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. . .  . PREFACE 

This proj ect was conducted by the Soils and Pav�ment s Lab�ratory 

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

Federal Aviation Administration under Inter-Agency Agreement DOT FA71WAI-

218 during the period May 1971-January 1975 . 

The proj e ct was conducted under the general supervision of 
Mr. James P .  Sale, Chief of S &PL . Results of the study are included in 

the foilowi ng volumes of the report entitled "Pavement Response to Air­

. craft Dynami c Loads ": 

a .  Volume I .  "Instrumentation Systems and Test ing Program . "  

b .  Volume II and Appendixes A and B.  "Presentation and Analysis 
of Dat a . " 

c. Volume III . "Compendium. " 

This volume ( Volume III ) of the report was prepared by Mr. Ri chard H.  

Ledbetter . 

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

ceived assistance in the design of the e xpe.riment from the following 

consultants:  Prof.  R. E .  Fadum , North Carolina State University; 

Prof . W. R. Hudson, University .of Texas ; Dr . Willard J • .  Turnbull,  Con­

sultant , Vi cksburg, Mi ss . ;  Prof. · C .  L .  Moni smith ,-University of Cali for­

nia ,  Berkeley;
. 

Prof. M. E. Harr, Purdue University; Prof.  W. H .  Goet z ,  

Purdue University; Prof.  A .  S .  Vesic, Duke University; Prof.  R. K. 
Watkins , University of Utah; and Prof.  K. B . ·woods , Purdue University . 

A concept for reduction and analysis  of instrumentation data 

somewhat different from that normally used  for pavement response analy­

sis was used for thi s proj ect .  Be cause of this , WES requested that 

Volume II  of the report , whi ch des cribes the method of analysis in de­
tail, be thoroughly reviewed by Professors Fadum, Hudson, Vesic, and 

Moni smith .  The consensus of the review was that the method of analysis  

was not only valid but es sent ial to  meet the stated obj ectives . It was 

the opinion of the reviewing consultants that the study has resulted in 

a maj or contribution to the understanding and knowledge of pavement re­

sponse·  under static  and dynami c loading . 
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Directors o:f WES during the conduct of  the study were 

BG E .  D. Peixotto,  CE, and COL G. H. Hi lt,  CE . Techni cal Director 

was Mr. F. R. Bro wn .  
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INTRODUCTION 

BAC KGROUND 

Reports of pavement di stress associated wi th current commercial 

aircraft loads'and gro wing concerns over the possibili ty of de trimental 

aircra� dynamic load effects on airport pavements persuaded the . Federal 
Aviation Admini stration (FAA) to sponsor a study described in Report 
No . FAA-RD-70-19,  "Aircraft Dynami c Wheel Load Effec ts on Airpor t Pave­

ments, " dated May 1970 . 1 This study consi sted of a li terature revie w, 
computer analyse s  to determine aircraft loads and pavement re sponses, 

scaled pavement tests, and correlations be tween experimental and ana­

lytical data . In general,  the study concluded that aircraft dynamic 
J 

loads have a significant effec t on portions of airport pavements. Spe-

cifically, the study sho wed that the primary effec ts that influence 

pavement re sponse to dynamic loads are : 
a .  The increase d  magni tudes of aircraft wheel loads resulting 

from aircraft mode s of operation ,  pavement unevene ss, and 
aircraft struc turai charac teri stics during moving gro und 
operations. 

b .  The dynamic . load phenomena associ ated wi th the materials used 
in the construc tion of both rigid and flexible pavements. 

For a given aircraft and level of pavement '1.mevenness, the loads 

imposed upon a runway can be acc urately defined for various ground opera­

tions. On the o ther hand, there i s  presently a serious void in informa� 

tion necessary to obtain an acc urate description of pavement response to 

dynamic loads. · 

PURPOSE 

Thi s study was undertaken in an effort to provide experimental 

pavement response data so that the e ffec ts of dynamic loads on airport 

pavements could be evaluated.  Speci fically, the basic purpose of the 

study was to determine the relationship be tween re sponses of typical 

flexible and rigid runway pavements to static and dynamic loads. The 

requirements to de termine the magni tude s of the dynamic loads, to 

de termine the depths of pavement struc ture s  affec ted by static and 
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dynamic loads , and �o investigate the relationship between aircraft 

ground speeds and aircraft dynamic loads were essential elements of thi s 

study . 

SCOPE 

The investigation was accompli shed by conducting tests using in­

strumented aircraft on instrumented sect ions of exi sting flexible and 

rigid pavement runways. One series of tests was conducted.during a cold 

period of the year (1972 ) when the average temperature of the pavement 
surface layer was in the range of 35 to 55°F ,* while the other series 

was conducted on the instrumented flexible pavement test section during 

the hot period of the year (1974 ) when the average temperature of the 

pavement surface layer was in the range of 84 to 116°F. An instrumenta­

tion system was installed aboard the aircraft to measure and record the 

three component s of force of each of the main gear assemblies of the 

aircraft used. Instrumentation systems were installed within the flexi­
ble and rigid pavement struc.tures to measure the pavement responses to 

aircraft loads in the form of ·relative displacements and pressures at 

various depths. A key element in this experimental approach was the 

recording of a common time base for both the aircraft load measurements 

and the pavement response measurement s. This control provided a means 

of corre·1ating ·the aircraft dynamic wh�el loads and the response mea­

surement s of the two pavement structures to within l msec . The loca­

tions of the two instrumented pavement test sites were selected so that 

10 modes of aircraft ground operation , ranging from static to high-speed 

taxi and takeoff , could be investigated during the course of the experi-

_iiiental _s_tudy. 
The s cope of the subject matter was too broad to be presented in 

a single report . Therefore , Volume I of the report2 describes the in­

strumentation systems and their installation and operation to collect 

aircraft loading and pavement response data;  the history and chronology 

of the investigation ; and the complete details of the testing program. 

