
A
D

7
0

8
1

7
8

 
liMrt II. FM II 7I1I 

AIRCRAFT DYNAMIC WHEEL LOAD 
EFFECTS ON AIRPORT PAVEMENTS 

I. E. Vifiit 
P. C. Iinp 
t. Wittlii 
R. I. Seitt 
M. k. Bmm 

Lickkiii-Ciliftnii Ciipiip 
P. 0. In SSI 

lirkiik, California 91SQ3 

i 

3 

FINAL REPORT 

D D C 

? «h. u am 

llililal&i Ü lidU 
- 

Reproduced by the 
CLEARINGHOUSE 

for Federal Scientific & Technical 
Information Springfield Va. 22151 

Availability is unlimitad. Document may be released to the 
Clearinghouse for Federal Scientific and Technical Information, 
Springfield, Virginia 22151. for sale to the public. 

Propind fir 

FEIEML AVIATION ADMINISTRATION 
Spstois lisurck iNd livilipaiit Sirvici 

VisbiiitiN, I.C. 2I5S0 



The contents of this report reflect the views of 
the Lockheed-California Company which is 
responsible for the facts and the accuracy of the 

her*in* The contents do not neces- 
sarily reflect the official views or policy of the 

0f Th!« report does not 
constitute a standard, specification or regulation. 



t 

i 

ê 

* 

TECHNICAL REPORT STANDARD TITLE PACE 
1. Rapar« Na. 

FAA-RD-7O-I9 

2. Gowornmont Aceossion No. 3. Roeipiont's Catalog Na. » 
/ A !" 

/ 
a. Tifia and Sukfifla 

UF:CRAí*r DYNAMIC WHEEL LOAD 
EFFECTS ON AIRPORT PAVEMENTS 

S. Report Dpt. 

May 1970 
6. Performing Organisation Coda 

J. E. Wignot, P. C. Durup, G. Wittlin 
R. B. Scott, M. A. Gamón 

B. Pprforming Organ!tptian R.pprt No. 

LR 233O7 
Performing Organ!sotion Noma and Address 

Lockheed-California Ccnrpamy 
P. 0. Box 551 
Burbank, California 91503 

10. Work Unit No. 

45O-7O2-O2E 
11. Contract or Grant No. 

DOT-FA69WA-2143 
13- Typo of Rpport and P.riod Cov.r.d 

Final Report 
May 1969 - May 1970 

12. Sponsoring Agoncy Noms and Addrsts 

Systems Resewch and Development Service 
Federal Aviation Administration 
Department of Transportation 
Washington, D. C. 20590 

Id. Sponsoring Agency Codo 

13. Supplementary Notas 

\ 
^- 

A study has been performed which concludes that airplane dynamic wheel 
loads have significant effects on portions of airport pavements. The program 
included scaled pavement tests, analyses to determine airplane imposed loads 
on pavement and pavement response, correlation between empirical data and 
analyses and a literature review. 

The results of the investigation indicate that the two distinguishable 
effects that influence the stress the pavement experiences are (I7 airplane 
induced loads and (S') moving load phenomenon. For a given level of runway 
unevenness the loads that will be Imposed on the pavement can be accurately 
defined for various ground operations performed. However, the pavement re¬ 
sponse to a moving load cm vary substantially depending upon the kinds of 
materials and types of construction used. To obtain proper assessment of 
moving load effects, full scale pavement tests are considered necessary to 
provide needed data. 

J Two test plans are presented. One approach involves "Operational Statisti¬ 
cal Tests" and depends upon a heavy statistical sample of data. The alternate 
approach involves "Moving Load Track Tests" and provides data for point-by¬ 
point correlation using analytical, data under carefully controlled conditions 
and configurations. 

17. Kay Wards \ 
dynamic loauls, pavement reap 
flexible and rigid pavement! 
viscoelastic, elastic, mater 
characterization, speed effe< 
length Bind runway uneveness 

onse, 

Lai 
its, wave 

18. Distribution Stotomont 

Availability is unlimited. Document ma^ be 
released to the Clearinghouse for Federei 
Soientific and Technical Information, 
Springfield, Virginia 22151, fo. sale tc 
the public. 

19. Socurity Class!f. (of tbit ropart) j 

Unclassified j 

! 20. Sacurity ClaasiMof thi. p«g.) 21. Na. ol Pag*. 22. Prie. 

Unclassified 429 $3.00 

F*rm DOT F 1700.7 ((.«o 
/ 



Preface 

This Final Technical Report covers the work performed under contract DOT- 
FA69WA-2143 from May I969 to May I970. 

The program, performed by the Lockheed-California Company, Burbank, California 
was initiated by the Systems Research and Development Service, Federal Aviation 
Administration. 

The Lockheed-California Company acknowledges the valuable contributions to the 
success of the program provided by G. K. Williams and M. B. Crenshaw of the 
Lockheed-Georgia Canpany in performing the scaled pavement tests and B. Vallerga 
and Dr. K. Nair of the Materials Research and Development, Inc. in providing 
laboratory tests and expertise in pavement construction and response contained 
in Appendixes c, H and I. The supporting efforts of R. C. Schnitzer of 
Lockheed-Calii'ornia Company are also appreciated. 

3 



TABLE OF CONTENTS 
Page 

Preface q 
List of Illustrations 7 
List of Tables U 
List of Abbreviations and Symbols I3 

INTRODUCTION 

Background 
Definition of Dynamic Effects 

(A) Airplane Imposed Dynamic Loads 
(B) Airplane/Pavement Interface 
(C) Pavement Dynamic Effects 

Comparison oí Airport and Highway Pavements 
Objectives of the Program 
Report Format 

DISCUSSION 
General 
Program Details 

(A) Literature Survey and Review 
(B) Scaled Pavement Tests 

(l ) Test Analysis 
(2) Test Program 
(3) Test Data Reduction 
(4) Scaled Runway Test Conclusions 

(C) Analyses 
(1) Loadings Imposed on Airport Pavement 
(2) Airport Pavement Response 

(D) Correlation 
Results of Program 

(A) Literature Survey and Critique 
(B) Critique of Pavement Materials and Methods of 

Construction 
(C) Testing 
(D) Moving Loads 
(E) Airplane Réponse Loads 
(F) Combined Airplane Response and Moving Load 

Future Work 

CONCLUSIONS 

REFERENCES 

APPENDIXES 

A . Literature Survey 
B. Scaled Pavement Test Details 

25 

25 
30 
30 
34 
35 
37 
39 
39 

40 
43 
43 
43 
46 
46 
47 
50 
69 
74 
74 

123 
151 
161 
161 

161 
161 
161 
163 
169 
173 

176 

178 

A-l 

B-l 

5 



> 

TABLE OF CONTENTS (Continued) 

APPENDIXES (Continued) 
C. Laboratory Tests 
D. Methods Used in Airplane Analyses 
E. Pavement Response to Moving Loads 
F. Supplementary Studies 
G. Proposed Full Scale Test Plans 
H. Critique of Materials Characterization and Design Techniques 

for Airport Pavements 
I. Approximation of Dynamic Loads by Equivalent Static Load for 

the Design of Airport Ävements 

Rige 

C-l 
D-l 
E-l 
F-l 
G-l 
H-l 

1-1 



IiIÍS'F OF ÎLUJnTHATIONr. 

Page 

Trends in Airport Use 26 

Theoretical Model of Pavement '/oi^ht Type Uubi'rade 28 

.Speed Effects on Pavement Deflection and Stresses 
Under a Moving T,oad 29 

Airplane/Pavement interaction 31 

Airport Operational Cycle 33 

Primary elements of the Program ti 

Kaw Data Moving Load Time History 52 

Moving Load Data - Asphalt,CBR 10 Gages A2i,D, P4D 54 

Moving Load Data - Asphalt, CBR 2 AI9C, PIC 55 

Moving Load Data - Concrete,CBR 10 Ill, P2A 56 

Moving Load Data - Asphalt,CBR 2 - AjC, A4c, A5C, Aie 5? 

Impact Tests - Time History Data 58 

Impact Tests on Concrete, CBR 10 - Soil Pressure 
versus Load, 100 psi Tire Pressure 

Impact lests on Concrete, CBR 10 Soil Pressure 
versus Load, 100 psi Tire Pressure 60 

Impact Tests on Concrete, CBR 10 Soil Pressure 
versus Load, 5^ psi Tire Pressure 82 

Impact Tests - Concrete, CBR 10 Pavement Strain 
versus Load 1.00 psi Tire Pressure 63 

Impact Test - Concrete, CBR 10 Pavement Strain 
versus Load Y2 psi Tire Pressure 64 

Impact Test - Cone rete,CBR 10 Pavement Strain 
versus Load 54 psi Tire Pressure 65 

Static Test Data 55 

Composite Data 87 

Mean Load Variations versus Speed 88 

Pressure Integration Scheme 70 

Comparison of Power Spectral iJensities of Lockheed 
Air Terminal Runway and Taxiways 77 

7 



Figuro 

2h 

LIST OF ILLUSTRATIONS (Continued) 

26 

2Y 

20 

2-J 

30 

31 

32 

34 

36 

3Y 

30 

39 

40 

41 

42 

Variation of Effective Main Gear Stiffnecc with 
Vertical Load 

Takeoff Roll Main Gear Vertical Load Time Hiotory, 
Airplane A-l on Kennedy ^ 

Takeoff Roll Main Gear Vertical Load Time History, 
Airplane D-2 

Analytically J^redicted Eynamic Taxi Load Factors, 
Airplane B-l 

Variation of Dynamic Taxi Load factors with 
Aerodynamic Lift 

Variation of Dynamic Taxi Load Factors with Plunge 
Mode Natural Frequency 

Variation of .Dynamic Taxi Load Factors with Ratio 
of Tire to Gear Stiffness 

Variation of Peak Dynamic Taxi Load Factors with 
Plunge Mode Natural Frequency 

Nose Gear Dynamic Braking Load Factors 

Comparison of Time History and Simplified Dynamic 
Braking Analyses, Airplane A-l, Aft c.g. 

Comparison of Time History and Simolified Dynamic 
Braking Analyses, Airplane A-l, Forward c.g. 

Comparison of Time History and Simplified Dynamic 
Braking Analyses, Airplane A-2, Aft c.g. 

Comparison of Time History and Simplified Dynamic 
Braking Analyses, Airplane .1-2, Forward c.g. 

Comf>arison of Time History and Simplified Dynamic 
Braking Analyses, Airplane B-l, Aft c.g. 

Comparison of Time History and Simplified Dynamic 
Braking Analyses, Airplane B-l, Forward c.g. 

Variation of Dynamic Braking Loads with Velocity, 
Airplane B-l, Aft c.g. 

Main Gear Vertical Loads during Takeoff Rotation, 
Airplane C-l, Forward c.g. 

Main Gear Vertical Leads during Takeoff Rotation, 
Airplane C-l, Aft c.g. 

Main Gear Vertical Loads during Takeoff Rotation, 
Airplane C-2, Forward c.g. 

l’âge 

8l 

89 

89 

93 

94 

95 

96 

98 

101 

105 

.106 

107 

108 

109 

110 

112 

115 

116 

118 

» 

1 

A 

» 

8 



Figure 

r,1.71' OF ILLUSTRATIONS (Continuei) 

* 

i 

é 

*i3 

hh 

hC 

h? 

>iR 

liO 

50 

51 

50 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

Main Oear Vertical Loáis iuring Takeoff Rotation, 
Airplane C-?, Aft c.g. 

Variation of Maximum Main 'iear Loads iuring Landing 
Impact with Sink Speed 

Variation of Maximum Main Oear Loads iuring Landing 
impact with Lift 

Pavement and Loading Model: Moving load Problem 

Static Response 

Dynamic Stress Correction Factor 

Dynamic Pressure Correction Factor 

Response /.eta Dependence 

Flexible Pavement Speed Fffect 

Spatial Distribution of Response 

Depth Distribution of Pressure 

Two Layer System with Surface Shear 

Interface Pressure Due to Shear 

interface Shear Stress Due to Horizontal Load 

Pavement Inertia Effects 

Multiple Wheel Runway Response 

Comparison of Theoretical and Experimental Strain versus 
Load Velocity Asphalt, CBR 10 

Comparison of Theoretical and Experimental Strain 
Spatial Distribution - Asphalt, CBR 10 

Strain, Load Variation Correlation - Asphalt, CBR 10 

Pressure, Load Variation Correlation - Asphalt, CBR 10 

Longitudinal Strain versus Speed Correlation - 
Asphalt, CBR 10 

Vertical Pressure versus Speed Correlation - Asphalt 
CBR 10 

Strain Correlation versus Function of Material Properties 
Asphalt, CBR 2 

Pressure versus Speed Correlation - Concrete, CBR 10 

Âge 

118 

120 

121 

124 

129 

130 

131 

133 

134 

135 

136 

138 

139 

140 
141 

143 

153 

153 

154 

154 

155 

155 

157 

158 

9 



LIST OF ILLUSTRATIONS (Continued) 

Figure Page 

6? Strain versus Speed Correlation - MRD Values - 

Asphalt, CBR 10 159 

68 Pressure versus Speed Correlation - MRD Values - Asphalt 
CBR 10 159 

69 Range of Strain Reduction versus Speed 164 

TO Combined Normal and Horizontal Loading of Pavement 164 

71 Range of Main Gear Loads I66 

72 Range of Nose Gear Loads I67 

73 Estimated Main and Nose Gear Loads I68 



TaMe LIST OF TABLES 

1 Pavement Materials and Properties 

2 Geometry and Weight Data 

3 Test Data Summary 

Airplane Identifications 

6 

7 

8 

9 

10 

11 

12 

13 

1U 

15 

16 

17 

18 

19 

20 

21 

22 

Airplane Operations 

Maximum Static Loads 

Steady State Turning Parameters 

Steady State Turning Vertical Main Gear Load Factors 

Components of Maximum Load During Takeoff Roll 

Components of Maximum Load During Takeoff Roll 
Normalized to Maximum Static Load 

Airplane Dynamic Taxi Parameters 

Effect of Various Actions During Aborted Takeoff 
on Gear Loads 

Maximum Static Loads Per Tire, Main and Nose Gears 

Dynamic Braking Load Amplification Factors - D 

Takeoff Rotation Main Gear Leads F /F 
p' o 

Takeoff Rotation Load Factors 

Maximum Takeoff and Landing Weights 

Final Pavement Response Expressions 

Approximate Ratios of Relative Stiffness for Typical 
Pavements 

Airplane Operating Frequencies 

Soil Characteristics 

Runway and Taxiway Pavement Materials and 
Construction 

35 

50 

51 

74 

75 

76 

79 

80 

86 

87 

97 

100 

102 

111 

113 

114 

119 

126 

132 

142 

160 ' 

170 

ll 



LIST OF ABBREVIATIONS AND SYMBOLS 

TABLE OF CONTENTS 

Section 

1 Definition of Terms 

2 Notations (Pavement Response) 

3 Notations (Airplane Imposed Loads) 

Page 

14 

15 

19 

13 



1. DEFINITION OF TERMS 

Pavement - The entire load support structure constructed on the virgin soil 
including subbase, base and surface course * 

Higid Pavement - A pavement whose surface course is Portland cement concrete 
or similar material 

Flexible Pavement - A pavement whose surface course is asphaltic-concrete 
or similar material 

Surface Course - Top layer of a pavement which serves as a wearing surface 
or a load-spreading device 

Foundation - Includes all layers below surface course (base, subbase, 
subgrade) 

Base - A layer of compacted granular material lying beneath the pavement 
surface course 

Subbase - A layer of compacted granular material resting underneath the base 

Subgrade - The layer of compacted virgin soil upon which the pavement is 
laid 

Cohesive Soil - A soil with clay-like cohesive properties 

Cohesionless Soil - A sand-like soil which has no tensile strength 

Elastic Material - A material which responds instantaneously to applied 
loads and which returns to the undeformed state when the applied loads are 
removed 

Viscoelastic Material - A time-dependent material which responds slowly to 
applied loads, but still returns to the undeformed shape when applied loads 
are removed 

Plastic Material - A time-dependent material which responds slowly to 

applied loads and retains permanent deformation after the applied loads are 
removed 

stress - The local pressure in a material 

Ljtmin " 'i,he local curvature [or spacewise rate of change of deflection] 
in a material 

static - stationary, independent of time 

Dynamic - Moving, dependent on time 

Runway - Landing and takeoff pavement area of airport 

Taxiway - Maneuvering and taxi pavement area of airport 
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« 

aircraft1 C -aVement nB “ A11 loads, imposed on pavement by moving 

^rnamic Pavement Response - All response [deflection, stress strain atn 1 
of a pavement caused by dynamic loading ’ 8treq8' straln* etc-J 

Total Load Factor - Total load divided by static load 

sta^-TTváíu^ F>Ct0r ‘ ValUe °f loa,i faotor or »«low the 

frequ^in radia8a *» 

Taxi Sapent - A segment of the taxi operation that can be readily defined 
such as velocities, airplahe weight, landing rollout, or takeo« ruf ' 

Limit Design - The maximum design value expected.in service 

Normal Roughness - Average or typical roughness level 

in0W+r Leng*h." The leneth of an actual runway bump or the length correspond¬ 
ing to a certain component of runway roughness P 

cerliliTwavelenlrth^H^ty statistical “easure of runway roughness at a 
rtain wavelength, averaged over the entire length of the runway 

,r ^-^l^ISMCurve - The relationship between vertical strut load and 
strut compression vstroke) generally, nonlinear 

2* notations (pavement response) 

(A) Primary 

X, y, z 

h 

q 

a, e, s 

spatial coordinates 

plate thickness 

plate normal loading 

time-dependent plate bending stiffness 
operator 

Laplacian operators 

plate deflection 

harmonic stress function for foundation 

integrands 

transform paraneters 

15 



v*(a)t *•(*), 0*(b), D*(a) « parameterized material conatanta 

q* = Laplace and double Fourier transform 
of loading 

% 

P.0 * dummy integration variables 

X, Y, z * nondimensional spatial coordinates 

£ = system characteristic length 

Z’, z* = vertical coordinates for foundation 

P = magnitude of normal load 

V » velocity of load 

t = time 

T * nondimensional time 

<5(x) = Dirac delta function 

>■ a P(X cos ö + Y sin 6) 

■'■f ] * inverse of Laplace transform 

Pz * vertical foundation stress 

ex' £y * longitudinal and lateral plate strains 

V °y * longitudinal and lateral plate stresses 

Mx* My = longitudinal and lateral plate bending 
moments 

Ep = plate primary stiffness 

Ep * plate secondary stiffness 

* Píete damping 

= Píete primary bending stiffness 

Dg = plate secondary bending stiffness 

CLR « California Bearing Ratio 

16 



plate bending damping 

plate Poisson's ratio 

plate Iseal radius of curvature 

plate bending moment 

ratio of dynamic to static plate 
stiffnesses 

plate material relaxation time 

foundation stress tensor 

foundation strain tensor 

foundation stress and strain deviators 

foundation primary stiffness 

foundation secondary stiffness 

foundation damping 

foundation bulk modulus 

foundation material relaxation times 

kroneeker delta 

characteristic Laplace transform, horizontal load 

deflection terms 

pressure terms 

stress terms 

ratio of plate to foundation relaxation 
time 

ratio of dynamic to static foundation 
stiffnesses 



V = nondimension*! velocity 

6» Û» r2, G, F * characteristics terms of system 

kw * deflection coefficient 

kp * pressure coefficient 

kc * strain coefficient 

ka = stress coefficient 

P 

X, Y, , Ü , A, 'fi 

Kl* K2 

C 
r 

A 

Cw,Cp’Ce»Co 

R 

a 

k 

TJ S 

V g 

tire pressure 

load radius 

dummy geometric variables 

constants 

Bessel functions 

distributed load correction factor 

tire area 

nondimensional correction factors 

ratio of plate to foundation stiffness 

tire footprint radius 

sub grade modulus 

dry density 

confining pressure (radial) in a triaxial test 

axial stress 

deviator stress (<r,-a ) V i y 

exponent of confining pressure in formula 
for Ms for sand 

exponent of confining pressure in formula 
for M for gravel 

o 
18 



» 

MC 

MR,Mr 

M 
S 

moisture content 

modulus of resilience 

resilient modulus for sand, gravel 

ratio of relative stiffness Mp/Mf 

M = coefficient of friction 

(B) Subscripts 

o : V = o 

oo : V = œ 

w : deflection 

p : pressure 

€ : strain 

(T : stress 

3• NOTATIONS (Airplane Imposed Loads ) 

(A ) Primary 

C,C ,0' 

D 

E,E 
max 

Fm,F 
N’ ng 

M 

equalizer piston area 

lift aerodynamic coefficient 

pitching moment coefficient 

constants proportional to level of runway 
roughness 

dynamic load factor (F -F )/(F -F ). 
p o' ' s o’ 

diameter of interconnecting line (5 gear model) 

elevator force, maximum elevator force 

vertical force nose gear 

vertical force main gear 
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initial vertical gear load 

ST 

JST 

ST, M 

TOT 

rTOT(V) 

I 

"r 

Ke(V) 

'o 

L 

= peak vertical gear load 

= steady state vertical gear load 

= static vertical gear load 

= static vertical load on center main gear 

= maximum static vertical gear load 

= total vertical gear load due to combined 
turning and roughness 

= total vertical gear load during taxi 

= airplane pitching moment of inertia 

= linear tire stiffness combining all tires on 
one gear in parallel 

= linear gear stiffness @ V = 0, slope of air 
load stroke curve at static position 

= effective main gear stiffness at velocity 

= effective main gear stiffness at V = 0 

= wave length 

= aerodynamic lift 

= aerodynamic lift/airplane weight 

100 
,L '100 

lt 

total airplane aerodynamic lift at V = loo knots 
maximum takeoff gross weight 

lift due to thrust 

ÏÏT = lift due to thrust/airplane weight 

20 



aerodynamic pitching moment M,Ma = 

= pitching moment due to thrust 

Ma = aerodynamic pitching moment/airplane weight 

> S = surface area 

T = thrust 

^ V ^ airplane velocity, equalizer fluid flow velocity 

Vsink = sink speed 

W = airplane weight 

c = mean aerodynamic chord 

e = lateral distance between main gear 

f = effective main gear stiffness 

static effective main gear stiffness 

= airplane plunge mode natural frequency 

fn = airPlane Plunge mode natural frequency @ V=0 
o 

g = gravity 

h = airplane c.g. height above ground 

K k 
ng’ m = equivalent gear and tire spring rate 

i = wheelbase 

m = mass of equalizer 

I P = piston pressure 

q = dynamic pressure 

r = distance from c.g. to main gear 

rmax = rnaximum value of r 

s = distance from nose gear to airplane c.g. 
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t = time 

At = increment of time 

X =• gear load equalizer piston displacement 

y = vertical displacement at top of gear ♦ downward 

2 = airplane plunge motion 

0 = airplane pitching motion 

a = angle of attack 

Ang = gear incremental load factor 

AT,bump incremental load factor, (F-F )/F 
ST ST 

that would be produced by the chosen 
bump when the main gear is in static 
position 

ATJg(V) = gear incremental load factor on smooth 
a runway due to aerodynamics and thrust 

Aî?g(v) = gear incremental load factor due to 
runway uneveness 

n 

0 

Atj 
turn 

braking coefficient of friction 

2n/L, reduced frequency 

power spectral density 

gear incremental centrifugal turning 
acceleration 

pressure loss coefficient in equalizer tube 

distance from airplane c.g. to nose gear. 
+ àft 

distance from airplane c.g. to horizontal, 
+ aft * 

distance from airplane c.g. to wing gear. 
+ aft ’ 

distance from airplane c.g. to body gear, 
+ aft 
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(B) NONDIMENSIONAL 

r = r/| 

h = h/| 

m = m/| 

c = c/| 

La = lift curve slope 

CL = value of lift coefficient ata= o 
o 

C 
Ma = pitching moment curve slope 

CM = value oí, Pitching moment coefficient ata 
o 

(C) SUBSCRIPT (5 GEAR MODEL) 

ng = nose gear 

w = wing gear (forward main gear) 

b = body gear (aft main gear) 

» 
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INTRODUCTION 

BACKGROUND 

Unabated ühaní'r;n in the nature ui' morlern commercial aviation have brought 
incrcacin/î preesuro on a fundamental link in the air transportation system- 

the airport. Although hazards resultinr, from increased traffic are undoubt¬ 

edly the primary concern, the recent rapid progress in commercial aviation 

has magnified many prob Lems, and the one which is becoming paramount is the 

adequacy oí' available and projected runways and taxiwayc. 

The three major reasons for the impending pavement strength problems are 

shown on Fij^urc 1. Aircraft /;ross weight has made an exponential rise over 

the years and the trend will certainly not reverse. Aircraft taxi speeds 

have shown a similar rise and, in addition, the daily use of runways has 

drastically increased. The net effect of these trends is to amplify the need 

for re-evaluation of current airfield pavement deslían procedures. 

Both major national and international airports, as well as suburban or 

feeder-type airports, are affected by the problem. While there is a Ierro 

increase in the rate of traffic in Lhe national and international airports, 
which could account for potential runway problems, the larce increase in air¬ 
plane cross weicht is the creates! source of difficulty to the pavement of 

feeder-type airports. 

The problem of pavement and airplane compatibility is pot unlike many of 

the other airplane compatibility problems for which compromise solutions have 
to be reached so that neither of the opposing, elements are required to take a 

substantially creator burden. To insist that the landinc ßca.r flotation be 
increased to protect all runways in existence would place an undue economic 

burden on the airplane which, in the extreme, would greatly hamper the growth 

of commercial aviation. It would, on the other hand, be unrealistic to 

require a unilateral rework of runway/taxiwayc to meet the requirements of new 

airplanes. Accordlncly, an understanding of the details of the problems 
involved is needed before a meanineful compromise can be made?. 

The determination of realistic design loads to account for the* effect of 

runway and taxiway roughness has been a continuous concern ever since the late 
19^0's and early 199U'c, when wing-tip fuel tanks were incorporated in the 
design of airplanes. As outer wing and wing-tip weights increased, the effect 

has been a decrease in the net flight loads on the wing, but an Increase in 

the bending loads experienced during taxi operations. 

25 
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During the studios of Lockheed's SST (L-2000) in late I966, it became 
apparent that in addition tc the dynamic loads imposed on the airplane during 

taxi operations, the runway was experiencing higher than static loads during 
takeoil and rotation for lift-off. As a result, an investigation was initi- 

lond nn/tn °f rnalyzln« the response of a runway to a moving 
load and to obtain measured data on the phenomenon. * 

The analyses performed assumed that the primary parameters which describe 
he characteristics of the runway are the thickness of the pavement, the 

tiMGîiG time_dePendent coefficients of the subgrade, the modulus of elas- 
ticity of the concrete pavement, and the elastic and time-dependent coeffi¬ 
cients oí the asphalt-concrete pavement. 

Analyses of the rigid pavement indicated that the inertia effects of the 

slab and soil are negligible at ail speeds and at high forward speeds the 

dvL^ir1pf:íw+bÍUl<Í"UP< Cff?Cts ar° 0i' Gecondäry importance. The dominant 
y amic effect is due to interaction between the viscoelastic (time-dependent) 
aractcristies of the soil and the flexural and shear rigidity of the slab, 

ihe essence of the simplest theoretical model is shown in Figure The top 

S. tho Glab 011(1 viscoelastic subgrade with no load. The middle 

ií:í'UGt^tef the reaction 0:r the slab and subgrade to the load wherein 
aS, C+£ffeChS d°minate- Thc bottom sketch portrays the same load moving 

acromo the theoretical runway and shows the effect of the dominance of the 
viscous reaction due to the dynamic loading. 

., A two-dimensional viscoelastic analysis of the dynamic equilibrium condi¬ 
tion of the pavement includes the interaction between the bending rigidity of 

ie pavement in extending the area supporting the load and the elastic as well 

as the tunc dependent characteristics of the supporting soil. The results of 
this analysis are shown in Figure 3 as the ratios of dynamic quantities to 

^eíiC//Uan líÍeS/°r vari0UE valueG oi‘ the velocity parameter for the pavement 
defiection -ander the load, bending moment under the load, shear force behind 

f f°rCe ahead of the load- For comparison purposes the 

Fiíure i°n GUrVe derived fTam the Road Test formula is included in 

To obtain a greater understanding of dynamic loads imposed on pavements by 

i°ViennitaHG? entitled Runway Strength was initiated in 1968, and 

a'sïab onCt ^ ^ VOrk differed ^ the earlier study in that 
a slab on a Voight type subgrade was used. In the analysis, the plate was 

assumed rectanguiar and simply supported on all four edges. Expression for 

he deflections and bending moments normalized to the static values, are given 
in the Reference 1. ' J 

^ -suits obtained from the I968 study were compared with measured data. 
The. lari,est and most comprehensive series of tests to study the performance 

of pavements under moving loads was conducted between I958 and 196I, b" the 

Highway Research ßoard of the National Academy of Sciences, under sponsorship 
of the American Association of State Highway Officials (AASHO). Part of the 

investigation dealt with rigid and flexible pavement deflections (Reference 
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STATIC LOAD 
(ELASTIC REACTION 
DOMINATES) 

DYNAMIC LOAD 
(VISCOUS REACTION 
DOMINATES) 

FIGURE 2 - Theoretical Model of Pavement Voi^ht Type Sub/;rade 
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FIGURE 3 - Speed Effects on Pavement Deflection 
and Stresses Under a Movlnp, Load 
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The comparison between this study and the empirical expression was limited 
for the following significant reasons : 

« The test data was obtained at speeds limited to 60 miles per hour, 

which is well below the speeds encountered in airplane operationst 

• The measurements were obtained along the edge of the pavement and, 

therefore, do not accurately reflect the deflections that would 
be obtained in the center of the runway. 

• Airport pavements differ a great deal from highway pavements with 

regard to loading, geometry and construction techniques. There¬ 
fore, the extrapolation of the data for application to airplane 

dynamic loading effects, although representing the only data of this 
type available, is questionable. 

Review of pact developments show a definite need to study the response of 
flexible airport pavements subject to aircraft operations. Such a study, to 

be meaningful, must proviae a theoretical representation capable of predicting 

the material behavior in the actual system under a moving load. The develop¬ 

ment of such a model must also be evaluated in terms of its usefulness to 
designers. 

DEFINITION 01 DYNAMIC EFFKCTC 

Dynamic effects include all effects which are not static. Figure 4 is a 

schematic of aircraft/pavemont interaction. It shows that the two form a 

system and indicates the feedback relationship that exist between them. The 
pavement acts on the airplane because it is not perfectly smooth and the 

airplane acts on the pavement by causing it to fail, locally or widespread, 
and thus increases its roughness. During periods in which runways are free 

from vehicle operation they are acted upon by time and weather, which also 

increases the roughness. Thus, Figure 4 defines the system to be analyzed and 
pinpoints a closed-loop cycle. Compatibility of design between vehicles and 

support structures has been widely recogni.: ïd by airframe manufacturers, who 

spend considerable time in optimizing vehicle suspension systems to accommodate 

both dynamic loads imposed on the airframes and flotation requirements imposed 

by pavement strength. However, the pavement strength considerations are only 
devoted to static capabilities and do not account for airplane dynamic loads 

and/or pavement behavior under these loads. The program reported herein is 

concerned with determination of the significance of these dynamic effects on 

the present FAA design criteria, set forth ir: FAA document ACI50/53EO-6A, 
Reforeace j. For ease in defining the dynamic effects, the contributions of 
the airplane due to its characteristics and the response of the pavement will 
be considered separately. 

(A) Airplane Imposed Dynamic Loads - The contribution of the airplane to 

the dynamic effects is of two types: (l) the response of the airplane to the 
pavement environment, and (¿) the response of the airplane to the air environ¬ 
ment and operational conditions such as braking and turning. Figure 5 is a 
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FIGURIí 4 - Airplane/Pavement Interaction 
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schematic of a typical airport operational cycle indicating the velocities, 

braking, turning, takeoff and landing activities that are associated with the 

various parts of the ground taxi operations. Specifically these operations 
are: 

Departure Arrival 

Static (parked) 
Low speed taxi 

Turning 

Low speed braking 

Accelerated takeoff roll 

Aborted takeoff roll (emergency, 
very infrequent) 

Takeoff rotation 

Landing impact 

High speed braking 

Decelerated roll-out 

Low speed braking 
Turning 

Low speed taxi 

Static (parked) 

The types and magnitudes of the loads that airplanes impose on airport 

pavements during the various operations are functions of airplane character¬ 

istics and the runway surface characteristics. Among the more salient airplane 
characteristics which influence airplane gear load responses are: weight, 

c.g., location, inertia, aerodynamic lift, landing gear design, tire sizes, 

pressures, and spacing. The airplane is subject to surface unevenness, i.e., 
vertical deviations from a flat plane, to a greater degree than any other 

individual influencing factor. The load amplitudes that result from the con¬ 

stant exposure to surface roughness depends on the airplane pitch and plunge 
frequencies and their compatibility with the wavelengths of the surface 
contours. 

< 

« 

Since the slope of the main gear load stroke curve increases approximately 
proportionally to the aircraft weight in the static range, the plunge 

frequency does not vary much with weight. The frequency range of interest 

for both gears is between 0.5 to 1.5 cps. Therefore, the response to runway 

roughness increases as the taxi speed increases and the airplane is exposed 

to longer wavelengths. During taxi operations at the higher velocities, 

there is also an effect on the dynamic loads introduced due to the airplane 

lift characteristics. Negative lift has been shown to cause increased main 
gear loads during takeoff runs. In addition to the vertical loads imposed 

on the pavement as the airplane traverses the runway, horizontal shear loads 

are also induced. These loads are a result of such operations as braking, 

turning, and landing impact spin-up. The magnitudes and rates of loading 

are related to the speed regime at which they occur. The operations as 

depicted in Figure 5 indicate at what point a particular dynamic vertical 

and/or horizontal load will be imposed on the pavement by the airplane. The 

operations are discussed in detail in the subparagraph entitled, Loadings 

Imposed on Airport Pavements, starting on page 71*. All operations shown in 

Figure 5 are dynamic, with the exception of parking and run—up. Runways, 

as opposed to taxiways and apron, primarily experience dynamic loadings, 

and a good portion of both runways and taxiways are subjected to horizontal 
shear loads as well as static loads. 

I 
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Alrplane/Pavement Interface - The limcdlate interface between airplane 
and pavement is the tire footprint. The footprint is the area of contact 

between tire and surface and can vary in size and shape depending on tire load 

pressure, type and the airplane operation. The loads*distributed over this ’ 
area, which are equal and opposite on pavement and tire at each area, may be 
normal to the pavement, horizontal shear or twisting. The latter, which mav 
result from a ground maneuver such as pivoting, is generally considered 

negligible because the frequency of occurrence is small and it is not executed 
on the same spot on the pavement. The normal loads are associated with the 

airplane taxi operations, while the horizontal shear loads are generated by 

such operations as braking and turning. Both the normal and horizontal shear 
loads are nearly always uniformly distributed over the footprint. Since no 

horizontal shear loads are present in the static condition, no existing design 

procedure based on static considerations will account for them. These loadsJ 
may, therefore, be regarded as strictly a dynamic effect. 

The normal applied stresses are determined by the tire pressure require¬ 

ment. Tire pressures have been shown to vary very little as a function of 
airplane operation. Although the load imposed on the pavement due to the 
airplane operations involved varies with time, the area under the load 

adjusts to maintain a nearly constant applied stress. The horizontal 

shearing stresses on the other hand do vary with time, depending strictly 

on the operation which the airplane is undergoing. The horizontal shear 

stress is related to the normal load by use of coefficient of friction 
and can be shown by the expression. 

Q (t) M (t; P A(t) u (t)p 

where 

U = horizontal load (lb) 

P normal load (lb) 

A - tire area (in*') 

P tire pressure (lb/in¿) 

w - coefficient of friction 

t - time 

Thus, the loading on a pavement may be regarded as two parts, a vertical 
load and a horizontal load. 
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(c) Pavement Dynamic Effects - Pavements in 
constructed of earth materials, primarily soils 
f'atc. These materials vary in characteristics, 

behavior and arc environmentally sensitive; and 

pcrly represent analytically. Their properties 
than aircraft metals, rubbers, and plastics; so 
general, less accurate then structural analysis 

contrast to aircraft are 

, gravels, and cemented aggre- 
are somewhat erratic in 

hence are difficult to pro- 

are known with less precision 
pavement analysis is, in 
of aircraft components. 

ï dyna^lif efi’ect that a pavement undergoes, is a function of both 
Jts material Properties. The latter influence is summa- 

- Tabl° 1 Which Prosents various pavement materials and their material 
jprOTK. * LlOC* 

TABLE 1 - PAVEMENT MATERIAIÁ3 AND IPOIERTIES 

Pavement 
Layer 

Material Linearity Elasticity Moisture 

Effect 
Temperature 

Dependent 
Stress 
Level 

Dependent 

Surface 

Portiand-Cement 
Concrete L E No No No 

Bituminous 
Concrete N V.E.-P No Yes Yes 

Base 

and 

Subbusc 

Lime and Cement 
Treated 
Materials 

Gravel 

Gravel-Sand 

N 

N 

N 

E 

E 

V.E.-P 

Yes 

No 

Yes 

No 

No 

Yes 

Yes 

Yes 

Subgracú: 

Compacted 

Sand 

Clay and Gilt 

Peat and 

Saturated Clay 

N 

N 

N 

V.E.-P 

V.E.-P 

V.E.-P 

Fluid 

Yes 

Yes 

No 

No 

No 

No 

Yes 

Yes 

Yes 

L = Linear 

N _ Nonlinear 

E = Elastic 

V.E.= Viscoeliistic 

P Plastic 
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The dynamic effects on the tvo types of materials which are time-rate 

sensitive, (l) plastic and (2) viscoelastic, are described as follows: 

(1) Plastic Effect - Dynamic loads effect plastic materials by causing 
permanent set in the materials. Fortunately, most of the deformation occurs 

during construction loading while the remaining deformation occurs gradually 

under static and dyneunic loading conditions. During long period parking, 

which is a static condition, continuous vertical nonreccverable deformation 
takes place. Evidence of this effect is wheel sinkage in asphalt during long 
term parking. Dynamic loadings contribute to permanent set through cumulative 
vertical nonreccverable defon./ation due to repetitive loading during taxi. 

