are presented in the s�ry figures 

at veloc ity values that are repr es entative of the spec ific veloc ity range 

for each mode . Creep- and low-speed taxi data are plotted at the upper 

ends of their veloc ity ranges because the maj ority of  these tests occurred 

in these ranges . High-speed taxi data are plotted at the upper end o f  

their veloc ity range i n  order to represent the highe st veloc ities used 

in the test s .  All other modes are plotted about the c enters of their 

respect ive veloc ity ranges .  The data po ints shown represent , for each 

operat ional mode , the spread o f  the pavement respons e from an upper to 

a lower value . 

The elastic response spreads for each mode are r epresented by the 

high and low· point s being connected by vertical dashed l ines . Only elas

tic high points of the taxi modes are connected across the f igures . 

These  lines show the relat ionship of  other modes to the taxi modes and 

the relat ionship between the 1972 and the 1974 B-727 t ests . Superimposed 

on the elastic highs are the inelastic r esponses (cross-hatched regions ) .  

Thes e  are the largest magnitudes of inelast ic displac ement measured at 

the gear maximum load point for a s ingle pass over a gage row. A dis

tributed s equence of loadings with the same gear loads as those for the 

data shown could result in larger inelast ic displacement s at a given 

point if the reference were cons idered .to be the highest peak oc curring 

in the sequenc e .  However , no matter what the loading sequenc e is , the 

elastic movement would not be great er than what is shown for the same 

load ranges .  Therefore ,  for a s ingle pass of  the aircraft , the upper 

boundary of  the cross-hatched region represents the approximate maximum 

displac ement that could be expected , and the lower boundary represents 

the maximum elastic displacement that could be expected . Howeyer . de

;pending on the load h istorv . the dis;plac ement could be on or e.nvwhere 

between the two boundari es . 
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Not iceable in Figures  50-5 5 are the increases in inelastic re

sponses in the 1974 tests . These are believed due to the higher tempera

tures and increased plast ic ity of the bituminous layers . The elastic 

responses also increased in 1974 , but they decreased with increased 

aircraft velocities to about the 1972 test levels . The increased elastic 

response is  believed to be due to the vi scoelastic effect in the bitu

minous layers  due to  the higher temperatures . The odd behavior (response 

decrease about 35 knot s )  seen in some of the figures is believed to be 

due to a lack of dat a at the maximum load point s .  A comparison of 

Figures 23-26 and 50-55 shows that there are s imilar patterns in the 

aircraft load and pavement structure re sponses . 

Figures 56-85 sunimarize the individual pavement structure element 

vert ical responses as measured by Bison coils . Both the 1972 and the 

1974 result s for the B-727 operat ions are shown in the same figures . 

Previous remarks conc erning dat a presentat ion in · Figures 5 0- 5 5  are also 

applicable to the se figure s .  Not iceable in the se figures are the in

creases in elast ic and inelastic responses in 1974 and their decreases  

with increased veloc ity and depth to about the same levels as the 1972 

responses . This i s  bel ieved to be due t o  the viscoelastic effect and 

plastic behavior increases in the bituminous layers and not due to a 

temperature effect in the soil materials . In other words , the behavior 

in the bituminous layers was controll ing the deeper material behaviors .  

Figures 50-85 imply that the viscoelast ic re sponse c an be separat ed from 

the approximat ely c onstant elast ic ( without vi scoelastic ) response by 

proj ecting back the elastic response at high aircraft velocit ies . 

Figures -86 and 87 suw..marize the fle:x:ible pav-ement structure hori-

zontal responses as measured by Bison coils . The 1972 re sult s include 

almost all of the operat ing modes , but only turning data were recorded 

in 1974 . All previous remarks also apply to these figures , and the be

havior shown is basically . the same as that shown by the vert ical response 

figures . 

Rigid Pavement Structure Result s .  The t otal pavement structure 

responses as measured by WES deflect ion gages embedded in the bottom of 

the concrete slabs  are shown in Figure s B277-B297 . Tests were only 
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conducted in 1972 with the B-727 on the rigid pavement test s ite . Not 

all operat ing modes are presented for gage row 1 because the deflect ion 

gage start ed malfunct ioning a� er the first few dynamic load tests . 