* A table of factors for converting units of measurement is  presented 
on page .7 .  
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Volume II of t he report3 describes the reduct ion, interpretat ion, and 

analys is of instrumentat ion data collected during t he tests . Appendix A 

of Volillne.II describes t he automat ic data processing ( digital ) s ys tem 

and t echniques ,  and Appendix B of VolmD:e II presents t he data in reduced 
fo rm. This report , Volume III, contains a compendium of the entire 

study. 
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TEST PROGRAM 

Instrumentation was installed in the pavement structures of run­
ways 04-22 and 13-31 at the National Aviation Facilities Experimental 
Center (NAFEC ) Airport , Atlantic City , N .  J . , at the two sites indicated 
in Figure 1. Instrumented aircraft were used to conduct the most common 

SCALE IN F�ET 
1500 0 100 1000 

Figure l .  Locations of test sites at NAFEC Airport 

aircraft ground operat ions for these test sites . 

An 80-ft-long s egment of runway 13-31 located at its intersection 

with runway 8-26 was selected as the flexible pavement test site . Thi s 

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

surement s during landing and at the point of rotation for takeoff as 

well as during low- and high-speed taxiing , braking , and turning 

12 



operations . This  partic ular s ite was in a portion of the runway being 

reconstru9ted, and this factor was of gre at benefit during the installa­

tion of instrumentation . After reconstruction, the flexible pav.em�nt 

str ucture in thi s area consisted o f  3 in . of bituminous s urface course, 
6 in .  of bituminous base course, 9 . in . of  base course constructed from 
the original pavement surface and base course s ,  and 12 in . of subbase 

co urse constructed from the original s ubbase co urse over the compac ted 
subgrade . Table 1 summari zes the material properties determined for the 

flexible pavement test s ite during and after reconstr uction . The bi-

. tumino us base course conformed to Division 3, Section 2A, of  the Ne w 

Jersey State Highway Department "Standard Specifications for Road and . 4 
. 

Bridge Construction. "  Aggregate was crushed stone conforming to the 

follo wing gradation: 

Total Perc ent Dry 
Sieve Size Wei sht Passing 

1-1/2 in . 100 
3/4 in . 55  to 90 
No . 4 25 to 60 
No . 10 20 to 50 
No . 40  15 to 30 
No . 200 5 to 12 

The mix design for the .bituminous base course material conformed to mix 

No . 1. for hot-mixed bitumino us conc rete in Article 3 . 10 . 2  of the Ne w 

Jersey specifications. The Ne w Jersey and FAA specifications _ differ in 
requirement s for gradat ion, asphalt content, stability, etc . 

The bituminous surface co urse conformed to Item P-401 of FAA Ad­

vi sory Circ ular AC 150/5370-1A5 for aircraft weighing 30, 000 lb or more . 

_Gradation of the aggregate. con.formed- t o- gradation- B. The - asphalt- ceme nt-­

used was an 85-100 penetration grade . 

A typical layout of the flexible pavement instrumentation system 

is shown in Figure 2 .  Three gage ro ws approxi mately 12 ft in length 

?ontaining Bison coils, SE soil pressure cells,  WES deflection gages , 

WES soil pressure cells,  inductive probes ,  and velocity gages for a 
·t�ta.l of 162 instruments were installed in the pavement struct ure  during 

the reconstruction of runway 13-31 . Each gage ro w contained 12 SE soil 

pre s s ure cells , 1 WES soil pressure cell, 1 WES deflection gage, and 

13 . 



Table l 

Summary of'Material ProEerties for the Flexible Pavement Test Site 

Measurements After 
Depth Measurements Duri!!fi Construction Constructiont 
Below Water Water Dry Water . Soil 

Station Surface Pavement s
'
tructure CBR* Content* Content** Density**· CBR Content· Classification 

No. in. Element 0.1 in. 0.2 in. �rcent Eercent ECf 0.1 in. 0.2 in. I?ercent Unified KM 
65+20 18 Subbase co

'
urse 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 1.0. SP E-1 
54 Compacted subgrade 16.0 21.0 7.0 SP E-1 

65+34 11 Base course 37.0 43.0 4.1 
20 Subbase co

.
urse 25.0 26.0 5,8 SP E-1 

32 Compacted subgrade 27.0 30.0 7.5 SP E-1 
44 Compacted subgrade 41.0 54.o 9.1 SP E-1 

65+35 10.5 Base cours'e 42.0 41.0 4.2 
19.5 Subbase co'urse 24.o 26.0 5.2 SP E-1 

..... 31.5 Compacted subgrade 25.0 31.0 7.6 SP E-1 
� 43.5 Compacted subgrade 37.0 45.0 8.4 SP E-1 

65+50 18 Subbase co'urse 58.5 67.5 5.5 8.6 131.l SP E-1 
30 Compacted subgrade 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 cours'e 33.0 35.0 6.6 
20 Subbase co'urse 26.0 29.0 5.1 SP E-1 

32 Compacted subgrade 24.o 30.0 5.8 SP E-1 
44 Compacted subgrade 44.o 44.0 6.5 SP E-1 

65+81 11.5 Base course 55.0. 54.o 6.9 

20.5 Subbase co'urse 33.0 39.0 5,3 SP E-1 

32,5 Compacted subgrade 40.0 46.o 5.7 SP E-1 

44.5 Compacted subgrade 64.o 7.8 SP E-1 

66+00 18 Subbase co'urse 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 1.0 SP E-1 

• Average values determined from measurements in two test pits • 

•• Average values determined from two measurements with nuclear density device • 

t Determined from small aperture testing. 
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1 veloci ty gage . .The middle gage row contained 50 Bison coils and 

5 induc tive probes , and the outer two rows contained 25 Bison coils and 
4 induc tive probes .  In addi tion, a thermi s tor was ins talled on . the sur­
face and at depths of 3, 6, and 9 in . wi thin the pavement s truc ture . 

A 72-ft-long segment of runway 04-22 was ins trumented at i ts in­

tersection wi th runway 17-35 to form the rigid pavement test site .  The 

pavement s truc ture in this area consisted of 7 in . of portland cement 

concre te ( PCC ) pavement and 8 in.  of subbase course over the compac ted 

subgrade . As was the case for the flexible pavement site ,  this  site was 

chosen to enable the collec tion of typical measurements during normal 

aircraft gro und operations . A 12-1/2- by 25-ft slab was removed from 

the runway at  the location of each of the gage rows , and gages were 

ins talled in holes cored into the underlying material . Following in­

s tallation of the instrumentation , high early (HE) s trength concre te 
( type III ) was used to replace the rigid pavement slabs . Tables 2 and 

3 summarize the material properties determined for the rigid pavement 

test s i t e . 