The loads vary in magnitude and point of application depending on the 

operating speed and airplane plunge frequency. In addition, cumulative hori¬ 

zontal longitudinal and lateral nonrecoverable deformation, due to repetitive 
loadings during braking and turning, also occurs. The consequence of this 

loading condition is warped, rutted, or grooved adphalt runways resulting 
in wavy shapes . 

(^) Viscoelastic Effects - The characteristic of a viscoelastic mate¬ 
rial is that it is time dependent and responds slowly to applied loads but 

returns to its undeformed shape after the load is relieved. Both elastic and 
viscous properties arc present. The elastic properties act as a spring in 
the system while the viscous properties provide damping. 

The significance of the viscoelastic response is that it alters the 
immediate deformation pattern and, thereby, changes the stresses, strains, 

pressures, arid deflections which occur over and over again during innumerable 
dynamic loadings. If the effect is to lessen the response, relative to the 

static case, then dynamic loading would be alleviated by the viscoelastic 

effects. But, if the effect is to increase the response, relative to static 

response, dynamic loading would be increased by the viscoelastic effects. 

( )) Mass Effects - The term, "mass or inertia effects" refers to the 
inclusion of the pavement mass in the analysis of pavement response. With 

consideration for the pavement mass the system degenerates to a spring and 
dashpot representation as discussed under viscoelastic effects. 

Mass oflects (or effects of pavement inertias) have generally been 
disregarded in pavement design, since each particle must be given sufficient 
acceleration to alter the response and this does not occur statically or at low 
speed (quasi-statically). There are, however, two possible types of dynamic 

ioading which might excite pavement dynamic mass effects, (l) high speed loads 
or \(i) high frequency loads. 
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(*0 Other ravemont Dynamic Effects - Other pavement dynamic effects, as 
briefly discussed below, may be sißnificant under specialized loadings» 

(¾) Thixotropic Effects - Under high frequency loads, clays, sands 
and some o+hcr soils show a reduction in stiffness that is neither attributable 

to muss or damping effects. It is the so-called stirring effeev, which causes 

the particles to act like fluid particles and lose their resistance to loading. 
This effect is similar to placing an object (stone) in sand and then shaking 
the sand. The object will gradually descend toward the bottom. 

(^) Wave Effects - Wave propagation velocities have been determined 
for various paving soils and cubgrado materials, primarily as a moans of 

measuring elastic properties of materials insitu. Layered systems can 
propagate waves which have lower velocity than the waves in the pure soil. 

The wave propagation effects could have significance depending on the 

relative closeness between the properties of the material ana the loading 
rate. 

(c) Transient Effects - Uhort lived conditions such as sudden starting 
loads and irregular time history loads may produce unusual dynamic effects in 

the pavement. The degree to which the response of the pavement is affected 

by these loads requires an insight into the material behavior under such loads. 

(d) Adverse Environmental Effects - The behavior of material is to 
some extent a function of the environment to which it is exposed. Adverse 
conditions such as frost, precipitation, and intense heat hav*: teen known to 

alter the properties of materials. These alterations, combined with dynamic 
loading conditions can have deleterious effects. 

COMPARISON BljTWKKN AIHPORT PAVjMgjTS AND HIGHWAY PAVMNNTS 

Modern pavements for both airports and highways are similar to the extent 

that they are essentially layered systems designed to support imposed traffic 

and to withstand the detrimental effects of environment factors within 

acceptable limits. However, there exist significant differences between 
• airport and highway pavement structural design with regards to loading 

characteristics and geometrical configurations. Present methods of highway 
design do not rely on ideas developed specifically for airport pavements and 
disregard the following basic differences between the two systems. Some of 

the basic differences between airport and highway pavements presented below 
are discussed in Appendix H. 

• Airport pavements are subjected to high normal loadings (approx. 

40,000 pound loads at 200 psi tire pressure) compared to highway 

pavements which take low normal loadings (approx 10,000 pound 

loads at 50 psi tire pressure). 

• Airport traffic volume is substantially lower than highway traffic 
volume. 

• Airport pavements are not uniformly loaded (i.e., there are many 

seldom stressed areas of the runways) whereas highway pavements are 
more uniformly loaded. 
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• Airport pavements are traversed by loads moving at higher maximum 

speeds (up to mph) than are highway pavements (maximum 75 mph). 

• Airport pavements arc subjected to large horizontal shear loads during 

each aircraft landing (up to 20.000 pounds) whereas shear loads are 

loss severe on highway pavements. 

e Load patterns on airport pa/ements are variable,ranging from simple 

dual wheels, to multiple, interconnected gears. 

e Airport pavements are subjected to dynamic load oscillations of a 

significantly different character than those that act on highway 

pavements, due to the differences in vehicles and vehicle suspension 

systems over the two pavement types. 

In brief, loading on airport pavements is a combination of vertical and 

horizontal loads which arc oscillatory, low volume, high intensity, and high 

speed as compared to highway loading which is primarily vertical loads which 

arc oscillatory, high volume, low intensity, and low speed. 

Secondly, there is a difference in construction in airport pavements. 

• Airport pavements sections are wider and longer than highway sections. 

• Airport pavements arc thicker than highway pavements. 

• Airport pavements arc flatter than highway pavements. 

• Airport pavements are constructed with lower tolerance levels on 
roughness material variability, etc., than are highway pavements. 

Analysis methods must be altered to account for difference in airfield and 

highway characteristics. In particular: 

• High loads, high speeds, and roughness/vehicle response interactions 
means that dynamic effects must be considered in any comprehensive 

airfield pavement analysis. 

» The geometry of airfield pavements justifies neglecting edge effects 

in the analysis of airport pavements. 

• Few load repetitions diminish the effect of pumping, joint problems, 

and elaborate fatigue considerations. 

• Shear loads should be considered in any complete airfield pavement 

analysis. 

• Environmental factors, other than loading, must be weighted differently 
during design considerations for airports. 
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Specifically, (i) low gradients increase the drainage problems on runways and 
taxiways (2) runways and taxiways must be protected from deterioration due to 
fue! spillage, and (3) frost is a less important factor at airports, because 
of greater runway/taxiing thickness, than on highways. 

OBJECTIVES OF THE HRQtlRAM 

The objectives of the program are : 

• Determine the significance of dynamic loads on pavement stresses in 
comparison with static loads. 

• If dynamic loads are significant, describe the manner in which they 
can be best accounted for. 

• Determine the necessity for full scale pavement testings. 

• If a test program is required, describe what the test program should 
consist of. 

REPORT FORMAT 

K ^ ^ íuble °f contents conveys the general plan of the report. The main 
5\re?°rt coníains the discussions of the program details and results 

which lead to the conclusions. The appendixes present the supporting 
analyses, data and related analytical techniques. 

Ihc background information is prouentod initially to proviuj a proper 
perspective in relation to the objectives of the program. The discussion 
proper presents both the general scope as well as the specifics of the program. 
The program details then show how the analyses, test data and literature 
survey are combined to determine the validity of the program results. Included 
in the discussion on program details is a correlation study of experimental 
data versus theoretical data. These studies are essential to the development 
of a pavement model which is capable of representing material behavior under 
dynamic operations. 

ihe information and data included in the appendixes provide detailed 
information which supports the appropriate discussions and is best presentea 
as a separate entity. Included as an appendix is a comprehensive computer 
program which determines pavement responses and subsoil pressures. One 
appendix contains the detailed description of the scaled test program. Also 
included are a categorized bibliography by subject matter for easy access, 
a simplified five gear model and supplementary analyses. 
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DISCUSSION N 

GENERAL 

The primary elements of the program and the manner in which they are 
related are shown in Figure 6. The study proceeded along several concurrent 

paths, which ultimately tied together to provide a means of determining the 

significance of dynamic effects on airport pavements. Articular ençhasis 

was placed on: (l) empirical aspects througi scaled pavement tests, (2) 
analyses through the development of flexible pavement models, (3) correlation 
between theory and measured results, (4) accumulation of pertinent works in 

the field through a thorough literature survey, and (5) the analysis of 
dynamic loading conditions. The scaled pavement tests were conducted at the 
Lockheed-Georgia Facility under the direction of Lockheed-California personnel. 

Materials Research and Development Inc. (MRD) provided supplementary studies 
which included a critique of materials and construction in existing pavement 
design, translation of dynamic loads into equivalent static loads, and an 
evaluation of subgrade soil from the actual pavement test sections. MRD 
efforts are reported in Appendixes C, H, and I. 

As is indicated in the primary element chart,(Figure 6), the problem of 
pavement and airplane conpatibility requires the mating of two engineering 

disciplines: civil and aeronautical. The interaction conpatibility problem 
can be considered to consist of two parts, (l) the inposed aircraft loads and 

(2) the response of various types of runways. Under most conditions the air¬ 

planes produce the loads to which the runway responds. However, in the case 
of runway unevenness, the airplane responds dynamically to the surface con¬ 

tours and the resulting airplane motions are fed back to the runway in the 

form of oscillatory loads. The runway in turn responds to the aircraft load 
in a manner, depending on its materials characteristics, to deflect unevenly 
which in turn produces still further runway unevenness of sirall anplitude. 

In pursuance of the basic objectives of the program it was recognized that 
the investigation, in addition to being directed toward current goals, would 
be most beneficial if designed with future endeavors in mind. 

Specifically the approach is to: 

• Review available literature with regards to material characteri¬ 

zation, construction techniques, test data, analytical techniques, 
design procedures and criteria. 

• Develop a testing program including instrumentation, installation, 
procedures, and the techniques which would provide the data neces¬ 

sary to evaluate pavement response. The program would determine 
what if any problems and limitations are associated with scaled 

testing and provide the experience and knowledge to conduct 
meaningful future test programs, if required. 
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Define the inputs to the pavement system from operating airplanes, 

fhe airplanes are to be representative of the various high gross 
weight airplanes either currently in operation or expected to be 

operative within the next several years. The operating conditions 
are to be consistent with the spectrum of loads that could be 

expected from low speed taxi takeoff to return landing and taxi. 

The analyses in this area are to utilize existing digital computer 
programs and techniques. computer 

Develop an analytical representation of the pavement system, modi- 
fled as dictated by empirical results, which is capable of pre¬ 
dictive studies on typical airport pavement systems. 

ITie program developed will be used as a basis for future investi¬ 
gation into design procedures, if necessitated. 

Investigate the practical aspects of construction technique 

materials characterization and evaluate related requirements’ for 
future programs. 



PROGRAM DETAILS 

The program consisted of a literature survey and review, scaled pavement 
tests, analyses to determine both the airplane loads imposed on airport 

pavements and the response of the pavement to such loads and correlation 

between predicted and measured strains and pressures. A detailed discussion 
of each aspect of the program follows. 

(A) Literature Survey and Review - The published information relating 

to pavements is voluminous, and a complete listing and review of the total 
field has not been published. This report presents: (a) a categorized 

bibliography of a typical comprehensive cross-section of literature relating 

to dynamic wheel load effects, (b) an indexing of this literature by specific 

subject matter, and (c) a brief review of the major literature categories as 

they pertain to this report. The bibliography and the index are presented 
in Appendix A. The review is presented in this section. 

The literature pertaining to dynamic wheel load effects can be divided 
into four major categories (l) Airport Pavement Loading, (II) Airport Pave¬ 

ment Response, (ill) Materials Characterization, and (IV) Pavement Testing. 

The discussion in this section refers to the index numbers shown in 
Appendix A. 

(I) Airport Pavement Loading 

• Airport Pavement Loading - The response of the aircraft during 

ground operations, which constitutes the lording of the pavement 

beneath the vehicle, has been extensively dealt with in the 

literature. The best comprehensive report in this area is item 

(l) in the bibliography, which also contains a thorough summary 

of the other reports available on the subject. Report (2) dis¬ 
cusses, primarily, heat and blast loading on pavements. All 
reports in the general field of airport pavements must of course 

make some reference to loading, but usually this is done very 

superficially concentrating primarily on static loading as in 
(3) and (I4). Yang (5) and (6) examines dynamic loading in 

considerable detail and does the best Job of relating it to 
pavement response. 

(II) Airport Pavement Response 

• Static Analyses - Static analyses of pavement structures and 

layered systems have been a subject of interest since the 1880's, 

and numerous approaches have been used. Beginning with Burmister 

(7), vertical loading of pavements using elastic theory has been 

thoroughly pursued (8, 9» 10). There has been a dichotomy between 
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so-called rigid and so-called flexible pavements and many methods 
have been more empirically than analytically oriented. Report 

LI °f the 8tatic “aiyses methods in use through- 
examined'Tli??* Í°adÍng fr°m multlPle «ear® has been examined (12) and (13) and a tensionless foundation is analyzed in 

(16 * (l7)Veid1(:i8)l0adÍn8 CaU8ed by brakin« is examined in (15), 

• Dynamic Analyses - Dynamic analysis of pavement structures is a 
more recent subject than static analyses, but considerable 
materia! is available and this literature review is most complete 
in this area. Text books which delve into the subject (as well as 
static analyses are (19), (20), and (21). Papers which deal with 
T+ subJect of viscoelastic analysis are (22) and (23). 
llT I* Parbicularly interesting in that it discusses the 
effect of differing assumptions regarding viscoelastic material 
properties in two-layer systems. The problems of a moving load 
on viscoelastic substances (which is probably the central feature 
0 dynamic wheel load effects on airport pavements) is dealt with 

5te?8,!2^.’ ^ » (26)> (27), (28), (29), (30), (31), (32), 
(33), (3M and (35). This report relies heavily on the system 
eve ope in (25), (26) and (27), but an equally comprehensive 

analysis is presented in (28). Item (29) is applicable to 
plastic and steel combinations, (30) deals with highways, and 
ill! «í;ou?d rather than pavement systems. Several reports 
(3.), (33), (3M, (35), (36) and ( 37), incorporate inertia effects 
in their analyses and a couple,(36) and (38), look at vibratory 
loads. Very high speed loads are examined in (32). Item (39) is 
brief but comprehensive and lays the groundwork for a inclusive 
dynamic design procedure. 

* Dgsign Procedures - Most design methods are statically oriented* 
one 40) is in general used for flexible pavements and one (4l) 
is in general used for rigid pavements. Item (42) is a com¬ 
puterization of the method presented in (4l). Alternative and 
extended methods are found elsewhere (43), (M*), (1*5) and (46). 
Dynamic design is discussed in depth in (47) and the systems 
approach is presented in (48) and (I49). 

771) Material Characterization 

• Surface Course Materials - The properties of Portland cement con¬ 
crete are well presented in (l+l). The properties of asphaltic- 

fre,^s Y*1* hut are adequately covered in 
(50), (51), (52), (53), (5b), (55) and (56). These reports deal 
primarily with the viscoelastic and plastic properties of 
asphaltic-concrete, but (57) covers the characteristics of 
asphalt broadly and completely. A general review of pavement 
properties in total including surface course and foundation is 
presented in (58). 
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• Foundation Materials - Foundation materials are of several types: 

granular bases, cohesive soils, and noncohesive soils. The 

rheology of these materials is discussed in (59), (6o), (6l), 

(62) and (63) and the more genera] properties are discussed in 
(1,7), (58), (1*9) and (21). Analyses of vibratory loads applied 

to soils is presented in (61*). 

(IV) Pavement Testing 

• Pavement Testing - Most of the testing has been static (65), (66), 
> (67) and (68) and in some cases slowly rolling loads have been 

treated as static. Dynamic testing, with moving load response, 

is available in (69), (TO), (71) and (72). The effect of vibra¬ 

tions is examined experimentally in (73) and a full scale highway 

test is discussed in (71*). The properties of airport pavements 

* worldwide is examined in (75). 

f 
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(B) Sealed Pavement Test - The scaled pavement test was conducted at the 
Lockheed-Georßia facility in accordance with a coordinated effort by both 
Lockheed-üeorßia and Lockheed-California personnel. Primary purposes of 
the test program were: 

e To develop and evaluate instrumentation for use in multilayer runway/ 

taxiway tests to determine stresses in the pavement due to a moving 
load. 

e To perform tests at scaled speeds corresponding to airplane takeoff 

velocities und weights compatible with scaled runway strength on two 
simulated layered runways. 

• To develop techniques and procedures which could be used if full scale 
tests are required. 

• To obtain empirical data to relate to analytical procedures for eval¬ 
uating pavement responses to moving loads. 

(l) Test Analyses - Supporting analyses for the tests were performed 
to provide a means of determining the scaled properties of the test runways, 

the significant parameters to be evaluated, the collection of necessary data 
and the literature associated with the work. The investigation included a 
study of : 

Required coil characteristics 

Concrete slab characteristics 

Anphaltic-concreto slab characteristics 
Loading device design 

Pavement and soil instrumentation selection 
Data requirements 

The pavement sections chosen are shown in Figure B-'f Appendix B. The 
concrete pavement is a type I portland cement with a 28 day curing time. 

The asphalt pavement is asphaltic concrete whose properties are shown in 
Appendix B, Fi/pire B-6. 

The analysis of the test program included predictions of the expected 
pavement deflection and subsoil pressures, and the theoretical interaction 

of the test parameters was investigated to determine the maximum lateral and 

vertical influence of the moving gear and to determine the parameter values 
necessary to achieve optimum scale speeds. 

The theoretical response depends upon an expression relating vehicle 
velocity to nondimensional velocity. 

V 
VT 

i 

T- T?/F = Material relaxation time (sec) 
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t 

I 

t 

where : 

1 = characteristic length (inches) 

V - vehicle velocity (in/sec) 

F -- material stiffness (lbs/in ) 

T] subgrade damping coefficient (lb-sec/in2) 

' ■ f V3 
\] 12(1-V|) Ef 

= Subgrade stiffness (lb/in2) 

lip Young's modulus of slab (lb/in2) 

^p Poisson's ratio of slab 

The ratio of scaled and actual velocities can then be obtained for known 
slab and subgrade properties. Expressions for both concrete and asphalt are 
given in Appendix B. 

SGa^e thickness was dictated by a need to obtain the maximum 
deflection consistent with pavement strength for the test weight used, the 
vcxocity ratio of scale to actual then becomes more a function of the pro¬ 

perties of the subgrade. The two subgrade moisture contents chosen so that 
two varied damping properties existed were: 

Dry soil (CBR 10) 
Wot soil (CBR ¿) 

(2) Test Program - The detailed test plan is shown in Appendix B. 
ihe testing was covered over a period of several days and was designed to 
encompass the following typos of tests: 

Velocity (moving load) 
Impact 

Ctatic 

Soil and pavement 

Weight and dimension measurement 

T-°Vinfí Loa'1 Tcst? ~ Tho velocity tests were conducted in several 

mnh6 Î- thattSîoGH COn+si2tinG of a speed runs ranging from 0 toT 
mph, with the load cart, over a given combination of gages. The recorded 

r° Cha!?Gcd for each now series of speed runs over the test bed. 

of^channel- that°weíc aî data used ^as necessary because of the limited number 

movinTîoad tei^re^fl^?^ eqUipment- In a11^ °Ver 
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The original instrumentation diagram (Appendix B) called for 124 
strain gages and 20 pressure gages. The development of a crack in pavement 
Section B (concrete over CBR 2 material), prior to the start of testing, 

reduced the strain gage requirements to approximately 90. Since pressure 

gages were already installed under the cracked pavement some strain gages 
were installed to note any differences in response. 

The following event sequence comprised a single speed test: 

1) The load cart was connected to the truck and the cart 
hydraulic accumulator was charged. 

2) The truck and cart were positioned on the test bed access 
road and the gages balanced. 

j) Both recording oscillographs were turned on and the zero 

point and calibration switches were momentarily activated. 

4) The cart hydraulic system was used to impose the desired 
test load on the load wheel. 

!^) The truck was accelerated to the test speed. 

'-The truck and cart entered the test bed, tripping a micro- 

switch which placed event markers on both oscillograph 

traces. These event markers served to synchronize the 

traces (one in the truck to record vertical load and speed 

and the other to record pavement strains and pressures). 

ï) Data was recorded and a second switch was activated to 
signal the end of the test. 

Notes taken at the time of each test included run number, approximate speed 
and load, active gage readings, time and temperature. 

The maximum speed possible with the truck and cart arrangement was 
slightly in excess of 40 mph. However, higher speeds were attained with the 
truck alone. Gtill higher speeds were achieved with an MGB roadster. Vehicle 

load time histories were not obtained in the tests performed with these latter 

two vehicles. However, the mean tire loads were known and were used as a 
first approximation to relate to strain data. 

(b) Impact Tests - Upon completion of the vehicle tests, the load 
wheel and hydraulic system were removed from the load cart and mounted on a 

stationary drop-test rig. This device was then used to perform a series of 
impact tests on Gection A (concrete on CHR 10 material). The weight used 

in the impact tests was constant at 12^0 pounds, and the tire pressure varied 

from ’,0 psi to approximately 100 psi. The relationship between drop height, 
weight and tire spring rate is shown in Appendix B. 

The purpose of the impact tests is to verify the results of the speed 
tests by varying the period of the impact load instead of speed. The period 
oi the impact load is considered to vary inversely with the speed. 
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An analysis, which shows the relationship between period of impact and speed, 
is shown in Appendix B. These tests were also intended to determine if 

supposition of a movinc load could be obtained from a series of impacts. 

Time histories of strain, loud and pressure were taken during the 

impact tests, and they were recorded in a manner analogous to that used for 
Lhe- speed test. A total of nine impact t-'Sts were performed. 

(c) static TV sts - The static tests were incorporated into the test 
pro/'ram to establish a reference to which the moving load responses could be 

compared. In addition, static values provided a means of developing a com- 

posite of the pavement strain and/or soil pressure comparable to the airplane 
operational speed range including the parking condition. Measurements of 

strain and pressure were taken in each section by applying a load of approx- 

irnuLely 1000 pounds and maintaining a constant level for several seconds and 
then Increasing the- load to approximately i'000 pounds and once again main¬ 

taining the new loud level for several seconds. A total of eight static 
tests on the four sections war performed. 

('0 Boil and Pavement Measurements - The pavements were cut into 
sections at the conclusion of the tests for examination to determine if any 

variations in thickness or construction resulted from the tests, or if any 
soil characteristics changed due to the loading conditions. 

Specimens of the soil were transported to Materials Research and 
Development where additional tests were run. Appendix C "Laboratory Tests" 

describes the test procedures and results. The samples tested there had the 
following characteristics: 

Bumplf 1: Moisture content e0 percent; dry density 10/.9 
Ibs/fta corresponding to GBR 10 

Sample P: Moisture content jO percent: dry density 91.Ü 

lbs/ft^ corresponding to GBR ¿ 

Repeated load tests for the determination of modulus of resilience 
(dynamic stiffness) were conducted at three stress levels and three frequen¬ 
cies, for the GBR 10 specimen and one stress level for the GBR ¿ specimen. 
The frequencies wore designed to cover the range of test values obtained. 

After the repeated load tests had been completed, the sample was subjected to 

a conventional unconfined compression test with loading and unloading to 

determine the ’static1 stress-strain curve and the area of the hysteresis 

loop. The purpose of the tests was to obtain practical values of soil stiff¬ 
ness and dumping to support the' correlation studies. 

(°) Wo'iglit and Dimension Measurements - In addition to the basic 
strain, load and pressure time histories, it was also necessary to obtain 
supplementary data pertaining to loads on the truck and tow cart tires, in 

order bo examine their contribution to the measurements. Therefore, complete 

( geometric data was taken on all vehicles including the sports car. The load 

I distribution (front to rear) was also determined for the load cart. Table 2 
shows the pertinent geometry and weight data. 
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TABLE 2 - GEOMETRY AND WEIGHT DATA 

Vehicle Weight Cieometry 

Truck 

Weight = 54ÎÆ lbs 
Front Axle = 2480 lbs 
Rear Axle = 29ÖO lbs 

Wheelbase = 10 ft G in. 
Width = 5 ft 2 in. 

Tow Cart 

Weight - 4p40 lbs 
(includes Load Wheel 

2200 lbs) 
Wheelbase = 10 ft 

Width = 5 ft 2 in. 

Sports Car 

Weight = 2275 lbs 

Wheelbase = 7 ft 7 in. 
Width - 4 ft 1 in. 

( j) Tent Puta Reduction - Time hintories of strain, pressure and load 
were obtained for the moving load and impact tests. Velocities were deter¬ 

mined from time measurement between known distance markers. Gince instru¬ 

mentation was not used to record vehicle wheel loads, the load time histories 

for the load wheel were used. In addition to pressure, strain and velocity, 

such data as temperature, load variation and location, and speed variation 

were recorded. A summary of the number of data points that were obtained from 
the scaled pavement testing is shown in Table 3. The summary includes all 

data obtained with the truck load cart and sports car as well as the load 

wheel. The actual number of data points considered valid for correlation was 
less than that shown. Questionable load values, load identification, cali¬ 

bration and response characteristics limited the use of the measured data. 

A complete summary of the data points for the strains and pressures due to 

the load wheel is presented in Appendix B. The summary data include: data 

point identification, test trace number, test date, load speed, mean load, 
variation from mean, tracking error, data point relative to load, pavement 

section, ambient temperature, response and comments pertinent to the inter¬ 

pretation of the data. The choice of data for presentation, as best rep¬ 

resentative of the tests results for further reduction, was determined from 
this summary. 
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TABLE 3 - TEST DATA SUMARY 

Number of Data Points Obtained 

Concrete CER 10 

Ctrain 

Pressure 

Static . Moving Load 

^ □ 0 
Impact 

h 
1 

43 
82 

px 
38 4* 

45 

30 

Concrete CliR ,'X* 

Strain 

Pressure H 18 18 
- 

Asphalt CliH ',1 

Strain 

IVcssure 
i j( 

12 32 
71 
¿C 

- 

Asphalt CliR 10 

Strain 

Itressure- 
( 60 

V\ 
% 
9 8 

- 

^ Load Wheel 

□ Truck Wheel Load 

O Cart Wheel Loud 

•Xßporto Car Wheel Load 

•x-xCrack Noted in Pavement Prior to Toot 

(a) Moving Load Time Hiotorleu - Time historiée of the load trace 
were recorded on one oscillograph while the response ctrainc and pressures 

W?rLreCOrdcd °n unothcr occillo/'raph. For convenience all the traces arc 
plotted together on Figure '(. The sequence of load events arc identified 
on the trace in the figure as follows : 

(1) Truck front axle 
(2) Truck rear axle 

(3) Load cart front axle 
(4) Load wheel 

(5) Load cart rear axle 
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good separation? the/afioU8 l0^“8 events shows 

asphalt pavement and pressure gages in the^bgíadftoilo)1.00346'1 ^ ^ 

;D'' (^.^reu”)?8 Ze ngTed depicts IheU^^ Jharaaer^the^ 

=:?r:?i s Brzetraf md --“df^nt 

5S~“£ÉlélsÍS=. 
average mían ¡ c™s™?en?t?i???re1foÍe?omp?iÍ??vr??^eÍ 
poses, since the mean load varied for the different sneeds thp ^n+ ^ 

^.X‘ÂÂ*i^ûrhirw^ -r 

=? ~i-“n-‘^t~ti ^“«d 
«reLen??'le ’t.^TCtaV?ly- Th' raW dat* “a normalized data hoTg^d 
SeS? ^WuYrZTfJ^" t0 beaffeCte[i by tl>e adjustment to 

St'hT^r raW íata ^-boínOrf:?estCrO??r ?grímnLdOnpCreBLír0e^.ra^ 
rtíains^^n ?srí0na ï°ted °n the flgure- ri8”e 11 ehows unn^afiled 

mh^to^HSS^ES 

=r: ;ë ■< 

and 10 inches below^he Pavement.a l^r^^ n h^td 

p^rzT.^:: K g^-î^r t 

SSi'TT ~la ÂTo^l^, 

ment with .hat deteSined b? ínr:i^cCíieSe?^í:itsmde:??rriebedar?„1ppCi?gBae' 

oscilloírac^record?0115 ^ tlme hUt0ry reflect ohanges f™ Se 

between^I^aruTlll^wereSeversed ^rÎ???, lndlC?teS that the designations 
in Figure L2 reflect tVig> nvDr.+ í i feiative values of strain now shown 
conditions Ficurec n P-,a?itic^1 relationship for the geometry and test 
at 3 ÏSh?s (pífn?d maf tk 6?«.?he 3011 Pressures below the pavement 

T hes ^kA) and 10 inches (P5A), respectively. In the region where the 
load leaves the ground, the p4A gage shows higher responses. ?he slopes 

e two curves differ and below approximately 1.25 psi the P5A gage shows 
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VERTICAL SOIL PRESSURE • 3 IN DEPTH (BELOW LOAD) 

FI G UR J 13 - inifiact 'i'octs on Concreto, CBR 10 - Coll 
Pressure versus Load, 100 psi Tire Pressure 
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VERTICAL SOU PRESSURE 3> 10 IN. DEPTH (BELOW LOAD) 

FIGUHE 14 - Impact Testa on Concrete. CBR 10 - Soil 
Pressure versus Load, 10Õ psi Tire Pressure 

60 



hirhf-r valuon. The Lead where the arooBOVer tukeo piaee lo approx^t°^ 
y/to pouxvlß. Thiß data indleutea u oenßitivity of the preoaurc iiußea below 
eertaln 11mltin/' vulucß. 

Fl/'ure I', ßhowß the P^iA preaoureo for a tire prcoouro of pßi und 
th- -lata ln thiß curvo approxlmatoo the results obtained from the higher 
proonuros. 

Fii'ureu 16 to 18 shew the pivement strain below the load versus lead 
,,.,.1,,.1 “t" tLc t,:,t tiro prausureo or 100, « ond reopootlvol,. 
Th- elote show a linear relationship of strain with lead. The ran/'.e between 
y, psl and 100 psl is very narrow an-1 doesn't shew much difference between 
the*data although the lower strain curve does show a slightly lower slope. 

id) iJtutlc Test - Table j indicates that limited static test data 
was obtained. The prime difficulty appeared to be the inability to properly 
define the load trace and the conversion factors. Those strains that were 
used in the analysis are shown in Fl/'ure l(j. 

(e) Composl Data - The test data summary on Table j shows that 
only for the concrete section on sub/'rade CUR 10 is there sufficient Infor 
,nation to construct a composite for all the tests. However, in order to 

develop such a curve, it was necessary to use Load data from the truck wheels 
and the snorts car wheel. As stated previously, these loads are estimates 
based on the /'cornel ry ami wel/'ht -lata /'Ivon in Table Fi/'ure /10 oow- 
pressure measurements at a depth of 1 inch below the pavement ior static and 
movlru' Loads. The truck ami sports car wheels have been normali/.ed to MC 
r/ounds and the Loa-i wh-.-l at 14 rnph has been adjusted ior dynamic load vari¬ 
ation at that speed. The pressure /'u/'e was located olí center irorn the load 
wheel. Data from the impact tost is shown for a /'o/'c placed j inches below 
the pavement, subjected to an estimated impact load of ¿¿00 pounds at a tire 
pressure and drop weight which simulates a load rnovini' al 37 nph- Ihi. H* 
eral trend Is consistent with the majority of the data, ultbou/'h the* cur 
is flatter than from most other data. 

( (•) bond Variation - The rnovin/' load time history trace shown in 
Fi/'ur 7 illustrates the oscillations of the movin/' loud. The severity oi 
the oscillations at the time the pavement experiences the loud con Iniluence 
lí,, ^„r“. r,!jponccu, und the ,1c,-roo of „cci llaUon dllTcrc for ™=H pi.c 
ment section and for the speed at which the individual runs were made. 
Durjn/' the test data reduction phase of the program, the percent deviation,. 
Prom the mean load were recorded for each ßaßc. Fl/'ure ¿1 shows a tyP^1 
plot of percent deviation from mean loud versus speed ior strain f'a/'es 
Sc aSlilt pave,lent supported .,y the 01» 10 nnboradc The ^rvc =hovn a 
tendency for the percentu/'c deviations to increase with speeds. The vana 
Son U, .Si uppearn «re nevero 1er the anphalt pavement en 01» 10 nuhwade 
than for the asphalt pavement on CJK Unfortunately, the loud variation 
measurements are based on maximum values in the vicinity oi the xespon^... 
and are not correlated exactly. The loads and responses are not recorded 
on the same oscillograph and the time correlatin/' lines were always not 
accurate enou/'h for this requirement. The discrepancy in timing correlation 
between oscillographs was attributed to e malfunction in either the paper 

speed control or timing mechanism. 
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VERTICAL SOIL PRESSURE ^ 3 IN. DEPTH (BELOW LOAD) 

THE PRESSURE**54 P.S.I. 
O'- DROP HT. *3.5 IN. 
ù~ DROP HT. »2.0 IN. 
0- DROP HT. »0.75 IN. 

NOTE: SHADED SYMBOLS DENOTE WHERE 
LOAD LEAVES GROUND. 

FIGURE Vj - Impact Tests on Concrete, CBR 10 - Soil 
Pressure versus Load, 'A psi Tire Pressure 
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FIGURli IM - Iirifiucl Tact - Concrete, CBR 10 - Soil 
Pu vom.'at Strain vorcuu Load 54 psi Tire Pressure 
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(g) Integrated Pressure Values - Since the accuracy of the load 

measurements were consided important in performing correlation studies, a 

sampling of pressure time histories was integrated and compared with the 

measured load values. The integration scheme assumes a symmetrical radius 

of load» This procedure, illustrated in Figure 22, showed varied results. 

Although the particular case shown indicates a good agreement between the 

integrated and measured load values, other integrations showed wide dis- 
agreement between the two. The integrated values were also used in correla¬ 

ting between the test and analysis. 

(h) Soil and Pavement Measurements - Upon completion of the tests, 

the pavements were cut into sections and removed. The thickness was found 

to vary no more than l/8 inch for the two inch concrete slab and no more 

than l/k inch for the five inch asphalt slab. It was observed that the 

asphalt slab could easily be parted at its mid-plane (constructed in two 

2-1/2 inch thickness layers so that instrumentation could be installed 

between layers). This shows possible weakness in horizontal »hear. The 

CBR tests indicated that the soils held their respective 2 and 10 ratings 

throughout the tests. 

Materials Research and Development laboratory test results are des¬ 

cribed in Appendix C. The measured modulus of resilience, which is a measure 

of dynamic stiffness, for the two soils used in the scaled pavement testing, 
was obtained for a range of frequencies of compression stresses applicable 

to the test conditions. The static moduli!, dynamic moduli! and the rates 

of damping values obtained from the tests were used in the correlation 

studies and are discussed further in later sections of the report. 

(4) Scaled Runway Test Conclusions - The scaled test program helped 

establish some very essential requirements for future test work. When the 

tests were originally planned, it was recognized that scaling effects could 

present some difficulties in evaluating the results. However, many of the 

problems that were encountered were due to factors which can easily be 

improved upon in the future. Some of the significant conclusions that can 

be drawn from the scaled test results are: 

• Material Property Evaluation - Soil measurements should be made on 

site. These measurements should consist of static and dynamic 

moduli!, damping, moisture content, CBR rating and compaction. 

The material characteristics should be determined, as much as 

feasible, under various rates of loads. 

Both pre- and post-tests should be performed to determine the nature 

of any geometrical or material property changes that have taken 

place in either the pavement or the subsoil. 

To minimize the effect of construction techniques on the test results, 

standardized methods should be employed. The test bed ideally shou d 
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be identical to that used in airport pavements. Compaction 

techniques, for example, could influence the material properties 
and consequently their responses. 

• Test Design - Load oscillations must be minimized. The tests 

showed variations of up to 80 percent of the mean load. The design 

of the loading device should attempt to limit these oscillations to 

less than 10 percent. The oscillation levels should be tested at 
all speeds prior to the actual test. 

There must be a positive means of determining the tracking error. 

A load several inches off the intended track can have a significant 

effect on the measured response since the radius of influence is 

less than three feet. Furthermore, the tracking error could vary 

during the course of the run and, consequently, result in an 

inconsistent evaluation of the results. 

The variation in load velocity should be controlled, particularly 

at low speeds (0-10 mph) where the pavement response is very 
sensitive. 

The loading scheme should be designed such that any loading effect 

from other them the load wheel should be eliminated or minimized. 

At the very least, any such affects should be accounted for by 

analysis prior to the test. All loads that can influence the 

responses should be recorded such that the timing is fully correlated 
with all other data. 

A complete set of data should be planned for and include static, 

moving and impact loads, for all combinations of pavement and sub¬ 

grade test sections; fragmentary data makes comparative analysis 
extremely difficult. 

Impact tests should be designed to cover a wide range of tire 

pressures, loads and drop heights. The results of impact testing 

are significant for evaluating response over a wide frequency range 

and for ascertaining whether superposition of loads can be achieved 
to represent a moving load. 

Tests should be performed at more than one mean load and one tire 

pressure. The relationship of response to load magnitude and 
distribution is important data. 

Static tests should be conducted with different load levels and with 

different rates of loading. These measurements-are important as 

references on which to evaluate moving load effects. The importance 

of varying the load rate is to obtain a duration of loading which 
will not produce plastic deformation. 