Not ic eable in the figures shown for row 1 are some errat ic data point s 

even in the stat ic test s .  These were early indications that the gage 

was starting to funct ion improperly . 

Individual pavement structure element vert ical responses as mea

sured by Bison coil s  are present ed in Figures B298-B346 . Noticeable in 

these figures are the inelastic and bow wave result s occurring in the 

rigid pavement structure . 

For stat ic load tests , all layers were monitored .  However , for 

the dynamic load test s 2  recording was concentrated in the 7- to 1 5-in .  

and 1 5 - t o  24-in . depths . Figure B314 shows static load test result s 

for the 24- to 36-in . depth for all three gage rows . The static to low

speed taxi test result s for the rigid pavement structure seem to have 

more variat ion than did tho se for the flexible pavement structure . Thi s 

could have been c aused by the foundat ion material s  being in a looser 

state (less dense ) due to the reconstruct ion in the se areas . The experi

mental induct ive probes were not recorded for the same reasons as dis

cus sed for the flexible pavement test site . 

Pavement structure element horizontal re sponses are pre sented in 

Figures B347-B363 .  Horizontal behavior responses were previously dis

cus sed in the interpretation of dat a sect ion . Figure B347 shows the 

stat ic load test horizontal transverse displacement measured by Bi son 

coils embedded in the bottom of the concrete slab at gage row 2 .  If 

inelast ic behavior was present in the hQttom_ o� the slab ,- it- w-as - w�thin 

the recorded noise level of the coils . ( Extraneous noi se was very high 

in 1972 . ) Figures B348-B363 show the longitudinal and transverse hori

zontal response s measured by Bison coils at a depth of 15 in . in gage 

row 2 .  All operating modes are pre sented . 

Figures B364-B386 show the transverse displac ement s measured by 

the Valore strain gages in the top of each slab for each gage row . The 

behavior measured by the Valore strain gages was discus sed in the inter
pretation of data sect ion . Not iceable in these figures are the inelastic 
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responses in the static  load tests . Al so notic eable are the critical 

offset distance regions adj ac ent to the wheels . As discuss ed for the 

flexible pavement structure displacement s ,  o ffset distanc e variations 

in these regions could cause large erroneous variations to appear in 

the data .  

Rigid Pavement Structure Results Summari zed . Figures 88-90 

summari ze results for the total pavement structure vertical responses 

as measured by WES deflection gages embedded in the bottom of the con

crete slabs . Previous remarks concerning the elasti c  and inelastic  

responses are also applicable here . There was a small amount o f  inelasti c 

behavior , but the figures show that the concrete slabs acted primarily 

as elastic plates . The odd behavior ( response decrease about 20 knots ) 
shown in some of these and following figures i s  possibly caused by lack 

of maximum load point data.  

Figures 91-96 summari ze the individual pavement structure element 

vertical responses as measured by Bison coils . Of interest in these 

figures are the inelastic responses of the foundation materials of the 

rigid pavement structure even though the concrete slabs responded almost 

ent irely elastically . 

Figures 97-101 summari ze the rigid pavement structure hori zontal 

responses as measured by Bi son coils at a depth o f  1 5  in .  and the re

sponses measured by Valore strain gages at the surface of the concrete 

slabs . Figures 97 and 98 show the longitudinal and transverse hori zontal 

displacements in the foundation materials . The horizontal responses show 

about the same static to dynami c load compari sons as were noted for the 

vertical deformat ions . Noticeable in Figures 97-101 are the inelastic 

responses of the rigid pavement structure . The odd behavior ( response 

decrease ) shown for the creep- and low-speed taxi modes i s  beli eved due 

to a lack of  data at the maximum load point s , as can be seen in 

Appendix B .  

INTERPRETATION OF PAVEMENT STRUCTURE PRESSURES 

BEHAVIOR 

Vertical pressures measured by the pressure cells at various depths 
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in both pavement structures did not have complex behavioral patterns . 