Figure 3 shows a typical layout of the rigid pavement instrumen­

tation sys tem. A to tal of 153 gages consi sting of 104 Bi son coi ls , 13 

induc tive probes ,  3 WES de flec tion gages ,  9 Valore s train gages , 18 SE 

soil pressure cells,  3 WES soil pressure cells , and 3 velocity gages 

were ins talled in three gage rows at various depths and offsets wi thin 

the pavement s truc ture . Thermis tors were ins talled on the s it.rface of,  

at the bottom of,  and at  a depth of 3 . 5  in . wi thin two slabs . 

A sys tem of laser light beam sources and de tec tors was ins talled 

-along---the -ed:ge-s -uf -tire -rtmways -such that -a li-ght beam -W"as projected 
direc tly above and parallel to each gage row. An elec trical impulse was 

generated when the wheels of the ins trumen ted aircraft pas sed between 

the source and de tec tor, thereby signaling the ins tant at which the 

wheels were direc tly over the gage row . The lateral posi tion of the 

aircraft was .determined by vi sual inspec tion of a s tripe of flour and 

water solution painted on the surface of the runways adj acent and par­

allel to each gage row. 

A synchroni zed common time signal was recorded on both aircraft 

16 



Table 2 
S1Jl!1!!\flry of Material ProEerties for the Risid Pavement Test Site 

Depth 
Below Water Water Dry Soil 

Station Surf ace Pavement Structure CBR Content Content* Density* Classification 
No. in. �lement 0.1 in. 0.2 in. Eercent :eercent l?.£f Unified EM. 

26+55 8 Subba�e course 9 10 9.2 13.05 114.8 SP E-1 
16 Compacted subgrade 10 10 8.2 SM E-1 
28 Compacted subgrade 8 9 7.4 SM E-1 
40 Comp�ted subgrade 13 11 6.1 SM E-1 

26+55 8 Subba�e course 10 9· 9.5 13.05 114.8 SP E-1 
16 Compacted subgrade 20 20 6.9 SM E-1 
28 Compacted subgrade 12 12 8.1 SM E-1 
40 Compacted subgrade 13 12 6.8 SM E-1 

I-' � 26+90 8 Subbase course 10 10 13.1 13.5 122.5 SP E-1 
16 Compa,cted subgrade 23 24 6.1 SM E-1 
28 Compacted subgrade 9 8 8.6 SM E-1 
40 Compapted subgrade 21 25 10.0 SM E-1 

26+93 8 Subbase course 11 11 8.6 13.T 123.3 SP E-1. 
16 Compa,cted subgrade ·23 25 8.1 SM E-1 
28 CompaFted subgrade 15 14 5.0 SM E-1 
4o Compa,cted subgrade 20 24 5.9 SM E-1 

27+22 8 Subbase course 16 18 9.4 11.5 125.7 SP E-1 
16 Compa,cted subgrade 28 36 1.6 SM E-1 
28 Compa1Fted subgrade 18 19 7.4 SM E-1 
40 Compa11cted 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 Compa :cted subgrade 15 16 7.7 SM E-1 
28 Compa1cted subgrade 11 12 6.7 SM E-1 
40 Compa'Fted subgrade 16 13 4.6 SM E-1 

• In-place measurements fade with nuclear density device • 



Table 3 

Sun:imarr of Concrete Strength Data for ReElacement Slabs 

in the Ri�id Pavement Tes t Site 

Cure Fle xtiral Strength Compressive S trength 
Slab Slump T�me ESi ESi 

No • Type of Pee.. in. days Rans;e Averas;e Rans;e Averas;e 
....... 

3000-psi HE 672 to 683 678 3820 to 3926 3873 CX> 1 & 2 2 . 25 7 

1 & 2 3000 -psi HE 2 . 25 21 707 to 737 725 4386 to 4740 4563 

3 4000-p si HE · 2 . 50 4 650 3 431 

3 4000-p si HE 2 . 50 7 670 to 683 677 4209 to 4705 4457 

3 4000-psi HE 2 . 50 20 713 to 755 731 4740 to 4844 4798 
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and ground data taP,es . This provided the means by which the pavement 
response could be correlated wi th the corresponding aircraft load. Wi th 
the exception of the thermis tors , all instruments were recorded simul­
taneously on magne tic  tapes ,  and all ground data tapes contained the 
time code and laser signals . Temperatures were recorded on paper tape . 

Ins trumented aircraft were used in both the ini tial cold weather 

and the subsequent warm weather tests to provide the moni tored load for 

the pavement s truc ture s .  An ins trumented B-727 was used for the cold 

weather te s ting of 1972 . Ins trtunented B-727 and C-880 aircraft were 

. used for the warm weather tes ting of 1974 . The B-727 aircraft were 

equipped wi th s train gages ins talled on the drag struts , side struts , 

and axle s of both main gears and poten tiome ters ins talled on the torsion 

links of both main ge ars to measure the three components of force trans­

mi tted to the . pavement s truc ture . Accelerome ters were the only .in­

s truments ins talled on the C-880 and were placed at three locations 

to measure the aircraft acceleration response for es timating the main 

gear load during dynamic tes ts .  Similar sys tems of accelerome ters were 
ins talled on board the B-727 aircraft as backup sys tems for the ins tru­

mented main gears . On-board ins trumentation for all three aircraft 

included signal condi tioning equipment, a time code generator { sync hro­

ni zed wi th the ground time code generator for correlation of tes t  re­

sUlts } , and a i4-track analog magne tic ·  tape recorder . 

Two series of dynamic load tes ts were conduc ted at NAFEC Airpor t 

to determine the pavement response under s tati c  and dynamic aircraft 

loads . The first series of tes ts ,  the cold weather tests , was conduc ted 
-during'the pe riod i2-November-ll -De�ember 1972 un both the �lexi ble ·and 

rigid pavement tes t  sections . The second series of tests , the warm 

weather tes ts ,  was
.
conduc ted during the period 8-15 July 1974 on only 

the flexible pavement since the response of rigid pavement is  known to 

be relatively insensi tive to temperature . 