I 
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• Test Procedure - The load must have accurate time correlation with 

both the pressure and strain gages. A prime consideration in the 

recording procedure is to obtain an accurate assessment of the 

output-input relationship in the system at all times. 

The moving load tests should be planned so that each measurement 

is obtained several times. The data obtained on this program 

showed a wide scatter range. Without the benefit of redundant 

tests, it is difficult to ascertain whether the variation in data 

measurement is due to instrumentation, load conditions, environmental 

conditions, test equipment and/or techniques. 

Preliminary spot checks of the oscillograph data should be performed 

to determine the validity of the data. Such checks will assist in 

determining what, if any, problems exist in the instrumentation or 

test equipment and will provide information for possible modifi¬ 

cations in the test plan. 

Environmental conditions should be continually recorded. Thermo¬ 

couples installed in the material will provide data to evaluate 

material properties. 

Care must be taken to make sure that basic test procedures are 

adhered to including proper identification of recording channels 

and calibration notations. The calibrations must be performed 
before each test to ensure consistent conversion factors. 

A thorough check of the instrumentation prior to and during the 

test program is necessary. Spare gages should be available for 

replacement of malfunctioning instrumentation and used where 
there is accessibility. 

• Instrumentation - Strain gages should not be imbedded in a pavement 

section. The major portion of these gages were inoperative through¬ 

out the test program. 

Particular care must be taken in evaluating strain and pressure 

readings when the signal is extremely low. In this test the 

reliability of pressures below 1 psi and strain values less than 
50 uin./in. are questionable. Unless the calibration values of 

the instrumentation are such that response parameters are easily 

read, large percentage errors result even though only small absolute 

values are involved. However, for the purpose of these tests, 

trends may be evaluated on this basis of the data obtained. 



The placement of metal plates above the strain gage is questioned. 

Distortion in the output of the gage due to the influence of the 

plate acting on the gage is suspected in several instances. 

The measurement of pavement surface deflection would provide 

valuable data in evaluating pavement response and correlating it 

with theory. An optical system, if used in the future, should 

be mounted in such a manner that the system is isolated from 

excitations resulting from the test. 

• Scaled Effects - The requirements of scale testing nondimensionalizing 

parameters limit the applicability of the test data to speeds below 

the actual runway speeds. 

The consequence of inertia effects is difficult to determine on 

scale testing since the wave propagation speed of materials is 

much greater than that of the maximum scaled test moving load speed. 

Scaled testing, to be descriptive of all aspects of actual parameters, 

requires an extensive development program in itself, prior to the 

performance of any tests. The extension of scaled tests in total 

to the actual system is questionable when considering the many 

variables associated with each portion of the total system, 
including pavement, subgrade construction techniques, geometry, 
stress distribution, load requirement, inertia effects, and speed. 

The construction of the scaled pavement introduces artificial 

effects which are not necessarily associated with existing airport 

pavements. Among these differences are: 

Partitioning of sections 

Preparation of surface 
Installation of instrumentation at section midplane 

The combination of partitioning of the sections and preparations of 

the surface apparently created a situation where each section 

developed a distinct surface contour which influenced the load 

induced into the pavements. The wide variation in loads associated 

with the asphalt on CBR 2 subgrade gives evidence of this effect. 

The separation of the pavement at the mid-plane had an effect on 

the strength capability of the section which, as a result of 

reducing pavement stiffness, may have produced higher loads than 

originally anticipated. 

The pavement surfaces, having been designed for short term testing, 

are inadequate representations of surface finishes on actual pave¬ 

ments. This is indicated from observations of surface deterioration 

after a few test runs. 
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(C) AnaJyBes - The problem of pavement/airplane compatibility consista of 
two parts: (1) the imposed airplane loads and (2) the response of the runway 
to the induced loads. The analyses performed in this program sinplified the 
problem to some extent by considering each part independently. This treatment 
is considered reasonable since the pavement under most operating conditions 
responds to the load. An exception to this occurs during operations where 
runway unevenness is encountered and the airplane is responsive to the ground 
contours and as a result produces oscillatory loads which act upon the runway 
and possibly create additional unevenness. The analyses in the following 
sections for both the airplane induced loads and pavement response to such | 
loads describe the significant factors which effect the magnitudes of each. 

(l) Loading Imposed on Airport Pavements - The airplanes that have 
been selected for analysis have been categorized primarily according to their 
maximum takeoff gross weight and assigned certain code designations as indi- • 
cated in Table 4 below. Current and future jet transports have been chosen 

so that the analyses will be consistent with the intended application of the 
study results. 

TABLE 4 - AIRPLANE IDENTIFICATIONS 

Code 
General 

Description 
Max. Gross 
Wt. - Kips 

Landing Gear 
Configuration 

A—1) A-2,.... Current Jet 
Transports 

200 - 350 3-Gear 
Conventional 

B-li B-2ie e e e "Airbuses" 

o
 

o
 

V
O

 

1 
o
 

o
 3-Gear 

Conventional 
3 Main Gear 

C—li C-2ie e e e "Jumbo Jets" >600 5-Gear 

D-l| ]>-2y • • • • Large Supersonic 
Aircraft 

>500 3-Gear 
5-Gear 

The airplanes were analyzed for those operations which cover the spectra 
of operating loads that are anticipated. These operations were stated in 
the introduction and are reiterated again in Table 5, 
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TABLE 5 - AIRPLANE OPERATIONS 

'ï HU 

1 Operation 

Departure 

1. Parking (static) 
2. Low speed taxi 
3. Turning 

Low speed braking 
5. Accelerated takeoff roll 
6. Aborted takeoff - high speed braking 
7* Takeoff rotation 

Arrival 

8. Landing impact 
9. High speed braking 

10. Decelerated landing roll out 
11. Low speed braking 
12. Turning 
13. Low speed taxi 
lU. Parking (static) 

The loads that airplanes impose on airport pavements are a function of 
three primary variables: 

Airplane Characteristics 

Runway Surface Characteristics 

Airplane Operation 

The significant airplane characteristics include the following: 

Weight, c.g. location, inertia 

Aerodynamics 

Landing gear characteristics - number of gears 

Tire characteristics - size, pressure, number per gear, spacing 

The loads imposed on airport pavements during each of the operations 
listed in Table 5 will be discussed in turn. The significant factors for 
the respective operations will be discussed in detail and parametric vari¬ 
ations will be presented to illustrate the effect of airplane and runway 
characteristics on dynamic loads. 

(a) Static Loads - The maximum static loads obviously occur at 
zero velocity and at maximum ramp weight. Table 6 below lists 
static loads for those airplanes for which data is available. Maximum 
main gear static loads correspond to an aft c.g., maximum nose gear static 
loads occur with a forward c.g. 
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TABLE 6 - MAXIMUM STATIC LOADS 

Airplane 
Max. 

Gross Wt. 

Max. Main 

Gear Static 

Load 

Max. Nose 

Gear Static 

Load 

Number of 

Main Gear 

Tires 

Number of 

Nose Gear 

Tires 

Arl 
A-2 

310,000 
310,000 

146,940 

145,740 
32,830 

34,360 
4 

4 
2 

2 

B-l 

B-2 

B-3 

10.1,000 

413,000 
510,000 

195,700 

193,280 
193,280 

39,890 

46,030 
46,030 

4 

4 

4 & 2 

2 

2 

2 

C-l 

C-2 
713,000 

861,500 
166,500 

202,000 
71,300 

93,100 
4 

4 
2 

4 

D-l 595,000 273,330 59,090 6 2 

Also shown in Table 6 are the number of tires on each main and nose gear. 

Since the main gear and nose gear tire pres s-are s are roughly equal for a given 

airplane, the load per tire gives an indication of the relative severity of 

pavement loading between main gear and nose gear. For all the airplanes 

shown, the main gear loads the pavement more severely than the nose gear, 

although for airplane C-l this is barely true. This does not account for 

Interaction loading effects between closely spaced tires on a gear. 

For airplanes with more than three independent gears, the static loads are 

statically indeterminate, and runway crown effects can become significant due 

to a distribution of loads. For airplane B-3, with a centerline main gear, 

variations in runway crown from 0 to 1.5 percent result in static center- 

line gear loads varying from 85 to 103 percent of nominal. 

For those airplanes with data available, the extreme forward and aft c.g. 
limits were quite similar from plane to plane. With an aft c.g., the main 

gears (2, 3 or k) carried from 92 to 95 percent of the airplane weight. With 

a forward c.g., the nose gear carried between 9.7 and 11.2 percent of the 
airplane weight. 

(b) Low-Speed Taxi - Low-speed taxi (< 30 knots) can yield vertical 
gear loads which are in excess of static load, due to taxiway roughness. The 

airplane is still at essentially its maximum ramp weight, since very little 

fuel has been burned. The airplane velocity is too low to achieve any 

significant aerodynamic lift. Hence, even without any braking or turning, 

discussed separately below, the airplane will impose greater than static 
vertical loads on taxiway surfaces. 

From the data available, it appears that taxiways can be considerably 

rougher than runways. For example, Figure 23 shows the power spectral density 
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The quantities U/s), (h/e), (1 + FcgT/2Fs_) and their product are shown 

in Table 7 for various airplanes. The s value shown corresponds to an 
aft c.g. 

% 

TABLE 7 - STEADY STATE TURNING EARAMETERS 

Airplane 1 s h e (i/s) à) e 
2FST 

Tn* 

A-l 
A-2 

708 
690 

671.17 
648.76 

119 
119 > 

132.6 
125 

1.0549 
1.0636 

0.8974 
0.952 

1 
1 

0.9467 
1.0125 

B-l 
B-2 
B-3 

840 
868.6 
868.6 

799.93 
813 
813 

170 
170 
170 

216 
210 
210 

I.0501 
1.0684 
1.0684 

0.787 
0.8095 
0.8095 

1 
1 
1.225 

0.8264 
0.8649 
1.0595 

H
 CM 

1008 
873.91 

941.62 
819.95 

250 
258 

[> 146.1 
155.25 

1.0705 
1.0658 

1.7112 
1.6618 

1 
1 

1.8318 
1.7711 

D-l 1224 1124.55 230 [> 146 1.0884 1.5753 1 1.7146 

[î> Estimated 

The last column of the above table is a measure of how severe the vertical 
load shift is from inside to outside gear for a given turning accelera¬ 
tion. For example, for a 0.10 g turn, airplane A-2 would have a An- * 0.101. 
Thus the outside main gear vertical load would increase to 1.101 times static. 

Since (1/s) is virtually constant for all airplanes (at the same c.g.), 
the ratio (h/e) clearly controls how severely the outside main gear loe^Ls 
up in a turn. Combinations of high c.g. and narrow track width result in 
high weight transfer to the outside main gear, an intuitively obvious result. 
It is interesting to note the significant differences among the various air¬ 
plane classes. The current Jet transports have Arig/An ratios of around 1.0. 
The airbuses have grown more in track width than in c.g. height, so that the 
ratio of Arig/An is around 0.85. Airplane B-3 is an exception to this since 
it has three main gears, so that the outboard gear loads up more on an incre¬ 
mental load factor basis. On the other hand, the Jumbo Jets have track widths 
about the same as the current Jets, and about twice the c.g. height, so that 
their Ang/An ratios are around 1.8. The same is true for the supersonic 
transport shown. 

Typical An values for anormal turn are in the order of 0.15, with per¬ 
haps 0.3 for a severe turn and 0.5 for a limit design criterion. In the 
following Table 8 typical total vertical gear load factors ( 1 + Ang) are 
computed for the various airplane classes and degrees of turn severity. 
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TABU! 8 * STEADY STATE TURNING VERTICAL MAIN GEAR LOAD FACTORS 

(1 + An ) fort 
8 

Airplane 
Class 

Typical 

An /An 
8 

Normal 
Turn 

An ■ .15 

Severe 
Turn 

An ■ .30 

Limit Design 
Turn 

An * .50 

A 

B 

C 

D 

1.00 

0.85 

1.80 

1.70 

1.150 

1.128 

1.270 

1.255 

1.300 

1.255 

1.51*0 

1.510 

1.500 

1.1*25 

1.900 

1.850 

From the above table it is self-evident that significant vertical gear 
load factors occur during turning, especially for class C and D airplanes. 

In addition to increasing the vertical load on the outside main gear, the 
gear stiffness is increased, since the gear compresses to a steeper portion 
of the air load-stroke curve. The extent of this effect can be seen in 
Figure 21*, which shows the effective main landing gear stiffness (air curve 
and tire spring in series), normalised to the static value, plotted against 
main gear vertical load,also normalised to the static value for vaiious air¬ 
planes. The majority of the airplanes fall within a relatively narrow band, 
with the stiffneas increasing roughly in direct proportion to vertical load 
increase (dashed line). Hence, a vertical gear load factor of 1.5 based on 
static would result in a gear stiffness of about 1.5 times the static value. 
In marked contrast to this is airplane C-2, which has a dual chamber oleo. 
At load levels slightly above static, the air curve flattens out, resulting 
in the considerably reduced gear stiffness shown in Figure 21». For this air¬ 
plane, the gear stiffness never becomes more than 1.2 times the static stiff¬ 
ness for the load range shown. 

It could be expected that the increased gear stiffness resulting from 
increased vertical load during a turn will produce an increased dynamic res¬ 
ponse to runway/taxiway roughness that is approximètely proportional to the 
increase in stiffness. For example, if a given runway bump produced an incre¬ 
mental (not total) gear load factor Arig of 0.3, then the same bump would 
produce a Ang of about 1.5 (0.3) - 0.U5 if the outside main gear were loaded 
up to 1.5 times static in a turn (resulting in an increase in stiffness of 1.5). 
The total peak vertical load transmitted to the pavement would then be 

FT0T “ 1*5 FST + °‘k5 FST " 1*95 FST 
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Th« first t«m la due to ateady turning on a amooth runway, the aecond term 
is due to runway roughness that would produce a Ang of 0.3 with the gear in 
the static position. 

However, this la obviously a rather extreme condition, requiring, simul¬ 
taneously, a turn severe enough to yield a 1.5 total main gear load factor 
and a runway/taxiway bung) rough enough to produce a An« of 0.3 under static 
conditions. From Table 8 we see that either a "severe" turn or a "limit 
design" tun) is required to yield a 1.5 total main gear load factor, depend¬ 
ing upon the class of airplane. Also, as mentioned above in the discussion 4 
of low speed taxi loads, the pilot would tend to restrict the speed of the 
airplane to preclude exorbitantly high gear loads. On the other hand, he 
would be more sensitive to oscillatory loads from runway roughness than to 
the steady state load buildup due to a turn. Therefore, the pilot could 
conceiveably load up the outside gear in a turn while on relatively smooth 1 
pavement, and then hit a rough section of pavement which would produce 
large dynamic loads because of the roughness, before he could slow down 
sufficiently to reduce the loads. 

Clearly then, the actual loads imposed on the pavement depend strongly 
on pilot technique and are therefore difficult to assess. It appears that 
in theory the loads could reach as high as twice static, but this would 
be rather infrequent. Collecting the above results, the total gear force 
due to combined turning and runway roughness is given by 

(2) 

where 

^TOT' * vertical gear load due to combined turning 
and roughness 

FgT B static vertical gear load 

A) 
v An , 

■ gear turn loading factor * 
turn column of Table T 

I, last 

■ incremental gear load factor, (F-Fs?)/ FST), that 
would be produced by the chosen bump when the main 
gear is in the static position 

f ■ ordinate of Figure 2k, which accounts for the change 
in effective gear stiffness during turning 
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An 
For a given airplane, and f are known1, and the independent variables 

in Equation (2 ) are An 
turn 

turn 
and An How high these are chosen, in 

combination, determines how high F^^/Fg^ will be. Extreme values are 

confuted below: 

F 
TOT 

F ST 

F 
TOT 

F 
rST 

fetJW'KJ (f) 

, . (0.91*7) (0.15) . (0.1) (0.6) Min. 
(1.832) (0.5) (0.3) (2.1) Max. 

1 + (0.11+2) 

(0.916) 
(0.060) 
(0.630) 

Min. 
Max. 

F 
TOT 

F. ST 

1.202 Min. 
2.51*6 Max. 

From considerations of pilot technique, it is felt that an appropriate 
range for FipQm/Fgip , due to combined turning and runway/taxiway roughness, 
would be from 1.2 to 2, with the higher value corresponding to limit design 
conditions. For a given Anturn and An^ , FT0T/FST is most sensitive 

to the ratio (h/e) and to whether or not a dual chamber oleo is used. 

For airplanes with single chamber oleos , f in Equation ( 2 ) can be 
shown to be 

, J 1 * VS 
1 + Ar|* I -- 

\ *turn / (j 1 + An V + K /K0 
|\ “turn J uo 

(3 ) 
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vhtre 

ND 
Anturn* 2 term in 

Kt ■ linear tire stiffness, combining all tires on 
one gear in parallel 

Kq * linear gear stiffness in static position, slope 
o of air load-stroke curve 

Equation ( 2 ) can therefore be rewritten in terms of more basic parameters 
as 

(U) 

o 

where 

Ip Equation (4), the basic airplane parameters are C, I/s, h/e, and K.p/Kg . 
The independent variables are Anturn and An . 0 

The other significant aspect of turning loads is that lateral forces 
parallel to the ground are transmitted to the pavement. These forces can 
quite frequently reach their friction limited values, about 0.6 to 0.8 of 
the vertical load, on both main and nose gears of certain airplanes. The 
limiting value is readily attained on bogie type main gears during pivot 
turns (using differential braking and unsymmetrical thrust, or towing). 
This would occur most frequently at the loading ramps. Likewise, the nose 
gears of the airplanes studied have'sufficient steering rate capabilities, 
together with high airplane yaw inertia, to allow nose gear skidding during 
sbrupt turns. This is not a common occurrence. More frequent, however, 
is the pivot turn using differential braking and unsymm*trical thrust during 



which the nose gear is forced to follow a tighter path than its maximum 
steering angle allowst resulting in nose gear sliding. Hence, the pivot 
turn maneuver results in both main and nose gear sliding, with side loads 
applied to the ground in the order of 0.6 to 0.8 times the vertical loads. 
Repeated performance of this maneuver occurring at approximately the same 
ramp location could lead to concentrated local pavement damage. 

(d) Low-Speed Braking - Low-speed (< 30 knots) braking that occurs 
primarily on ramps and taxiways is generally rather mild. Typical braking 
friction coefficients generated are in the order of 0.3 or less. However, 
even this moderate braking, if rapidly applied, can lead to significantly 
increased nose gear vertical loads. A full treatment of dynamic and steady 
state braking is given under paragraph (f) - Aborted Takeoff - High Speed 
Braking starting on page 99* 

(e) Accelerated Takeoff Roll - The loads imposed on the pavement 
during the accelerated takeoff roll are strongly dependent on the following: 

1) Airplane characteristics 

a) Characteristics determining static loads 

Weight 
c.g. 
Number of gears 

b) Characteristics determining loads on a smooth runway 
during takeoff roll 

Aerodynamics 
Thrust 

c) Characteristics determining dynamic increment in loads 
due to runway roughness 

Effective gear stiffness (tires and oleo in series) 
Airplane mass 

2) Runway roughness 

# 



The significance of these various items is discussed in great detail in 
Reference It. A typical time history of main gear vertical load during a 
takeoff roll is shewn in Figure 25 • The example shown is for airplane À-1 at 
maximum takeoff gross weight, aft c.g.v on a typical runway profile from Refer¬ 
ence (4). The velocity varies from 30 to lUO knots during the run. The load 
that would have been obtained over a smooth runway is shown as a dashed line. 
The maximum load at t ■ 18.76 seconds and V ■ 107 knots is broken down into 
components in Table 9. 

TABUS 9 * COMPONENTS OF MAXIMUM LOAD DURING TAKEOFF ROLL 

Component Magnitude Magnitude/max. static load 

1. Max. static load 146,940 1.000 

2. A due to thrust 0 0 

3. A due to aerodynamics -35,740 -0.243 

4. A due to runway roughness +66,800 +0.455 

5. Resultant load 178,000 1.212 

Although the increment due to thrust is zero in this case, this factor 
may be significant for other configurations. The results of Table 9 are 
typical of the airplanes in classes A, B and C; namely, there is a reduction 
in load due to aerodynamic lift and an increase in load due to runway rough¬ 
ness. Typically, the roughness increment will be predominant, so that the 
resultant load is greater than static. 
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The class D airplanes for which data is available indicate a tendency to 

develop negative lift during the takeoff roll. For these aircraft, the aero¬ 

dynamic increment and the runway roughness increment are both positive, 

resulting in total loads well above static. Figure 26 which is actual test 

data, shows a time history of the main gear vertical load during an acceler¬ 

ated takeoff roll for airplane D-2. We see that the mean load prior to rotai- 

tion has increased to about 1.25 times the static load, due to negative 

aerodynamic lift. Also, the oscillations due to runway roughness tend to 

} Increase slightly in magnitude up until rotation. This is due in part to the 

increasing gear effective stiffness as the gear is compressed during the run. 

Also, as the airplane's velocity increases, it is in resonance at the plunge 
natural frequency (l cps) with progressively longer wave length components of 

the runway roughness; the longer the wave length,the greater is the magnitude 

' of runway roughness, as seen from analytical power spectrum of runway rough¬ 

ness presented in Figure 23 (reduced frequency ft is inversely proportional to 
wave length). 

Hence, from the nature of runway roughness,, an airplane's dynaipic taxi 

response can be expected to increase with velocity, ignoring aerodynamic 

effects. For class A, B, and C airplanes, this is offset by the decrease in 

gear stiffness due to aerodynamic lift. In Figure 25, the local roughness 

variations along the runway somewhat shadow the tendency for the dynamic 
increment, due to roughness, to increase monotonically with velocity. How¬ 

ever, Table 10 below shows the components of the maximum peak main gear load 

durin? an accelerated takeoff run over a typical runway profile from Reference 

(4) for airplanes A-2 and B-l in addition to A-l (Table 9)- 1 

TABLE 10 • COMPONENTS OF MAXIMUM LOAD DURING TAKEOFF ROLL NORMALISED 

TO MAXIMUM STATIC LOAD 

Component A-l A-2 B-l 

1. Max. static load 

2. A due to thrust . .., 

3. A due to aerodynamics 

4. A due to runway roughness 

1.000 

0 

-0.243 

+0.455 

1.000 

0 

-0.108 

+0.405 

1.000 

-0.020 

-0.040 

+0.246 

5. Resultant load factors >\w- " 1.212 1.297 1.186 

Velocity at peak load, knots 107 76 63 

8? 
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Note that the peak loads all occur at different velocities, and at 

different points on the runway. Comparisons between airplanes are difficult 

to make due to these velocity and location variations} however, the resultant t 

load factor does not vary greatly among the airplanes shown. Airplane B-l, 

using a softer gear than the other airplanes shown, has a considerably reduced 

dynamic increment due to runway roughness. 

A rough prediction of the dynamic taxi loads can be obtained from 

(5 ) 

where 

Ftqj(V) * Peak total vertical gear load 

An (V) = Incremental gear load factor on smooth runway due to 

sa aerodynamics and thrust 

Ang(V) = incremental gear load factor due to runway roughness 

Note that all quantities are a function of velocity. For a given airplane 

Anga (V) can readily be calculated once the basic lift and thrust character¬ 

istics durinc takeoff are known. 

An expression which gives an analytical prediction of the expected dynamic 

taxi loads is developed in Appendix D, and presented below 

â 

Y, 

F, 

TOT 

ST 

« 
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where 

V - airplane velocity, knots (1 knot - .866 mph) 

^100 * total airplane aerodynamic lift at V ■ 100 knots 
maximum take-off grosa weight 

C * constant proportional to level of runway roughness 

*n0 ■ airplane plunge mode natural frequency at V » 0 

K^, ■ linear tire stiffness combining all tires on one gear 
in parallel 

Kq • linear gear stiffness, at V ■ 0, slope of air load stroke 
o curve at static position 

Equation (6) accounts for the following significant effects: 

• Airplane characteristics 

Aerodynamics 

Landing gear effective stiffness/airplane weight ratio 

Effect of aerodynamics in modifying effective gear stiffness 

• Runway Roughness - variation of roughness with wave length 

For a given airplane, the only independent variable in Equation (6) is 
the airplane velocity V. The constant "C" is linearly proportional to the 

degree of runway roughness. A value of C" corresponding to a limit dynamic 

taxi design roughness level is chosen based on the results of runs of air¬ 
plane B-l on a typical runway from Reference (4), multiplied by the factor 

2.17. This runway corresponds to a limit design roughness level, as pre¬ 

sented in Reference (4). A value of C" ■ 0.00746 corresponds to this limit 
design roughness level. Therefore, a "typical” roughness level would 

correspond to 0.00746/2.17 ■ 0.0034, on the assumption that this runway re¬ 
presents "typical" roughness. 

Figure 27 shows analytically predicted dynamic taxi load levels, using 

Equation (6), for airplane B-l. Also shown are the loads imposed on a 

smooth runway. Since the C" values were chosen based on analyses of this 

airplane over the amplified runway, the limit design level curve exactly 

duplicates the peak FrpQip/Fgrp of 1.54 obtained from an accelerated take-off 

run on this amplifiad runway with airplane B-l. The normal roughness level, 

corresponding to the same runway with an amplification of 1.0, shows a peak 

level of 1.17, compared to 1.186 shown in Table 10 from the time history 
‘ analysis. 

Figures 28,29,30 show plots of F/Fg^ versus V from Equation (6), varying 
the parameters I^qq, fnQ> and Kt/Kq^respectively. Notice that all three figuras 
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FIGURE 27 - Analytically Predicted Dynamic Taxi 
Load Factors, Airplane B-l 
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FIGURE 28 - Variation of Dynamic Taxi Road 
Factors wi+R Aerodynamic Lift 
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FIGURE 29 - Variation of Dynamic Taxi Load Factors 
with Plunge Mod- Natural Frequency 
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use a C" value of Q.QQlkk, corresponding to normal runway roughness level. 
Clearly from Figure 28 the effect of lift is predominant. For zero lift, the 
load factor varies linearly with velocity. This is the result of assuming the 
runway power spectral density varies with the square of the wavelength. With 
negative lift, the load factors become quite severe. With positive lift, the 
load factors reach a peak value and then drop off. The less the lift, the 
higher the peak load factor and its corresponding velocity. 

In Figure 29, the effect of f2o» the plunge mode natural frequency can be 
seen. The range of frequencies for the airplanes considered in this study is 

ß shown in Table 11. 

TABLE 11-AIRPLANE DYNAMIC TAXI RARAMBTERS 

Airplane fn0 KT/K0o ^100 

A-l 

A-2 

1.23U 

1.156 

1.132 

1.553 

0.22 

0.22 

B-l 

B-2 

B-3 

1.030 

0.9^0 

0.92k 

1.805 

2.359 

0.16 

C-l 

C-2 

1.243 

0.930 

1.246 

2.581 
0.24 

D-l 0.927 2.021 -0.11 

The peak values of F/FST are replotted from Figure 29 against natural 

frequency, fn . This is shown in Figure 3l. The peak F/Fg^ is virtually 

linear with frequency over a rather broad range. Also shown in Figure 31 is 
' the range of natural frequencies of the airplanes studied, from Table 11. 

Clearly the range is rather narrow, and the peak F/Fgj varies only from 1.1 
to 1.2, or about ±5 percent from the middle value. Therefore, it can be 
concluded that for the current and near future Jet transports studied, the 

. plunge natural frequency does not have a strong influence on the total gear 
load transmitted to the pavement due to runway roughness. 

Figure 31 shows a range of 0.1 to 0.2 in dynamic increment, or ± 33 percent 
of the middle value. The dynamic increment may be of importance in pavement 
fatigue considerations, in which case the plunge natural frequency would be a 
significant parameter. 
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Figure 30 shove the variation in gear load factor with the ratio of tire 

to gear stiffness. Table 11 shovs the range of values for this parameter for 

the airplanes studied. As can be seen from Figure 30 this parameter for the 

range of interest has a very moderate effect(<±2 percent )on the gear load 

factor, as might be expected. 

In summary, it seems apparent that by far the most significant parameter in 

determining dynamic taxi loads is the aerodynamic lift. Unfortunately, this 

is also by far the weakest area of available information regarding the air¬ 

planes studied, as can be seen in Table 11 where the values of üioo (lift/ 

weight at V ■ 100 knots) that are available are shown. From Figure 28, how¬ 

ever, it can be clearly seen that there is a great deal of difference between 

a moderate amount of lift (Liqo £ 0.2) and no lift at all or negative lift. 

Airplanes with the latter characteristics can obviously impose severe loading 

on airport pavements during the takeoff roll. 

(f) Aborted Takeoff - High Speed Braking - An aborted takeoff is a 

maneuver which is rarely performed^ but one which can yield very high pavement 

loading, particularly for the nose gear. All or any partial combination of 

the following actions are utilized to retard the airplane's forward velocity: 

Spoiler deployment 

Reverse thrust 

Wheel braking 

In addition, the pilot may change the elevator setting to alter the vertical 

loading on the main and nose gears. In particular, he may elect to use tail 

up elevator to increase the vertical load on the main gears, which would 

increase the effectiveness of wheel braking. Since the aborted takeoff is 
often associated with engine malfunction or failure, the pilot may not have 

full reverse thrust available. He may go with partial reverse thrust, sym¬ 

metrically applied, or with all available reverse thrust, which may be unsym- 

metrically applied. 

The latter case is very rare, since it results in a yawing moment being 

applied to the airplane, requiring nose gear steering to maintain a reasonably 

straight path. 

All of the above actions alter the vertical loads applied to the main and 

nose gears. Spoiler deployment, in addition to increasing drag, reduces lift 

and gives a nose up pitching moment. Both of these tend to increase main 

gear vertical loads, while for nose gear vertical loads, the lift reduction 

tends to increase the load and the nose up pitching moment tends to decrease 

the load. Reverse thrust generally tends to give a nose down pitching mo¬ 

ment, increasing the nose gear vertical load and decreasing the main gear load. 

The possible exception to this is when center engine reverse thrust only is 

used on three engine transports, which would probably be the case if a wing 

engine malfunction necessitated the aborted takeoff. Since the center engine 

(rear mounted) is normally above the airplane c.g., reverse thrust would 
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yield a note up pitching moment. Wheel braking always produces a nose down 
pitching moment, increasing the nose gear vertical load and decreasing the 
main gear vertical load. In addition, the pilot may alter the elevator set« 
ting, as mentioned above, which would change the main and nose gear vertical 
loads. The situation is summarized in Table 12 which indicates whether an 
action has a postive or negative effect on vertical gear load (increasing 
or decreasing). 

table 12- effect of various actions during aborted takeoff or gear i4ads 

Action Main Gear Nose Gear 

Spoiler Deployment 

Elevator Adjustment 

Reverse Thrust 

Wheel Braking 

♦ 

± 

ï 

± 

? 

± 

♦ 

+ ■ increases vertical gear load 

- ■ decreases vertical gear load 

Where two signs are shown in Table 12, the more probable is shown on top. 
We see from the above table that the main and nose gear vertical loads during 
an aborted takeoff depend strongly on pilot technique and upon individual 
airplane aerodynamic characteristics. Since the necessary aerodynamic details 
were not available for the airplanes studied, time history analyses of aborted 
takeoffs were not performed. 

However, dynamic braking time history runs were made. For a given rate of 
deceleration, wheel braking will always produce a greater nose down pitching 
moment than reverse thrust, since the line of action of the retarding force 
is at the ground plane. Hence, if it is assumed ti.at a given deceleration 
rate is achieved solely by wheel braking, when in reality both wheel braking 
and reverse thrust are used, the nose gear vertical loads will be conserva¬ 
tive (high). 

Figure 32 shows the results of dynamic braking time history runs for three 
airplanes. A typical nose gear vertical load time history sketch is also 
shown in Figure 32. F0 is the initial gear force, different from Fg^ (Static) 
due to aerodynamic and thrust effects. Fp is the peak dynamic nose gear load. 
The curves are normalised to the maximum static nose gear load, obtained at 
maximum ramp weight, forward c.g., zero velocity. This is denoted Fgm . The 

final steady braking load achieved is denoted Fg. The braking was ramped in 
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tram t«ro to the indicated braking coefficient in 0.3 second( and then held 
conatant. The initial airplane velocity vae 60 knots in each case. 

For airplanes À-1 sad A-2, the forward c.g. position is more critical than 
the aft c.g., while for airplane B-l the aft c.g. is more critical at high 
braking coefficients. This is due to a high dynamic load amplification factor 
with an aft c.g., probably the result of the nose gear air curve, metering pin 
detail design. 

It was shown earlier in the section on static loads that the main gear 
static loads are more critical than the nose gear loads. However, since dur¬ 
ing dynamic braking very large multiples of the maximum nose gear static load 
can be achieved ( > 3 times max. static), it is pertinent to re-exemine the 
relationship between main and nose gear loads. Using the data from 
Tsble 6, the following Table 13 shows the load per tire for main and nose 
gears, under maximum static load condition!. Also shown is the ratio of main 
gear load/tire to nose gear load/tire. 

TABLE 13- MAXIMUM STATIC LOADS 1ER TIRE, MAIN AND NOSE GEARS 

Airplane 
Max. Main Gear 

Load/Tire 
Max. Nose Gear 

Load/Tire 
Main Gear Load/Tire 
Nose Gear Load/Tire 

Ar-1 

A-2 

36,700 

36,Uoo 

16,1*20 

17,180 

2.235 

2.119 

B-l 

B-2 

1*6,900 

1*8,300 

19,950 

23,020 

2.1*51 

2.098 

C-l 

C-2 

1*1,600 

50,500 

35,650 

23,280 

1.167 

2.169 

D-l 1*5,600 . 29,550 I.5U3 

From the above tsble we can see that the main gear load/tire is normally . 
about 2 times the nose gear load/tire, with the notable exception of airplane 
C-l. Therefore, dynsmic braking yielding Fp/FgTM > 2 gives nose gear loads 

which mey be more critical than static main gear loads. This is rather 
epproximate since it assumes e^ual tire pressures for main and nose gear tires, 
and ignores interaction effects betwsen closely spaced tires. Nevertheless, 
from Figure32 we see that braking coefficients in the order of 0.35 to 0.60 
are sufficient to yield Fp/FST > 2. 
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Dynamic nose gear braking loads can be estimated from the following 
equation (see Appendix D): 

F D 
_E_ s — ? 
STm r M m 

(l-LA-y?+uh) - c ' LA - S T 
__L_ 

1 + wK 

where 

F -F ¿ p o 
F -F s o 

(D-l) 
(i-VV-r.5' ^rA-:ï 

m 

(7) 

M 

A 

Thrust T 
Weight * W 

= pitching moment aerodynamic coefficient 

= lift aerodynamic coefficient 

"lift" due to thrust 
airplane weight 

7 / V \g aerodynamic lift 
100\1D0/ airplane weight 

= pitching moment due to thrust 

4 
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? s mean aerodynamic chord 

m - ^T/T 

r * distance from c.g. to main gear 

rmax ■ maximum "r" 

h 

c 

m 

u 

rmax/i 

h/1 

5/1 

m/1 

braking coefficient 
drag force at braked wheel 
vertical force at braked wheel 

The geometric parameters are shown in the following sketch: 

V 

# 

Equation (7) is derived by obtaining expressions for Fg and Fq (Figure 32) 

from equilibrium considerations, and by defining the dynamic load amplifica^ 
tion factor as above. The aerodynamic effects of spoilers and elevator set¬ 
tings are included in CM/CL and L1£)0. The effect of reverse thrust, if any, 

• is included in m and 1^. 

Figures 33 through 38 show plots of Equation (7), for airplanes A*-!, A-2 
and B-l, aft and forward c.g. The plots are shown for various valu»» of 
dynamic load salification factor D. The D ■ 1 values correspond to the final 
steady braking load Fg. Also shown on each plot are the corresponding time 

history analysis results. From these figures we see the D value that gives 
the best fit of the time history results. This value is shown in Table 14. 
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FIGURE 36 - Comparison of Time History and Simplified dynamic 
Brakiny Analyses, Airplane A-2, Forward c.i>. 
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(g) Takeoff Rotation - Takeoff rotation occurs after the pilot 
has reached rotation velocity and is committed to a lift-off, i.e., decided 
not to abort the takeoff. At this time he alters the elevator setting in a 
tail-up direction, inducing a downward aerodynamic force at the tail which 
produces a nose-up pitching moment on the airplane. This pitching moment 
rotates the airplane nose-up until the attitude gives sufficient lift for 
lift-off. In the process, the downward force at the tail increases the main 
gear vertical forces above the value at the initiation of rotation. 

A typical main gear vertical load time history is shown in the following 
sketch : 

where 

ST, 
M 

= Initial force at the start of rotation 

= Maximum static load due to aerodynamics 

= Peak load obtained during rotation 

Time history analyses of rotation have been performed for various air¬ 
planes and the resulting Fp/FQ values are shown in Table 15 below. 

TABLE 15- TAKEOFF ROTATION MAIN GEAR LOAD RATIOS F ff 
P o 

Airplane 
Center of Gravity 

Aft Fwd 

A-l 
A-2 

~ 1.080 ------ 
1.084 

I.I52 
I.172 

B-l ™ 1.162 ' 1.233 

C-l 
C-2 

I.096 A 

2.05, 1.053 ¿2A 
i.l?8 A 

2.08, 1.104 /¡A 
D-l 1.44 A 

A Higher value applies to aft main gear, lower value to for- Award main gear 
Insufficient data 
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For all the runs shown in Table 15# the elevator input vas ramped in 1.5 
seconds. The peak load, relative to maximum static, can be expressed as 

FP . Fp / Fo\ 

where (F0/FSmM)vR is the aerodynamic reduction (or increase) in main gear 
vertical load, relative to maximum static, at rotation velocity. The fol¬ 
lowing table computes Fp/Fgijv. for the various airplanes, using the values 
from Table 15. 