They showed no distinct residual pressures acting for either static or 

dynamic load conditions . Inelastic displac ement did not s eem to have 

an effect on the pressure c ell s .  They appeared to be c arried with or 

ride within the pulsat ing pavement structures . Any differenc es between 

the init ial and final no-load responses were within the noise and varia

tion levels of the instrument s .  

Load response was comput ed from the initial no-load s ignal levels . 

As was the case for the displac ement measuring instrument s ,  one-half of 

the nois e l evel was subtracted for the dynamic load test s .  Al so a s  for 

the displac ement result s ,  the static load test curves were not drawn 

through the average result s but rather through an outer boundary . The 

static load test curves are superimposed on the dynamic load t est result s 

to allow comparisons of the vert ical pressures .  

The vert ical pressure re sult s are presented in Figures B387-B621 . 

The order and logic of presentat ion are the same as previously discussed 

for the displac ement re sults .  Flexible pavement test result s for 1972 

and 1974 are pre sented in Figures B387-B561 . The 1972 rigid pavement 

test results are pre sented in Figures B562-B621 . The previously dis

cussed variables affecting displac ement result s al so apply to these 

result s .  

The pressure cells did not directly indicate the elast ic expan

sion of the structure elements . However , some did show a tendency of a 

slight rise ahead of the wheels . At offset distanc es outside of the 

immediate gage vic inity , some pressure c ells actually registered pressure 

releases (not an upward or tension pressure ) under load . This behavior 

is cons i stent with the previously di scussed structure element behavior . 

TEST RESULTS 

Flexible Pavement Structure Re sults .  Vert ical pressure result s 

for the B-727 1972 test s are presented in Figures B387-B4 86 . Figures 

B487-B561 present the B-727 1974 results .  Very notic eable in these 

figures are the critical offset regions adjac ent to the wheel s .  The se 

patterns are s imilar to tho se for the displac ement s ,  and the previous 



displac ement discus sions are applicable here . 

Flexible Pavement Structure Re sults Summari zed . Figures 102-116 

summarize the flexible pavement structure vert ical pressure result s .  

Both the 1972 and 1974 result s are shown in the same f igures for compari

sons . Noticeable in the se figures are the sharp initial decreases in 

elast ic pressures with increases in veloc ity and the increased pressure 

magnitudes of 1974 . However , also notic eable are the decreases with in

creases in depth of the 1974 pressure magnitudes to about the same level 

as 1972 result s at the 30- and 39-in . depths . This behavior is  fairly 

consistent with that of the structure element displac ements . 

Rig id Pavement Structure Result s .  Vert ical pressure result s for 

the B-727 1972 tests  are presented in Figures B562-B621 . Notic eable in 

these figures is  the fact that the maximum pressures occur beneath the 

gear center for all depths . 

Rigid Pavement Structure Results Summari zed . Figure s 117-125 

summarize the rigid pavement structure vert ical pressure re sult s .  No

t iceable in the se figures are the nearly constant vert ical pressures . 

This behavior is  fairly consistent with the displacment result s .  

EVALUATION OF PAVEMENT STRUCTURE 
MAJOR MEASURING INSTRUMENTS 

Accuracy appl ies to  the ability of  the instrumentat ion to properly 

reflect the exi sting condit ions in and behavior of the material within 

which the measuring instrument i s  buried . Ac curacy is the degree to 

which the result s from instrument s as installed compare with what the 

result s would be if the 'instrument s had not been in the material . There

for�,  ac curacy is  a measure of the disturbance of the conditions and 

behavior caused by the presence of an instrument in the material . Ac 

curacy , as stated above , i s  difficult to evaluate becaus e the only 

known value is that of the material responding with the instrument 

present ; how the system would behave without the instrument i s  unknown . 

If the actual behavior or re sponse were a known fact , then there would 

be no need to instrument the material to measure the responses . Thus , 

it is  evident that accuracy c annot be evaluated ; only an indicat ion of  
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Figure 123 . Maximum vertical elastic pres sure versus 
velocity , rigid , row 3 ,  7 in . ,  B-727 
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Figure 124 . Maximum vert ical elastic pressure versus 
veloc ity , rigid , row 3 ,  15 in . , B-727 
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Figure 125 . Maximum vertical elastic pressure versus 
veloc ity, rigid , row 3 ,  24 in . , B-727 
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ac curacy can be evaluat ed based on theoretical and other conc ept s .  