Data were collec ted for 408 aircraft operations during the cold 

weather tests .  Of this total , 203 operations were on the flexible 

pavement tes t  s i te and the remaining 205 were on the rigid pavement 

tes t  s i te .  During the warm weather tes ts ,  data were collec ted for 
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. ..  ' 

281 aircra� operations on the flexible pavement test site; 240 of the se 

being with the B-727 and the remaining 41
.
being with the C-880 . 

The following types of test s  were performed during both c.ol� and 
warm weather t e sts: 

�· Static load tests. The aircraft was po sitioned over each 
gage ro w and dat a  collected.  The se tests provided dat a  for 
compari son with dat a  from dynamic load tests as well as a 
check o f  the capability of the instrument ation system.  

b .  Dynamic load test s. Pavement response and aircraft dynamic 
load data were collected at e ach test site under the follow­
i ng aircraft oper ating mode s: 

{l ) Creep-speed t axi {3 to 8 knots) . 

{2 ) Low-speed t axi ( 15 to 30 knot s)  • .  

( 3 )  Medium-speed t axi ( 45 to 80 knots) . 

{ 4 )  High-speed t axi { 85 . to 130 knot s) ·. 

(5) High-speed braking ( 130 to 45 knots) . 

( 6 )  Takeoff rot ation (85  to 130 knot s) ·. 

( 7 )  Touchdown . 

( 8 )  High-speed braking with reverse thrust . 

(9 ) Turning {4 to 30 knot s) . 
Although thi s particular bre akdown of po ssible aircraft operations di f­

fers slightly from that de scribed in Reference 1 ,  dat a · obt ained during 
. � 

the se operatiops should be directly applicable . Re sponses of each type 

of gage were recorded during tests conducted under e ach mode of opera­

tion . As an example of the applic ability of the test mode s to typical 

airport operations, consider a normal t akeoff . At any airport ., thi s 

operation involve s seven o f  the test mode�: st atic loading;  turning; 

cre ep-,. low-,. medium-,. and high-speed. t axi .; and- take of-f. ro tation. If. 
the t akeoff was aborted , the high- speed braking mode s would become 

applic able . 

21 . 



. PAVEMENT STRUCTURE RESPONSE DATA 

TYPICAL RESPONSES 

A det ailed description of the dat a  form , automati c data pro cess­
ing , and dat a  output is  presented in Volume II and Appendixes A and B . 3 

The dat a  were in analog form and of t wo basic types ,  static  and dynami c. 

D at a  from the st at i c  load tests were in the form of straight lines or 

constant voltage levels .  Dat a  from the dynami c load tests were in the 

form of impulses at the inst ant a gage row was crossed and const ant 

volt age levels before and after . 
Some gages responded in the form of both upward and downward move­

ment dat a  pe aks , while others responded in only one dire ction . The WES 

deflection gages , Valore strain gages , and pressure cells primarily reg­

istered only one dat a  peak .  Figure 4 shows a typi cal digit al comp uter 

reproduced re cording for an SE soil pressure cell . Figure 5 shows typi­

cal analog recordings for a WES deflection gage in the flexible pavement 

structure . With t he excepti on of reduced magnit udes ,  these figures are 

als o  typical of  the rigid p avement struct ure response .  

Bison coils pri marily regi stered two dat a peaks in opposite di­

re ctions . Figure 6 shows typi cal digit al computer reproduced re cordings 

of the Bison coils for tests on the flexible pavement test section.  An 
upward movement pe ak (bo w  wave ) occurred i mmediately before the aircraft 

wheels re ached the center line of  a gage location , and a downward move ­

ment peak occurred as the wheels were dire ctly over a gage lo cation . 

These t wo dat a  peaks are referred to as the first and second peaks , �d 

their positions were determined from correlations with the .laser signals . 

A third peak ,  whi ch was of  les ser upward movement , occurred i mmediately 

after the wheels p assed the cent er line of a gage lo cation .  Depending 

on the gear-to-g age offset di st ance , the second pe ak could be an upward 

movement and could be larger than the first pe ak .  With the exception 

of reduced magnit udes ,  Bison coil  re cordings for the rigid pavement 

structure were similar to those shown in Figure 6 .  

Velocity gage s responded i n  the form o f  t wo t o  fo ur pe aks , 
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depending on the gear-to-gage offset distance . In the i mmediate gage 

vi cinity, two upward peaks o ccurred i mmediately before the wheels 

reached the gage center line , and one downward and then one upwa!d_pe ak 

occurred after the wheels passed. At offset distances not within the 

i mmediate gage vicinity, only a downward and then an upward peak oc­

curred. Figure 1 shows typi cal digital computer rep�oduced re cordings 

of a velocity gage for 0- and 1 . 5-ft gear-to-gage offset distance s  (both 

real and computer expanded t imes are shown ) for both 
'
rigid and flexible 

pavement structure res ponses . 

DATA REDUCTION 

The test data were reduced by digital computer, automati c  data 

processing techniques . A detailed des cription o f  the processing is  . 3 . . 

contained in Appendix A to Volume II of this re port . 

The digital processed results were out put on both hard copy 

(os cillograph re cords ) and digital magneti c  tapes in binary coded de ci­

mal (BCD) format , the most �idely acce pted input format for 7-track 

digital tapes . Di gital BCD tapes provided the input media for dumping 

or further pro cessing of the data on high-speed computers . 
Desired data output varied with the t ype o f  test and the type of 

gage pro cessed . Stat i c  load tests were more important · in their relation­

shi p to one another than in themselve�. Therefore, in' addition to the 
magnitude of the static level, the change in each static  level from the 

pre ceding calibration and static level was output . In addition to the 

calibration zero level, the change from the last calibration zero level 

was also out put . 
For all instruments except the velo city gages ,  the information 

that was output for the static load tests was also output for the dynami c 

load tests,  although thi s was supplemented with additional.information . 