FIGURE 16 - TAKEOFF ROTATION LOAD FACTORS 

Airplane fJf 
p 0 (fo/fstm) vr VFSTm 

A-l 
A-2 

1.152 
1.172 

O.627 
0.639 

0.722 
0.749 

B-l 1.233 O.63I 0.779 

C-l 
C-2 

1.178 
2.05 

0.687 
0.455 

0.809 
0.934 A 

D-l 1.44 1.25 1.80 

^ Aft c.g. 

Note in the above table that airplane D-l develops 25 percent negative lift 
at rotation velocity, giving (F_/fst )VR - 1.25. This coupled with the high 
dynamic response F-/F0 of 1.44, yields a peak rotation load of 1.8 times the 
maximum static load. This clearly indicates the seriousness of negative 
lift in increasing runway loading. 

The effects of rotation on loads imposed on pavements can be influenced by 
main gear configurations especially those four strut arrangements which 
are longitudinally displaced from each other. The selection of a four 
strut main gear arrangement Is normally the result of optimization studies 
which include such trade-off parameters as wing lift of the airplane in 
the three point attitude, response to pavement unevenness, elevator power 
and airplane pitching inertia. Therefore, while one airplane may exhibit 
a greater increase in strut load, due to rotation, the net effect of all 
parameters may be that the load will not exceed static. 

Airplanes C-l and C-2 have four main gears. However, airplane C-l has a 
hydraulic interconnection between the forward and aft main gears on each 
side of the airplane. This interconnection is incorporated for the purpose 
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of providing a means of equalizing the loads between these two gears. The main 
gears on airplane C-2 are independent of each other. Figures 40 and 4l show 

^hOTn8inrfTertÍCí?; î‘0ftd îime hi8torles for »irplane C-l during rotation. Also 
shown in figure 4o is a typical time history of elevator input force, E. These 

wfrJ obtained with a simplified airplane model described in Appendix D. 
This model does not account for the bottoming of the equalizer piston/so that 
the resuits are not valid once the piston has bottomed. However, the load will 

î1 î° GOntact is Also’ a linear ««ar is assumed to 
whereas actual gears are highly non-linear. Therefore, 

the magnitudes of the peak loads obtained are quite approximate. 

In Figures ho and 4l an ideal equalizer is assumed, i.e., one which has no 

pressure losses in the approximately 27 foot long interconnecting lines. 
Hence, with the airplane model assumed, the forward and aft main gear loads 

are equal. In actual practice, the aft main gear loads will be higher than 

those shown and the forward main gear loads less, due to the pressure differ- 

ntial from the fluid flow from aft to forward gear. The vertical hash marks 

on each curve represent the time when the aft gear equalizer piston bottoms, 

lor a piston having a maximum displacement from neutral of k inches. After 

the piston bottoms, the aft main gear loads will increase above those shown. 

Ai8+° sh^wn in these figles is the effect of varying the elevator input time 
At. More rapid input naturally results in higher loads. For the forward 

c*6; case' th® Fp/Fo value increases from I.I78 at At * I.5 to I.35 at 
At » 0.2. (All values shown in Tables I5 and l6 are based on At - 1.5) 

ValT gives a peak load less than maximum static, 
1.35 X (0.687) - .927 for F_/Fom . * 

P stm 

The rotation loads for airplane C-2, with independent main gears, are shown 
in Figures 42 and 43, for At ■ 1.5. In each figure, the highest and low¬ 
est curves represent the aft and forward main gears, respectively. The 

»4jdlfttCUrVe rePresents loading that would result for each gear if an 
idea! load equalizer were used. Again, this curve is valid only up to the 

vertical hash marks, when the equalizer piston would bottom out (assuming a 

4 inch piston displacement). Beyond this point the aft main gear loads 

would increase, although probably not to as high a value as shown for the 
aft gear with independent gears. 

Table l6 shows the severest case for airplane C-2, where F /f » 2.05 sig¬ 

nificantly higher than for the other airplanes shown. Howlver, airplane C-2 

also develops a large amount of lift at rotation velocity, F /Fom. ),. 0.455 

so that the resultant total load is still less than static. ¥his fn^icates * 
the importance of looking at the total airplane system when weighing the ad¬ 
vantages and disadvantages of a load equalizer as a means of reducing the 

loads imposed on the pavement. For airplane C-2, a load equalizer would 

probably slightly reduce the take-off rotation loads, but these loads are 

already less than static and, hence, not critical without the equalizer. 
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FIGURE ^-2 - Main Gear Vertical Loads during Takeoff 
Rotation, Airplane C-2, Forward c.g. 

FIGURE 43 - Main Gear Vertical Loads during Takeoff 
Rotation, Airplane C-2, Aft c.g. 
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(h) Landing Impact - Landing Impact loads, as well as loads 

during landing rollout and taxiing, are generally less severe than their 

counterparts during takeoff, since the airplane is at a lower gross weight. 

Table 17 lists the maximum takeoff and landing weights for the airplanes 
studied, and their ratios. 

TABLE 17* MAXIMUM TAKEOFF AND LANDING WEIGHTS 

Airplane Takeoff Gross Wt. Landing Gross Wt. 

Takeoff Gross Wt. 

Landing Gross Wt. 

A-l 

A-2 
310,000 
310,000 

207,000 
199,500 

I.498 
I.554 

B-l 

B-2 

B-3 

411,000 

413,000 

510,000 

348,000 

347,000 

375,000 

I.I8I 
I.I88 
I.36O 

C-l 

C-2 

713,000 
861,000 

564,000 

699,000 
1.264 

1.233 

D-l 595,000 350,000 I.700 

For class A airplanes, the ratio is about 1.5, for class B from 1.2 to 

1.4, for class C about 1.25, and 1.7 for class D. The higher ratios are 

indicative of longer range airplanes which have a higher percentage of 

take-off weight due to large fuel loads. The higher the ratio the more 

critical are the "departure" loads in comparison to the "arrival" loads. 

"Arrival" operations, (operations 9 to 14, Table 5) yield less critical 

loads than the corresponding "departure" operations (6 to 1 from Table $), 
which occur at higher gross weight. The only potentially significant 

"arrival" operation is landing impact. 

The main gear loads obtained during landing Impact are primarily a 

function of sink speed and lift. Figure 44 shows the maximum main gear 

load, dividled by maximum static load at maximum take-off gross weight, 

obtained from time history analyses of landing Impacts for airplanes A-l, 

A-2 and B-l. All runs are at the maximum landing weight, 100 percent lift 

and an aft c.g. With the exception of airplane A-2, the main gear loads 

barely reach the static level at a sink speed of 10 feet/second. At more 

typical sink speeds of around 3 feet/second, the maximum main gear loads 
are less than 0.6 times the maximum static value. 

Figure 45 shows the variation with lift in peak main gear loads during 
landing impact. These runs were performed at a sink speed of 10 feet/second, 



FIGURE 44 - Variation of Maximum Main Gear Loads 
during Landing Impact with Sink Speed 



FIGURE - Variation of Maximum Main Gear Loads 
during Landing Impact with Lift 
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aft c.g.. and maximum landing weight. As before, the loads are normalized 
to the maximum static value at maximum take-off gross weight. The results 
clearly show the drastic effect of reduced lift. While these results show 
loads as high as twice maximum static, such reduced lift landings combined 

with the high sink speed are never encountered in normal operations. 

Runs at a forward c.g. show, as expected, less critical main gear loads, 
The nose gear loads are typically higher with a forward c.g. position and 
maximum nose gear loads are sensitive to two other factors in addition to 
sink speed and lift. These factors are: (l) the airplane pitch attitude 
at touchdown, and (2) the manner in which the pilot 'untrims the airplane 
to let the nose gear down. Rapid untrimming,combined with a high nose up 
initial attitude, can result in very high theoretical nose gear loads. How¬ 
ever, these loads are readily sensed and controlled by the pilot, so that 
the maximum theoretically predicted nose gear loads will not be achieved. 
The situation is analogous to low speed taxi in that pilot techniques will 
keep the loads down to an acceptable level. It is expected that the actual 
nose gear loads experienced would normally be less than twice the maximum 

static loads. 

(i) High Speed Braking. Static - The "arrival" operations 

are the same as the departure operations, except that the "arrival opera¬ 
tions are performed at a landing weight which is less than the take-off 
weight. The "arrival" aerodynamics are generally different than for 
"departure", normally involving a more tail down flap setting for landing 
with correspondingly greater lift. However, this greater lift is generally 
not present during the landing rollout because of spoiler deployment. For 
airplane B-l, the lift/landing weight with landing flaps and spoilers is 
about equal to the lift/take-off weight with take-off flaps and no spoilers. 
This is the only airplane studied for which detailed spoiler aerodynamics 

are available. 

Regardless of the aerodynamic characteristics, however, it is clear 

that aborted take-off, with spoilers deployed and at take-off gross weight, 
will always be more critical than landing rollout. Similarly arriva, 
operations, eleven through fourteen, will be less critical than their 
"departure" counterparts, four through one (see Table 5 on page 75}. 

A summary of the results of the complete loads analysis study is 
presented in the Section, Results of the Program, starting on page 161. 

» 

t 
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(2) Airport Pavement Response 

(a) The Nature of Pavement Response.- Pavement response is the 
reaction of the pavement structure to the loading imposed on it. There 
are three basic types of response: (l) deflection (the local displacement 
of a segment of the pavement; also referred to as deformation or motion), 
(2) strain (the local rate of change of deflection; also called curvature), 
and (3) stress (the local force per unit area or force traction; also referred 
to as the pressure). The essence of pavement design is to keep these response 
variables less them certain prescribed limits which depend on the strength 
of the pavement construction materials. Generally, the most important 
response variables on airport pavements are the deflection of the top surface, 
w, the fiber stresses and strains in the top surface, O'and e , the vertical 

normal pressure in the foundation, p , and the shearing stresses at the inter¬ 
face of surface layer and foundation, r . The following sketch below shows 
these critical response variables at the location where they are generally 
a maximum. 

SURFACE 
COURSE 

BASE 
AND 

SUBBASE 

SUBGRADE 

The magnitude and character of the critical response variables result 
from two things: (l) the nature of the applied loads and (2) the nature of 
the pavement structure. The loading experienced by airport pavements has 
been previously discussed and can be summarized as a vertical load P(t) and 
a horizontal load Q(t). Analysis of the response of pavement structures con¬ 
denses down to the analysis of the response to P(t) and Q(t). Differing 
assumptions about the nature of the pavement structure is required in each 
case, as the effects of material type, layering, viscoelasticity, etc. 
have differing affects in each case. 

(b) Pavement Response to a Vertical Moving Load.- The pavement and 
loading mode] used to compute pavement response to a moving load is shown in 
Figure 46. Actually, two models are used, one as a rigid pavement model 

and one as a flexible pavement model, but they differ only in the material 

characterization of the top layer. Briefly stated, the model is a two-layer 
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FIGURE 46 - Pavement and Loading Model: Moving Load Problem 
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system consisting of a thin plate resting on a three-dimensional elastic 
solid acted on by uniform pressure distributed over a circular area and 
moving at constant velocity. This type of model is known as "slab theory" 
and the background to it is discussed in Reference (5). 

The analysis of this model is an extension of the analysis presented in 
Reference (6) using Laplace transform techniques and the superposition 
principle for loaded linear systems. Linear viscoelastic models were used 
to describe the materials for the plate and foundation. The specific models 
used are shown below. The essential feature of these models is that they 
are composed of linear springs and dashpots, and hence, there is a linear 
(albeit time-dependent) relationship between stress and strain. The effect 
of this linearity assumption 'as well as the effoots of the other assumptions) 
is discussed in paragraph (k) of this section. Suffice it to say that the 
throe-element model was coiiLiuered. adequate to account i'or the basic effects of 
instantaneous elastic deformation, delayed viscoelastic deformation, and asymp 
totic deformation state which are present in pavement construction materials. 

E 

'pAAAA-' 
RIGID PAVEMENT FLEXIBLE PAVEMENT 

Diagram 1: Surface course model 

^ 4 Diagram 2: Foundation Model - Rigid and 

Flexible Pavements Material 
Characterization 

Mathematical analysis of the two-layer pavement system subjected to a 
moving load is presented in Appendix ?.. The solution to the problem consists 
of expressions for six different response variables: 

w - plate deflection 

Pz - foundation vertical normal pressure 

\ 
\ 
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- plate longitudinal fiber stress 

• plate lateral fiber stress 

- plate longitudinal fiber strain 

- plate lateral fiber strain 

These expressions involve double integrals, requiring computer evaluation, 
a description of which is found in paragraph (g; beginning on p. 11*1*. 

Simplifications to the response equations result if only values at the 
interface z ■ h/2 are considered. Table l8 summarizes these final 
expressions, and only the maximum lateral or longitudinal stresses and 
strains are taken. f 

TABLE /18 FINAL PAVEMENT RESPONSE EXPRESSIONS 

Response Symbol Expression* 

Plate Deflection w 
Pt^ 

C - inches 
w D 

Foundation Pressure P 
z Cp -Ejr PSi 

Plate Strain e 
Ce in/in 

Plate Stress 0 C (l+Vn)P psi 
0 * — 

h 

P * total applied load 

h * plate thickness 

l « system characteristic length » 

P 
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E h' 
_L_ 
12 (1-v. ) 

¥ 

« 

E 
P 

V 
P 

Static stiffness of plate 

Static stiffness of foundation 

Poisson's ratio of plate 

and 

C . C . C . C are nondimensional correction factors which are functions 
w p e o 
the nondimensional variables in the problem: 

X, Y, Z = nondimensional location of response 

nondimensional load velocity 
(vV*) flexible 

(VTo/¿) rigid 

n Ff 
■ damping-stiffness ratio = — 

* ratio of dynamic to static stiffness of 

plate = (E + F )/E 
P P P 

* ratio of dynamic to static stiffness of 

foundation - (E^, + F^, )/F 

r * nondimensional load radius * a/£ 

The response of the pavement system is generally a maximum directly under 
the load. In this case, X * Y = 0 and the response coefficients 's) 

become functions of only five nondimensional variables: 

V, 

V v 
C, 

r 

the nondimensional velocity 

the stiffness ratios 

the damping parameter 

the nondimensional load radius 
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When the velocity is equal to zero (V = 0), the static case is recovered 
and nondlmensional correction factors become functions solely of the non- 
dimensional radius, r, as shown in Figure U?. 

When the velocity is large (V»0), the dynamic case is obtained and the 
nondlmensional correction factors are functions of the stiffness ratios, j¿- 
and Hft as well as the nondlmensional radius, r, and shown in Figures 48 and 49 
The ordinates show the ratio of dynamic to static stress and pressure, respect 
ively, which serve as dynamic correction factors. Both plate fiber stress 
(figure 48) and foundation pressure (figure 49) depend on the particular ratio 
Mp/Mf. This ratio can be rewritten as: 

UP , / Kdyn. \ / ''static \ 

M1 y1’s tat/ plate: v dynamic/ 1' bundation 

( ) 
\ '''foundation / dynamic ( 1 foundation^ '‘plate ' static 

H 
uynamic 

stnt Lc 

where: U = = ratio oi‘ plate to foundation stiffness 

'foundation 

% 

* 

'Ihus, l< is a measure oi' the stiffness difference between top and bottom 

layers, and t is a measure of the change in this difference as the speed 

of travel of the load goes i rom static to the high speed. € is called the 

ratio of relative stiffnesses. Alternatively, { can be considered in its 

Up/uj’ form as the ratio of the stiffening properties oi' the top to the 

bottom layers. In other words, when { is less than 1, the' foundation 

stiffens relative to the surface, and when 4 is greater than 1, the founda¬ 

tion weakens relative to the surface course. Actual values oi' 4 must be 

found by measuring the stiffnesses of the pavement materials under high and 

low rates oi' strain. 'Ihis gives the ¿1 values (measures oi' the viscoelastic 
stiffening of the material (an elastic material has a p value oi' 1)), and 

these can then be used to find 4 • Although experimentation must ultimate¬ 

ly determine the viscoelastic constant 4 > approximate values for typical 

pavements are given in Table ly. 'Ihe non dimensional radius, r, shown in 

figures 47 - 49 is estimated to range from 1 to 5 for the more common 

asphaltic concrete (flexible) pavement systems for the classification of 

airplanes studied. Similarly, for concrete (rigid) pavement, r Is estimated 

to be between .1 and 1.0. Based on r and 4 values discussed above, the 

approximate applicable range for the flexible and rigid pavement systems are 

depicted in figures 48 and 49. 
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RATIO OF RELATIVE STIFFNESSES-I 

FIGURE 4o - Dynamic Ctreua Correction Factor 
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temperature field relative to the unatable cross-atream gradients. 

The picture becomes clearer when we consider the modal structure, 

especially the distributions of T, w and u since these most clearly 

reflect how the vortices are generated. Figure 4.14 shows profiles 

of these variables along with the mean fields for Ra - 7.37 x 104, 

S" 18“ • All the variables u, w, and T are cyclic in cosW.y so 

the phase relationships shown hold for all y. The mean cross-stream 

field T lg everywhere unstable but more so at the boundaries. The 

perturbation buoyancy is largest near the walls, and la positive 

throughout. This temperature excess comes out of the unstable T” . 

Evidently u is positive. The positive T generates it through the 

action of the upstream buoyancy force. As a result of advection of 

the upstream gradient by u the excess temperature is reduced. 

Figure 4.15 shows the stability curves for Pr ■ 6.7, h ■ 

.04 and §^0. Curve (b) is for ß ■ 0 in (4.7.2), curve (a) is 

the complete solution. The critical Rayleigh numbers behave in a 

similar way but the wavenumber curves are entirely different. For 

case (b) instability is possible as a negative temperature gradient 

develops in “T* . This is necessarily a small fraction of the gap 

so one would expect the associated wavenumbers to be large, as they 

are. For the complete problem the wave numbers decrease markedly 

as £ decreases. This suggests that the direct convective insta¬ 

bility may exist near £ - 0, but that the shear coupled modes, 

which tend to have smaller wavenumbers, may exist as the tilt tends 
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towards horisontal. This la auggaatad also by the enargy distri¬ 

butions In Table 4.6. At low angles !• •nail but at large 

angles there is a large transfer of kinetic energy from the mean to 

the upstream velocity. Again the modal structure shows the mechan¬ 

isms more clearly. Figure 4.16 shows this. As opposed to the exam¬ 

ple at § - +18° vortldty is generated only at the center of the 

tank. The thermal excess that exists there for $ - -17° comes out 

of the advection of the cross-stream component of the basic stra¬ 

tification. The upstream velocity which is positive where T is 

positive (via buoyancy) tends to decrease the central excess temper¬ 

ature by advection. For £ ■ -60°, the mean temperature gradient 

Tz is nowhere negative, the cross-stream temperature field is 

everywhere stabilizing. However, at these angles the effectiveness 

of the upstream buoyancy is reduced and via the shear advection term 

in (4.7.3) it is possible to have u negative where T is positive. 

This means that the thermal excess required for the generation of 

vortlcity can be supplied by advection from the upstream gradient. 

Hence for these large negative angles the shear coupled mode pre¬ 

dominates . 

The strength of the shear interaction is roughly inversely 

proportional to the Prandtl number at fixed Ra . One would sus¬ 

pect that at low P*. the advective instability with its low wave- 

numbers would prevail but at high Pr the shear would not be im¬ 

portant and instability would only involve the reverse gradient in 
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To and would have largar wavanuabare. Thla la ahown In figura 

4.17 where we have displayed the results of calculations for four 

Prandtl numbers at $ ■ - 45*. In air (P* ■ .71) Instability 

occurs at a low Rayleigh number with a long wavelength. At large 

Pr the Instability may approach a condition which la essentially 

Independent of Pr aa It would If It became purely convective. 

We actually have some experimental evidence which supports this 

Pf. dependence, obtained from overhead streak photos In silicone 

oil. 

TABLE 4.7 

Some experimental data for 6 < 0 

Pr g Rac k 

6.7 -45 1.31x10 3.72 

24 -45 1.52x10 5.28 

J 

Table 4.7 shows this data. The Pr - 24 experiment was rather 

crude and the onset point Is probably not too accurate. However, 

the wavenumber dependence agrees rather well with that predicted 

by the theory. 
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Figur« U. 15 N*otra1 curvas of Fa and ki for $< 0> Pr»6.7 
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* 0,-101 «MIO4 T» 10* -wT,«»* - Uß* K)4 

(Û) 

Tj Ö/'O* W» 10* T -VhTjUIO1 " üß h K)4 

(b) 

Figur* 4.16 Solutions for Pra6.7, h=.04, vith (•): $«-17* , »nd 
(1>)ï $«-60*. 
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Figur« 1» .17 Neutral corvas of and 1¾ as functions of the Prandtl 

number at 8 s -1*5 • 
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4.8 Comparison with the experimental raaulta. 

Figures 4.18 - 4.22 contain the critical Rayleigh number, 

wavenumber and frequency data obtained using the experimental tech¬ 

niques discussed In chapter 3. Each plot alao contalna a solid 

curve which represents the results of the theory. First of all It 

should be noted that the theory successfully predicts the absence 

of any stationary transverse modes for Outside of this, 

I think that the general agreement is rather good, especially when 

the complexity of the profiles and the approximations used to get 

c reasonable baseflow model are considered. 

Figures 4.18 and 4.19 show the critical Rayleigh numbers 

for S> 0. The points for the longitudinal part of the h » .027 

case lie right on the line, but I suspect this is a bit fortuitous, 

at least for the vertical part of the data which was determined by 

varying S in small increments. The error is of order .5* and 

there always remains the possibility that the infinitesimal dis¬ 

turbances might have onset points which are slightly more into the 

stable (unicell only) region than the onea shown. 

Figure 4.21 contains the critical data for S < 0. Gen¬ 

erally the theory overestimates the onset of the longitudinal modes, 

but the shape of the critical curve is reproduced with cutoffs near 

the horizontal and vertical positions. Considering that these modes 

are especially sensitive to the x—dependent part of the temperature 

field (that part which perhaps contains the most dangerous approximation 
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we heve mede in the theory), it would heve been rether eurprieing 

if the egreement hed been better. 

The theory anderestimetee the onset of the trensverse 

trevelling nodes by es nuch es 80%. Pert of this nay be due to 

the difficulty eesocieted with detecting these very week fluctuetions. 

I would be surprised if the sctuel onset points for infinitesinel 

disturbances were that nuch below the velues fron our neesurenents. 

More sensitive detection night be effected by putting e sharp narrow 

band-pass filter at the output of the thernocouple anplifier, using 

the frequencies observed here as a guide. It is also likely that 

the use of the parallel flow assunption and the neglect of sidewall 

effects are not entirely valid for these nodes. It is encouraging, 

however, that the general stabilising effect of negative tilt is 

reproduced. Figure 4.20 shows that critical wavenunbers and fre¬ 

quencies are in good agreenent, even though they nay have been 

measured at supercritical Rtt . The wavenunbers nay not change 

much in the range of from theoretical to experimental onset. 

Since the frequency data is made non-dimensional by dividing by 

D/v , increases in f due to the raising of R® by A*T may 

be cancelled out. 

Figures 4.22 and 4.23 contain the wavenumber data for the Ks,04 

longitudinal modes. The error bars here reflect variations in in¬ 

dividual roll wavelengths across the tank, which may be due to slight 

non-uniformities or to the presence of sidewalls. They give the 
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flupclmua excursions fron the average (represented by the point) of 

6 or 7 measurements. The theory predicts wavenumbers which are quite 

consistent with the data. 

We originally conducted the linear stability analysis In 

order to understand the physical basis for the rather peculiar 

behavior of the experimentally observed instabilities. To this 

end our effort, especially for the longitudinal modes, was very 

successful. To improve on this enalysls would be very difficult 

because one needs to consider a basically non-parallel flow problem. 

Perhaps higher order corrections could be added to the present 

solutions, Incorporating a more realistic base flow (tf,z ) , 

U9 ( X, s ) > hut this looks as if It would be a very complicated 

endeavour. If one wished to pursue the question of these types of 

Instebllltles further, it would probably be easier to design an 

experiment for which the present base flow model is exact, namely 

by constructing a tank with a very small h and with walls .laintained 

« . 
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Figur# U. 
18 ÎÏÏÜÜÜ’JJT’ÜÎ* for *«»•«»<» to loo*tt«dl*l !*'•"* to tr.n.Mn,, (•) kx1„ far h..067. The te.M cur» 

1« fron th# alnple Bonard probien vith reduced gmrlty g ali» g . 
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Figur» H.19 Theory and •xjfcrimntal ooint« for trau« it loa to laaglttifllail 
(•) and to traaavarao (f) aodaa for h«.(A. 
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Figur* 4.21 Theory and ftxparlaantal pointa for transition to longitudinal 
(a) and to tranararaa (♦) nodos for h- .04. 
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CHAPTER V 

Supercritical Behavior of the Secondary Inetabllltlea 

Before presenting results for the higher order Instabili¬ 

ties and turbulence, I should like to briefly discuss how the Infini¬ 

tesimal perturbations observed In the experiments behave at super¬ 

critical conditions. It Is convenient to discuss the longitudinal 

rolls and transverse waves separately. 

5.1 Results for non-linear convective Instabilities • 

The onset of convective Instabilities between horizontal, 

parallel, differentially heated plates was essentially described In 

1916 by Rayleigh. Only recently have we obtained an understanding 

of the non-linear development of the secondary motions. Linear per¬ 

turbations grow exponentially but as the Instability eats away at the 

mean profile it is often possible for a steady equilibrium finite- 

amplitude motion to be set up. Various Investigations have looked 

at this problem theoretically. Malkus and Vermis (195Ë) used a 

perturbation expansion in the secondary amplitude to obtain higher 

corrections to the linear modes. They also adopted Stuart's (1958) 

particularly simple energy equilibrium method in calculating the 

amplitudes for the secondary motions. Further developments of the 

non-linear problem include numerical solutions for 2-dimensional rolls 

by Kuo (1961), Deardorf (1964) and Foster (1969) among others. 
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Most of th« non-lln«ar thaorlas involve the elnplifylng 

assumptions of 2-dimensionei exlsynmetrlc disturbances. Experlmen- 

telly, the observed motions take plan forms which ere strongly in¬ 

fluenced by the geometry of the boundaries, variation of fluid proper¬ 

ties, internal heating, etc. These plan-forms rarely are simple rolls. 

Mori and Uchida (1966) recently produced secondary motions of this 

type by setting up a Poiseulle flow between two differentially heated 

plates. As we have seen the velocity field will stabilize transverse 

modes and convective instabilities will tend to align with the mean 

velocity. Ogura and Yagihaahi (1969) have had some success with 

numerical models of this situation. Since the Reynolds numbers of 

the forced flows were rather high (R, -513), this experiment is 

rather different from the ordinary convection problem. Since tilt 

very effectively damps all but the longitudinal rolls, it seemed that 

a nice way to get neatly aligned 2-dlmensional Instabilities would 

be to run experiments et very smell « . The effect of tilt on the 

longitudinal modes would be small, but alignment would be guaranteed. 

For example at $-2* the Reynolds mmfcer at RÄ ~ 1.5 Racrtt. 

is less than .1. The motions due to the convective rolls themselves 

are rether larger than the mean shear velocities so that to a first 

approximation the idealised situation of 2-dlmensional parallel rolls 

is obtained. 

Unfortunately we were not set up for detailed measurements 

of velocity and temperature fields within the rolls. I should think 
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that convection experiments in air (a fluid for which adequate 

probing techniques exist) done at a small tilt might come close to 

the idealized situation. Since we wanted to obtain some idea of the 

amplitudes of the secondary motions and perhaps say something about 

the flow structure, we ran a series of experiments at Oí - 1.5°. 

Velocity profiles of the rolls were obtained by observing a dye wire 

stretched across the tank at X- o . There are several diffi¬ 

culties with this method. This gap D is small so that we can only 

make observations of dye lines over lengths only a few times greater 

than the minimum line width. If we take a longer time interval between 

dye etamission and picture, the dye will reach the turning regions 

near the plate. Even so I think it is possible to measure velocities 

to 10 or 20% in this way. 

We were primarily interested in the amplitude of the longi¬ 

tudinal modes as a function of Ra • Malkus and Veronis ' calculations 

2 
for free boundaries imply that the amplitude Q. is given to 0 (a ) by 

a= OV . 

is a constant determined by the solvability condition applied to 

the higher order equations. For rigid boundaries the perturbation 

solutions become rather complex and it is simpler, although not 

necessarily better, to employ the energy method of Stuart to estimate 

the non-linear equilibrium amplitudes. In this calculation the non¬ 

linear solution is assumed to have the sami shape as the linear modes, 
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«id an anplitude consistent with energy requirements. 

The thermal energy balence requires 

£ + R. wT = . „.i.» 

H is the total enclosed volume with insulating sidewalls and con¬ 

ductive top and bottom boundaries, T(z) the mean field, and w 

and T the secondary motion variables, m a steady state the thermal 

balance equation gives us 

R«ai ci* %T , 

or denoting these integrals with an overbar, and integrating, 

T = wT - 1 . (5.1.2) 

Combining this relation with (5.1.1) we obtain for steady state, 

•''i »/a 

- R. )Jr =- 

-‘'i -Va 

To conplat. th. formulation tra only hava to opacify * and T . In 

tha energy «thod thi. 1. don. ky naglactlng l«»onlc „n.r.tlon and 

a«.timing that w and T have th. aw tóap. a. th. linear infinitMinai 

modes, but with arbitrary amplitude a . 

In our case it is sufficiently accurste to taka 

vn/e a s»n % E^zJcosW,^ 

(5.1.3) 
•4 

» (5.1.4) 
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T = 123.6 CX cos ‘H 1 CosW.y , 
(5.1.5) 

with k,- 3.05. When these are substituted into equation (5.1.3) we 

obtain a quadratic expression for the amplitude, which can be re¬ 

duced to 

a- (fíasi*Ç-noe/* (5.1.6) 

sin $ Rol 

It is of particular interest to see to what extent relation (5.1.6) 

holds experimentally and how reasonable the assumptions it is based 

on are. Namely, at what Rado harmonics become important, and to what 

extent does the "shape" of the rolls follow (5.1.4) and (5.1.5). 

Figure 5.1 shows typical dye streaks for the experiment at 

o* ■ 1*5°, Pr ■ 6.7, h ■ .027. The straight horizontal line re¬ 

presents the dye wire, and the curve the leading edge of the trace 

9 seconds after pulsation. Vertical velocities can be measured 

approximately by dividing vertical displacements by the time inter¬ 

val. It is noted that at the low Rayleigh numbers the motion remains 

sinusoidal, but at ft. about 4 times critical the profiles begin to 

become strongly jetlike with a predominance of the third spatial 

harmonic forcing the updrafts and downdrafts into thin columns 

fcase (d)). This observation fits in very nicely with Kuo’s non¬ 

linear spectral solutions for 2-dimensional rolls with free boundaries. 

He represented the stream function as a series with terms 
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ŸlAn)'* sin (Sk,/ ) sin (nnz) , 

wh*r# i* th* critical vavanuabar for onset. With a aiailar 

sérias for T he solves the non-linear equations for steady solutions 

for various R* and P* . As Kuo states, for Pr - 10, "Even though 

^*1 is a fifth order quantity, it becoaes the largest higher node 

of the M' field for > 3^crit. "* ^ temperature behaves in the 

sane way. Unfortunately he does not display any velocity profiles, 

but I think our observation of the dominance of the third harmonic 

has a sound basis in theory. 

Figure 5.2 shows experimental data of the amplitude fl 

of the rolls (taken as the peak dye displacement) as a function of 

R« . For convenience we have plotted Û vs. Rft - nog 

so that a direct comparison can be made with the prediction based 

on Stuart a method. Thus, the solid line represents eqn. (5.1.6). 

Agreement is quite good up to Rayleigh numbers 2 or 3 times critical. 

This is consistent with the development of higher harmonics and the 

resultant distortion of the fundamental which Stuart's method does 

not account for. Because we measure the peak amplitudes, our measure¬ 

ments necessarily reflect the additional modes. The energy equili¬ 

brium method works rather better for predicting average quantities 

like the heat flux, or in cylindrical Couette flow the torque, where 

it is good to perhaps 10 times the critical onset parameter. For 

this latter problem Davey (1962) has shown by using a more exact 



» 
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expansion that» because the two aforementioned proceaaes left out 

In the energy method tend to cancel each other out In the required 

averages» It appears to work up to quite supercritical conditions. 

In summary one can accurately calculate the nonlinear 

equilibrium state for two dimensional rolls using the particularly 

simple energy formulation for < 4500. Beyond this the 3rd 

spatial harmonic becomes large and the assumptions of the method 

break down. 
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5.2 Development of the travelling waves . 

Near S - 0 transverse disturbances were the first in¬ 

stability of the primary unicell. For > RaCf|* 

new modes with higher frequency seem to appear. The initial periodic 

wave form from a fixed point temperature measurements does not change 

Its shape but rather becomes modulated. This is evident in figure 

5.3(a) which gives the autocorrelation function of temperature at 

* ■ y - O , z - -.4, in the hot boundary layer. There is some 

loss of correlation with T because the two periodic signals do not 

have sharp frequency distributions. Along the hot plate the wave 

packet appears to move at about 4.2cm/sec., or in nondimensional 

terms .003, which is greater than the peak velocity of the mean 

stream. 

If one looks at the power spectra of the temperature 

fluctuations it is seen that the modulation is accompanied by the 

onset of a higher frequency oscillation. In figure 5.4 we show four 

such spectra at increasing Rayleigh number. We have not calibrated 

the magnitudes here but it is the growth of the secondary peak relative 

to the primary which is important. At low Ra it is almost insigni¬ 

ficant but at Ra- 4.6 X 105 it is even larger than the primary. 

For this case the frequency spectrum is quite broad. Large amplitude 

response is observed primarily where temperature fluctuations in 

the two boundary layers are exactly out of phase. With a wider frequency 

band phase relationships will become more complex and the resultant 
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Figure ^.3 Corrí logra a* of the trape rat are fl act oat Ions forÇslO*, Fa* 
1^6000. (•) is an 10(0- and (b) la a croas -correlation. 

Figure Raaples of the spectral derelopeaent of the teaperatore 
fluctuations at 10! 
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fluctuations will be more Intermittent. This is Indeed observed in 

the records: at large Ra , large amplitude bursts become more 

irregularly spaced with relatively long periods of inactivity in 

between. 

I do not have a rigorous explanation for the higher frequency 

modes. The linear theory for completely transverse modes with lc, * 0 

has no higher order solutions with tûY greater than the first most 

unstable mode. Perhaps the higher frequency peaks are due to slightly 

oblique waves with ka>> U, . Some of these were observed in the 

plan view streak photographs at rather high Ra . The stability of 

these modes should be Investigated. 
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CHáWU VI 

MM&átrlag 

6.1 Exp«rlMntal datcrmlnaticm of transition. 

Th« visual study with partiels suspension Indicstsd that 

for positive tilt angles and with sufficiently high Rayleigh nunbers, 

waves or neanders could develop on the longitudinal convective rolls. 

This meandering seemed to be triggered by some sort of instability 

which was dependent on the tilt angle. Near the horisontal and vertical 

positions rolls remain straight and parallel to Rayleigh nunbers five 

or six tlmss that required for onset. At 45*, however, the meandering 

appears to set in at a Rayleigh number about 70Z supercritical. Ob¬ 

viously the breaking and subsequent unsteady motion is highly non¬ 

linear with rather strong interactions but since the unsteady states 

attained by the fluid seem to be closely connected with the meandering 

we would like to understand the mechanism by which wavy vortices are 

generated. 

As a flrat attempt at this we have tried to measure onset 

more carefully. This was done by stimulating a longitudinal dye line 

running along y-z-0. Since the only cross-stream velocity in the roll + 

unicell regime (away from tha and of the tank) is due to the rolls alone, 

the dye serves to indicate the orientation or allgnmant of the rolls. If 

they are purely longitudinal, tha dye line will be advected either up 

or down uniformly along ita length. If tha vortices bend or become 

wavy relative to tha vira, tha dya lina will become sheared. This 
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method Is actually rather sensitive for detecting meanders. For 

each S the Rayleigh number was Increased slowly through the onset 
of the longitudinal rolls and pictures were taken for the super¬ 

critical regime at one minute intervals with the temperature differ¬ 

ence coded on the photographs as discussed in section 3.1. Onset 

was characterized by the appearance of waves on the dye line. This 

was required to be a steady thing. Occasionally rolls would adjust 

themselves and transient dye waves would appear, but this was not 

taken as an onset point for the meanders which, once formed, persist 

and eventually break. 

Figure 6.1 shows a typical case. One can clearly see the 

onset and the following breaking of the waves as the meanders attain 

large amplitude. The data indicate that at onset the meanders are 

stationary. Figure 6.2 summarizes the measurements of the critical 

Rayleigh numbers and critical wavenumbers obtained by this method. 

The observed wavenunbers are essentially constant with $ although 

there is a rather large range associated with these measurements due 

to variations in the wavelengths along the wires. Ue find that the 

wavenumber for the meanders , ^ , is related to the wavenumber 

of the longitudinal rolls, kr , by 

.S'?*,., (6.1.1) 

Meanders have also been observed in the longitudinal modes for î*0 

Recall that these had a wide range of wavelengths. However, it was 



150. 

,0Und *■“' r•Utl0,, * — «H* fr «,«. 

*h0” th“ th* i. -.t .«ici«. 

.t Cr°“ , r*“ “d UP-tr*“ ... ^ 



,u.

151.