Consi stency is  difficult t o  separat e from accuracy.  Several fac

tors that affect the accuracy of an instrument are also factors that 

determine the consistency of measurement s from the instrument . No spe

c ific tests were conducted in order to determine the c onsistency of the 

instrumentat ion registrat ions ; therefore , the indicat ions o f  consi stency 

must be taken from the actual t e st data . The result s to be presented in 

the following paragraphs are combinat ions of all the factor s determining 

accuracy and governing field performanc e  that added t ogether dictate the 

consi stency of the behavior of the instruments under actual f ield use . 

Also (but probably not the least of these factors ) added to the above 

are the error sourc es of the complete system of power supply , gage , am

plifier , and indicator or recorder . 

SE SOIL PRESSURE CELLS 

A soil pressure c ell constructed of metal or some s imilar rigid 

material , and necessar ily constructed to obey Hooke ' s  law in it s com

pressibility , c an be expected t o  alter the stress distribut ion in soil , 

result ing in a concentrat ion of stress  in the vic inity of the c ell in 

the same manner that a large stone will c oncentrate stresses in a sand 

or plastic so il mas s .  Theoret ically , a very thin c ompressible (but not 

flexible ) plate will distort the stress patt ern in the soil very slightly . 

This fact suggests a cylindrical c ell that is  thin in proport ion to it s 

diameter .  The probable existence of anomalous local stress  variations , 

due to a lac k  of complete homogeneity in the soil , indicates the need for 

a large pressure response area in a pressure c ell .  The c onc entrat ion o f  

stress by a pressure c ell would b e  expected to depend greatly on its 

compres s ibility; therefore , if it s compressib ility were less than that 

of the so il , indicated pre ssures would probably be higher than true 

stresses . In  reverse , if the c ell compressibility were higher than that 

of the so il , arching action ( at least in granular soil s ) might be expected 

to withhold an appreciable port ion of the normal stress from the c ell . 

As a result , indicated pressure s would probably be lower than true 

stresses . 
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A few factors affect ing the ac curacy o f  all soil pressure c ells 

under field conditions are error parameters o f  effect s such as ecc entric 

loading , unmatching compressibility , and the technique of c ell installa

tion . The modulus of the soil in which the c ell is embedded may be 

either larger or smaller than the modulus of the c ell , thereby causing a 

distortion of the stress pattern in the immediate vic inity of the pres

sure c ell and possibly causing a source of error . Another l imitat ion of 

soil pressure c ells is the stability with t ime , which is determined by 

cell design and craf't smanship . Such possible changes are resistanc e 

changes in the gage wires , imperfect temperature compensat ion , and varia

t ions of the elastic  constant s o f  the c ell material . 

Performanc e parameters or sources o f  error assoc iated with the 

recording devices or other indicating means for the gages and c ells 

should also be considered in their effect on accuracy. These assoc iated 

equipment effect s influenc e both the degree of accuracy and the consis

tency and reproduc ibility o f  instrument indicat ions . 

Small errors can be introduc ed in direct reading equipment from 

variations in the equipment and al so from human abil ity in prec isely 

reading the indicators . In the recording equipment , small errors enter 

from variations in the recorders and in the assoc iated s ignal amplifiers , 

which have the funct ion of increasing the magnitude of the signal from 

an instrument c ircuit without distort ing or warping the s ignal . 

The primary performance parameters to be considered in all type s 

of indicator s and recording equipment are frequency response , relat ive 

phase shift of input component s of different frequency , sensitivity , and 

stability. Such factors as variable sensit ivity , shif't ing reference 

-levels ,  -t emperature -drift-; - and -sensitivity to vibrat ion or noise (dis

turbances which are c arried along with the des ired informat ion ) may 

cause problems . The degree of sensitivity , espec ially with respect to 

vibration or noise , decreases with increases in amplification required 

for the instrument response signal ; therefore , the accuracy and con

sist ency decrease with increases in amplificat ion and consequent1y noise 

level . 