Both data pe aks were out put for the Bi son coils, but only one peak was 

out put for the other gages . All data pe aks were calculated from the 

prior-to-peak no-load level; however, the di fference between the prior­

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

put was the change in no-load level from test to test . A des cri ption 
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of each test in engineering units was also output . This was made by 

printing (with an oscillograph) groups of.points·0 . 01 sec in length from 

O. 2 sec before to 0 .  2 sec after the peaks and recording on magne.ti� tape 

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

peak point s  were marked by lines on either side of the group . 

A standard procedure for reducing velocity data i s  integration of 

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

ward movement , this procedure is applicable and the result i s  the motion 

(di splacement) that caused the velocity. For the NAFEC velocity response 

· data·at gear-to-gage offset di stances not within the immediate gage 

vicinity (as shown in Figure Tb), integration of  s ignals yielded the 
pavement displacement . However , for the velocity data in the immediate 

gage vicinity where mi.il.tiple movement peaks occurred , direct integration 

was not �pplicable and yielded erroneous result s .  A descript ion of a 
methodology for reduction of the velocity data to measurements of dis­

placement i s  presented in Volume II.3 The movements computed from 
velocity gage re sponses did check with those measured by WES deflection 

gages and Bison coils . 
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AIRCRAFT LOADS 

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

by automatic data processing as described in Appendix A to Velum� rr . 3 
Accelerometer data for the C-880 dynamic load tests were not reduced for 

the four dynamic load applications with this aircraft . ( Only four dy­

namic load tests were conducted with the C-880 before the brakes locked 

and five tires burst . ) 
Figures 8-11 summarize the B-727 aircraft dynamic loads imposed 

. upon the flexible and rigid pavement structures . The basic operational 

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

ratio of dynamic to static load , is used to present the aircraft verti­

cal loading conditions in Figures 8-10 . The data for each operational 

mode are grouped and are presented at velocity values that are repre­

sentative of a specific velocity range for · each mode . Creep- and low­

speed taxi data are plotted at the upper ends of their velocity ranges 

because the majority of these tests occurred in these ranges . High­

speed taxi data are plotted at the upper end of their velocity range in 

order to· represent the highest velocities used in the tests . All other 

modes are plotted about. the centers of their respective velocity ranges . 
. . . 

The dynamic load spread at each mode is represented by mean 

values plus or minus one standard deviation . Taxi modes are connected 

across the figure in order to better show their range of dynamic effects 

and the general decrease of the median load with an increase in taxi 

velocity . Also , comparisons of other operational modes with the taxi 

modes can be easiiy made with the taxi mode lines . The outer envelope 

r_epresents the high and low data points for the taxi modes ; The sim­

ilarity between the 1972 and 1974 tests (see Figures 8 and 10 ) is 

evident . 

Figure 11 shows the horizontal side thrust increase for turning 

operations . These results are for the 1972 tests on both the flexible 

and the rigid pavement test sites . Results of the 1974 tests on the 

flexible pavement test site are similar and within the same ranges . 
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Table 4 presents the aircraft average wheel loads for both the 
. . 

1972 . and the 1974 test series .  The average loads are for both stat i c  

and dynamic test conditions . 

Table 4 
Average Aircraft Wheel Loads 

Average Vertical Standard 
Aircraft Test Wheel Load2 lb Deviation 2 

B-727 1972 flexible pavement 28 , 073 2 , 990 

B-727 1972 rigid pavement 28 , 588 1 , 971 

B-727 1974 flexible pavement 30 ,286 2 , 938 

C-880 1974 flexible pavement 18 , 050 

lb 

Note : For the B-727 tests on the flexible and rigid pavement s in 1972 
and 1974 , the average horizontal side load for normal taxiing at 
45  knot s was 1000 lb with a standard deviation of 100 lb . 
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DATA INTERPRETATION AND ANALYSIS 

A large amollllt of data was colle cted during the study, all of 

whi ch has been reduced . With the exce ption of the velocity gage re­

s ponses, all data are presented in Reference 3. The velocity gage data 

were not presented ( as explained in Reference 3 ) be cause of  their agree­

ment with the behavior of the deflection gages and Bison coils . Two 

methods of data interpretation were used.  The first method, whi ch might 

be referred to as the standard method, considered a zero reference point 

. of the gage and pavement structure from whi ch all subsequent readings 

were ta.ken and used to represent the pavement res ponse .  This  method of 
interpretation provided data whi ch led to confusion in analysi s .  The 

confusion resulted from the fact that the gage and pavement structure , 

and thus the zero reference point , physi cally moved as the soil and pave­

ment structure mass  was kneaded by randomly di stributed traffi c. Thi s 

phenomenon has been suspected for some time and was actually reported in 

Referenc'e 6 .  The second method of data interpretation cons isted of 

using � floating reference and separating the res ponse data into elastic 

and inelasti c  phases . Volume II3 of this repo�t presents in detail the 

methodologies used in the interpretation and analysi s  of data , and Ap­

pendix B of Volume II presents plots of the reduced test data.  

As an example of the two data interpretation methods , consider 

the two series of stati c load tests shown in Figure 12 . Thi s figure 
represents the initial no-load reading, load on reading , and load off 

( rebolllld ) r�ading of a WES deflection gage measuring between the 0- and 
. . 

-r5..;rt de pths -o-r -the -flexible ·pavement -structure -during the wann weather 

tests in 1974 . The data shown in Figure 12 were obtained by performing 

successive sequen ces of B-727 load application ( load off, load on, load 

off ) for both series of tests with the left ( crosshat ched ) wheel of the 

dual-wheel main gear located at the distan ces from the rllllway center 

line at which the data are plotted.  For example , for the first load 

seri e s ,  the left wheel was located at approximately 15,  11 . 3, 9 . 6, 6 . 1, 

and 4 . 2  ft from the rllllway center line for load sequences 1, 2, 3,  4,  

and 5 ,  respe ct ively . At each location of  the gear, the pavement 
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response was measu.red by the WES deflection gage located 7 ft � - 5  in . 
from . the runway center line . Assuming a relationship of reciprocal dis­
placement exists , information can · be · plott�d as shown in Figur� �2

. as 
.,.. .. ' ·/  . ' �·  the response of the pavement structure when the aircraft main gear 

pas ses at the indicated di stance from the runway center line . :The in­

formation for the second series of test s was developed in the same man-
' 

ner except that the load sequence s  (1 , 2 ,  3 ,  and 4· ) w�.re applied from 

left to right . An elaps�d period of 1 day occurred between the first 
and second load series during which time 23 dynamic load appli cations 

· (including creep-speed taxis ) had occurred on the instrt.vnented area . ­

The behavior (not the magnitude ) shown in Figure 12 is  typical for both 
'• 

rigid and flexible pavement structures and for the Bison . coil and Valore 
strain· gage responses . 