U^IO

T?.= '5160
B

5730

B^= 7570

Figure 6.1 VleuAllzation of the onset of meandering. 
P^: 6.7, h= .027, 8= 30*.



1.0 * 

90 

Figure 6.2 

60 30 0 

Transition points (crassas ) and or it leal aavsnuÉbars 
for the mandera. Bashed lines are froa the results 
of section 6.2 . 
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6.2 Discussion. 

The growth of the nesnders is obviously s 3-dimensionsl 

non-linear problem. There are mathematical techniques for looking 

at such effects as developed by Watson, Stuart,and their co-vorkers. 

The non-linear equations are usually expanded in terms of the small 

time-varying amplitudes of a set of Interacting modes. By separately 

solving for the spatial behavior of the modes one can obtain a set 

of non-linear equations in the amplitude functions, which can be 

analysed for possible stable equilibria. The method is nice because 

it can be made formally rigorous. In actual practice the determination 

of the coefficients in the amplitude equations is very complicated 

because the spatial structure of the inodes must be determined. In 

horizontal convection with constant fluid properties and a constant 

applied temperature difference the spatial behavior of the linear 

inodes is particularly simple and Independent of orientation. This 

is perhaps why much of non-linear theory has centered on this problem 

and why it has been rather successful. 

In our problem what we would like to do is Interact the 

unicell ( U0 ,T0 ) and the longitudinal rolls with various transverse 

or oblique convective modes which might lead to stable wavy vortices. 

In the slant convective case it is very difficult to carry this out 

because the structure of the oblique modes is so radically different 

from the longitudinal modes and generally can only be determined 

numerically. It is also seen that the meandering does not generally 
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occur ln th« weakly non-linaar region ao that the uaual 3rd order 

•arlee nay not be auffident for thle problem. 

Rather than get Involved In complicated mathematlca which 

would be quite beyond the acope of thia paper, we look at two waya 

which the combined unlcell-roll flow can bacoma unatable to Infini¬ 

tesimal perturbations. The particular form which is thought to be 

relevant for the meanders is staady * -vortlcity which for simpli¬ 

city is taken independent of s. 

The man fialtfc which are thought to be Important are the 

equilibrium y-dependant temperature field from eqns. (5.1.3) and 

(5.1.6); 

Tr = Hosi ces „t 

K® sm» 

and the y-dependent upstream velocity field driven by the above 

temperature field; 

Ur=,6 cosS (RaS>w MOB ) ^^2 coskry . (6.2.2) 

f?a smS 

In this section the subscript r refers to the roll component of the 

men fleide. We now look for ways perturbation vortlcity 

with 

U«.- ’ fy » r 

can be generated In a manner consistent with the observations. 
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The first possibility is through shear forces creating 

stationary disturbances on the velocity field ¢6.2.2). These are 

governed by the Orr-Sommerfeld equation, which for the z averaged 

i W X 
Uh, and periodic fluctuatlona ( e m ), la 

(Tf.' W~ )\Ie« - (X. - »r1 ) ^ ) 1 = O . (6.2.3) 

The lateral Reynolds number is 

Qe = ^AT0 . |Ur| * .06 CotSiRa^-1'700) > (6.2.4) 

for water. Since the mean field is periodic in k* it is reason¬ 

able to look for solutions to eqn. (6.2.3) which are also periodic 

with wavenumbers which are kr or integral multiples of 

It is easy to see that solutions which are singly periodic in kr 

do not exist. We have not tried numerical solutions of this problem 

but one can look at the magnitudes of the source and dissipation 

terms by plugging in the observed values of k^s 1.7, 3, and 

estimating derivatives ^ ~ • Then 

R, „ ^ 0(35) . (6.2.5) 

X-» 

The values of for which the meanders are observed are typically 

0(1). Shear forces may be too weak to initiate instability. 

A 

There is, alternatively, the generation of 2-vorticity 

by the buoyancy torque T^, . This exists here only because of the 



156. 

tilted geometry. If we neglect the meen velocity field entirely we 

obtain, 

^ “ cosS = O 
(6.2.6) 

and 

+ (¾. 7, T;y -o 
(6.2.7) 

Suppose we replace the sinusoidal mean field '^by a square wave 

field constructed from the average gradient from eqn. ¢6.2.9). Then 

one gets 

V V + Q - O ¢6.2.8) 

where 

Q = - 5.0 cot S ( G* sin % - \io9 ),/2 
¢6.2.9) 

Periodic solutions In kr and exist as ^^ * 

for which 

Q = - (6.2.10) 
kr v<^ 

Not only are the observational values of km and conslatent with 

this but one can solve for the minimum critical R.. Here this occurs 
(I 

at 

IT í 

(6.2.11) 
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which» with 3.0 gives, 

D ^ 580 ‘in^ ^ t>70^ C6.2.12) 
Kft cos^r smS * 

The dashed curves of figure 6.2 ere from these two equations and it 

is seen that che theory is fairly consistent with the observations. 

However, this apparent agreement is a bit fortuitous. First of all 

we have made no attempt to satisfy lateral boundary conditions. If 

buoyancy acted alone in generating the meanders, the onset Rayleigh 

numbers would be independent of Pf • This independence is not found. 

Yet the smallness of the Reynolds numbers Indicates that buoyancy 

probably plays some role in generating the vortlcity, perhaps in the 

manner outlined above. Clearly more work is needed on this problem. 

For example it will be Important to determine the z - dependence and 

the effects of the walls. In its simplest formulation one might ob¬ 

tain a 2-dimensional linear boundary value problem that could be solved 

numerically. 
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CHAPTER VII 

Flow Structure At High Rayleigh Number 

In this chapter I will briefly diacuaa some observations of 

the turbulent flows observed at high R* . We originally took a set 

of 3 - point temperature fluctuation records in order to get some 

idea of the effect of slope on turbulent convection. The analysis 

of this data proved to be more complicated than I had originally 

anticipated. Time limitations prohibited digital processing of the 

data, so that the results presented here are rather preliminary. He 

shall try, however, to indicate how the turbulence is related to the 

linear instability properties and to the meandering discussed in the 

previous chapters. 

Figure 7.1 shows some time average statistics from tempera¬ 

ture time series taken by a single probe at X- y • O , 2--.4. 

The R.M.S. fluctuation amplitude gives an indication of the intensity 

of the time dependent motion while the correlation time *T yields 

an estimate of the characteristic time scale for the fluctuations. 

The curves presented here show that the behavior at g - 30* is rather 

different from that for the horisontal case. The shorter time scale 

and larger R.M.S. amplitude appear to be caused primarily by the 

lateral ( y ) motiona of quaai-longltudlnal vortlcea. Elongated 

plumes are released on a relatively long time acale, but are awept 

sideways past the probe at a rather high frequency. This process 



159. 

Is evident In the pi en-view photographs and appears to be a highly 

developed meandering. 

The one most obvious characteristic of the tilt convective 

tubulence was the anisotropic behavior. This would be expected since 

for the linear Instabilities were oriented In the 

upstream direction. It was seen how this motion became X depen¬ 

dent as meanders developed. Yet for IO < S * , the 

typical wavelengths in the X direction» , appear to be 

larger than the lateral wavelengths > ^ . Figure 7.2 shows the 

relative anisotropy for various tilt angles as a function of Ray¬ 

leigh number. The wavelengths were obtained from overhead streak 

photographs with silicone oil, P(. ■ 25, and with h ■ .027. At low 

Rayleigh numbers, where longitudinal rolls are predominant, the 

average ratio of ^ to "^yis very large. It drops off as meandering 

develops or, in the case of 8■ 90°, as the effects of sidewalls 

diminish. At high Rayleigh numbers the horizontal convection becomes 

isotropic, but for tilt convection the "average" plume has an x/y 

aspect ratio significantly greater than one. There are some data which 

indicate that at very large Rj the influence of slope in elongating 

the plumes is reduced. What effect does this anisotropy have on 

the transfer properties of the system? It would be very interesting 

to measure the spatially averaged heat flux for the slanted system 

exhibiting convective turbulence, provided the effect of the primary 

flow alone could be ascertained, perhaps by running calibration 
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experiments st nsgstlvs angles. Because of the turning regions the 

present problem may not be tbs most straightforward for studying 

slant convective turbulence. Tbs measurements do suggest that the 

eddies can be considerably changed from their counterparts at S " 90* 

and one might reasonably anticipate a significant change in the con¬ 

vective heat flux in more general systems. 



Figur© *K3 tenpereture fluctu»ticm (üot§), and correlation tine 
for various tilt angles and Fayleigh niabers. 

Figure 7.2 The average ratio of upstrean to lateral wavelength. 
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Summary and Condualona 
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8.1 The baelc flow. 

Experimenta were done In the differentially heated, Inclined, 

rectangular box. Temperature and velocity profiles were taken In the 

steady laminar two-dimensional flow regime. At fixed Ph and with a 

small aspect ratio the form of the single cell circulation was a 

function of Ra* cos £ alone. Away from the turning regions the 

flow could be approximately represented by 

“T0 = Ç(^cosS,V)).X -V (2>M) f (8.1.1) 

Ue = Ü U,M) , (8.1.2) 

with ( CosS Ç 

For I S I > 70°, blocking regions formed in the corners and the above 

mathematical description ceased to apply. 
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8.2 InatebllitlM. 

The simple unicellular circulation did not persist for all 

R« ,s, P. «'iV' • Our measurements of transition points and the 

general agreement with the stability theory applied to (8.1.1) - ¢8.1.2) 

suggest that there are 5 possible types of instability, 3 of which 

are observed for our particular -6.7, Vi >.04 or .027. Stationary 

transverse modes which obtain energy from either unstable gradients 

of T or from the mean velocity U are predicted to occur at Rayleigh 

numbers considerably higher than stationary longitudinal or travelling 

transverse modes. Longitudinal vortlclty Is maintained by buoyancy. 

The thermal excess required to maintain the perturbations against 

diffusion can be advected out of ~T ( Z ¿ M ) or out of the part 

of T,. In the latter case the mechanism is then Independent of 

cross-stream variations of the basic temperature field and can occur 

even if these are entirely stable. The observation of rolls at negative 

tilt angles support this interpretation. In a geophysical context, 

longitudinal instabilities may be possible whenever there is a variation 

of density in the direction of a vertically sheared velocity (e.g. 

air flow over a boundary with a thermal step). 

For g near zero the component of buoyancy in the cross¬ 

stream direction is reduced so that longitudinal instabilities are 

replaced by transverse travelling waves which receive their energy 

from working on the upstream buoyancy force. 
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One should note that the stability analysis of the approxi¬ 

mate profiles can either undereetlaate or overestlaate the experimen¬ 

tal resulta. Since the profiles are quite complicated (e.g. inflection 

points at variable distances from the vail) the use of an approximate 

form can have different effects on different modes. 
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8.3 Supercritical Motions 

Before the onset of meandering the growth of the longitudinal 

rolls is shape preserving up to Rayleigh numbers about 4 times super- 

cr^^-cal where the third spatial harmonic becomea evident. For 

8 > 10° a second Instability in which the longitudinal vortices 

become wavy was observed. The form of the stability curve suggests 

that it developes from a non-linear Interaction in which the lateral 

buoyancy torque is important. The meandering is closely connected 

to the development of full turbulence, which was only observed for 

positive tilt angles. The meanders break and an unsteadiness 

develops in which plumes are elongated in the upstream direction. 

The results suggest that slant convective systems may have consider¬ 

ably different heat and mass transfer properties than the horisontal 

or vertical counterparts. 

The growth of transverse waves near 8-0 seems to involve 

higher order, perhaps oblique, modes. There is a sort of meandering 

involved at these angles also. It seems that the development of 

wavy vortices is a rather common occurence in a wide number of super¬ 

critical flows (see next section), and should be studied more closely. 
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6.4 Cylindrical Couatta flow 

Th« particularly datallad account of Colaa (1965) daacrlbaa 

how longitudinal Taylor vortlcaa fon in cylindrical Couatta flow, 

how thay bacoaa wavy (aaandar), braak, and fon turbulanca. Thla 

process rasambles cloaaly the sequence of avants In the tilt con¬ 

vective tank (see figure 1.7). The slallar behavior is not too 

surprising since it is well known that general two-dimensional rota- 

tlng flow (Varonía, 1967) are aiwilar to two-diaenslonal convective 

notions, or in particular that infinltesinal narrow-gap Taylor vor¬ 

tices and convective rolla ara governed by the sane equations and 

boundary conditions (Chandrasekhar, 1961, or Debler, 1966). One then 

is lead to ask whether the aeanders have an analogous basis. 

The theories of Davay, Diprlaa and Stuart (1968) and Meyer 

(1966) suggest that the Taylor vortex neanders with azimuthal wavenum¬ 

ber 4 may be a result of shear Instability involving axial gradients 

of mean azimuthal velocity. The long wavelength meanders have been 

observed by Donnelly and Schwarz (1965), but mora prominant in the 

literature are wavy modes with, meander wavenumbers one third or ao 

the roll wavenumber. In the tilt convection experiment 3hear forces 

were though to be too weak to account for meanders with k ~ k /2. 
A 

There, periodic I-vorticity could be generated by the lateral 

buoyancy torque Ty at applied conditions consistent with the 

observations. There is an analogous way of generating the necessary 
A 

f* vortlcity in the rotating case. If we think in terma of a rotating 
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reference system ( Cl red/sec) the meander vortlclty can be gener¬ 

ated by the Coriolis torque 

2O u, 

and the radial velocity (now analogous to the temperature) can be 

re-inforced by Coriolis turning and by advectlon of the mean azi¬ 

muthal + Taylor vortex velocity fields. 

I do not wish to pursue the question further here. There 

is again considerable difficulty in arriving at a tractable mathe¬ 

matical problem. It is, I think, interesting that one can find a 

physical process, analogous to the buoyancy mechanism, which may be 

capable of generating periodic radial vortlclty with wavenumbers 

near those observed. Of course this mechanism is not a shear in¬ 

stability in the usual sense. 
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8.5 Thermohjillne convection with sheer. 

As e second example we consider another buoyancy driven 

system which Is not commonly found in nature In the theretlcel form 

which it was first postulated. Salt fingering was originally studied 

theretlcally in terms of constant gradient temperature fields (stable), 

salinity fields (unstable) end density field (stable). Motion was 

possible because the low dlffuaity of salt, relative to that of tem¬ 

perature, allows parcels to retain excess accelerating buoyancy (see 

Stern, 1960). In nature such gradients ere rarely set up. They ere 

usually tins dependent, or accompanied by s large scale sheared 

velocity field. In fact gradients are usually set up by advectlon 

of one type water mess over another. Such situations must Involve 

sheer. One then asks whether or not diffusively organised convective 

instability is still possible. For the more Interesting turbulsnt 

state this is a question which will be more easily answered experi¬ 

mentally. In slant convection, where transverse modes ere strongly 

inhibited, turbulence is still possible. Plumes ere longitudinal, 

elongated in the upslope direction (figure 1.7d). This suggests that 

in a shear flow, general convective turbulence (which includes salt 

fingers) will exist and transfer consituents (heat, salt, momentum). 

It is interesting to note that shear end tilt tend to In¬ 

hibit transverse inflntesimel perturbations. One suspects that 

sheer will have the same effect on salt fingers, allowing a longi¬ 

tudinal type turbulence at high Rayleigh numbers. In fact the 
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•tabllity analysis of sections 4.2, 4.3 and 4.4 Is easily adapted 

to treat linearly sheared salt fingers. We ask what types of in¬ 

finitesimal Instabilities are possible on the following basic fields: 

(8.5.1) 

* (8.5.2) 

Be 
2 , Ç , Be c const., (8.5.3) 

with rigid conducting boundaries at 2 = ±'/¡1. . The geometry of 

this situation is shown in figure 8.1. The stability problem is handled 

exactly as in section 4.3. The matrix equation is 

•i 

BA-> 1 
-I 

OE 
•I 

DE 

- BF 

D C->I 

o 

Êîlup n 
ocaT9* 

O 

.1 * — 

DC- >1 

= o 
(8.5.4) 

where, 

C*=psc, + <aca, 
and where we take 

P s ts . oi , s , P». « ¿*7 . 

The results from numerical caculatlons are shown in figure 8.2. Again 

transverse instabilities are drastically damped by the shear but 

longitudinal modes are independent of It. 

Naturally full turbulence involves transverse variations, 

so that shear may lower the heat (or salt) flux. Nonetheless one 
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should not think that «haar, or slop*, will inhibit turbulanca, and 

turbulent tranaf.r of anargy. Th. turbulanca «y ba aniaotropic, and 

parhapa lasa efficient. but it atUl wUl axlat. and will probably 

be quite significant for the transfer of properties important in 

geophysical phenomanae. 



Figor« 8.1 Geomtry and man f laids tor tha sheared thernohalina 
connection problem. 

Figure 8.2 Feutrai stability curves for tvo orientations. In these 
calculations Pr* 6.7, PBS .01, and #Ag/«aT ■ .5 • 
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Appendix 1 - Energy equations 

We derive the appropriate perturbation energy equations for 

the various modes. We had the kinetic energy equation, 

Jl JL • cos S ^ sinS <w’T'> 
9tïN (4.1.12) 

- Gr<u'w,Ü,>- <vu,t+vv'Vv^'*># 

For the transverse modes we had 

-i(wt -k.x) 
W; e Wtx) e 

» 

where wti >s Wr U) + iWj (*)s 2 (0|» +f Öe/)X(Z) • (A.1.1) 
i r 

Also, V = O , 

U = * - wx . 

W1 

The energy equation can be written entirely In terms of w 

and T . Since T = S U>n * i S* » the coefficients being 
• * » 

determined from the eigenanalysis, the energy balance can be easily 

found. If the brackets average process is defined as 
«/H 

< >= \ * 
-V. . 

we obtain, with primes now denoting derivations, 

&ru>. ek= ec+ eu+ et *e» (A.1.2) 
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where: 

eur cosi lca ^x[T.wr/-Tfw;' ] f 
-'ft 

ec ~ s¡»»$ kt1^ [*/,Tr 9 

® ^ I (*f*- lrÄv*0% (v^"- wV})1 ] ^ 

Ek o 5 [l^^WAlwr ]t 

c - ^ Lw¡ V-vv^wj' ]Ut # 

For the longitudinal inodes (A. 1.2) continues to hold. However since 

U Is governed by s more complicated differential equation which 

must be solved explicitly, we must alter the formulation to Include 
M 

U= £ (C,r+ !C. )Sb(«) . 
I 

The various conversion terms for the longitudinal modas are now: 
•/« 

6U « cos i $ Jz [uri; + u-Tt ] 
-*/» * 

s G*. ^ [urwr + u,M/f ]Qt ^ 

- SibS 5 L 4 W|T{ T ' 

Ek e *«‘a $ [»*''l14Wt|wn 4 Jluj* # 

e - lr' ^ [CW»*M " ) 4 (u/j"-ír*iV; )* J 

- 5 Llu']% k'lul* ] t 

The above integrals involve the coefficients bn snd Cn 

of the eigenfunction expansion of W,T, and u . The integrations 

L j 
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then are Juet integrale over various combinations of Yn «d Sn • 

Most of these were calculated for the stability analyeia itself and 

the additional computation needed to find the energy balance la 

rather minimal. 
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Appendix II - Solutions near S■90*. 

Aa stated in section 4.2 we look for solutions to the sta¬ 

bility equations near (Xs O which have 

1. free boundaries 

2. W, = o 

3. a?* o 

For this purpose we prefer to use the y vortlclty equation 

formed from ¢4.1.1) and ¢4.1.3) Instead of the complex forms ¢4.1.7) 

ff. The equations governing the perturbations are then with ,3LsjL-0 

Sib 

»/ »t * 

% v'u ]e C0S0<Tm~S>m1¡ + f ¢A.2.1) 

f ^ Tr J = v'T + , 
¢A.2.2) 

where we have written 

with 

and 

W« % , 

"u = s'mtf U t 

U - Az-*- B 23 , 

tr1 r ^ 4-21 

(A.2.3) 

¢A.2.4) 

¢A.2.5) 

(A.2.6) 

¢A.2.7) 

Near oc -0 we expand solutions in power series of Ä , 
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S> = 4; * et »V, • • . 

T- ’ T. - * T-, ' • ' 

Ru r (^ ♦ et R«,-* " • 

COS Ä = I - * /2 + ‘ » 

3ÍH o( & 0( - /L + ' * . 

At 0 (1) we have 

vV„*T„ = o . 

subject to ^ c t^o - O et isi^j • 

The most unstable mode is easily found (this Is just the 

Rayleigh problem): 

c cos kx cos nz , 

T = - ^ k t_±7j% ) cos712 sink* 
• fc- » 

with <?-(,= OçVZlL)\ gS7 ai . 
le* 

At 0 (d ): 

vV, + % I “ V'+ox - ^ ] , 

(A.2.8) 

(A.2.9) 

(A.2.10) 

classical 

(A.2.11) 

(A. 2.12) 

(A.2.13) 
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(A.2.14) 

Since UX1_ - 0 end = - *7¡* these coablne into 

twy- '/Pr)uT.xy. «•*•»> 

It can be shown that a necessary and sufficient condition 

for the existence of a non-trlvial solution to this inhomogeneous 

differential equation is that 

and 

M-o, 

W.--P jas°. 

(A.2.16) 

n 

(A.2.17) 

where -f is the forcing ten, and D is across tha gap in z and 

over one cycle in x. Applying these conditions to (A.2.15) we obtain: 

»'■‘S 

R., V* 

^ and are given in (A.2.11) and (A. 2.12). The right hand aide 

of (A.2.18) is zero because is even, U odd, and even in s. Thus, 

(?. = O . (A.2.19) 

At 0 C OÍ ) : 

V*- Taj( = “n2 + "T;k 4. ^ U„ His ] f (a.2. 20) 

L 
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R^UT< • . 

(A.2.21) 

or, 

£(MV>. ^'T, . . ^ uv>ll( . (^uT,,, 
* Pr (A.2.22) 

•+ ^aa UK 

The solvability condition specifies : 

(<l »Ve 

R«t ^J,i - R^^U^oTkx - ^ 2 
23) 

Unfortunately In order to calculate we need to know ^ 

and "T, . These are determined by solving (A.2.15) which may be 

written 

7tlf, - (b2+C7r)c(*-n7 si*lr*-a sinm sink*t 
(A.2.24) 

where a- V , 
k 

b- ft«» ) *c (kl+-nl), 

c - il . 

slope effect 

advection of vortlclty 

» and temperature by 

the mean field 
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The forced solution to (A.2.24) le found in tone of e 

Fourier series. After sone tedious nanipulatlon we obtain 

^ _ A 22 sfo pw? s'iaWk »'»«(f-Qw/a 

^•vtn*a ^ L ’ (A.2. 25) 

Tr- -I £ 
F «ve« 
—Hl- 

J (A. 2. 26) 

Here we have defined 

Í 1 f o tv" ) v>r 
1¾. '<*- CpWic* )’ ] 

« 

Cha *36- mb ) 
K it* (p%- n* . 

By condition (A.2.16) there is no free solution to (A.2.24). To find 

R«* we put (A.2.25) and (A.2.26) into the integral expreMon (A.2.23) 

and perfora the required operations. It turns out that only the first 

terns in the p series are significant for the correction to the Ray¬ 

leigh number. We arrive at 

._£8 
)Y+ (a.'* + ♦ 

(A.2.27) 

V defines the effect of the assn shear flow and is found froa the 



expression for with p • 2: 

Y= HA4.38 . 
In (A.2.27) we have set (^fta657 and k ■ T\7/2 . One expects that 

there may be a change in k associated with the correctin to the 

critical Rayleigh number. We have not calculated this since it in¬ 

volves the quite complicated derivative of with respect to W . 

Another point is that one can estimate the range of validity of (A.2.27) 

by looking at the magnitudes of 

<iS 
These are small if 

« ft T 
or — • 

ft T/ 
ck 5## 0(1) • 
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Appendix III - Sone prellninarles for the Galerkin method. 

The Galerkin method reata on the uae of expansion functions 

which satisfy all the boundary conditions and which are complete and 

orthogonal. We use and St) defined as solutions of 

d* Y 
f . o 

Jz' (A. 3.1) 

and 

TT1 
= o (A. 3.2) 

subject to 

Y* = £!: « Sh * O dt z = Î '/a . 
¿2 

These functions are orthogonal as is easily seen by multiplying and 

integrating. It is convenient to use solutions which are separately 

even or odd. We find 

cos)» 

cosi, p.,/1 

cosf«l 

cos p./2 

Si^t 

for n odd 

for n even. 

Ícos nm Z 

sin r»7îZ 

for n odd 

for n even. 
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The eigenvalues and JJn are given by 

-V “tan ^«i/a.= 0 y (A.3.3) 

(A.3.4) 

CO+Vt ^Uh /2 - Cöt JUm /2 - O • 

The Yh are essentially made up of the functions of Reid and 

Harris (1958). If \íb defined to be ^ or JJ* as n is odd or even 

respectively, it can be seen that the eigenvalues A* (and of course = 

nrr also) form an infinite ordered sequence with distinct eigenfunctions. 

I now state a theorem which is a slight variation of one proved in 

Mikhlin (1964) para. 31. The proof of the present statement is an 

obvious modification of the proof given there. 

Theorem: If SL is a linear operator positive bounded below 

which has an infinite ordered sequence of eigenvalues and eigenfunctions, 

the set formed from these eigenfunctions is complete in the sense of 

convergence in the mean. 

We have only to show that the operatora in (A.3.1) and (A.3.2) 

are positive bounded below which means that if 

£, u - > ^ = 0 > 

•'u 

Quite simply. 
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Jz' 
-•'l 

The theorem then matures us that the coordinate functions will be 

complete. 

It is considerably more difficult to show that the appli¬ 

cation of the Galerkin method with truncated N term expansion yields 

a convergent process for finding the eigenvalues. Mlkhlin has given 

a quite general proof for single linear differential operators with 

the form 

T u + •>iu = Í 
(A.3.5) 

The operator T Is supposed to ba factorable Into two parts Ao and k 

such that T - A#k. If k is bounded In a Hilbert specs W>, Ho 

(*•8* ( ) ) and if A0 Is completely continuous 

(almost degenerated), Mlkhlin shows that “T* is completely continuous 

in U0 and that the use of the Bubnov-Galerkin method In finding the 

eigenvalues of (A. 3.5) with f "0 is convergent in the sense that 

if > and U are the true solutions then !>,,->) and ï U* - UH 

tend to zero as h goes to infinity (not necessarily at the same 

rate). If we had reduced our stability aquations to a single differen¬ 

tial equation in w the above mentioned proofs would apply. This was 

not at all convenient and we dealt with systems of linear differential 

equations with the form: 
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V T V r O (A. 3.6) 

We wrote the solution vector V s V. in terns of a sun of i 

function vectors defined over a region £1 such that 

V: - 

which can be written nore simply as 

The diagonal coefficient natrlx is found by applying the Galerkin 

orthogonality relation to (A.3.6). 

If the vector V is of rank P , this equation results in 

a PN X PN system of linear equations for the coefficients. One can 

now work through the general proofs of Mikhlin with a vector instead 

of a scalar function space. This technique almost works. The trouble 

is that in our problem the elements of the operator HT have different 

fields of definition, namely various combinations of twice differen¬ 

tiable and four time differentiable continuous functions. One may 

indeed be able to prove that the Galerkin method must converge when 

applied in this manner to systems of equations but at this time I 

have no completely rigorous proof, nor do I know of any. Hence we 

must rely on our heuristic tests of convergence, some Intuitive faith, 
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and on the experience* of other Inveatlgatora in aucceasfully apply¬ 

ing the aethod to alailar problem. 

We conclude thia appendix with, à abort list of integrals 

necessary in the conputatlon of the mtrlx elements. These were 

obtained by hand analysis, but have been checked by numerical inte¬ 

gration. 

wan 

*** s Y) (A.3.7) 

m * n , 

yvy -, , o eve* 

* O o+W«rty (5* 

(A.3.8) 

' '¡¿o’(i> 

(n-t w ) add 

r»*w, es «dl 

(A.3.9) 
a* a*» M «wen 

ft;(.)(?küù'O-3é.u)£u.)) n*«. 

n.r., m.wn 
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*'s \ ^ () 

^ sV anir Ej, U) siw ïy 

-•4 . . 

(n»*n) oá¿ 

im cv«n 

- ann tyil - nV) 0., (4) CO» îÇ « oiJ 

(A. 

^ Sw S,, = I 

me n 

(A. 

S -ni s- ^ ' ^.¾!, 

m fc w 

m1» n 
(A 

'4 

i 
- '4 

Vw = 
ÀZ 

(n4m) «ven 

ami 

3.10) 

3.11) 

.3.12) 

.3.13) 

- ann (m4tth- ÇiT ) EÄ Cï) coS (-T ) even 
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TWENTY GAGES DISTRIBUTED AT FOUR LOCATIONS (X - SECTIONS A 

AND D IN FIG. B-8) AS FOLLOWS: 

CENTER 

WHEEL 

TRACK 

12' 

10- 

TRUCK 

-WHEEL 

TRACK 

FIGURE B-9 - Pressure Gage Locations 
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(F) batu to bt Kecorded 

Speed: Magnetic pulse counter reading on gear wheel 

.Strain: Oscillograph time histories of voltage drop across strain 
gages 

Deflection: Film of Moire pattern 

Pressure: Time histories of pressure in each pressure cell 

hoad: Ltynamometer time history of gear load 

NOTE: All readings should be synchronized. 
i^ata to be Delivered to I.ockheed-Callfornia Company - (Data must bo 

reduced to this form for each test) 

Velocity (in./sec) 

Strain time histories (in./in. vs. seconds) 

Sear load time history (pounds vs. seconds) 

Pressure time histories (psi vs. seconds) 

Deflection time histories (inches vs. seconds), various locations. 

All time histories should start at the same time, and any error sources 
in measuring this starting time should be noted. 

(H) Peripheral Data to be Furnished by Lockheed-fleorgia Company 

( 1) Pavement properties 

Concrete modulus (psi) at start of test sequence 

Concrete modulus (psi) at end of test sequence 

Asphaltic concrete bending strength (psi), start and end 

(2) Soil properties 

CBR of dry soil at start and end 

CBR of wet soil at start and end 

Measurement of the damping characteristics of wet and dry soil 
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3. TEST INSTALLATION 

(A) Conatructlon of Loading Devlc« - Discussions of required wheel loads 
and speeds indicated that none added means of minimisinf the low-frequency, 
vertical-load oscillations would be required if the desired objective were 
to be met. The original trailer was a three-wheel device with no springs 
or shocks other than the tires. Several alternatives were examined, and 
the following were among them: 

• Shock Isolation of the trailing wheel 

• Shock isolation of all three wheels 

• Mounting the wheel on a simplified oleo shock strut 

e Mounting the wheel inside a four-wheel carriage frame free in pitch 
and yaw 

The last approach was chosen as resulting in the least cost and shortest 
time effort. The most obvious source of a ready-made, four-wheel frame was 
an automobile chassis. An undamaged chassis was located, and the aft half 
of the existing trailer was attached to the frame at the location of the 
aft motor mounts. In order to reduce the inertial mass on the test wheel, 
lead weights were bolted to the chassis over the front and rear wheels. 
This load is transferred to the test wheel through a spring which is loaded 
by a hydraulic cylinder. 

To isolate the towed wheel and its carriage from the towing vehicle, a 
10-foot towing bar wets used. This carriage showed good stability and 
handling. The frequency response of the test wheel appeared to be quite high 
compared to the previous configuration. 

(B) Hydraulic System Design - A hydraulic loading cylinder was at first 
envisioned as a device to be loaded by hand to the desired load level and 
left loaded at all times. It was then realized that the test carriage 
weight should be transferred back to the four-wheel chassis for braking 
effectiveness on the towed vehicle. 

A hydraulic system was designed using a pump, accumulator and reservoir 
with a directional control valve to apply load to the wheel and then release 
it for braking. Pressure limitation to set the load level is by use of 
one-half of a C-130 brake control valve. Brakes on the towed test vehicle 
are controlled from the towing vehicle through an automobile brake master 
cylinder mounted adjacent to the test wheel hydraulic control system. 

Checkout of the system showed satisfactory operation of the hydraulic and 
brake systems except for the unloading rate of the test wheel. The wheel 
load should be released in a few tenths of a second because of the rapid 
brake application needed for high-speed tests. A manual-control bypass valve 
was installed which connects botn sides of the hydraulic cylinder through 
a large-diameter hose to speed up the load transfer. 
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(°) Sflil iMtlUiUflB " Initial plana war« for Installation of one 
25-foot teat bed at a time at one moisture content. Later clarifications 
indicated a need for two 25-foot test beds with two moisture contents under 
each type of surface. This resulted In the requirement of moisture control 
and compaction of approximately «*5 cubic yards of material. It was thought 
that in-place processing of at least 1 foot of material could be done; 
however, when the surface layer was removed in the test area, it was found 
that there was a considerable amount of gravel mixed in the soil, making it 
unsuitable for processing. New soil was then removed from an embankment 
approximately 100 yards from the test site. All soil to a depth of 2 feet 
war replaced in the test area. It was desired to construct the hard-soil 
sections to CBR 10. Fortunately, the soil as found had a moisture content 
of around 20 percent and compacted to the desired value without the addition 
of water. The soft soil desired CBR was 2.0, or a moisture content of 
around 30 percent. Approximately 1000 gallons of water had to be hauled to 
the test site and mixed with the material to reach the desired CBR. Material 
was placed in the test pits with a front-end loader and compacted with a 
Thor gasoline-driven, vibratory compactor. The results of the installation 
indicated that the control was good for the soil properties. 

Subsequent compaction and drying of the hard soils and increasing moisture 
due to added water in the soft-soil sections resulted in some loss of control 
between installation of the trial soil bed (discussed below) and the final 
test beds. 

(I*) Trial Concrete Test Sections - There were some questions as to the 
proper thickness of the concrete test section to transmit measurable 
pressures to the subsoil and yet not crack under the applied wheel loads. 
The Ohio River Division of the U.S. Army Corps of Engineers was contacted, 
and they recommended a thickness of about 2 inches as suitable for the 
wheel loads being tested. Other calculations indicated that a thicker slab 
might be necessary. 

It was decided to make a trial installation to see what pressures would 
be seen and if cracking would occur. The 25-foot slabs of concrete were 
poured, one 2 inches thick and one 3 inches thick. A very dry mix was used 
to obtain high strengths; however, the concrete hardened before adequate 
spreading and finishing could be made. Consequently, poor thickness control 
was obtained; some sections were less than 2 inches and some sections were 
greater than 3 inches. The next day a finishing coat of sand cement was 
applied to smooth out bumps to allow high speed-vehicle passage. 

A few tests were run to determine the pressure gages output; it was found 
to be only 2 millivolts, and little difference could be seen between the 
two concrete thicknesses. The differences that were seen were attributed to 
wheel load variation rather than to the effects of concrete thickness. 

It was determined that the pressure measurements would have to be amplified 
to obtain meaningful results. Twenty-five direct-current amplifiers were 
wired into the circuits. 
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In ord*r to naot s 'hedulti the trial teat bade could renain installed 
only a short tias. The concrete over the pressure cages was removed by 
saving through the pavement on either side of the gage station. 

<E) Final Test Section Installation - The final test sections chosen 
were 2 inches of concrete and 5 inches of asphalt, based on preliminary 
concrete testing and analytical calculations by the California Company 
(see Figure B-7 for sketch of test configuration). The concrete test section 
was poured in a manner similar to the initial test slsb but with a greater 
slump to provide better vorksbility. The concrete was ordered with a 3-inch 
slump, but tests on site shoved a 4-inch slump. This vas probably because 
of water added during a rather long vait by the delivery truck at the gate. 
The section over the hard-soil surface was poured and imbedded gages were 
placed without difficulty. As the gage forms were removed from the soft-soil 
surface, a large curing crack was found beneath the form 6.25 feet from the 
end of the bed. However, several strain gages were installed in the cracked 
concrete section (since pressure gages were already installed) to note any 
differences in response. 

(?) Instrumentation - Considerably more work than anticipated was 
involved in setting up the instrumentation system. An initial 20 channels 
for pressure gages and 20 channels for str is gages were allowed. The stress 
gages were considered to be four-arm Wheatstone bridge gages on a bar to 
be imbedded in the pavement to measure bending stresses. 

The gage configuration evolved into considerably more than 20 channels 
of strain measurements. To obtain adequate readings, a four-arm Wheatstone 
bridge circuit was made for each channel. These can be plugged into the 
cables going to the instrumentation trailer (up to 20 circuits at one time). 

The pressures underneath the trial concrete sections were so small that 
amplification of the signals before recording was considered necessary. 
Twenty-four direct-current amplifiers were wired for a gain of 200 to be 
plugged into the circuits needing amplification. 