The development and laboratory tests of SE so il pressure c ells 
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are fully described in Reference 11 . SE soil pres sure c ells are small , 

thin , symmetrical , wafer-shaped gages having an aspect rat io greater than 

5 and a diameter-tQ-deflection ratio greater than 2000 . Laboratory tests 

showed that the gages are suitable for short-term static and dynamic 

measurements and that they have a stress range of 1 to 2000 ps i .  The 

linear range exceeds 1800 ps i .  The gages have very low acc eleration 

sensit ivity and hysteresis and have exc ellent dynamic response of rise 

time les s than 6 µsec and undamped natural frequency greater than 40  kHz . 

SE so il pressure cell performance for the NAFEC dynamic load 

test s will have to be j udged primarily by the static load test result s .  

The gages showed generally good responses with average consistency 

about ±1 ps i .  

WES DEFLECTION GAGES 

Most of the discuss ion of theory and error parameters that was 

previously discussed in regard to the soil pressure c ells is also appli

cable to the WES deflection gages and their effect on material behavior 

by being present . A maj or consideration i s  whether the gage movement s 

are actually representative of the body at the po int o f  measurement . 

The gage movement s are cons idered to be representative of the material 

mass if careful installation methods are used . Linear variable differen

tial transformers ( LVDT ' s )  are mounted within the WES deflect ion gage 

housings . An indicat ion of ac curacy must be based o n  the LVDT spec ifi

cations and laboratory calibrat ion tests . Also , the field performanc e 

and factors in the field affect ing the gage must be cons idered . Di stor

tions in the material caused by the gage should be l imit ed to a small 

area around the gage and should not affect movement a few feet or_ mor_e 

below the gage , which is the movement that the gage is actually measur ing 

(between the gage plat e and the referenc e flange at a deep depth ) .  

Factors that could cause errors in the field are improper instal

lation of the gage and assembly and changes of stability with t ime . 

Resistance changes in the gage wire with t ime , temperature effects ,  or 

variations of the elastic constants of the gage and ass embly mat erials 

with time could result in error parameter s .  
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Laboratory tests and calibrat ions of the LVDT element s used in 

the WES deflection gages have yielded a resolut ion of 0 . 0002 in . with a 

digital voltmeter as the displac ement monitor , a repeatability of ± 0 . 001 . 

in . , and an ac curacy of ±0 . 002 in . or better , considering the po ssible 

error paramet ers that could exist in the laboratory c alibration test s 

including tho se  of the assoc iated equipment . 

Consistency of these  gage s was reported in Ledbetter et al . 8 The 

gages performed well for both stat ic and slowly moving loads . The degree 

of consi stency varied from ± 0 . 001 in . for the same gage and duplicate 

gages under single-wheel 30 ,000-lb test loads t o  ± 0 . 002 in . for the same 

and duplicate gages under 12-wheel 30 , 000-lb-per-wheel test loads . Thi s 

degree of consi stency decreased slightly with increases in load and num

ber o f  wheels .  Similar result s are believed t o  have existed in the NAFEC 

static and dynamic load tests based on the indic ated static load results .  

BISON COILS 

Consistency of Bison coils has been found in laboratory tests to 

be better than ±0 . 0001 in . However , all of the previous discussion c on

cerning field condition effect s i s  al so applicable t o  these gages . The 

NAFEC static and dynamic load test result s generally showed c onsistency 

of about ± 0 . 001 in . with resolution much bett er . The Bison coils per

formed satisfactorily. 

LOSS OF INSTRUMENTS 

The complete loss of instrumentation was negligible ,  and only a 

few gages had unusable .responses .  Prior to the 1972 tests o n  the flexible 

pavement test site , two SE so il pre ssure c ells at the 30-in . depth on 

gage row 3 stopped re sponding . Thi s  loss  may have been due to moisture 

entering the housing or the sensing element s losing bond . During the 

dynamic load tests of 1972 , another SE soil pressure c ell stopped re

sponding at the 30-in . depth of gage row 1 in the flexible pavement test 

site . The probable cause for this loss is  bel ieved to be the same as 

that for the previous so il pre ssure c ell s .  In the 1972 fl exible pavement 

tests , due to extraneous noise as previously described under "Test 

Result s ," Bison coil re sponses for the 30- to 39-in . and 39- to 51-in . 
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depths of gage row 3 during dynamic load tests  were not usable , but 

they were usable in the 1974 tests . Due to extraneous noise in 1972 , 

the exper imental induct ion probes were not usable . Between the 1972 and 

1974 tests , 10 more SE so il pressure cell s were lo st . 