• • • i ·  • 

For the first method of analys i s ,  the init ial reading fdr load . 

sequence . .  1· for . each ioad series .. i s  used as the' ·�·ero ·
r�fe;e�ce 

. ... 
f�r the 

.
. .  

entire load series . Thi s method ·of · data interpretation result s in 
. .  

relative· displacements as sho.wn .in Figure 13.  As can be seen , the di s-
placements are signi ficantly different even though the aircr�ft gear ;:_ 
load , location , and pavement structure were the same .  There was no log­
ical explanation for these di fference s  based upon the data interpreta­

tion method . Based upon · past experience<; with interpretation of'. instru._ 
., 

' .  

mentation data . from carefully controlled test ing of test sections , the 
. ' 

data were reinterpreted using the methodology explained in Volume rr3 · 

of this report . This method of interpretation , in su.mni.ary , consist s  of 

using a floating reference ·and separating the response data for each load 

sequence , into · the e.J.B.stic anci inelastic phase s ._ This. is. ac_c_o.mplishe_d_ by_ 

considering the elasti c  phase to be the di ff�rence between.the load and 

rebound 'readings . for each load sequenc e and the inelastic phase to be 
. . 

the difference betwee� the initial and rebound readings for each load 

sequence . ·  Using thi s method for interpretation of data , the elast ic dis-
. .  ' ' 

placements for each load s·equence and both series of static load test s 

shown in Figure 12 can be plotted as shown in Figure 14 . It can be 

seen that the elastic di splacement s agree quite well for both series of 

tests . The inelasti c di splacement s ·are �lso shown plotted in Figure 14 ; 
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however , these di splacements cannot be combined into a single plot 

since their magnitudes are ( as illustrated in Figure 14 ) dependent upon 

the loading hi story , i . e . , the traffic di stribution pattern . For .the 

data illustrated , it should be remembered that the loading sequences for 

the first load s eries were performed from right to left while for the 

second load series the loading sequences were performed from left to 

right . The phenomenon depicted in these illustrations (Figures 12-14 ) 

was observed for every load series performed , whether the operating mode 

was static load, creep-speed taxi , high-speed taxi , rotation , or high­

speed turn . All of  the displacement data collected were interpreted in 

the manner illustrated in Figures 12 and 14, and the re sults are pre­

sented in Appendix B to Volume 113 of this report . 

Another illustration i s  shown in Figure 15 where the elastic 

movemen� s ( static load curve superimposed ) for the creep-speed tests of 

Figure 5 are plotted.  Figure 16 shows the inelast ic movement s illus­

trated in Fi�e 5 .  The elastic and inelastic  responses occur simul­

taneousiy but were separated . in thi s manner for analysi s .  

The data acquire� for thi s study represent nonconditioned pave-
. . 

ment structures .  Pavement structure conditioning i s  a test procedure in 

which a pavement i s  loaded repeatedly before instrument responses are 

recorded. By conditioning , the inelasti c  re sponse , which can be erratic , 

can be made to approach zero . That i s ,  after repeated load application 

at the same point , the response become s entirely elastic . Conditioning 

of the pavement has often been used in the belief that it causes in­

strument responses to be stable . While thi s type conditioning tempo-

---rarily -el±minat-e-s -the -1ne·la;stic movements ,  i"t is  not really representa­

tive of  behavior · under actual traffic loading , since traffic � randomly 

distributed and approaches a normal di stribution with time . Therefore , 

in actual use , the pavement never become s conditioned and the inelastic 

di splacements are continually occurring at varying magnitudes ,  depending 

upon the loading history , as can be seen in Figure 14 . 

In order to be able to fully interpret and analyze the noncondi­

tioned pavement structure response data,  the elastic and inelastic 

phases had to be separated and treated independently in the investigation 
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of stati c and dynami c load test . results .  Inst rument res ponses could not 

be completely analyzed unless the inelasti c  behavior was fully recog­

ni zed and utilized . 

Two different types of di splacement �esponses were ident.ified as 

acting in both flexible and rigid pavements . The tw� type s .�re total 

pavement st ructure res ponse as assumed to be
. 7efer�n ced .to infinitY, 

( i�e rtial re ference ) and individual pavement struc�ure �leme�t res ponse 
• • I . 

re fe;enced internally to ea�h el�ment (nonine rtial reference ) .  Each 
type of res ponse exhibited both elastic  and inelasti c  material behav­
ioral phases . 

Bow waves in front of the wheels and elastic  ve rti cal expans ions 

behind and adj acent to each wheel were found to occur within the st ruc­

tural element
's ( nonine rtial reference ) o f  both pavement st ructures under 

moving ai rcraft operations . 

The three di ffe rent types of displacement and motion measuri�g 
' . 

ins� ruments (WES defle ction gages ,  Bison coils, and velo city gages ) were 
• •  • I  

compatible and complemented each other in thei r indi cations of pavement 

st ructure re s ponses . 

The ve rt i cal pressure 'data fo r both flexible and rigid pavements 

were · round to be totally recove red ,  i . e .  ·elast i c  ( corresponding . to the 
. . . 

elastic phase of behavior) , upon removal or passage of a load. No · re­
sldual pressures appeared to be acting; therefore ,  the inelasti c  di s­

placement behavior did not seem to induce residual vertfoal pressures • .  