(G) Transducers - All of the pressure gages installed underneath the 
pavement were in working condition. All of the imbedded gages in the asphalt 
were working Just before the second 2-1/2 inches of material was applied. 
Only two of the 20 gages installed had to be replaced due to open-gage 
wiring. The imbedded gages in the concrete sections ever the hard-soil base 
were in good condition except one gage, buried 2/3 inch below the surface, 
which became dislodged. 
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(A) uLa>) Do;ü/>nütlon 

Mutcrlul 

Concreto 
Concreto 
Acphult 
Auphglt 

ÔuMjtiüc Dcslcnation 

er« io a 
ci« ,• fi 
ci« c 
cm io d 

Uiroot I on of Travel 

00 CalUjration Factor;: 

1 ioad : 

IriíiO j.|j:;/.in 

V., T'V; lljü/ln 

Prensare Ga^es: Psi/in 

JM A 
PPA 
PjA 
P1JJ 
Pi'll 
Pill 
PIC 
PPG 
PjC 
pm 
PPD 
Pi!) 
pllA 
P^A 
PliC 
P',C 
I'-'iD 

L.ÍÍO 
l.'iY 
i.ru.'v 
l.H'j 

“ (Didn't Balance) 
l.Y^ 
l.Yj 
i.ho 
0.9P 
O.'/i 
1 • 
l.Ci 
i.'X, 
l.H'j 
1.ÍV, 
1.68 
1.Y1 
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ntrain Gagea : 

Concrete "A" 
32 
S3 
36 

Mtn./ln Aonhult "C" Min./in 
364 A1C 305- 
364 A2C 385 
364 A3C 384 

CY 

311 

36 ¡¿ 

363 

A4C 
A5C 
A6C 

3Ö3 
3Ö3 
3Ü1 

313 364 
315 365 
II 012 

13 
14 
16 
18 
10 
110 
111 

910 
91* 
909 
012 
909 
909 
012 

(C) Initial Combinations 

ABC 384 
A9C 385 
AI3C 38^ 
A14C 3Û3 
AI9C 384 
A<f8C 384 

Aophalt "D" Min./in 
ayd 3000 
A10D 384 
A1YD 3090 
AI9D 384 
AiiOD 384 

AíilD 386 
A25D 389 
A¿6d 3Y9 
A¿8D 383 
A^D 383 

AjOD 38* 

COMUINATION A (Miximum lYiority Garjeo) 

PI, ?2, P3 

31, 32, 30, 36, ,-38, 39, 14 

Al, A'2, AO, A6, AB, AO, Al4 

COMBINATION B 

P4, P5 

S3, 34, SY, Sil, II, 13, 15, 18 

A3, A4, AY, All, AI5, AI6, AIT, AI8 

CCMBINATION C 

310, 312, SI3, 314, SI5, 12, 16, If, Ill 

A10, A12, AI3, AI9, A20, A21, A22, A23, A24, A25 
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COMBINATION D (Lowest Priority Oages) 

316, S17, 19, HO, S10, 319, S20, 112 

A26, A2Y, A28, A29, A30 

è (L) Test Sequence 

(1) Static Tests: 1-i*, Date 7/19/69 

Date 

Y/19 

Y/22 

7/23 

(2) Moving Load Tests 

Trailer Truck Number 
Trace Trace 

9 
10 
11 
1?. 

13 
1»4 
18 
20 
21 
22 
23 
?.U 

25 
27 
28 
29 

1 
2 
3 
5 
6 
7 
8 

10 
11 
13 

6 
7 
0 
9 

10 
12 
1 
2 
3 
1« 

55556 
55556 
55556 

1 
2 
3 
n 
5 

Truck Only 
Truck Only 
Truck Only 
Sports Car 
Sports Car 

Combination Speed (MPH) 

A (weak asphalt) 3 
A 6 
A 10 
A 20 
A 30 
A )*0 
A 3 
A 10 
A 6 
A 20 
A 30 
A no 
B (Concrete) 3 
B 3 
B 6 
B 10 
B 10 
B 20 
B 20 
B 30 
b no 
b ns 
B 50 
B 55 
B 65 
B 60 
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5. IMPACT TlftJT EqUATIOH;; 

The drop tout rtg In a weight W and a spring k released from a given 
height h ° 

Weight 

Tire 

Pavemf.-rjt 

where 

W = mg 

X - we I gilt déplacement 

The equation for tiiin nyntern in 

mx + kx = mg 

Itn nolution (and derivativen) are 

X = A nin cot + B cos wt + !üíí 
K 

X = Acj cos cot - Bu> sin cjt 

••2 P 
X = Aw nin wt - B u> cos cut 

where 

w = natural frequency =«/— 
\ m 

1-39 

('>-!) 

(5-2) 

(5-3) 

(5-M 

wre. 
_t. 

' 



The initial conditions for the teat (taken at the point of impact) are 

" 0 • “ ^ 2gh g t a 0 (5-5) 

which imply 

B = - 5HI = . w 
k k (5-6) 

* =■ - y¡W (5-7) 

Ijo complete solution is 

Y _ /2Wh , + W W 
* - yj sin wt - - cos wt + — (5-8) 

und force delivered to pavement is 

F = tot = ^2Whk sin wt - W cos w.. + W (5-9) 

I1' 

where 

2 Whk + W 2 i n and - half perioc (5-10) 

B-hO 



Now 11 and W are not arbitrary but are constrained by three equations: 

(The larger 1! is Greater than W the closer the 

force time history is approximately a sine wave.) 

and 

(where b = bottoming load of tire since tire 
cannot bottom) 

(where = min possible drop weight) 

and the drop height is found from Equation (5-10) 

= 2Whk + W2 

with 

H = nW; n > 1 

_ (n2 - 1) W 

2k 

(5-11) 

(5-12) 

(5-13) 

(5-14) 

h (5-15) 
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6.. MOVING LQii. ) TEST VELOCITY - IMPACT TEST LOAD PULSE FREQUENCY RET.ATTonrhtp 

A 

point 

point 

concentrated load moving at velocity V has an influence on a stationary 

which can be approximated by a sinusoidal load acting at the stationary 

TIME (SEC) 

where T is the period of the sinusoidal load and is equal to 

T B L 1 /sec \ 

V ?\rad/ 

where L/2 is the distance from the stationary point at which the moving load 

begins to influence the point, and it depends on the characteristics of the 
particular pavement system 

-- DIRECTION OF MOTION (V) 

PAVEMENT SYSTEM 

Since T = where f is the frequency of the sinusoidal load in 
cycles per second, the relation between f and V is 

v * 2 Lf (in/sec) 

If v is in miles/hour, in/sec x .057 = mi/hr. 

v * O.llli fL 

For the scaled runway test L * 72 inches, so an impact test frequency of 
about 4.3 Hz corresponds to a velocity of 

Vs 37 mph 

B-h2 
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LABORATORY TESTS 

TABLE OF CONTENTS 

Section 

1 Test Program 

2 Comments on Test Program 

3 Comments on Test Results 

LIST OF ILLUSTRATIONS 

Figure 

C-l 

C-2 

C-3 

C-L 

C-5 

C-6 

C-7 

Stress and Strain Output From Dynamic Tests 

Stress and Strain Output From Dynamic Tests 

Stress and Strain Output From Dynamic Tests 

Stress and Strain Output From Dynamic Tests 

Loading and Unloading Curve for Resilient Strain Repeated 
Load Test 

Unconfined Compression Test 

Unconfined Compression Test 

Table 

C-l 

LIST OF TABLES 

Results of Repeated Load Tests 

fttge 

C-2 

C-2 

C-2 

fage 

C-L 

C-5 

C-5 

C-7 

C-8 

C-9 

C-10 

hBS. 

C-3 

C-l 



1. TEST FROfiRAM 

¿aagple 1 (Moiature content 20½. Dry Penalty 107,9 lb«/ft3) 

Repeated load teat for the determination of % at three stress levels 

8 and 10 and thrM fpt<iwwt«8 (1,3,5 cps). After the repeated 
load test had been conducted, the sample was subjected to a conventional un¬ 
confined compression test with loading and unloading to determine the "static' 
stress-strain curve and the area of the hysteresis loop* 

Sample ? (Moisture content 30&, Dry Density 91*2 lbs/ft3) 

Repeated load test for % at one stress level (e4 » 3 psi) and three fre¬ 

quencies (1,3,5 cps). After the repeated load tests had been conducted^ Idle 
sample was subjected to a conventional unconfined test with loading and unload¬ 
ing to determine the static stress-strain curve and the area of the hysteresis 
loop, ft was originally planned to test this sample at higher stress levels, 
but the response of the sample indicated that failure raigit be induced at the 
hitfier stress levels. 

?.. COMME NTH ON TEST FfiOCRAM 

Because oí time and budget limitations it was necessary to conduet the testa 
on one sample at each moisture content and dry density. To obtain reliable 
results, it is advisable to conduct more than one test for each soil condition 
to eliminate possible errors intests and inconsistencies in the sample. 
Furthermore it would have been desirable to conduct the unconfined teats on 
untested specimens. 

3. COMMENTS ON TEST RESULTS 

The test results are presented in Table C-l and Figures C-l to C-7* In 
general the test results appear reasonable. There are some minor inconsistencies 
which may be a result of peculiarities in the particular sample tested. Certain 
significant aspects of the test results are summarized beloif. 

1. The Mfl values for Sample 2 are approximately 50jt of Sample 1. This is 

consistent with the difference in CBR values. 

2. For Sample 1 there is no significant change in % with stress level 

between 6 and 8 psi but the Mp decreases with an increase in stress level 
to 10 psi. The decrease in % is consistent with published data. 

3. For Sample 1 the effects of frequency on % do not agree entirely with 

published data. The effect of frequency for a change from 3 to 5 cps 
causes an increase in Mr. ais is consistent with available infoiwtion. 
Hcwever the decrease in % with a frequency change from 1 to 3 cps is at 
variance with published experimental data. 

C-2 



4' inf orr» tí on fr,lluem!y on ^ for 2 »« con.l.t.rrt with publl.h.a 

5‘ ll't,,r"1,Wi fr0n th* ,t,tlc u »»«xlmtwly 25* 

6. Hysteresis loops from dynamic and static testa can be used to detemin. 

w*rbvnL l80!1“ f0r a “th0d t0 coniPut* dunping see the1 paper by L. S. Jacobsen ïamping in Composite Structures" Proc Second 
World Conference on Earthqueke Engineering, i960. 
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•STRESS 

• psi 

' V V V V V V V y y y y, 

(¾ . ffi - (¾ - « pti, FREQUENCY • 3 eps 

MOISTURE CONTENT . 20)1 \ _ 
ORV DENSITY • 107.» iM/cu. rr.J " CORRESPOMOS TO • OR • 10.0 

HEIGHT Of SAMPLE - «.00* 

Figure C-l Stress and Strain Output from Dynamic Tests 
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'DISPLACEMENT 
• Div. 

1 Div. • .ooos11 

Od-Cj-Oj- epsi, FREQUENCY .sept 

MOISTURE CONTENT . 20* } 
DRY DENSITY . 107.9 itt/cw. rr. f -^“CORRESPONDS TO A GBR . 10.0 
HEIGHT OF SAMPLE . 6.00- 

Figure C-2 Stress and Strain Output from Dynamic Tests 
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(¾ - <Ti - (¾ - J fREQUCNCV • 3 

MOI SIME OBhlWT - m 1 
m «HS1W . oi«2 UM. rr.J -*”0,">a'B,OS 10 4 * « 
MEMRT OF IMPIE • «.OT 

Pigure C-3 Stress and Strain Output fron Dynamic Tests 
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STRESS 

°d ■ al " 0J ■ 3 P*i. FREqUENCY - 1 cp* 

MOISTURE CONTENT . 30* 1 
DRY DENSITY ■ 91*2 lb*/cu. ft# j " CORRESPONDS TO A CBR ■ 2*0 

HEIGHT OF SAMPLE • 6.00" 

Figure C-4 Stress and Strain Output from Dynamic Tests 
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Figure C-5 Loading and Unloading Curve for Resilient 
Strain Repeated Load Test 
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STRAIN-PERCENT 

Figure C-6 Uhconfined Compression Test 
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STKAIN-FIKCINT 

Figur« C-7 Unconfined Conpreealon Td»t 
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i- m tot TAL LOAD PAflTOB DUE TO 

-...L°-r-*-tlv,n. ''""'»y »“*• incr.„„t.l tnr lcd f«tor du. to ru»» 
. ?* V*um,d t0 ™>y linourly »1th the r.tlo of eff.ctiv.^3 

»Äwr,r“ hT-.^E-ST- 
k roughness 

An (V) 

8 roughness 
(1-1) 

where 

Ke(v) . effective main gear stiffness, tires and oleo in serles«V 

W * maximum airplane takeoff gross weight 

C - constant proportional to bump height or runway roughness. 

ifiy’li* * f""lon ?f velfolty d“ <■“ «>. .ff.0t. of urodynwlc on ,trut 

the^above^equa11 on °f th' * <**— 

valocltioi* tTh.*iryiyry*d'>?i 1 "f1 !J^'rl<'nc' «»>•»»■>» hup amplitude at all velocities. The airplane will tend to respond to the rouehn#«« 

At MV!lenfth? corre8Pondin« t0 th« airplane's natural plunge frecueney 

and íísDond0^1*8’ th* Äirplane w111 "•*«" th« longer îaveîength^roughness, 
wi hr n^h™Ce ^?i8/OUShne8S- ^ runway roughness incases 
ith wavelength, as may readily be seen from any runway power aneetral 

density plot such as Figure 2J . Therefore. th^airSe WH î«n^ft0 

EaüítionbÍTPí)íí hî? 8î*îda than at low 8peed8 • Indicates that C in 
Equation (1«1) should not be a constant but a function of waveleneth If 
1. further a..um.d that tb. po».r ap«tral d.„.lty oî «î.. 

inversely with the square of the reduced frequency 0 (n = L = wave¬ 

length), a reasonable approximation for most runway PSD's, then 

, i. T2 ♦ (* "5 a L 

V# aL 

D-2 



Since the power spectral density 4, 

squared, i* proportional to the 

Equation (1-1)could be replaced with 

is proportional to the runwsy roughness 
runwsy roughness. Therefore, C in 

C - CL (1-2) 

where C is a direct measure of the 
its variation with wavelength. 

runway roughness and Equation (l-2)shows 

Furthermore, the velocity, 
wavelength are related by 

plunge natural frequency, and resonant bump 

V f L 
n (1-3) 

Combining (l-l), (i-2) and (l-J) we have 

An (V) 

8 roughness (i-JO 

2 
But fn(v) <*Ke(V)/W, ignoring the nose gear's contribution to the plunge mode 

natural frequency, so that the above equation finally becomes 

An (V) a c" V f (v) 
S roughness n 

(1-5) 

where 

C" » constant proportional to level of runway roughness 

V ■ airplane velocity (knots) 

fn(V) - airplane plunge natural frequency (cps), ignoring 
contribution of nose gear stiffness 

fn(V) is a function of velocity for the same reason that Ke(V) is. 

D-3 



Th« total load factor 1« given by 

^rpOT (V)/Fw - 1 + Ang^ (V) ♦ C"Vfn(V) (1.6) 

where Arig^(V) is the incremental load factor due to aerodynamic lift 

on a smooth runway. 

Th« natural frequency as a function of velocity can be expreeaad aa 

f (V) n (1-7) 

where 

fn * natural frequency at V * 0 
"o 

K# ■ effective main gear stiffneae at V * 0 
o 

It can aleo be shown that the ratio of effective gear stiffnesses is 
given by 

Ke(V) = /F(V)\2 1 + VKG0 ( 

K*o VST / /l'’(V)\2 S 
VST/ \ 

where 

F(V) * total gear force at velocity V» smooth runway 

Krp ■ linear tire stiffness» combining all tires on one gear in 
parallel 

Kg » linear gear stiffness at V ■ 0» elope of air load stroke 
o curve at static position 

D-lt 

>• Wfc. 



By definition we have 

1 ♦ An 
6a 

(1-9) 

Combining liquations (1-6) through (1-9), we obtain 

F 
rTOT 
F 
fST l1 * ‘"Sa] 1 + C" V f 

1 + Kr/KOc 

(1 + Anga)2 ♦ Kj/Kc 

1/2 
(1-10) 

Furthermore, if the effect of thrust is negligible, and if the airplane pitch 

attitude is nearly constant during the takeoff roll, then An is given 
approximately by 6A 

(1-11) 

where 

L , (total airplane aerodynamic lift at V » 100 knots) 

1°0 Maximum takeoff gross weight 

V * airplane velocity in knots 

^100 is positive for airplanes developing positive lift. Combining (1-10) 

and (1-11), we finally obtain 

[> 

i + kt/kg 
_!/2 

V 2\2 

1 ■ L100 W J * K' •T/KG 

(1-12) 

This is given as Equation (6 ) on page 91 . 



2. OVATION or EXPRESSION FOR NOSE QEAB LOAD FACTOR FROM 
DYHAMIC BMKIHQ 

AsBuae the alrplene ia initially in a steady-state balance under the 

influence of aerodynaaic lift and pltchln« moetent, and lift and pitdilng 
«ornent due to thruat (forward or reverse). Then aasusw the brakea are 

auddenly applied giving the following none gear vertical force tiae hiatory: 

Fg,p ia the atatic, zero thrust, nose gear load at the given c.g. 

Fq is different fro« FgT due to the Influence of aerodynamics and thruat. 

Fp ia the peak dynamic value reached, due to dynamic wheel braking. 

Fg is the fin^ steady-state value reached including steady braking. 

Assume the braking time history looks like: 

1.0 

time 

CL6 



It is assumed that any spoilers, elevator, or revera« 4., 
yields a static response, i.e., no overshoot due to rapid application^-uciT 
as exists for wheel braking. What is desired are exíre.siòS foî Í Ï 

W ^ra^ln8 coefficient) and V (airplane velocify). 8 
at the*«* ° be normalized t0 the maximum nose gear static load, zero thrust 

the same gross weight, maximum forward c.g. This is denoted F 
ST * 

. Ä t0 br,ltln‘ “ “=-t.aMf0r * 

F - F 
J? f°- > 1.0 
Fs o 

(2-1) 

so that 

F • D(Fq " F ) ♦ F P S o o DF - (D-l) F 
o o 

and 

ST, 
M 

F5— - (D-l)-=2- 
STM H 

(2-2) 

Fa i®mer*ly ^6.0086 «ear load the influence of steady braking aero 
and thrust. F0 is the same thing with 0 braking. °raKing, aero, 

The following sketch shows the forces and moments acting on the airplane: 

8 



vh*re 

■ —ro lift 

Ma ■ ««ro noMnt 

function of velocity 

■ thruet lift 

Hp ■ thruet acaent 

constant 

Summation of vertical forcee yields 

4 2Fm ■ 0r rM 
w-wF» 

2 

Summation of enownts yields 

- 2rt,M - 

■O 

fFjj - 2(r4gh) fW’LA’VFN) 

fN (*+rfuh) - + (r+lih) (W-L^) 

(W“LA~LT) <r ♦ Mh) - Ma-Ht 
t ♦ uh 

(2-3) 

»* c<iuai to t*1® desired F*. F0 is the same at ¿am o 
with IfUfMfUjPvrO and r-r^. So 

Fstm i* the seme 

F 
o 

, (W-W r - M.-H, 

fsth 
Wr ■ MAX 

t 

(2-1») 

D-8 



Combining (2-2), (2-3) and 2-U) we get 

F 
T*— - 
STm WrMAX 

^W-LA_i^) (r * Mh) - (D-l) £ ' 

• 

" mUr 
MAX 

(W*VS) r - 

Defining 

- A la Ma 
L « —a. • M - A T 
A W » Ma " w“5 ^ T 

LT - \ 
w ; * — 

we get 

_P_ , Pi 
F "r 
STm rMAX 

(1 - La-Lt) (r+ph) -Ma-Ï^ ' 
(D-l) £ 

£ + ph 
« rMAX 

and 

STM M 

(i~la~lt) (^) - M¿/¿ - Hp/i 
1 + yïï 

(D-l) 

rM 

(l-L.- 'A-^) r - Ma/A - i^/i 

where 

r á r/t ¡ rM $ rMut/Ji 1; 4 h/t . ï (v) 

\oo (l00> 

sod M (V) * M, (JL) 
A A_v100y 

100 

D-9 



Furttemore, «satMw 

Ta ê ¿1. and Rj, 
L TT" ^ 

Defining 

2 Ô 5* 
I e and B. ft = 

t ■ ♦ 

finally hare 

’'»M 

(? + yR) - s’ 

1 ♦ iiE 

-- . c» - 
( i-VV ^ ^ 

where 

M rMAX^Â coûtant 

r/l 

h/l constant 

r-"— * rM function of e.g. position 
MAX " 

L. ■ 

c/l constant 

m/l constant where 

i> 
l 

mT 

(JL) 
A100 100 

function of V L. Lift 
W 

D-10 



î* ■ . y ï ^ . Y T 

CM 
" function of a, 6e, epoilers - constant for given case 

T » thrust 
W 

F - F 
L> * dynamic amplification factor = —£- 

FS “ Fo 

U a braking coefficient 

This is Equation 7 on page 103. 

3* —^LIFIEE M9PSL QF FIVE-GEAP AIRPLANE USED FQR TAKEOFF ROTATION ANALYSER 

Takeoff rotation analyses of airplanes C-l and C-2 were performed with a 

îïely !imple digital coraPuter program. This program models the airplane 
with three degrees of freedom; pitch, plunge and main gear load equalizer 
motion. The model is shown below: 



.. t*¡r#e of frootai wo e, i and & . Tht «tnloM 
pitch node equations of Motion MM ° 

pi »It and 

»■* * M * * ' L*' "n« - ‘«’v - ^ (3-1) 

and 

it ■ M> I t - p t -An I - An. i. 
* • 11 ^v v **b *b (3-2) 

Tho equalizer equations of nation are 

• * (3-3) 

(3-4) 

The dlsplaeenente at the «ears, positive èonmtrâ, are given by 

yi " *"4i# (3-5) 

\ • 8 ♦ s, • (3^) 

* ♦ lv « (>T) 

The «ear force* are calculated using an eqaivalect limar serio« 
representing the coablned linearized air curve and tires la aeries 

ag k y 
1 1 Í3-6) 

w ■ k X 
m V 

‘a «b 

(3-9) 

(3-10) 

0-12 



The aerodynamic lift and pitching movement are given by 

h • Is “ ♦ CL > (3-11) 
a o 

“*■ 0 ♦ cm > (3-12) 
a o 

where 

a 0 + a 
c 

<*c is an input constant 

It is assumed that the oil in 

giving the following relation 
the load equalizer is incompressible, in 

yw - xv * - ÍVV (3-13) 

The pressure loss 
to the flow velocity 

in the equalizer tube is 
squared 

assumed to be proportional 

Pw 'Pb k V|V| (3-U) 

where the flow velocity V is given by 

V 
(3-15) 

A is the cross-sectional area of the equalizer piston, and D is 
the diameter of the interconnecting line. 

Subtracting (3-U) from (3-3) yields 

l ■ \ * ir< A - <FW - Fb)) (3-16) 

D-13 
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' 

JttffeMatiaftJft« (ft^D tin cm «i«M 

Ad*!*« ( Wé); ta (3-17) gives 

*« * a {k * h <» ~~T - v) 

(3-1T) 

(3-1*)) 

Differvatietio« (3-é) «ad (3-7) twice end s^etitutllog lato {>]!«.) give« 

.Fe 
I" ^ ^ ^ lî A# - *Fw - C3-19») 

SiA«tlt«IUt 1» «tmticm* ot «etiea (3hl) «ad (V2)ftsr V «si lk v» gnt 

ï .JL 
* (W-L *E-’,*-%-***) ♦ 

(3-ao) 
Clw+lb) 

n (•• * - % w*« - V SJ * 15 ‘r»-^ ) 

Froa (3-3)* (3-A) and (3-16) we have 

v A (*ïw e Fv) 

*r,] 

H.*- (•^-A«»*»ï) ■ Py - « 

(V«l> 

(5-22). 

(5-25) 

D04 

' 



Substituting back into (3-20) finally yields the following equation of motion 
for V 

W 

(w*E.L-Fng + Mp-2rw) 

l +L 
-a_k. 

21 (m + Et F 
ng Fw (lv +*b) * “PS,) (3-2¾) 

*T>p - (S-S))] 

I'lquations (3-24), (3-1), and (3-2) are numerically intecrated to yield 
the system response to an input elevator force time history K (t) . k in 

Kquation (3-1¾) is chosen as zero to represent a full load equal!zinc 

system, h'or non-zero values of k the aft main cear attains a higher load 

level than the forward main cear. Above k of about 20, the results are 

constant and representative of independent non-interconnected main cears. 

D-15 
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’ PAVEMENT response to novino load 

1. fundamental equations 

*.y Consider a plat« of thickness h under 
a general normal load q,(x»ytt) resting 
on a half-space. Assume that interface to 
be incapable of transmitting horisontal 
shears. If the materials are viscoelastic, 
the equations describing the system are 
[from *) 

V■ p - q «0 i, n 

ïîîÎtiw oíate 'kr?.™1* aurfao* Actions on the positive and 
negative plate faces - *h/2) respectively. The quantity D. 1« a general 
time dependent plate bending stiffness operator and • Is thethariiönie 

plane blharmonlc and the space harmonic operators. 

The general solution to these equations Is (from *) 

^ I'1 

w(x,y,t) ,-Kar.ay)^ 
(1-2) 

♦(x,y,z,t) ■ 

1 [ 
2)1/,2( *-|-)#-i(aX+ßy) 

dodg (1-3) 

where 

1- 

i3/_\ 

D*(8){(a%2)2t«3(s) ] 
(1-¾) 

J, --g»■) _ 

20*(s) (aa+ßZ){lt (a2tß2)3/2l*3(s)} 
(1-5) 

* Item(26)In Appendix A 
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t‘“Ji0“;* îh* trânaform and ” '.ndlcate. . doubl« Fourl.r 

=-?0i.r¿: ^oTn.Ta=:íír” -- 
and 

£* - S!ÍL^) (l-5a) 

Making a variable change 
dimensional variables X 

» .(p/Oco« 6, 6 .(0/t).in 6 „d introducing non- 
x/*t J ■ y/i, Z ■ z/£ (£■ characteristic length) 

»(x.Y.t) . ^/“jT i2*-iJdedo (1-6) 

where 

(1-7) 

(1-8) 

(1-9) 

1 * p(X cos e + Y sin e) (1-10) 

X X 

7 » (l-10a) 

Z' 
(1-11) 

E-3 
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If ttw load ? la ooaoantratad and mama at a Boaatant mloaity v , It 
can be rapr«—otad aa 

q. • P6(x-vt) 6(y) » 4( ) ■ Dlrao dalta function (1*12) 

to that 

q»(aj*) » f.l4|T (1-13) 

and 

vhara 

♦(X,Y,Z,t) - i-tr— 
(L-U) 

(1-15) 

I - 
1 

a-lIPcoaO 
D*»l ♦ II (1-16) 

J * 
1 

8-1^ coa 0 

(1-17) 

E-U 



2. FOUNDATION VERTICAL PRESSURE 

•tr«: ¡s* ir^í'r,tr'" px “ »r »... h«,„„lc 

K ■ t 
-i 

2G*(b) z, _ I-V(b) 

a*»3 a**-2 

From Equation (I-15) 

(2-1) 

• àfp 
Jo Jo 

* (s) • — I f Je*pZ'u-iA d6 dp (2-2) 

Differentiating equation (2-2) 

H' m ^fß- (2-3) 

az'* £//-* •ß- e*PZViA e d6dp (2-J*) 

Therefore, 

S * t# ‘)Voz"‘Ud9dc 

p f" r2n -1 
»♦ir2*2/ / X Pp] o(l^2')e'PZ,e-iÁ 

■'o •'o 

(2-5) 

d6dp (p-6) 

where 

i—ol 
P a-i^coae „ t*3 (2-7) 

i*p37T 



Th« longitudinal and lateral •train« are defined by (trm *) 

e ■ * z ¿JL r • * ¿fjL X *2 * ey*-a *-r* 
ix • a*2 

(3-1) 

Now, from Equation (1-1¾) 

3jr 1 P f"/1 'Sir .2 
I *-r («"a)dMp 

a«r 
(3-2) 

Since, 

and 

j 2^* ^ * (-i^cose)2«“11 ■ -^(ecoaf)2«’1* 
9X æ* 

-^(e*1*) • --^(oai*)2,“1* 
*y r 

(3-3) 

(3-¾) 

it follove that 

a 

17 ** /" /2 IÍOCO*e,2*"ÍAd#io (3-3) 

c 
y Kpsine)2«' u dddp (3-6) 

E»6 

* Item (20) from Appendix A 



1(. PLATE STRESSES 

The longitudinal and lateral Btreaaea are defined by (from *) 

_ _ u f. u 
CX „3 MX . y „3 My 

and the bending moments by (from *) 

1 ‘W p >y2/ 

M ■ - D * V 
y 1 W » SX2/ 

Taking Laplace transform and then inverting 

V f 

Taking the Laplace transform of Equation (3-2) 

¿i- . _ -i-I—f" [*' i'(pcos0)2e_iXd0dp 

Jo 

(1(-1) 

(1(-2) 

(M) 

(1(-1() 

(1(-5) 

(1(-6) 

H?"’ ’ ~h T Í I'(p«in0)2e'1Xd0dp 
3y2 l(n2 Jq JQ 

* Item (20) in Appendix A 

(1(-7) 
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: into JÍAWittiwM ) «ad (k*ç ) 

P2( 0062&*V^MÍtí2« W^ÛBAp 

T* _ 1_ 0P 
■Il .-J" I .h 

-‘T00”6 

And tt>e 'final «teetra -«u^xrestions are 

^3 j3 jT"j^ ' I#t^A 
■o * 

« 

a « . 
* «V Â3 

where 

i - í -1 f— í __cb 

M) 

lA-Oft) 

lA-^í) 

fè-iL2j 

(A-líJ 



5* MATERIAL characterization, flexible pavbmehtb 

The plate Is represented by the following rheological modelt 

(5-1) 

where 

o ■ stress 

e ■ strain 

M ■ plate bending moment 

rjj ■ radius of curvature 

vp ■ plate Poisson's ratio 

Ep»Fp»np r Pl*te material stiffnesses, dancing 

isd-Vp2) • 

Eh' 

12(l-vp¿) 
ÜL 

12(l-Vp ) 
(5-2) 

E-9 



™* ■odel it represent«^ by the ftnovij* 

«there 

•ad 

1 ♦ —— ■ 1 ♦ _JL a 
d9 I 
2 p 

E ef (^ ) 
plate 

(5-Î) 

C5-^) 

_c_ 
D- " f m Plate aaterial relaxation tiae 
1 P ¢5-5) 

and corresponding ï)* fOUOrtn* ■odel 

idïere 

k ■ bulk aodulus of foundation aaterial 

* Iteu (20) in Appendix A 
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ij 

E .P V'f 

VTc 

where 

0iJ - Î »..‘ij • ‘i} ■ 'u-j «„„«u 

foundation stiffnesses, nf . foundation damping, and 

foundation material relaxation times 

6iJ * Kronecker delta, o'^ - stress deviation, (5.7) 

EiJ “ strain deviation, 0^ » on ♦ o22 + 0^ > mean stress, and 

eao * cii + C22 + e33 * mean strain 

the L*Pl‘C' transfon"- th« Pbrwneterized conatMte 

nM/ . D1 + D9 1 + W«TS 
D*(s) * M*r* ■ ^ ^ P 

1 + TS 

1 + U TS 
D_—£— 
2 1 ♦ TS (5-8) 

G#(s) Ef 1 ^ TE8 , , 3k( 14^8)^(1+^8) 
2 i ♦ T 8 ’ V*(8) “ 

0 

JKxl+Ta8)-Efl 

bk^ 1+t”s )+Ej,( 1+T^S ) (5-9) 

For simplicity, assume v» - ½ , which is equivalent to the assumption that 

k >> E. and kr >> ^ t 
f 0 f E (5-10) 

* Item (19) in Appendix A 
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(5*U) 
JCiil 

»hare 

and 

(5-1Í) 

m. iiiüíl 
* ^RvT (5-13) 



6* material characterization» rigid pavement 

The rheological model for the plate la a imply elaatlc. Aa ahown, 

« 

The constitutive relation for thia model ia, 

M 

where 

D 
12(1-v 2) 

P 

E « plate Young's modulus, and 

Vp 3 plate Poisson's ratio 

riJ * radius of curvature (as before) 

(6-1) 

The foundation rheology is standard viacoelaatic which has a mathematical 
representation identical to that for the flexible pavement. 

(6-2) 

E-13 



The 
relation«, áMWias foundation Folason'c ratio - è 4 dra 

conatitutlva 
(from *) 

D*(a) D ,, <»•(•># (6-3) 

(6-t) 

(6-5) 

E-1U 

* Item (19) In Appendix A 



7* ZlexibLE pavement equations, cohcbhtratbd load 

Ä“n°“ <5-ll> “d(5-12) **“«» <5-13) yitia» 

-1 

(7-1) 

This reduces to 

where 

A3 i 
T2T QF- Qp (7-2) 

6 
p VUf » VpoosG , V ■ -- 

l 

a, ■ C+l , a -i. o 

ri " '), r2 . ^ylT^r) 

0 * .F • £(p3+l) 

(7-3) 

Hence, the deflection is 

w _1 P£2 
(7-4) 

E-15 



Transform, Inversion and nmnipulatioo (& Rlftid Pmvaaent Equations- Concentrated 
Ik>«A) «Ives the steady stats part of 0R as, 

whsrs Qp ■ ft steady state "Re ifflir+f) 

W * V-g*" 2 ? ¿ ¿ " . T ^ 
^•(^Wjír^+Íi2) T 

t - tan“1 -^3.- tan-1 y- , tan’'1 ^ 

Vo 1 t 

The final expression for the steady state deflection is then 

where 

ïy - 7 cos U-f) 

k - 
^ 4n2 D2 

A ■ píXcosô + Ysinô) 

in a coordinate systen that moves with the load (X, Y), 

^moving * ^stationary " ^ 

E.16 

(T-5) 

(7*5) 

(7-7) 

(7-B) 

(7-9) 

(7-10) 

(7-10a) 



Trans form invsrsion snd n»*nipulation (8.Ri«ld Pavsnsnt Equations- Concsntratsd 
load) gives the steady state part of 

where ■ Qsteady state "Ne 
KrtT+f) 

I » 

yltr ‘^W (r^+ifîtfg ) 

t 
S~F~57 ’ T ’ t 

a, n 
-i "i" . -1 n .„-i fli f ■ tan -r - tan -=- - tan f* 

a-»2 ri 2 o 

The final exprension for the steady state deflection is then 

where 

cos (X-Y) 

1 PI 

l**2 D2 

X * p(Xcos0 + Y'sinö) 

in a coordinate system that moves with the load (X, Y). 

Y = X - VT 
itoving stationary 

E-16 

(7-5) 

(7-6) 

(7-7) 

(7-8) 

(7-9) 

(7-10) 

(7-10a) 



To determine flexible pevement vertical foundation preMuree, ve uie 
Equation (2-7) 

__ 1_ 

u-l¿y co«0 

1 
1+u TB 1+T e 

P_° 
1+Ti 1+T ■ 

(7-11) 

This becomes 

* 

(7-12) 

where 

with 

— -t 1 , a 
Uf 

(7-1'i) 

(7-11*) 

Reduces as for the deflection, yields the steady state vertical pressure 

(7-15) 

E-17 



with 

I ■ 1' co«(A-V) [l+pZ1] pe‘pZ 

N ' 
(r12+n2)(r22+n2) 

i 

e2 "f 

(7-16) 

tan 1 §iii - tan"^ —• - tan”'*- 
-u r2 

The expression for strain comes from Equations (3-5) and (3-6) and the 
integrand reduces in a manner identical to that for the deflection, so the 

(7-17) 

(7-18) 

with 

le. I (pcosO)‘ 
w . Ic„ I (psinO)‘ 

w 

k 
e 

(7-19) 

E-18 



The expression! for piste stress are obtained by substituting Equation (5"U) 
Into Equation (U-13) 

Thlu becomeu 

- ^ -1 
ys-i^coso/v 

14T09\ 1/ 1 \ 

1+vJ f Wt. i»v 

V1 ^ l+TB 1+T 8 ' 

(7-?0) 

u , 
t Q , Q 

14^ pM 1 /° 
u +T S+T" 

r r 
L(s_i£)(3+2)(s+JL) 

(7-?D 

where 

u It 1 
it 

“0 
_£ 

Hence, (see Ö. Rigid Pavement Equation - Concentrated Load) 

(7-22) 

(7-23) 

(7-210 

« 



vh*re 

—^ cosix-t'" )p^(co«^0 ♦ V 
6 P 

I ■ —r- coo(x-y" )p2(8ln^®+ y_coB28) 
Oy 6 P 

N" 
L' ii^+ ( a" ^ 

. M-0— 
V (r.2+n2)(r..2+f; (r^+r )(^+^) 

I 

t 
(7-25) 

* •i tan -1 tan 



I 

8* ^IqiD pavement equations, coventrated LOAD 

i6A) *"dl6-5) lot» (1-16) Ilvn the 

£-1 I_ 43 1+v 

r-i^coah D 1,fTc8 -¾ l4>T • 
1 1+p TT2“ 1+T S 

E 

» £ II- 1 1 

D s-1ï2co39 l^e8 3 

0 

This becomes 

I = — i_ Q n X r“1 
X D WR* yR * * 

s+i- 
T 

__0 
r i ß \/ F V 
la-i—)(s+i-) 

O O *■ 

í”™L“"e ““ "■“‘P“1“!''«. l»e steady state term (Section 9) 

I s A- N +i(fi T+T) V, 
^ ^ - «T - ^pcosO (-L) 

K To 
S D 6 

And hence the real part of the steady state deflect! 
on term is 

E-21 

(8-1) 

(8-2) 

(8-3) 

(8-M 

(8-5) 



where 

A 

Using Equation (%• 

J; 
- Im 

T\ 

2 2 F 

Í » tan"1 £ - tan"1 ^ 

5 * P +U, 

F * j(p3+1) 

7) to get the foundation pressure expression 

1 

s-i^-pcosO . . 3 l* 
*■ l+P — 

V 

s-l— 3 Woa 
T0 1 p ]+T s 

(8-6) 

(2-1) 

(8-7) 

( 8-8) 

(8-9) 

E-22 



(8-10) 

.♦i 

4 .-lü. .♦i 
To To 

i’1 |J. - Q’ Q* 6 ’ WP 
-1 

s+a' 
_SL. 