For the rigid pavement tests , one WES deflection gage became 

erratic and not usable during the dynamic load tests . This loss could 

have been caused by a faulty connect ion or by moisture in the housing . 

The induct ive probes were not usable in the rigid pavement test s due 

to the extraneous noise . 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Based on the measurements of the noncondit ioned (page 61 ) flexible 

and rigid pavement structure responses under aircraft stat ic and dynamic 

load tests , the following conclusions are believed j ust ified . 

INSTRUMENTATION 

In general , all instrumentat ion performed satisfactorily . 

INTERPRETATION OF DATA 

a .  

b .  

c .  

d .  

e .  

f .  

Elast ic ( including viscoelastic ) and inelastic phases o f  
material behavior were found act ing i n  the displac ement s 
of both flexible and rigid pavements .  

In order to be able t o  fully int erpret and analyze the noncon
di t ioned (page 61 ) pavement structure response data , the 
elastic and inelastic phases had to  be separat ed (t hey occur 
simultaneously ) and treated independently in the invest igation 
of static and dynamic load test results .  Instrument responses 
could not be completely analyzed unless the inelast ic behavior 
was fully recognized and ut ilized .  

Two different type s o f  displacement respons es were ident ified 
as act ing in both flexible and rigid pavements .  The two 
types are total pavement structure response as  assumed to be 
referenced to infinity ( inert ial reference )  and individual 
pavement structure element response referenc ed internally to 
each element (noninertial referenc e ) . Each type of response 
exhibited both elastic and inelast ic material behavioral 
phases .  

Bow waves in front o f  the wheels and elastic vert ic al expan
s ions behin� and adj ac ent to the wheels were found to occur 
within the structural elements (noninertial referenc e )  of both 
pavement structures under moving aircra� operat ions . 

The three different types of displac ement and mot ion measuring 
instruments (WES defl ection gages , Bison coils , and veloc ity 
gages )  were compatible and c omplemented each other in their 
indications of pavement structure responses . 

The vert ical pressure data for both flexible and rigid pave
ment s  were found to be totally recovered , elast ic (corre-
sponding to the elastic phase of behavior ) ,  upon remo'val or 
passage of a load . No residual pressures appeared to be 
acting ; therefore , the inelast ic behavior did not seem to 
induce residual vert ical pressures . The pressure c ell s 
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appeared to be c arried with or ride within the pulsating 
structures .  

TEST RESULTS 

a .  

b .  

£.• 

d .  

e .  

f .  

�· 

'B-727 aircraf't dynamic load t ests in 1972 ( c old weather ) and 
1974 (warm weather ) on the nonconditioned (page 61 ) flexible 
pavement structure and in 1972 on the nonconditioned rigid 
pavement structure at NAFEC showed that no basic aircraft 
ground operat ing mode induc ed pavement responses ( elast ic 
plus inelast ic ) greater than those oc curring for stat ic load 
condit ions even though the aircraf't dynamic loads were as  
large as 1 . 2  t imes the static load . Elast ic response alone 
generally indicates this also to be true . The pavement sur
fac es were relatively smooth in the test s ite areas . 

However , extrapolation of the test results indicates that 
for stiff pavement structures ,  such as the r igid pavement 
and the flexible pavement in cold weather , unusual conditions 
of large dynamic loading that could result from rougher sur
fac es  than at NAFEC , holes or bumps , etc . , could poss ibly 
cause re sponses larger than those that would occur under static 
loading . This behavior is po ssible because of  the inelast ic 
behavior being of low magnitude for the st iff pavement s and 
the elastic response being essent ially o f  a constant magnitude 
with a changing rate  of load applic ation . The larger than 
stat ic load response that c ould occur should be entirely 
elast ic and should not be detrimental to the pavement structure 
exc ept by contributing to an increase in elast ic fatigue 
damage . 