The pressure cells appeared to be carried with or ride within the pulsat­

ing st ructures .  
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SUMMARY OF PAVEMENT STRUCTURE RESPONSES TO 
AIRCRAFT DYNAMIC LOADS 

Volwne II3 of  thi s report presents summary figures of the non-
. • . •  r '  ' • l 

conditioned pavement structure . response to aircr.a�t dynw,ni�. load� f�r 

all instrumented gage rows . Only summary f.igures for gage row 2 in t�e 

nonconditioned flexible and r.igid pavement structt.res will .be. presented 
. .. 

in thi s sec1 ion . The summary figures are fo.r the maximwn load point s 

of the aircraft gear . At the pavement surface anc in upper . l�yers , 

these maximtm load points are beneath one of the dtial wheels .  'l'he max­

imum load point then migrates  with depth into the geometric centroid of 
• • , • •  r, , • J ' r  

the gear , which occurred at a depth of about 3 ft in the fle�ible pave-
. ,!. • • 

ment structure and at the bottom of the concrete s tabs in the rigi q  
. . 

pavement structure . 

Figures 17-20 present the stati c load and relative di splacement 

di st ri buti ons with depth for the gear maximum load points o.n gage . roy. 2 
. 4 .  . '; . • . . 

of b.oth noncondi tioned pavement structures . The data in Figures 17. and 

19 are accwnulated vertical relative displac0ments measured by the Bison 

coils . To permit accumulating and plott ing of the data,  the Bi son coil s  

at the 51- and 36-in . depths of the flexible and rigid pavement struc­

ture s , respectively , had to be as sumed as zero reference point s  since 

no measurement s were made below these depths . However , thi s  as sumpt ion 

doe s  not mean that no di splacement s occurred below the 51- and 36-in . 

depths . Figures 17 and 19 sh?w the maximum elastic  re spons� that was , 

measured .  They also show the maximum elast ic  plus the maximum inelastic 

response that was measured , because the elastic and inelastic responses 

- do occur -simultaneously. For -a - single -stati-c load application o-f the 

ai rcraft on the pavement s ,  the maximum elast ic  plus inelast ic  curve s 

represent the maximum relative di splacements that could be expected . 

However , depending on the load history ,  the actual di splacement for 

any spec i fi c  loading could be anywhere between the elast ic and elast ic 

plus inelastic curve s .  ( Load hi story means the magnitude of the pre­

vious load and the offset position with re spect to a point in the 

pavement structure . )  Load tests conducted after first conditioning the 
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pavement structures would only produce the elastic  response curves and a 

signi ficant di splacement ( inelast ic ) would not be obtained.  

Figures 21-36 summarize relative di splacement s for the noncondi­

tioned flexible pavement structure for both 1972 and 1974 test results . 

All basi c  airport operating mode s for which data existed at the maximum 

load point s  are represented. If no data points are shown for an opera­

tional mode , e ither no data were acquired at the maximum load point or . 

no data were recorded on the gage or gages for that mode , and the fig­

ures in Appendix B to Volume rr3 should be checked for the results . 

Static and dynamic load test compari sons can be seen in the figures in 

Appendix B for regions outside the maximum load points . A single data 
point in the summary figures indicates that either only one test was re­

corded or no data spread existed on the gage or gage s at the maximum 

load point . 
As was the case for the aircraft load data, the data for each 

operational mode were grouped and are presented in the summary figures 

at velocity value s that are representative of  the specific veloc ity 
range for each mode . Creep- and low-speed taxi data are plotted at the · 

upper ends of their velocity ranges because the maj ority of these tests 

occurred in these ranges . High-speed taxi data are plotted at the upper 

end of their velocity range in order to represent the highest velocities 

used in the tests . All other modes are plotted about the centers of 

their respective velocity ranges .  The data points �hown represent , for 
each operational mode , the spread of the pavement re sponse from an upper 

to a lower value . 
For each dista.··1ee- across which· the- relative· displacements-- were-

measured , figures for elastic and inelastic responses are presented. 

However , the method of pre sentation should not be construed to mean 

that elastic  and inelastic behavior occur separately; they occur 

simultaneously • .  The elasti c  response : spreads for . each mode are repre­

sented by the high and low points being connected by vertical dashed 

lines . Only elastic high points of the taxi modes are connected across 

the figure s .  These lines show the relationship of other modes to the 

taxi modes and the relationship between the 1972 and the 1974 test s .  
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The inelastic re sponses are the largest magnitudes measured at the gear 

maximum load point for a s ingle pas s over a gage row. Minimum inelastic 

re sponse is zero , and the taxi mode s are connected across the figure s as 

for the elasti c  re sponses . A di stributed $eries of loadings with the 

same gear loads as those for the · data shown could re sult in larger in­

elastic  displacements at a given point i f . the reference were considered 

to be the highest peak occurring in the sequence . However ,  no matter 

what the loading seri es i s , the elast ic movement as defined herein would 

not be great�r than what i s  shown for the same load ranges .  For a s in­

gle pass of the aircraft , the sum of the elastic and inelastic responses 

for a gage would represent the approximate maximum nonconditioned pave­

ment structure di splacement that could be expected. However , depending 

on· the load hi story , the di splacement could be less than the above sum. 

Noticeable in Figures 21-36 are the increases in elast ic and in­

elastic responses in 1974 and their decreases with increased velocity 

and depth to about the same levels as the 1972 responses . Thi s i s  be­

lieved to be due to a vi scoelastic effect and plastic behavior increases 

in the bituminous layers due to the higher temperatures and not due to 

a temperatµre effect in the soil materials . In other words , the behav­

ior in the bituminous layers was controlling the deeper material behav­

iors . These figures imply that the vi scoelastic response can be sep­

arated from the approximately constant elastic  (without vi scoelastic ) 
re sponse by proj ecting back the elastic response at high aircraft 

velocities . 

Figures 33-36 summarize the flexible pavement structure horizontal 

- responses - as -measured by -Bi-son -coils . The 1972 result-s include almost 

all of · the operating modes , but only turning data were recorded in 1974 . 

All previous remarks also apply to these figures ,  and the behavior shown 

i s  basically the same as that shown by the vertical response figures .  

Figures 37-41 summari ze the flexible pavement structure vertical 

pres sures for both 1972 and 1974 test re sults .  The data .are pre sented 

as previously described for the relative di splacements .  Noticeable in 

these figures are the sharp initial decreases in elastic pre ssures with 

increase s in veloc ity and the increased pressure magnitudes of 1974 . 
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However , also noticeable are the decreases with increases in depth of 

the 1974 pressure magnitudes to about the same level as 1972 results at 

the 30- and 39-in . depths . Thi s  behavi or i s  fairly cons istent with 

that of the indivi dual pavement structure element di splac ement s .  