( 3 —i“”) ( 8 + “*) 
. ^0 To • 

keduces to (steady state) 

Q p ■ N* e 
KílT+i') 

where 

N’ 

-+ & 

F¿+n¿ iJ 
I-> 

l+(u^)2 

2 2 
F +Í2 

i -If -11 
Y = tan £ - tan -~ 

So that from Equation (U-IO) the steady state pressure is 

r00 /-211 

// T u,2¿2 dOdp 

(8-11) 

(8-12) 

(8-13) 

(8-lM 

003(^-^00(1+ p.ZMe"02' (8-15) 



ï 

Following the derivation for deflection,the expraaaions for rigid pavement 
■tain is 

(8-16) 

(8-17) 

where 

- ■ -JT cosU-Y) (pcos®)2 dfidp 

o o 

Cy « -5-cos( iji-'l') (psinfi)2 dfidp 

o o 

)in 

z_ P 
¿ D 

(8-18) 

From Equation (4-I3) comes the expression for pavement stresses 

.-1 
_ 1+T s 

„3 _0 
. W 

s-i— 
To 

1+T S 0 1+T S 
e 1. 3 _o_ 1+p 77 1+T S 

E 

(8-19) 

Same as deflection expression, so 

T „3 N i(iiT+f) 
1 = ï, -r e 
0 0 

(8-20) 

E-2U 



and 

f 

« where 

-jj- co«(*-f ) p2(co*2«4>vpiin2e) dOdp 

cosU-Y) p2(cos2©^vpcoB2e) dôdp 

(8-21) 

(8-22) 

k o 
JlL. 

h 
(8-23) 

t 

V E-25 



9. TRAWBPOBM IHVMBIOU 

Por flexible pavement equation 

where 

■■L : 

l(s-i-û) (e^) (b+^)< 
(9-1) 

r (8^8+^) (eeffi) ' 

r1—-—i- 
M82+~) (sf-i") L(b%^) (8+T-i) (B+^) 

(9-2) 

,-1 

/ 2 V/o< 
(8 8+-^-)8 

_1__ 

(S2+^) (84^) (8+~) 

(>2+^^)if 

(s2+°4) (8+^) (8+^) 

(9-3) 

^ [b] (9-10 

r1 [B] 
2*1 ‘o 

8 +T g+T2 

(82+V (s+~) (8+^) 

(9-5) 



Inverting by tables 

-1 M I ( ri2-ir-r4-ri1 '( Ti‘"iTi \ 1 \( r2-r1 ) ( r1%n1f \( r^Fg ) ( r2+nz )/ 

.1’ T 
e- 2T 

! , ^2*(a0-n2)2' 
+ o J ~p~9 o~5 ain(iiT+Ÿ) 

(9-6) 

where 

tan (9-7) 

T « — * nondimensional time 
T 

(9-8) 

Look at the steady state case (T»0) 

X"1 [b] » -^N sin (iJT + ip) (9-9) 

where 

.,V. (. - a2)2 
1 Q 

(r^ + n2) (r22 +n2) 
(9-10) 

Qp = n cos(nr+i|») + ín sin(nr+i|i) (9-11) 

Qr. “ Ne F 
i(nr+^) 

E-27 



I 
4 

( 

For rigid pavement equations 

1 r 8+* - 

X’ 

(s+ao)(s+i|-) 
_To 

(s2-ÍL)(3+L) 

(y-i? 

(9-13) 

(a^0) 

r^R)] (9-li*) 

Inverting by tables 

X-1 IYI . !a.sßp^ , „„ ,, (9-15) 
L J pütll2 % ♦ nVr2*¡¡2 sl"(:iT'*) 

where 

u, _ . -IF, -11 T * tan jy -tan 

The steady state case (T>>0) 

x-1 [b] If N sin (HT + î) 

(9-16) 

(9-17) 

(9-18) 

where N 
1 + Í2‘ 

F2+fl2 

N e 
i(f2T+¥) (9-19) 

E-28 



10. EXTENSION TO DISTRIBUTED LOAD 

As an approximation to an actual tire footprint (a rectangle with 
semi-circular ends), let load be distributed over a circular area equal to 
the footprint area: 

P pita (10-1) 

where 

p = tire pressure 

it = effective footprint radius 

P = total load 

Choose a coordinate system (X, Y) which moves with the load and let A be 
the point at which the deflection is to be calculated and B be a point at 
which an element of the load (p&lfèd6) adds: 

X 

X-X 

Reos® - Äcos6 

jEcos& , = (2siníí , X = Reos® , Y = 

Acos<t> , Y-^ = Asin$ 

Acos<(> , Rsin® - Zsinfi. * Asini)) 

Rsin® (10-2) 

(10-3) 

(10-1*) 



*!'■«*>' «" nmpiB <r~nrTnwT 

The infiniteBimal deflection due to the preseure acting on the email area 

dw $)ÄdÄlil (10-5) 

where w is the steady state deflection caused by a moving concentrated load 

acting on the pavement system. 

So the total deflection is 

w(R,®) 

fr ,2* J J f2-|w(A, (10-6) 

O 0 

Now, for a vis 
iscoelastic plate on a viscoelastic half-space Equation (6-8) 

w(A ¢)) 

r/"2TT 

/ I (A,*)d6dp 

• W ‘ 

(10-7) 

o o 

where 

I = A.íp.eJcosípAcosU-e)) + A2(p,6)ain(pAcos($-6)) 
w 1 

A^cos(p( Acos<^cos0 + Asin())sin0) ) 

+ AgSin(p (Acos(|icos0 + Asin^sinO)) 

(10-8) 

(10-9) 

A1cos (p(Rcos® - Äcosfi)cos0 + p(Rsin® - (2sinfi)sin0) 

(10-10) 

+ AgSin(p(Rcos® - (Äcos&)cos0 + p(Rsin® - ÄAindßsin 0) 

A^os(p(Reos(®-0) - £cos(«b-0))) 

(10-11) 

+ AgSinípíRcosí®-©) - (2-os(¢.-0))) 
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A1 [ cos(pRcos(®-0) )cos(p«t’os(fi-e)) 

(10-12) 

+ sin(pRcos(®-ö))sin(pJbos(S-e))] 

♦«2 I .ln (PB co. (®-6)) co. (P«co, 49-6))-00. (PB co. (®-9)).ln (Pico. (t-6))| 

cos ( picos (il—0 ) ) cos (pReos ( 0-0) ) + A2sin(pRcos(ü-ö) )] 

(10-13) 
+ sin(pfc.:os(:-0)) [A1sin(pRcos(®-0)) - Ageos(pR(@-o) )] 

Then 

lyi/',*) = K^cos (pXcos ( ÍI-Q ) ) + K2cin(p2!:os(6-0)) 

= Iw(R,®,*,6) 
(lO-lU) - 

where 

^(R.e.P.ü) = A1cos(pRcos(®-ü) ) + A2sin(pRcos(®-0)) 

K2(R,®,p,0) ■ A^sin(pRcos(fci-0)) - A-cos(pRcos(0-0)) 

(10-15) 

(10-16) 

Now, the deflection becomes 

// / / Iwd8<ic] Kd‘J® (10-17) 

r® /.271 

0 O O O 

Interchanging the order of integration 

w 1 P£ 

U7,2D2 

2tt 

o o 
(K1:1 + KglgJdOdp (10-18) 
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% 

VW 

where 

I 

r r*' a J J COs(p<Ec08(Ä-e) (10-19) 

0 0 

r r2ir 

h * If 
O 0 

sin(p22os(O-0) (10-20) 

Integrate first over 6, then 0 can be neglected at each value it assumes, 
since the integrand is cyclic in 2ir. 

So 

• Í f 
r rSii 

cos ( p£cos£)2âficCË 

oo o 
»/' J (pÆ)Âü£ (10-21) o 

fPr 
/ J0(x)*d* 

p Jo 

ipr 
2tt — / \ 

p 

2it - f \ 
—-jpr^ipr) 

P 

TTT‘ 
i(rrJi(er)) 

(10-22) 

r /*211 

ÍÍ 
o o 

sin(p^cosfi.)£dfiid!& - 0 (10-23) 

Therefore, by substituting (r*f), it follows that 

v(R.,0) JL 
Un2 

2 2 r" r2lT 
(ïïaDf )£ ■ J j ^(prJ^ÍR.Ôjdedp (10-2U) 

o o 
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which can be written, as follows, since P - Tra^p 

w 
CrIw(R»®)d9dp (10-25) 

where 

pl-Jl(pr) (10-26) 

Comparing Equation (10-25) with Equation (10-7), it can be seen that they 

differ oniy by the factor Cr. Therefore, the deflection due to a circularly 

diatributedioadcan be obtained from the deflection due to a concentrated^ 
load by application of a correction factor dependent on the radius. 

Thio correction factor is also applicable to the expressions for pressure, 
.train and stress Equations (7-15), (7-17), (7-18), (7-23), (7-2?), since 
the deflection expression can be differentiated and manipulated without 
altering the correction factor C . Note that the expression for pressure 
has an analogous iorm to the deflection expression and the above argument 
can be directly applied to it. 6 

In addition, the correction factor can be applied to the rigid pavement 
response Equations (Ö-5, 8-15, 8-16, 8-17, 8-21, 8-22) since the spatial 
dependence of these equations is the same as for the flexible pavement. 
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11. COMPLETE PAVEMENT RESPONSE, DISTRIBUTED LOAD 

Combining the flexible and rigid pavement response Equations (7-8, 7-15, 
7-17» f-18, (-D3, 7-2l*, 8-5, 8-15, 8-l6, 8-17, 8-21, 8-22) with the correction 
factor for distributed load (10-26) gives the complete steady state pavement 
response due to a moving distributed load. This response cs.i be put in a par¬ 
ticularly simple form: 

where 

RESPONSE * A * k c 

J J J 
(11-1) 

i ■ w, p, o, or e (response type) (11-2) 

J * X, y, or z (response direction) (11-3) 

k, * dimensional constant (11-¾) 

J 

c^ = nondimensional correction factor (11-5) 

Expanding this notation gives the response equation in more conventional 
notation: 

(11-6) 

(11-7) 

(11-8) 

(11-9) 

(11-10) 

Plate deflection w ■ k c 
w w 

Plate longitudinal strain E * k c 
X EE 

X 

Plate lateral strain E * k c 
y EE 

y 

Plate longitudinal stress o * k c 
X 0 0 

X 

Plate lateral stress o * k c 
y oo 

y 

Foundation vertical pressure p * k c 
z pp 

(11-11) 



The dimensional terms and the correction factors are 

Pt, 
4 * 77~ w 

hP 

I C d0dp 
w r 

i<Ti h if I C d0dp 
E r 

X 

'c I 2, y 'jn h 
I C d0dp 
t r 

y 

P(l+uf) 3zy. 

,2 ih ( 1+v J 
h X p 

n2ir 

I C d0dp 
c r 

X 

3zp 
C = --^ 

0 T?h ( 1+V ) 
y p 

n2îr 

I C dOdp 
o r K 

y 

P .2 - f/: I C dOdp 
P r 

In which 

C =-J- J (pr) 
r pr 1 

r 3 -7" = nondimenaional 
footprint 

radius 
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(11-12) 

(11-13) 

(II-II4) 

(11-15) 

(11-16) 

(11-17) 

(11-18) 

(11-19) 



and the integrands are 

^ “ T 008 

I ■ iw (p cos e)2 
ex 

1. * I (p e)2 
y 

N" 2 2 2 
I =-r- coa p (sin B ■+ \> cos ft) 
°x 6 p 

Nm 2 2 2 
I e cos p (cos 0 + V sin e) 
°y 6 p 

Ip “cos ( A-iji1 ) p (1 + pZ').pe~pZ 

The spatially associated terms are 

A = (X cos e + Y sin e) 

x 't- Y •2 =r ’ H 
¡M . z -iL 

2 

X, y, z is a coordinate system 
moving at a velocity v 

(11-20) 

(11-21) 

(11-22) 

(11-23) 

(11-214) 

(11-25) 

(11-26) 

(11-27) 

(11-28) 

(11-29) 



For flexible pavements 

« 

« 

N * fF (V V 

N' = fpUi , a¿) 

N” * , Sq) 

[*1^ + ^o- ^ 

V (ri2 + í¿2)(r22 + u2) 

* - gF(alt aQ) 

= gF(aJ , a¿) 

r = gF(a^ , a¿') 

a ß 
®F^al’ a0 ^ = o - tan ^ 4r - tan ^ 4r 

an- « 'i *2 

WpP +bf 

For rigid pavements 

N f i + n2 

y F2 + si2 

4 

N' 
i /i + (nf«)2 

^ V F2 + fi2 

(11-30) 

(11-31) 

(11-32) 

( 11-3**) 

(11-35) 

(11-36) 

(11-37) 

(11-38) 

(11-38a) 

(11-39) 

(11-1*0) 
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o.
lM
 

ro
|*

-<
 

N" ■ N 

-IF -11 ■ tan — - tan -*• 

•»1 F «i i 
ill' ■ tan” — - tan —— 
v n Mf0 

(11-1*1) 

(11-1*2) 

(11-1*3) 

(11-1*1*) 

Specific terms for flexible pavements are 

a1 « ç + 1 &0 * C 

4 + 1 = P. 
a' - 5 

0 

a'.' - ç ♦ i- 
1 »P 

0 P_ 

(o - Vo2 - 1*F ), r2 ■ 7 (c + Vc2 - 1*f); 

F ■ y(p3 + l) C (p3Up + 1) + (p + bf) 

ç » — ■ damping-stiffreas ratio 

T * =--» plate material relaxation time 
FP 

nf 
■ — « foundation material relaxation time O 

W ■ 1 + -=2 « ratio of dynamic to static stiffness of plate 
P Ep 

(11-1*5) 

(11-1*6) 

(11-1*7) 

(11-1*8) 

(11-1*9) 

(11-50) 

(11-51) 

(11-52) 

(11-53) 
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Uj, = 1 + -g—* ratio of dynamic to static stiffness of 
^f foundation 

Ep = plate primary stiffness 

F = plate secondary stiffness 

Op = plate damping 

Ej, = foundation primary stiffness 

Ff = foundation secondary stiffness 

Hj. = foundation clamping 

specific terms for the rigid pavement are 

F = i (p3 + 1) 

Ff u = 1 + T7-* ratio of dynamic to static stiffness 
1 Ef 

T = foundation relaxation time 
0 ff 

E = stiffness of plate 
P 

Ej. * primary stiffness of foundation 

Ff * secondary stiffness of foundation 

Hj, * foundation damping 

.(11-5»*) 

(11-55) 

(11-56) 

(11-57) 

(11-5Ö) 

(11-59) 

(11-60) 

(11-61) 

(11-62) 

(11-63) 

(11-64) 

(11-65) 

(11-66) 

(11-67) 
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In general 

n « VÇ coeB (11-68) 

V ■ nondimensional velocity (11-69) 

The noniimensional velocities are different for the tvo parenent types 

flexible 
II 
l 

plate Poisson's ratio 

(11-70) 

(11-71) 

(11-72) 

(11-73) 

(11-7*0 

h plate thickness (11-75) 
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12. PROGRAM INPUT REQUIREMENTS 

ID No. 3634 FR 

ID No. 363*+ RR 
ID No. 3634 CF 

Card 001 

FLEXIBLE PAVEMENT RESPONSE 
RIGID PAVEMENT 
NONDIMENSIONAL CORRECTION FACTORS 

S-’Tie for all three programs 
AP = Increment in P (size of a section) I«Síp<5 
ERR = Allowable error due to change in P ^ .001 

ERRI = Allowable error due to change in number of . 01 
integration strips 

Limit = Sets a limit to the number of times that p is 
incremented. This is an integer and must be 
right - adjusted in the fourth field. ^100 

ERR and ERRI affect the integration time which increases 
as these functions are decreased and vice versa. 

Card 002 

This card is input once per run 

Card 003 

This card is repeated for each case 

All fields contain nine columns and all input valves, 
with the exception of LIMIT, are real variables. 

Symbols 363*+ FR 

Ep = Plate primary stiffness - psi 

Fp = Plate secondary stiffness - psi 

Ef - Foundation primary stiffness - psi 

Ff = Foundation secondary stiffness - psi 

p = Tire pressure - psi 

h = Plate thickness - in 

E-Ul 



P = Load magnitude - lbs 

V = Velocity of load - mph 

X, Y, Z = Spatial coordinates 

T?p * Plate damping - lb 

Vf = Foundation damping - lb 

Pp = Poisson's ratio 

Symbols 363*+ RR 

E = Plate stiffness 
All other symbols the same as in 363^ FR 

Symbols 36# CF 

t = Damping-stiffness ratio ] 

Hf = Ratio of static to dynamic stiffness of foundation 

= Ratio of static to dynamic stiffness of plate 

i* = Non dimensional radius 

V = Non dimensional velocity 

Hdim = Non dimensional thickness = h/l 

7'dim = Non dimensional depth = z/l 

All other symbols the same as in 363^ FR 

See p. 12? 

J 

» 
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I’. PROGRAM LISTINGS 

ID FR 

»0 
’0 
I, 

'>00 

'•1 

4?1 

4Î 
'.4 

45 

46 

CI)MM(!t(/nTA/lJP,i/l,i,/rTA|A!,An,APlf6(»n*C*l,X(CAPVfGiAnw»Al H »VP (CAP7P Id )40001 IHMIfinillN ANSwm.ANIWIIfel. ,,u "•»•'•‘•AP/t'JdiAOOOl HIM! NÍIIIN ANSWI 6) iAN'iWI ( 6 I • |BM| ) 31 , ANSW?(M 
HA!A 1^^//,4,6,8,10,1 ?, 16,20,?4,2H,»,16,40/ 
Wl'lfl 16,21 
W>IU 1/.,11 
PI- !. ! 41 A'H 
P T ADI S, '1% » lint ,188,1881,1 IM 
PMDI •., 10011 P,1 P, n ,1 P, SP,H 
PIAD 14,10(1,101),0001 (.P ,V,X,Y,2 ,1 TAP.HAF ,VP 
H iri’.to.o.i r.D in so 

1/1 1/.*| 1 .-VP«*2) I 
r‘L ’ ID2/IFI»/'(1,/1,) 
rs-r i ap /i t 

te- I TAP*| l./CPU./PI I 
! All, l (Al'/ri* 
HI»* II l>,ll»l/pp 
'll * Il I Pi f l/rp 
/1 TA,I ! AP*P P/1 r TAF* 1 P 1 
f.APX-K/SL 
( A1' V - V / i|. 
p-ioi'i (rp/(P|*iPi i 
O-P/M 

AKWw(.P*«,|. /(4,*p I*»?«n2| *st 
A8P* •CP*HI/I4,»P|**2*SI««2| 
A) - /1 r a * I. 
All, /1 I A 
AP! ,/1 I A/lll »I, 
API), / P T A/IJI 

A I’M 1 /f I A/IIP 
A1P', / F T A » I . /1 IP 
2 '»* /* 111//. I 
CAP/, //si 
r.AP/i»*/i»/si 
A8I - ,/«APW/M ••/ 
aks ir.* p ).*r,p»//p i* »//i,»*1*up 
S- I /./ »VPIAU/SI 
I » 1 
Kl HIN I * I 
Til * Dl LI 
ni i * (i.o 
on 'o j«i,6 
AMSW2IJ1*0. 
mi 4 .j*i,6 
ANSW!IJ1*0. 
C.AL I SOI I IPX 11 1,6,2. «p 1,0. , TI l ,Hl 1, ANSMI 
nn 4» j.|,/, 

IP I AOS I ANSMI I.) I-ANSWI J I I .r.T.PRPU f,U /0 42 
r,n TO 41 
II I 1.10.11» 011 TO 41 
I* I Pi 
DO 4?1 J■ 1,0 
ANSW 1 IJ !■ ANSWl J I 
Oll TD 1000 
DM 44 .1*1,4 

ANSW2IJI • ANSW2IJI P ANSWIJI 
I FI ICOUNT.FO.il OD TO 46 
nil 44 J«!, 6 1 

I II AOSI ANSWl J I l/AnS(ANSW2( JII.r.T. F KH I OU TO 46 
Oil TD 411 

IF! ICIIUNT .OC. I IMI CU Til 06 

16340002 
16)40001 
36)40004 
16140004 
16340006 
16)40007 
16)40008 
)6140000 
16)40010 
16340041 
36340012 
)6340011 
16140014 
16340015 
36140016 
36140017 
161400!Ü 
)6140014 
16140020 
)6140021 
36)40022 
1614002 » 
16)40024 
16)40024 
)6140026 
36140027 
16)40028 
16140014 
)6)400)0 
♦61400)1 
)6)40()12 
'16)400 31 
16140014 
363400)5 
J6340036 
36)40037 
)63400 311 
)6340030 
36340060 
36 14004) 
)6140042 

36)40043 
16140044 
)6140046 
34340046 
36)40047 
16)40048 
36340040 
36340050 
16340051 
36340052 
36340053 
36)40054 
16140035 
36)40066 
16)40057 
16)40056 
16)40050 
)6340060 
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1 

*7 

Vf. 
Ví 

HÖHNT r IMHIMT » I 
TU « Ml ♦ OM I. 
nu ' Hl I ♦ nm 
!• 1 
r.o Tn ■«o 
MHITI ( *>f O*») I |M, J 
W«âKV«ANSWÍI 1 I 
P/»*KI»*ANSH?(?| 
C X» AK l:* AN^W?( 
rVtAHT-«ANSM.?l4» 
Sir.X* AASIG* ANSM^I A» 
s ir.v» AK',ir,*ANSw;i m 

W.TWIOM 
»M400A7 

' ÎA.UOHA1 
ViTVOOfiV 
)*)400A« 
lAIVffOM 
tATVOOAT 
) 6 HTM AI 
TATVOTWV 

, 16140070 
16340071 
1A140072 

MM I TM A,2UDI 16140073 

’,I,,Z ,lTä#,fF,f|i,«7AC,J614u074 
1 rM,M,SP,V 34160071 
WMITI(6,771) OP,rAtJ,OF,n7,/FTA,Sl,CAP2,AKM,CA6í6,AAP,CA6Xf»«4, 

I ( APV, AK S IG, S * P • T S, Tf 
MM ITT (fi, 71?) AO , AI, APIJ, Al*l ,AOW,AIW 
wMiii (4,600) w,p;,Ei,f v,sir.x,siov 
(ÏD TM 1 

MIMMAT I • 1 •, TH,'FLEX IHI t «AVfMINT MFSPONSC*// 
PP'lGMAM COMPUTES THE PCSPONSF OF A f LFX IB) F361600A2 

H PAVIMINI SVSTfM TO .MOVING TIP) lDADS, ANAIVTICAUV, THE '//lAlPOOHl 
f. FirxiHU PAVFMPNT SVSTFM IS IN INFINITE VISCOELASTIC PIATE MESTIIAHOOH 
OMC, ON A VISCOllASTIC HALF-SPACI MITO NO HOMI/ONTAL SHIrAHINf. ♦//ÎAIAOOPI 
M STPFSS'S rhAOSMiriri) AT TO) INTFKFACF. TNI VISCnEtASTICITV OF H163400A6 
FflTH TO) flATF AN!) THF HAIF-SPACE IS Pi'SCPIKCO NV A THTTFE'-Ft MENT •/Î61600H7 
G/' MODI) TONS IS I I Nil OF A ( I NE A P SPPING TFI IN PAKALLC L WITH A LINT 1A14008P 

SPPTNG (I) ANO l IN) AP )A SH POT O TA) IN SERIFS. •//lAHOOHV, 
ANA) VI RA) I V, Tim MOVING TIR) I 0A|0| I S MllllEI.FI) AS A LOAU 01 ' K. I400V0 

1616007b 
16160077 
36160078 
16160070 
16160080 
36360081 

OAR 
1' 
If* 
J • disto titurm 
K, OVI R A CIRnil All APEA. 
UV (X - DlRFCItON) AT A 

FI IP M A T I / 
A' Till INPUTS TO THE PROGRAM ARE THl 
HSTAMT. (UP), MP), F T A I P I , NIK PI , 1(F). 
U P AVI MF NI THICKMISS (H), 
(ITOAT MIIVI.S Ml III MIL I OAn) 

SO THAT Till Ml IS 
TOE I NTI PI I GAD 

VFLOC I TV V. m 

46160061 
A UNIFORM* // • PRESSURE, PIMAOO'ia 
SYSTEM MOVES LONC.ITUBINAI 1M6009Î 

16160016 
16160041 

VI SCOT-t ASTIC MATERIAL CON16160046 
hlEI, r. TAI Ell, THL *//161600')7 

THC SPACI VARIAIILFS UNA COORI). SVSTLM 16160004 
(X,V,/>, AND TUI LOAD VARIAIILFS •//16160000 

1' CASE P, P, VI. STANDARD ENGINEERING UNITS ARE USED, FKCC16160100 
FPT E( U. THl VFKICIIV Mlliru is IN MILES PER HOUR. »//16160101 
C Tilt OUTPUT U F THE PROGRAM IS PA VI MF NT DF FL FL T I ON (Ml, PAVEM »61401(1? 

rlw.l a.i/r. ULut i.rrn.i . ^ .. . ............ 

OS 
00 

100 
700 
220 

KENT I ONGTTH.JINAI ST»AIN 
I* PAVEMENT LONGITUDINAL 
JSIGIVI), AND FllllNOAT KIN 

FflWMAf I 3F0.D, 111 
EMRPATI * NO CONVI-RGI NCl 
EIIPMATI6F0..T) 
FORMAT ( * T • I 

(f(xii, pavement lateral strain (fivii ,*//iahoioi 
STRFSS ISIOIXM, PAVEMENT LATERAL STRESS 114360106 
VERTICAL PRESSURE* I PI 21).* I Î416010S 

)6 160106 
IN 'IS,* STEPS EOR FUNCTION *111 16)60107 

, )6160108 
16)60100 

FORMAT I• INPUT'//* MATFPIAl CONSTANTS-*, 723,»PAVEMENT POISSONS RAÎ6U0110 
AT [fl, NIMP) • * , T62,E 1 * ,8, I 70, 'Rf SPONSE IOC ATITIN-• , TlOO , • LONG ITUDINA36160111 
PL. X «',7114, El),4/T?3,»PAVEMCNT PRIMARY STIFFNESS, F(R| «*,762, 16360112 
CF 11,4, UO0,'LATI RAL , V «1,T11 H,E11. 4/T21,'PAVEMENT SECONDARY ST II I 16360113 
DNISS, FIPI »•,T»i?,EI7.S,T100,*VEPTIC4L, l • • «Tl I 6 ,r ] 3.4 16160116 
C/ T 77,'PAVEMENT DAMPING, F TAIR) ■•»Tö?,?!).!/ T?3,*SHIL PRIMARY SI 36160118 
niTFNTSS, É (F I **,T«,2tCll.R/ T’3,*S(IIL SFCUNOARV STIFFNESS. FIFI ^)6360116 
t,T6?,Fl).8/T?'l, 'SOIL DAMPING, FTA(f) « • ,T62 ,E I 3.8//• LOAD VARI AOLF16360117 
ES-* , T23, * TOTA) 10A0, CAP P ■ • , 762 ,E 13.8.770, *PA VF MENT THICKNESS-', 16)60118 
GT100,*H .*, TllH,F13.8/T?3,'TtRE PRESSURE, P •' 16360110 
G,T62,F17.5/ T?3,'inA() VFLOC I TV, V * • ,T62,E1).8) 16360120 

E-U4 



PÍ5 

/30 

'•10 

'loq 

rnpMAM/»ooiiT«»iir*/ 
"Z* i’AVFMfN! sn>rriFss KArin, «um») . . 36340121 

!^ T* i T ' 1 • ^ i f" I 3 • •> / • SO *l * ST l FFNF S S 'b A T Î(1 **^*¡i| ^ i T4Í634012 3 
I .1 . '. I T',S, <l>AVM«l Of PhlMAHV lirNOINr, STIFF NFSS« 0(2) «•.TIOH.Fn 14)401^4 

y)t'» 
' .,r; r r/*I • I Í.S/* Nfl'JO I MC NS I (INAL C DIIBtl I NAT F , / »MM40126 

TA!!.’! * ”r ’ IUKirf "IN r"tlf IrUNr* “'W»* * .TlOn.I 13.A/* NON'16 ^40 1 / 7 
NniMM'SIONAI COOPOINAH. /'• = • , 147, H 3. S , TAS , • Pn 5SUR L CMU F I C , ^ »I 

i' J, *!» r.llllKOINAll , X , T4;',rM.6,1 1634012') 
JNATI 7 T 4 2^11 ^ r"N I / r ^Ictuccc ^ ^ 3.42 • NONO I MFNS1 ONAL (.011(0)1361401 30 
JNATI, Y * •, T4?,( 1 7.6, T6f>, • STHFSS CnC FF I f. | F NT , K(S1 ••.TlOfl.Fli 6/ * 361401 *11 

SAnïos ^.*|,,1,rrVîF|i;5*T6,*,|:Frf:CT«Vt;F00TPRINT R3634o! 3? 
iril r 14. . UL. S RFLAXATIflN 11 MC , TAUISICMA) . *,142, 16340131 
Trn. ),T6 », j(J|l «HAXAiin 1 ! Hr, T AIM F ) 9 9 • U Ott t( I I 44 

FORMAT (•UHEFIFC1 ION TCI MS A(0) • *,T42,F13.3,T65 •All 1 .,T10H. F1» 36340 14 
AS/* (MLSSURr TFRMS, A(0,*. -•,T47,F13.3,T63,•A ( Í1 •• .I O»??!3ÎV163401 »6 
ffiRMAM5 TUMS’ A,n,,," *• tT42,F13.*,T65,*AUI •••• -^,1100,))1.6)14340) 17 

N/* PI Fl CCT KIN, X - *, T42,F1 3. 4, T6'i, *PRF SSDRF , P(/l » '.T10A,F1J,6 14140110 

p strain" MY) n"r':,?!Boi,'uif..',<' ’ ••^•E13.5,T64,.PAVFMCNT l AURAL 36340140 

"'sTrÍss"'X* ’•T^*E“-'*^*-^NtNT LATI R Al 36340147 
^lojAOl AJ 
f m> 46340144 

36340143 



ID 3634 CF 

i 

Cr^MnN/nTA/IIP.tlF.V.ZFU.AI.AO.A^l.AM.lljr.H.AOW.AlK.V^.Zf 
n|nr*<|f>N ANSWIAI .ANSHKM, IBB( ni,AN$H2«6» ♦ 
DATA IRA/2,4t 6» A, 10, 1 ?, p.,2 0, ?4,2A, 3? ,16,40/ 
A|,4.»4J4*I1 
IM2-A|**2 
RtAfMA.OSl DILL,CRM,PRR|,LIN 
R( ADIS,1001 /FTA,VP,H,OH,X,V,Z,D2 
RLAOIS, |00,PNn,««4| V^P.UPtR 
NATaO 
OIIN»! ./14.^4121 
n<IMlmlH|M*0//OII 
IHIN/»' T.*H2*I»P/| R| 2*0II4| 1 .,VPI I 
l>l|N'<» -l)l)M*UF 
All« /f TA 
AI»/MA*1 
A I’M a /1 1 A/MF 
API ^/1 fA/IH ,1. 
AMM» /1 T A/t)l> 
A|W-/rTA»l./'IP 
/P-/-IM/2.» 
1*1 
iriMiMT * i 
M I • Otl L 
All » 0.0 
00 ? .1*1,6 

? AN4W?(J|*n. 
1 00 4 1,1,6 
4 ANAWIIJIaO. 
I non t. All S0mMMll>,4,2.*P|,(l.,TLl,«U,ANSWI .. 

on 41 Ja I,6 1 ' 
4| IMAMS I ANS Ml IJ l*ANSM( J 11 . OT.FRH 1 ) GO 

r.n in 41 
42 iri t.Lu.m r.n to 4ï 

to 42 

1*1 ♦’ 
on 421 J*l,6 

421 A NSW I 1.11* AN SWIJ I 
r.n rn jono ' 

41 MU 44 J*|,6 
44 ANSW2IJI * ANSWMJI ♦ ANSWIJI 

in inHiNT.io.ii go tm 44 
00 44 JaJ,6 

44 I H APSI ANSWI J I l/AOSI ANSWl(J)|.r>T. FRRI CO TO 46 
r.n to 4P 

44 IFI IO MIN T .CF. (INI Gli TO 06 • 
4T 1C (HINT » I COUNT ♦ 1 

Til * Ml * mu 
HU a Ml 1 , OH l 
l-l 
no to i 

06 WPITF(4,0«| I IN ,J 
48 I FI HOI) (NAT ,4I.F0.0I WR|TE(4,200I 

NAT *NA T♦1 V 

WPITF 16,2201 UP,X,IIP,V,/CTA,2,VP,02,R ,H,V,OH 
ANSW2I 1 |a ANSW2I 1 |*IIUN 
ANSW2I2I« ANSW2I ?|ai)UN3 
ANSW? I î I* ANSW2I l»*OI|Nl 
ANSW2I 4 |a AN SWT I 4) aQIIN I 
ANSW? I 4 )a ANSW? ( SI *0IJH2 
ANSW214|a ANSW?(6|*0UM2 
WM I TF 16,400 I ANSW2I1 l,IAN'>W2l JI,Ja3,6l ,ANSW2I2I 

36’40001 
36340002 
36140001 
36340004 
34340004 
36140006 
36140002 
3614000« 
16140009 

‘ 36)40010 
. 36J 400U 

'36340012 
36140013 
16140014 
36340014 
16.140016 
36140017 
3614001fl 
36)40019 
36340020 
1634C021 
16340022 
16340023 
36140024 
16)40025 
36340026 
1614007T 
1614002« 
3634002«) 
16340010 
16340031 
36340012 
36140031 
16340034 
36340035 
36140016 
161401)17 
1614001« 
16340019 
16140040 
36140041 
36140042 
16140041 
16340044 
16340045 
16140046 
16340047 
16)4004« 
36340049 
16340050 
36340051 
36340052 
1634005) 
16340054 
36)40055 
36340056 
36340057 
1614005« 
16340059 
16340060 

f 

I 
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r.ii to i 

o* fhpuatutíí.o, cm 
9« FflPMMI* MO CMNVFPOFMCC 

100 FflPMAT ( HF9» 01 
F()H*'AT I • 1 • I 

IN M<.,' STfPS FOR FONCTION *111 

200 
??a 

'.00 

36340061 
16340062 
36340063 
36340064 
36340064 

1 ó s ï M ’ rwin cL, A i r S Í i M n OH, r îi ' v *•'T42 .nonoimfIaSa 
A* si'll STIFFNFiS (-611(1, MOI n 36340067 

rMMÔV^nF^r^MÏÏn'^rA^HI^Î/ oamp.nohISS^ 

ST ] ^ ’'■'A ris ' f ( ' * * ^ ^ ^ NT^FOI SSONS^RA T| (Tt'^NlJl'p^i^T 42^^14^4007? 
6aÔ (V S 1. T/TmVs ^NOIMINSIIJNAL FOOTPHINT H36340072 

3.6/î NONO ^;.Nu.N,.r ?S'SN^ M -.36340073 
... — * • • • • ^ • w • f »ni ri ï » um a ï. r A Vr Ml N ï (H I f K 

' T10P.I 1 3.6/« NIlNrUMFNSKlNAL VU OC II V V , T4P ,f | 3.9 ,T65 . 
« * ('AVI MINI TMICKNFSS H » ' , T1 06, F 1 3. 51 --^-13.6,165, 

F (IP MAT I // • NONOINENSIflNAl COP RFC TI (IN (ACTORS', 

? .r,rn.r„.C,WI *''T?0'H3.6,T40,'C(IPSIinN XI -',T60,U i.S.THO. 
i .Í L,N V* ''»noO.m.S/' CISIONA X) •',T20,ri3,6,T4o! 
^STOP^ *'•T 60,C13.5,T80,»C(P) ■•,TlUO.Ci3 , 6///Î ’ 

FMI 

36340074 
16340076 
36340076 
36340077 
3634007« 
363400/9 
36340OR0 
36340081 



ID 3634 RR 

CHN«W*N /OTA/ l|f t'mIm VP if.APX iCAPVtCAPII* 
f)Mf NS IHN ANS^IM.ANSWHfcl.IURI n)(ANSW?(ftl 
DATA IRP/?, 4,6, A, 10,1 », J»., 20, 24,2», 32,16,40/ 
MR 11 f 14,21 
Vl»l TI (A, ti 
NAT » 1 

41 403 
“f AIM '><■, I otU , PPH ,f WP 1, L I M 
PPA'M«,,100| F , VI'.H, SP 

I PTAIir , l(|0,FNn.'*OT) M ,Pr ,F TAF , V,CP,X,V,2 
Dal •M«’* «/I l/.-l2.*VP*»>) 
M • (ft/l M**ll ./ ). » 
rAPX*X/M 
rAPv-v/M 
/l»«/-IH/.».| 
CAP/*//M 
CAP /P»/P/SL 
H * S <JP I If P /1P1 *SP I > 
r,TP/M 
Ul * ' , * F f/H 
TS»ITAI/Tf 
Tí =■ r T AF* ( 1./FF« l./f I I 
AKM-ri»* SI **//|4,*P|**?»l)l 
AKP* “CP/14, *P I* * í *SI **?| 
AKi -/*r.p/(4.*"ip»?*!)) 
AKS ir.. F.*2*r.n/|P|*«2*H**3) 
NANA 1*1 
•■.-V MS/M 
I ■ I 
iMPini 1 
111 - 'll 11 
ni i » o.n 
ni1 ,»i> j«i,6 

") ANSM21J I"il, 
in on #, ,1-1,4 
4 ANSWllJt-O. 
'non (.AM Sytlll'PMI,4,2.*PI,n.,Tll,«U,AN3M> 

DM '.1 J»l,(. 
41 IMAIIS IANSMI l.ll-ANSMI JM .r.T.tRRl) 011 Tl) 42 

I.M III 41 
42 ir i i .1 g.rn r.n 11 41 

l*l*i 
Dll 421 .1*1,4 

421 ANS Ml I J I ' ANSWI .1 I 
r.M im loon 

41 DM 44 J-1,4 
44 ANSW.MJI * ANSW »1.11 * ANSM1J» 

II I inillNT.FO.U Oil III 4* 
DM 44 J«l,4 

4b II lAnsiA'ISWIJ) 1/AI1SI ANSW2I J I I .CT. l:RR| GU TO 44 
r.n tm 4i 

44 I r I If iiiiiiT . . i IM| on m 06 
4T irniiNT * ic im'it * 1 

Tl.l * Ul ♦ Df I I 
ni i * mi * oru 
1*1 
r.n in m . 