Based upon gradually reduc ed elastic  response but primarily 
upon reduc ed inelastic response with high speeds , indications 
are that thickness c an be reduced in the interior of runways . 

Measured aircraft loads during turns showed that high hori
zontal loads are applied to the pavement surfac es . Due to 
the high loads and to  prevent exc ess ive deterioration in turn 
areas , the pavement surface in exit areas of flexible pavement 
runways should be strengthened or be stronger than the main 
runway. Airport s ,  such as the Balt imore Fr iendship Inter
national have experie nc ed- pav--ement- distress - in - turn - areas 
(Witc zak12 ) .  

Test results showed inelast ic behavior to be highly dependent 
on temperature , rate of  load application , and load history 
(magnitude of load and lateral po sition of aircraft ) .  

Inelastic displacements larger than the elast ic displac ements 
were measured within the veloc ity range of stat ic load to low
speed taxi . 

Test result s showed elast ic behavior to be almo st constant 
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h .  

i .  

.J... 

k.  

for stiff pavement structures (r igid pavement s and flexible 
pavement s in cold weather ) and the probable viscoelast ic 
effects to be more pronounced at high t emperatures in b itu
minous materials . 

The flexible pavement structure layer at a depth of 39 to 
51 in .  slightly responded (less than 10 perc ent of surfac e 
re sponse ) t o  the various modes o f  airc raft operat ion .  The 
rigid pavement structure layer at a depth o f  1 5  to 24 in . 
responded ( about 30 perc ent of surfac e  response ) to the 
various modes of aircraft operat ion .  These were . the deepest 
layers monitored during dynamic load t est s for both pavement 
structure s .  

Elastic and inelast ic displac ement behavior and response can 
be accurately mathematically modeled (page 83 ) .  

The elastic and inelastic displacement behavioral phases di
rectly assoc iat e  the behavior of WES pavement t est sect ions 
under simulated aircraft loads and wheel configurations and 
distribut ed ( noncondit ioning , page 61 ) traffic to actual pave
ment behavior under actual aircraft operat ions (NAFEC t est s ) . 
This  connect ion means that any further invest igat ion of dynamic 
load effects c an probably be conducted on pavement structure 
test sect ions of l imited s iz e .  

Inelastic behavior oc curred i n  both the nonconditioned flexible 
and rigid pavement structures and may po ssibly be a common 
characteristic that l inks or t ies together the performance of 
all pavement types • .  In fact , it may be the maj or controll ing 
factor or mechanism for pavement performanc e and l ife because 
it can be the primary movement for stat ic and low-speed 
operat ions . 

RECOMMENDATIONS 

Based on the study of pavement responses to aircraft dynamic 

loads , the following recommendat ions are made : 

a .  A vast amount of valuable data were collected , but an analys is 
of the data beyond the obj ect ive s of this report has not been 

--lilB.de. !rher_e _is a wealth of informat ion to be gained , and the 
analysis  and study of the data and result s should be con
t inued . Spec ific areas of study should be the elastic and 
inelastic displacement phases with emphasis on further de
fining and understanding the inelast ic behavior and its im
portance to pavement structure performanc e .  

b .  Development of a mathematical model or models of the elast ic 
and inelastic behavioral phase s  should cont inue with emphasis 
on correlat ing and defining the funct ions o f  the constant 
coeffic ient s  for the model pre sented .  These coeffic ients 
should be funct ions of variables such as depth , load , number 
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of wheels ,  structure strength , temperature , rate of load 
applicat ion , etc . 

c .  Constitutive relat ions based on the measured result s for the 
pavement structures should be inve st igated .  

d. Result s pertaining to longitudinal moving wheel displac ement 
bas in responses should be investigated with emphasis on devel
oping a mathemat ical model or models , based on the measured 
result s ,  for purpo ses of s imulat ing roll ing aircraft wheels 
on a pavement structure . 

If satisfactory results concerning the above items are obtained , a solid 

foundat ion should exist upon which to base theoretical models  concerning 

pavement structure design , behavior , and performance under any type of 

loading conditions .  
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