Figures 42-53 summari ze the nonconditioned rigid pavement struc-
ture relat ive di splacement test results .  Previous remarks concerning 
the methods o f  pre sent at i on and the elast i c  and inelast i c  re sponses are 

also applicable here • .  There was a small amount of inelastic behavior 

of the concrete slabs , but they acted primarily as elastic  plates , as 
shown. The pavement foundat ion mat erial showed inelasti c  responses of 

the rigid pavement structure even though the concrete slabs responded 

almost entirely elastically . The response de crease around 20 knots 

shown in some of the figures i s  probably due to a lack of maximum load 

point data,  as can be seen in Appendix B to Volume II . 3 

Figures 48-53  summarize the rigid pavement structure hori zontal 

responses as measured by Bi son coils at a . depth of 15 in . and the re-

sponses me asured by Valore strain gage s at the surface of the concrete 

slabs . The hori zontal responses show about the same static t'o dynamic 

load compari sons as the vertical di splacements . · Noticeable in Fig­
ures .  48-53 are the inelast i c  responses o f  the rigi d  pavement structure . 

Figures 54-56 summari ze the rigid pavement structure verti cal 

pre s sure s .  Noticeable in the s e  fi gures are the nearly constant vertical 

pressure s .  This behavior i s  fairly cons istent with the di splacement 

re sult s . 
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CONCLUSIONS AND RECOMMENDATIONS 

CONCLUSIONS 

Based on the measurement s of the nonconditioned flexible and 

rigi d pavement structure responses under aircraft static and dynami c 

load tests , the following conclusions are believed justi fied : 

!!.· B-727 aircraft dynami c load tests in 1972 ( cold weather ) and 
1974 (warm weather ) on the flexible pavement structure and 

.£• 

· �  

�· 

in 1972 on the rigi d  pavement structure at NAFEC showed that 
no basic aircraft ground operating mode induced pavement re­
sponse s ( elastic plus inelast i c ) greater than those occurring 
for static load conditions , even though the aircraft dynamic 
loads were as large as 1 . 2  times the static load . Elastic 
response alone generally indicates thi s also to be true . The 
pavement surfaces were relatively smooth in the test site 
areas . 

However , extrapolation of the test result s indicates that for 
sti ff pavement structures ,  such as the rigid pavement and the 
flexible pavement in cold weather , unusual conditions of 

. large dynamic loading that could re sult from rougher surfaces 
than at NAFEC (holes or bumps , vertical curve s , etc . ) could 
possibly cause aircraft dynami c loads greater than 1 . 2  times · 

the static load and pavement response s larger than those that 
would occur U.nder static loading. This behavior i s  possible 
because of the inelastic  behavior being of low magnitude for 
the sti ff pavements and the elastic response being es sen­
tially of. a constant magnitude with changes in the rate of 
load applicat ion . The larger than static load response that 
could occur should be entirely elasti c  and should not be det­
rimental to the pavement structure except by contributing to 
an increase in elastic fatigue damage . 

Based upon gradually reduced elast ic re sponse but . primarily 
upon reduced inelastic response with high speeds , indications 
are that thicknes s  can be reduced in the int erior of runways . 

Measured aircraft loads during turns showed that high hori­
zontal loads are applied to the pavement surfaces . (Airport s 
such as Balt imore Friendship International have experienced 
pavement distress in turn areas . 7 ) 

Test result s  showed inelasti c  behavior to be highly dependent 
on temperature , aircraft speed ,  and load hi story (magnitude 
of load and lateral position of aircraft ) for flexible pave­
ments , and to be dependent on speed and load hi story for 
rigid pavements .  
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f.  Inelastic displacement s larger than the elastic di splacement s 
were measured within the velocity range of static load to low­
speed t axi . 

�· Test result s showed elast ic behavior to be almo st constant 
for sti ff pavement structures ( rigid and low-temperature 
flexible pavement s )  and the probable vi scoelastic  effects to 
be more pronounced at high temperatures in bituminous · 
materials . 

h .  The flexible pavement structure layer at a depth of 39 to  
51 in . responded slightly ( less than 10  percent of surface 
response )  to the various modes of aircraft operation . The 
rigid pavement structure layer at a depth of 15 to 24 in . 
responded ( about 30 percent of surface response ) to the 
various mode s of aircraft operation . These were the deepest 
layers monitored during dynamic load tests  for both pavement 
structures .  

i .  The elast ic and inelast ic di splacement behavioral phases 
directly as sociate the behavior of WES pavement test sections 
under s imulated aircraft loads and wheel configurations and 
di stributed (nonconditioning ) traffic to actual pavement be­
havior under actual aircraft operat ions ( NAFEC test s ) .  This 
connection means that the investigation of dynamic load ef­
fects can probably be conducted on pavement structure test 
s ections of limited s i ze . 

RECOMMENDATIONS 

The required thicknes s of pavement s subj ected to parked or slow­

moving aircraft should be based upon the static  wei�ht of the aircraft , 

as i s· the current practice . This i s  considered to include the parking 

aprons , taxiways other than high-speed exit areas , and runway ends . In 

high-speed exit area&, runway int�rior&, and othe1- areas- that- are sub-

j ect entirely to high-speed aircraft operations , the de sign should be 

based upon an . analys is of the dynami c loading to the pavement and upon 

the pavement response to dynami c  loading . In high-speed exit areas , 

high horizontal load:3 are applied to the pavement surface and should be 

cons idered in pavement design . Due to the large loads and thus the like­

lihood of excessive deterioration in turn areas , the pavement surface in 

exit areas of flexible pavement runways should be strengthened or be 

stronger than the main runway. In runway interiors , the NAFEC test data 

indicate that thickne s s  reductions can be cons idered.  In order to take 
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full advantage of the NAFEC test data in pavement design , more knowledge 

is needed concerning pavement failure mechani sms and deterioration 

growth functions and causes .  
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