44 WP I T11 4, 111 I IM , j 
44 W* AKK" ANSW/* I 1 ) 

P/» AK P* ANSM?I 21 

36340001 
.34340002 
16140003 
3A340004 
36340009 
36340006 
36340007 . 
361400011 
36940004 
16340010 
36340011 

.)6340012 
36340013 
36940014 
3634001b 
36340016 
96340017 
3634001 A 
36340014 
36140070 
36940021 
16340022 
36340079 
36340024 
36340029 
34340026 
36140077 
9634007R 
36.140070 
34140090 
96 3401111 
.1694009? 
36340099 
96 140034 
36340019 
96140036 
36340097 
36.14003R 
36340010 
96340040 
9614004] 
3634004? 
16340049 
96340044 
9694004b 
96940046 
16 14004 7 
96340046 
96940040 
36340090 
16940091 
9634004? 
36340099 
16340054 
30340055,_ 
36 140046 
36140047 * 
16940096 
16340090 
16340060 
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F X*AKF*ANSW2(J) )6^400^1 
F Y» AKC* ANSW«’ ( 4 ) 36J400A2 
S ir.x* AK SIG«ANSw;( M )6340063 
S IGY* AK SIGM AN SW21 M * 36340064 
IF ( WOG (NAT t 2 I • Fr) .0 I WK¡TU6,?00I 16340063 
IF <HOniNAT,?|.NE.0t WK! TC I6,?S0) 36340066 
WRITF(6* 300I F,*,VP,Y,rF,/,FF,FTAF,CR,H,SP,V 36340067 
WR I TF 16* Î50 ) IIF,TS'IAI>? .TF.CAPiP.O.CAPX.SliCAPY.AKW.StAKE'fttAKP» 36340066 

1 AKSIG .16140064 
WR11F (6,400) W,PZ,FX,bY,SIGX,SIGY 36140070 
GO TO 1 , 36340071 
FOKMATCI'.TÇT, iRir.If) PAVFMCNT RFSPONSF*// 36340072 

1 ' AOS TR AC I- THIS PROGRAM COMPUTtS THE RFSPHNSF OF A RIGID PA36340073 
?VTMf MT SYSTF.M TO MOVING TIR F LOAOS. THF ANALYTICAL MOütL OF >//16340074 
3' THF PAVFMFNT SYSTFM IS AN I NF I NI TF CLASTIC PIATE RfSTING ON A VI36140079 
4SCHFI AST IC HALF-SPACE WITH NO HORIZONTAL SHEARING *(SSES >//36340076 
s* TPANSMITTFO AT THF INTERFACE. THE VISCOELASTICI 11 'F THE HALF-S36340P77 
6PACF IS RFPRFSFNTCD BY A THREE-CLEMFNT HOOFL CONSISTI IF, (IF A (//)6)40076 
7' LINEAR SPRING (C(F)I IN PARALLEL WITH A LINEAR SPRING (F(FH AN036340074 
R A LINEAR DASH POT IF TA I F ) ) IN SERIES. 
M> THF MOVING TIRE LOAD IS MODELLFO AS A LOAD OF MAGNITUDE 
APER CASF P) DISTPIIJUTCD SO THAT THERE IS A UNIFORM PRfSSURE 
H> (PI OVER A CIRCULAR AREA. THE ENTIRE LOAD SYSTEM MOVES 
CINAllY (X - DIRECTION» AT A VELOCITY V.*l 

FORMAT!/ 

•//16140060 
(UP363400R1 
•//36340062 

L0NGITUU363400R3 
36340064 
34340064 

]• INPUTS III THL PROGRAM ARE THF MATERIAL CONSTANTS FOR THE PL16J40066 
2ATF IF, MODULUS AND MUIPI, POISSDN>>S RATIO), THE MATERIAL >//)6140047 
'• CONSTANTS Df THC HALF-SPACE IC(F), FIF), FTAIFI I , THE PLATE« THIC36340066 
4KNFSS (H|, Till SPACE VAC I ABLE S (IN A COORDINATF SYSTCH THAT >//16140069 
S' MOVES WITH THf lUAPI (X,Y,Z), AND THF LOAD VARIABLES (UPPER CASF16340000 
6 P, P, V). STANDARD F.NGI NtCR I NO UNITS) AP F USED, EXCEPT FOR >//16340091 
7' THF VELOCITY WHICH IS IN MILES PFR HOUR. >//16340092 
H> THF OUTPUT OF THE PROGRAM IS THE STEAOY-STATF RESPONSE OF T36340093 
9HE SYSTIM- TH| PLATT DEFLECTION (Wl, PAVEMENT LONGITUDINAL '//36340094 
A* STPAIN (FIX)), PAVEMENT IATFRAL STRAIN (FIVI), PAVLMLNT LONGITUO36340094 
UINAl SIHESS (SIGIXI), PAVFMFNT LATERAL STRESS (SIGIYI), AND >//36340046 
C> FIIUNPAT IHN VIP.TICAL PRESSURE <P(Z)).') 36340097 

OS FORMAT I1FO.0,|0 I , 3634004R 
•)o FiiRMATI* Nil CONVERGCNCf IN >I4,> STEPS FUR FUNCTION 'III 36340099 

100 FORMAT (I)F4.01 36340100 
•>00 FIIRMATI* |>) 16140101 
’SO FIIRMATI///) 16140102 
100 FORMAT I' INPUT'//' MAIFPIAI CONSTANTS-•,T23,»PAVUMENT MODULUS, E »16340103 

I. ' , T /•?, F 11. S, T 79, >Pl SPON SF L OC A T ION-•, Tl 00, • LONG I TUD INAL , X -(,7116 36140104 
?,K’S.S/T21,'PAVEMENT PlltSSUN>>S RATIO, NUIP) » •,T62.Cl 1.4,T100, 36340104 
1' LA If PAL , Y *>,TUB,Fn.4/T23,«SOIL PRIMARY STIFFNESS, FIFI »>,762)6340106 
4,ri3.S,U0O,>VLRtlCAI., / *',TUB,F13.4/723,‘SOIL SECONDARY SI IFFNL 36340107 
SSS, KFI *•,T62,E)1.S/T23,>SniL OAMPING, LTAIFI -^,762,113.4// 36340106 

-4 SO 

6' l.UAI) VARIABLES-',T23,>TflTAL LOAD, CA/» P » •, T62, LI 3. S, TT9 , • PAVFNC 16 340109 
TNT THIF.KNFSs-'.TIOO.'H » •, M 1 H,E 11.4/T23, • TIRF PRESSURE, P •• ,T62,16340110 
MC I 3.S/T 21,• I UAD VI LHC I TV, V *• ,T62,F13.S) 16340111 

FIIRMAT I /• OIUITPIIT > // 16340112 
1> SOM STIi-FNFSS KATIll, Mi)( F ) « •, T42,Ê 11. 5 T6S ,'SOI L RELAXATION T116340113 
2MC, TAHISIGMA) » • ,T 146, l: 1 J. S/• NONO I MENSI I’.iAL COORDINATE, Z - • ,T4216340114 
1,111.5,164,'SOIL RELAXATION TIME, TAUItI »• ,T10B,F11.4/ 16340114 
6> NIiNDIMENSIONAL COORDINATE , Z>> »• , 14?,E13.4,T6S,•PLATF MENDING S36340116 
STIFfNFSS, O »>,T101,ri3.5/> NOMO 1MT NSIONAu COORDINATE, X ■• ,T42, 36140117 
6En.S,T6S,'CHARACTFRISTIC LENGTH, L » •, T’OB ,Fl 3.5 / * NONO (ME NS IONAL 36 340116 
7 CIIORDINATF, Y *',T47,FI3.5,T65,rDE FLECTION COEFFICIENT, KIWI »>, 36340119 
IT |0H, F1 3 • 5/ ' NHNDIMENSICINAL VFLOCITY, V -^,742^1 3.4,764,(5764^ 06)40120 
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400 

499 

•»nfFMCUiNT, K ( F I * ' t T1 Ofltfc 1 3. 
AT42tFl3.4,T63,*P«fSSU*F f.OtFF 
K 'STPtSS COEFFIClINTt K(SI •• 

FORMATI 
N/‘ PCFIFfTION. W « ST4?tlll, 
n/* PAVEMENT tONf.. STRAIN, |(X 
P STRAIN, HVI . ••TlORtElS.S 
0/» PAVEMENT LONG. STRESS, SIG 
R STRESS, 

STOP 
ENO 

SIG »« ',riO«,El3.5» 

S/* EFFFCTIVE FOOTPRINT RADIUS, R 3*340121 
ICIFNT, Kl PI ■',T10R,E13,4/T*S, 3*340122 
,T10S,E13,9I 3*340123 

3*340124 
9,T*S,'PRESSURE, PII» • ',T10i,Ei3.9 3*34012» 
» • ',T42,.E13.»,T*9,'PAVEMENT LATERAL3434012* 

3*340127 
X> ',T42,E13.S,T*9,'PAVEMENT LATERAL3434012E 

3*34012« 
3*340130 
3*340131 

SubroutinM : 

(ID 363U RR only) SOnPOIITINE PFX||RHO,TMT,PSI 
niPMON /DTA/ UF,V,R,VP,CAPX,CAPV,CAPEP 
OIMFNSKIN RS(M 
P4«|«H0»*3 
OFL»PT''IF 
F*IP3*1,l/Ohl 
nMF^V»RHO*CnSITMT| 
PSI-ATANFIF.IIMF »-ATAN2« I .,OMF J 
PSI P» ATA*I2(F,itMC )*A TAN2( l .,OMC*UF» 
CAPN«SORT I ( l .♦l)NF**¿I /1 F**24I1ME**2» » 
CAPNP«SORTI n./UF**2MIMF**?»/IF**240ME**2n 
PMI «RHO* (CAP X«C(IS( THT I «CA P Y* SI NI THT 11 
RSm«CAPN*Cl)SIPHI-PSn/OEL 
PSI ?l«CAPNP*COS I PMI-P SI PI •RHO*ll»«RHO*CAP/P)*EXP(-RH0*CAP2PI/DEL 16140149 
l)IIM|«CAPN*r.OS(PMI-PSI l/UEU 16340146 
RSm«miMl*(RI«)*CnS( THT 11**2 36340147 
RS I 4 ) «DIJM l* IR HO* S INI TOT 1 1**2 16340148 
RS(M»OUM|*PH(|**?*ICnSI TMTI**?*VP*SINITHTI**2I 36340149 
RSI6»«l)l»Ml*RH0**2*l SI NI THT )**2*VP*CQS('THTI **2) 36340190 
CALL KFSJIR*RH0,1 ,CR , 1«F~4,1ER) 36340191 
00 t 1*1,6 36340192 
KSI I l»RS( ! l•CR*?•/IR*RHOI 36340193 
PFTURN 36340194 
ENP 36340199 

36140132 
>6340133 
36140134 
16340139 
16340136 
3^340137 
3634013R 
36340139 
>6340140 
16340141 
36340142 
36340143 
16340144 

SUMOUTINf Ml INtNP«îlttl»fL!»ailfSTOM!) 
N “ NUMBER OP STRIPS 

N CRN ■2t4,*tRtl0tl2tlé,20«24,2«t32tS*»40 ONtV 
RP - NUNRCR OP PUNCTIORS CORPUTCO AT ORC IRTRV TO SPAR-P|V| 
n. - TOP LIRIT 
BL - BOTTOM UNIT 

V,W, »NSRIRS STORED IR ONE DIMENSION ARRAY 
SUBROUTINE CHMIfTHETA«STORE,NPt 

THETA - VALUE AT WHICH TO EVALUATE FUNCTION 
STORE - EVALUATED FUNCTION 

»°J?f ï?!0* C0**« *» »• SWRElt 2001, ST0RE2f 2001, STORES 12001 
A,CARI 1041 «CENI lUltCCNI 1041 

SOI 0000 
SOI 0001 
SOI 0002 
SOI ooos 
SOI 0004 
sot 
SOI 
SOI ooot 
SOI 0000 
SOI 0000 
SOI 0010 
SOI 0011 
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■NMPM 

IS 

16 
32S 

SOI 001» 
sot 001* 
sot 0017 
SOI 0010 
SOI 001« 

••'sn«*1» .a. 
om'isH/ia* o,î<l2,îi,ÇîNi¡,*»,C0N,l0*,•c•,,^» ^^0011101 .cent it i sot oois 

2*ÎM222îîî,*î!?2ii!I,*:M,4é,SUMlTlM44,a*®«0»«4»ww***» s«i «oi« 
2*22222222! ’ *?î?îÎ2I!*m w55«4* • • » sto****,. t«*****?? 2ii»»ios4, sot ooiï 
T’2î«??22î,*JÎÀ!?!222,0,0,,,soa,,”5,'”4IM4a*»**1”47°T7» sot üii 
.*ÍÍ22íí2í2,,ÍÍ22í2í2í**M40511O7»*IÍO44M41-44*»‘o^mo«iit*sm, sot oois 
JJ.16807633«*.2*5524123,.6333S53»6t.2692**71«f.67760*»**«.21*0*61*1.SOI aasa 

2*5îîiS?îîî,*i2222l2?2,*2I2!?62r,*04447l,44*:®4^”*'‘i”4»ô4*î *5! S» 
2*íSíín!!««'*Î2!2222l?',45,0l677i14,1945l,,•*lT,Té*44*• i**»*»***»sot 002* 
c’9892ofl2i!”â>7Î!222i,*222i2i202'*0,ïl5,,l2,,,4457,oaî,*OM2”M4'9«i «0** 
o*522j«7?22’*2f222i222,,???207446,,O46*4O0M,,U44mM*-0**4MT*» sot 0021 
?’5o*î!«*flî,*22222î222’*22iîif22î,,0,ll7J#7,,*42lJ5l274**0iT4M°4*»*®» «>S 
* 7iîîn??2,,2222ii!fÎ’,22!îi2227,,07,lMi,6,*44i044247**OTÎÎ4*W4**«» ooso 
e «Qf»>iil«2,*2î22!!!!2,*I,44<3m,,05#4840,s»,,4,,476l4**0504W®*4»soi oosi 
H,î!î2îiiî2,,2î!f22222,*22î22i274,,0,427ï#4>»‘,44742254**02*w«49»«« 0012 n:??4!i2l2,,ol6?TO,,»'4,72M*«'*0o7ois*i/ soi 0011 
1 2IÎ.S22^ /;5773502*9.1.0# 0.0..272 *29087,.2**»63l»*, SOI 0036 

5*Î2«2222 ,;2i2222.li9’;!23l,,745,'730l52 004»*l#42,02““«870M*« s®* oo» 
3*î522î»2r 22!!?22!:,022î2i247,*l25333408-24,14T044‘*J474î»4M»s®* 003* 
6*îoi239i72**22!2i2!2i,,!?2î«2!7,,74,902474',l40078,28»*,04U7”4»*oi ®os7 
2‘i22222î!2,*!2i222222,,047X7S334»o*o»*232”l”î»*2JO49«»4» sot 003* 
6’iî2*7«îo,*2îî22!î2i,,!2!?î?248,*442344,38,*l78l4M8l»*8®l578®8l*s®> o®« 
7*?1 2*»102222221*®47J•444l8î0^®*•04®4840°St•108®S6*69» SOI 0060 
«*?l2!22?2î,*2iUi?îi2,,?05l,8444,*5l5248434**l8”3839a**447”2®o**sot 0061 
9*0191io!2Tn*227!2l2l2îii212l857l,*92"434884,*080l58087,,484283809*s®* ®®4* 
â*?22il2? ¿Sa2í;?2!S7?24!’*201194094,*19843148***394151í47» soi oo6i 
2*î2îî2ii;5722I!i73,*l4424,204,*7244l773l»«13,57047>»»44a*®M8S» SOI 0066 
c*ÎSJm2«;* 2î!ï222!:,0!22îî24a,*,879925l8»‘o,O753242»'O74524”s* sot oo6s 
2* 2?!2338!,*22778S",l**l4,172984*«S7370*089,.162096109,.510067002.501 006* 
t*i2i2î223!,*4340,348l,,llSl94,32,,744331904*,l0l93012»»4>9ll*97lt SOI 0067 
2’ni lÜiîni!’•!i2234428,*062672048,,94397l927»»0*0*0163».993128599, SOI 0068 
c*î5î2{22?i,*2îî™22,,}?I232195,*l9lu"847**125837454»'31*®4248» sot ooî* 
S^liíISíIl^tü^ÍSS-11”05448-549421471-»0744427-444®9*4»*. SOI 0050 
H.09761**52,.760126192*.08*1901*2,.8200019**,.07336*681*.88*615527*SOI 0051 

.930276952,.066277639,.976728556,.028531389,.99518722, SOI 0052 
SOI 0053 

. ....... /.05507929,.110067013*.1*65*9282, SOI 0096 
i*27204*428’*^®4®99744,•37429^9241^101112968,.475076225»SOI 0035 
i*^2t?!,*^72?t!?,*090,7l744’*4,449l094 - 089 “34*7’*7394i0»T».S01 MM 
3*°74444fi4’•9®944i37J**065272924,.8*5892523,.055107346,.913*3302*,SOI 0057 
Í *044272939’.954259281,•03290142 8,.98 1 3031*5,.021132113..996 442 498.101 009* 
5.009124283,.043018198,.085983276,.128736104,.085346686,.213500892»SOI M59 
6.084078219,.296684995,.082187267,.377672947,.079687829,.455863944.801 00*0 
7.076598411,.850680286,.072941885,.601567658,.068745324,.668001237,501 0061 
8.064039797,.729489172,.058860144,.78557623,.053244714,.833867167. SO 0062 
9.047235085,.9799298O1,.O4O075751,.917497775,.O3421301Í;.9482729M,SO 0M3 
4.027298621,*972027691,.020181515,.988986479,.012915947,.997030462,SOI 0064 
8.00556572,.038772418,.077509948,.116004071,.077039818,.1926975*1, SOI 00*5 
C.076 H0362,.268152189,.074723169,.341994091,.072155512,.413779204,501 0066 
0.070611*47, .483075802,.067912046,. 549467125*.06400401 s! 161255389*'so! OMT 
F. 061706242,.671956*85,.057439769,.7273l8255,.053227«47Î:778305*5Î,s!l loin 
Í'«î!493404',8244^223^»^0^^0^0908,.865959503,.038782168,.902090807,501 00*9 
G. 037460195,.932812808,.027937007,.957916119,.022245149,.97725995, SOI 0070 
H. 016421038,.990726239,.010498285,.99*23771,:So4321277/ * SOI SÎJ 

IF UT.ItÎi*! GO TO 16 cj¡ JJ!2 
JT - CN - 161/4 ♦ 15 I® 0073 
Ml SHUT» g; g74 
OC 370 IP-l.NP g gg 
ST08E3UPI - 0.0 H\ g;4 

I. 059298585, 
J. 01234127/ 

OATA CCN 
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no 

9S9 

MO 

MS 

MT 

SSO 
SOO 

SSO 

CONTINUE 
Hus • (ri*Bu/?.o 
MUS • iri'Bl 1/2.0 
DC SOO MltN.Z 
IC ■ K«l 
Il • ICM 
Ml • PlUS-PNUS*CONI ICI 

IP ICONIICII SSS.SSS.SSS 
OC ISO IX*1,NP 
STc<«F2UXI • 0.0 
CONTINUE 
oo rn is? 
PMI • PlUS+PMUS*CONIICI 
£ili-Ö€,,N »MPfTLltOtltPHl.ST0PE2I 
00 350 J*liNP 

CONTINUE1 ’ ,STn*fl,,,,*51rn*6*U»lSCCNim*STONISIJ| 
CONTINUE 
OC SSO IP-I.NP 
ST0SE3I IPI ■ STORESMP|*PMUS 
CCNTINUE 
RFTUPN 
CNO 

SOI 0070 
SOI 007« 
SOI 0000 
SOI 0011 
SOI 0012 
SOI 000» 
SOI ooos 
sot MIS 
SOI 000* 
SOI 0007 
soi ooao 
SOI 000« 
SOI 0000 
SOI 00«! 
SOI 0002 
SOI 00*3 
SOI OOM 
SOI 00*5 
SOI 00** 
SOI 00*7 
SOI 00«« 
SOI 00«« 
SOI 0100 
SOI 0101 

r.oi 
COI 
CCI 
SOI 
SOI 
COI 
001 
COI 
001 
ooi 
001 
GQI 
OQI 
GQI 
001 
001 
OQI 
OQI 
CCI 
OQI 

uT.uv¡s«'í,níN^¡;i '"l •r,,ii’îTo*n' 
N CNN *?**.N.S.tn,12,16,2C.?*,2P,J2,J4t*0 ONLY 

U I ToTumIT F"NCT,0NS CüMCTEO AT ONE INTPV TO SPAN-FIY» 

Ml - AOTTHP UNIT 

SUBMOIIT INfc *SpÀm PM?f StÔrF^NpÎ^'^ ,N ^ 0,WfNS,UN A*HAV 

iva,; 
«• ISNI21) 

EQUIVAIENCL ,r,,N* 1 * »CANI IM , ICUM 10Î) .CBNIll I , IC0NI219) .CCNII » I 

/0* °» •MM«’»«'»». 7745*6*6«,.«»«J*«*. 

3 6Al5¡J«r í?n»!Íl;:,0ÍÍÍ,,'Íé,,2,M2MM»‘2ÍMl*lM,.667*13««, 

î,^31î2!!«i,*}ï^'’U,4l,,•4,i*0,677B,•l6,l,6,^',* ^1^576244,.146554664.So! 

5:; : H::5 

0000 
0001 
0002 
0003 
0004 
0004 
0006 
0007 
000« 
0006 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
001« 
0016 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
002« 
002« 
0030 
0031 
003? 
0033 
0034 
0035 
0036 
0037 
003« 
003« 
0040 



!" 

15 

16 
3?5 

330 

336 

340 

345 

34 r 

350 
400 

450 

A«lÄM6it#570972l71f #166269206 9 • 726617731 •• 139970678rût aaaa 
4.10715422».93727 1392».070366048,.987992419,.030753242».076526521 fiai 004« 

• 131668618« #631:0936619^1181965129 • 766331906«#10193012#• 819116879 raí aaav 

;:h| 
4.02 7298621,.97202 7691, .020181516,.9483964 79,.012915947, 997930462'fiai 0044 
B.00666572,.03877?41R,.077606948,.îl6084071,.S77039llî. 2JI5Î2ÎÎ 'rS 
0*070611647* *48 1074802 ' ^^4091, .072886902, .413779204 ,(»Q| 0066 
0.0 70611647,.44 1075802• • 067912046,.949 46 7129,. 064 8 0 40 1 3. .612 4 49 99 roi nn*.» 
F.061306242.^671956685, .097439769,.727318299*!093227847!!77830363Í.ro! 004Î 
F•048605804,.824612231,.0439709C8,.969959503,.038782168• 902094807*CCI nn4o 

H.0164?1048,.990726239, .010498244,.99823771 ,.0045212772 
J T * N 1 
IF (jr.LT.16l r,n TU 16 
JT a (K - 161/4 ♦ 15 
K“I4H(JT| 
DC '»ÍO ! P* 1 » NP 
STC»b3lIPI a 0.0 
CCMINlir 
PLU5 « (Tl»fll1/2,0 
P“US » (TL“HL1/2.0 
nr 400 I»i»N,? 
rr « k♦ i 
11 * ic» 1 
FM * PLUS-PN(jS*CHN( rc» 
CALI. PFX I (PHI,FVAL2,STORE n 
IF (CONdCII 145,334,)45 
nr ^40 ! Xa 1,NP 
5TnRF2( IXI a 0.0 
COTINIJf 
r,r Tr 347 
FM * PLUS»FMUS*f.nN( ici 
FALL Pfxl (PH|» F VAL 2,STOPF 2 » 
nr )50 j a 1,op 

STrPMIJI a ISl0PtllJ),ST0RL2l JIIPCCNIIldSTORESIJI 
CUN T inuf 
Cf’NT INUI. 
nr aso ip* 1»NP 
STOPMIIPJ a STOPF 31 IPI *P8US 
ctntinof 
PFTl.'RN 
fcKO 

SOI 0071 
COI 0072 
CCI 0073 
GDI 0074 
GQI 0075 
CCI 0076 
GQI 0077 
GQI 0078 
GQI 0079 
GQI 0080 
GQI 0081 
GQI 0042 
CCI 0093 
GQI 0084 
GQI 0094 
GOI 0086 
GQI 0097 
GQI 0C48 
GOI 0089 
GQI 0090 
GQI 0091 
GQI 0092 
GQI 0093 
GQI 0094 
GQI 0094 
GQI 0096 
GOI 0097 
GOI 0098 
CCI 0099 
GOI 0100 
GOI 0101 
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I 

$Ul*CIITINF PFXMRHOfTHTtRS) (3631» í*H fc 363*+ CF) PFXI0000 

nti!efctíni!4íe?lVF,V,ÍETA,A,,4n'*Pl,APO,C4P*,C*^V,**AO‘<’Al'',V^,C4P|PpfK,000l OIPFNSinN RSI6I 
P1»PH0**J 
OFL"UP*PJ*UF 
OPF«V*XHO*COSITMT I 
G»I7FTâ*IF3*UP»1*I♦P3»UF I /DEL 
F«7ETí*|P3M.|/OEl 
miPl«S0RT(GP*2-4.PF» 

nUMl«-«TAN2IONFtRll-ATAN2ICPEtP2l 
PSÍ«ATAN2IAl*CNt, An-0iRE*P2) »0UMI 
PSIP»ATAN2( AP1*f’PE,AP0-nHEP*2 
PSIta*ATAN2IAlW*nME • AriH-nHF**21 ♦DUFl 
0lJPla(Rl**2«nMF**2) •(K2**2*rME*P2l 
CAPN»SCST(IA1P*2*0HF*P2*|AO-CPEPP2IPP2I/OUNII 
CAPAPaSQRTI(APl*«2«nPE*P?»(AP0-CPF**2I**21 /0UM|I 
CAPNW-SORT( IAlwa*2*()MFP*2*|ADW-DMF *«2I**2I/OUMII 
PF F »RH0*(tAPX*C0S(THTI*CAPV*SINITHTM 
PSmaCAPNPBOSIPH|-PSt,n/OEl ^r«,vwc« 
RS(2laCAPNPPPnSIPHl-PSIp,J I/0El*(l.»RHCRCAPFPIPRHOPEXPI>RHO*CAPZP)PFX(0021 
PsmaRsm*iMHn«r.os(THT) ip*2 pfx 10022 
PSCA|»RSI 11•!RHfl*SINI TMT) 1**2 PFX 10023 
AÍWP • CAPNW «HOSIPH|-P$ Ih•11/OFL*RM0**2 PFXI002A 
PSIR)» AIMP*ICUS(THT)**2*VP*SINITHT)**2) PFXI002S 
PSIM« AlHP*(SIN( THT|**2*VP*C0SI THT)**2) PFXI0026 
CAIL RFSJ<R*RH0(1(CR« 1 «F-41IFR) PFXI0027 

^ t*l»A PFXI002B 
RSC n«RSm*CR*2./|R*RHn) PFXI002R 
RFTURN PFX10030 
lK0 PFX 10031 

PFXI0002 
PFX10003 
PFX10004 
PFX10009 
PFX10006 
PFX10007 
PFXI0004 
PFX10004 
PFX 10010 
PFX10011 
PFX10012 
PFX10013 
P F X10014 
PFX10015 
PFX10016 
PFX10017 
PFXI0018 
PFX10019 
PFX10020 

.OtSJOOOl 
RESJ0002 

SIIRRUMT INF BESJ RFSJ0003 
RESJ0004 

PliRPCSE BFSJ0005 
COMPUTE THE J HESSEL FUNCTION FOR A GIVEN ARGUMENT ANO OROFRBESJ0006 

USACk 
CALL BESJI XtNtHJ.O, IER) 

OESCRIPTION OF PARAMETERS 
X -THE ARGUMENT OF THl J BESSEL FUNCTION DESIRED 
N -THE ORDER OF THF J HESSEL FUNCTION DESIRED 
BJ -THF RESULTANT J BESSEL FUNCTION 
0 -REQUIRED ACCURACY 
ILR-RFSUl. TANT ERROR CODE mHFRE 

!ER«0 NC ERROR 
1ER»l N IS NEGATIVE 
1ER»? X IS NEGATIVE OR ¿ERO 
IERO REQUIRED ACCURACY NOT OBTAINED 
IER-4 RANGE OF N CCMPARFD TO X NOT CORRECT (SEE REMARKS) 

REMARKS 
N MUST BF GREATER THAN OR EQUAL TC 2ER0, BUT IT MUST BE 
LESS THAN 

2C*10*X-X** 273 FOR X LESS THAN OR EQUAL TO 15 
90»X/2 FDR X GREATER THAN 15 

SUBROUT INFS ANC FUNCTION SUBPROGRAMS REQUIRED 
NONE 

METHOD 
RECURRENCE RELATION TECHNIQUE DESCRIBED BV H. GOLDSTEIN AND 
R.M. THALER»'RECURRENCE TECHNIQUES FOR THE CALCULATION OF 

BESJ0007 
BESJOOOB 
BESJ0009 
8ESJ0010 
BESJ0011 
BESJ0012 
BESJ0013 
BESJ0014 
BESJ0015 
BFSJ0016 
BESJ0017 
BESJ0018 
BFSJ0019 
BFSJ0020 
BESJ0021 
BESJ0022 
BESJ0023 
BESJ0024 
BESJ0025 
RESJ0026 
RESJ0027 
BESJ002B 
BESJ0029 
BFSJ0030 
BESJ0031 
BESJ0032 
BESJ0033 
BESJ0034 

V 
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c 
c 
c 
r. 
c 

^il*CT*0NS, »*»T»*»C.»V«niM.l01-iO* ANO I« 
iÜee?*,.AB*Ä,,0,l<*Ti,,6CNE**T*0N 0f BISSEL FUNCTIONS 
SPFFO COMPUTE AS SN.T.A.C.fV. 11 » |M7»M.2SÏ«|57 

C 
C 
C 

c 
c 
c 

StUPCUTINE BE$JU,N,6J,0, IE«) 

BJ-.O 
IF(N ) lCt?0«20 

10 IE«a1 
«FTUPN 

20 iFnii3o.io,n 
10 IFP-2 

«FTURN 
*11 IF C *- |S.I JJ,32,34 

32 N'T£ST«?0.*10.*x-x** 2/3 
r.C TC 16 

U NTFST«qO.*X/2. 
16 IF|N-NTESTU0,38,3B 
18 IFP-A 

«FTURN 
40 IFR«0 

M«N*1 
HPh F V«.0 

CCPPUTF ST AP TI NC VALIIF OF M 

IFIX-S.)SU.6C|40 
80 MAaX«6. 

on to to 
60 MA*I.4*x»60./x 
70 MM* N♦IF IX(X I /4*2 

M2FPC«MAX0IMAfMU) 

SET IJPPEP LIMIT UF M 

MPAX«NTFST 
100 on 190 MaM/ERO« MMAX•1 

SET F(MI,F(M-1) 

FMl.l .OF-28 
FM» »0 
ALPHA».0 
IF<M-|M/2I*2I120,11C,120 

110 JTa-i 

CF TC 110 
120 J Ta I 
130 M2«M-2 

OC 160 Ka1fM2 
MKaM-R 
PMK»2.»FLOATI MXIPFM1/X-FM 
FMaFMl 
FPlaRMK 
IFIMX-N-1I180«140»150 

140 BJaBMK 
180 JTa-jT 

S»I♦JT 
160 ALPHAsALPHA4BMK*S 

BMX»2.*FM1/X-FM 
IFIM 180,170.180 

170 BJ»0MX 
180 ALPHA«AlPHA+BMK 

BJaMJ/ALPHA 
IFI4RS(BJaBPRFV)>ABS( 0*BJ11200,200,190 

E-55 

A. STECUN BESJ0039 
ON HIGH BCSJOOSé 

BESJ0037 
BESJ003B 

.. 
BiSJOOAO 
BESJ0041 
BESJ0042 
BESJ0041 
BESJ0044 
BESJ0049 
BESJ0046 
BESJ0047 
8ESJ004B 
BESJ0049 
BESJ0080 
BESJ00S1 
BFSJOOS? 
BESJ0053 
BESJ00S4 
BESJOOSS 
BFSJ0086 
BESJ00S7 
8ESJ005B 
BESJ0099 
OFSJ0060 
BESJ0061 
BESJ0062 
BESJ0063 
BFSJ0064 
BESJ0068 
BESJ0066 
UESJ0067 
BESJ006B 
BESJ0069 
8ESJ0070 
BESJ0071 
RESJ0072 
BESJ0073 
BESJ0074 
BFSJ0078 
BESJ0076 
BESJ0077 
BESJ0078 
BESJ0079 
BESJ0080 
BESJ0081 
BESJ00B2 
BESJ00B3 
BESJ00B4 
BESJOOB5 
BESJ00B6 
8ESJ0087 
BESJOOBB 
BESJ00B9 
8FSJ0090 
BESJ0091 
BESJ0092 
BESJ0093 
BESJ0094 
BESJ0095 
BESJ0096 
BESJ0097 
BESJ0098 
BESJ009O 
BESJC100 

I 

/ 



HO AMEV-BJ 
IMO 

200 BETURN 
MO 
FtIKCTION RnSICiKI 
«•SlfNIl.tCI 
«■«ASIO 
BIO.!«!**) 

10 IF IA.LT.B|*2.««1S» 00 TO 11 
••A-PI*?.**1B 
r,u rr io 

11 IF (K> 12,13(12 
12 ACS«CnSU*B| 

GC TP 1A 
13 ncs>siN<A*n) 
1* BETtJHN 

FNO 

BESJ0101 
BESJ0102 
AESJ0103 
BESJ0I04 
AOS 0000 
BCS 0001 
AOS 0002 
BCS 0003 
BOS 0004 
AOS 0009 
AOS 0006 
BOS 0007 
BCS pOOA 
BOS 0009 
AOS 0010 
BOS 0011 
BOS 0012 
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2 * tf» u. u. 

«A * UJ • 
• IM tf. « tfl r. 7* u. a • «a 

tf» Ik r < !a 2 ^ 
^ — *A U< ft • 
* ». U * ft ft 

«A ► 
*A OC • t ft « S> 5 <2 ><• ia ft 

tA ^ ► 
«a r c ft ft • 
- u * ► 2 4 o ft ft < ft n ir 

ft ft «ACi « 2 ^ 
KOft 

ft ft ft ft w £ 
X « r ^ ar ft ft 
ft ft ft ft ft IAO 

ft ft ft ft ft ft ft ft ft c 

ftftftftS55 o-S 

N N 
ft 

ft > ft 
ft • • 
U ft ► 

• 51 
O «A U 
< IA C 
O ft ft 

■*8 > 

ft ft 
»> ft 
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mlsHíl Is 
ftftft—Air — •<# ft*» • ••»••••• »•» 
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SUPPLEMENTARY STUDIES 

1. PAVEMENT RESPONSE TO A HORIZONTAL LOAD 

Let the pavement be represented by 
a two-layer system (both layers being 
three-dimensional elastic solids) 
bonded at the interface and acted on 
by a circularly distributed shearing 
traction. 

4 

t 

The solution to this problem is described in (l) and the results can be simply 
presented. 

I 

Interface Normal Stress 

Interface Shear Stress 

P * I cos 6 (1-1) 
z P 2 

r a 

T “I COS 6 (1-2) 
zr T 2 

zr a 

Interface Shear Stress T 
Zfc 

I sin 0 (1-3) 
z0 a 

where 

Q 

a 

z,r,0 

E 
P 

total shear load (lbs.) 

radius of distribution (footprint radius)- in. 

polar coordinates 

top layer stiffness (psi) 

bottom layer stiffness (psi) 

top and bottom layer Poisson's ratio 

(1-4) 
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and Inl I. , I. are correction factors which depend on h/a, Ef/E_. 
^ Tzr Tzo 

and r/a, as shown in Figures F-l through F-6. 
I 

The interface normal stress can also be calculated by use of the Boussinesq 

expression 

P « 
3Q X z 

1 2ir(x2 + y2 + z2)5/2 
(1-5) 

(r2 - X2 + y2) 

In either method the shear load Q is related to the normal load P by 

Q * UP (1-6) 

and the total load can be related to the tire pressure by 

nap * P (1-7) 

Using Equations (1-6) and (1-7), the pavement response to a shear load can 

be written 

P * I (npu cos 0) 
z p 

T a « I (npu cos 0) 
z0 Tz0 

T » I (npy sin 0) 
zr T- zr 

(1-8) 

(1-9) 

(1-10) 
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FIGURE F-l - lutcrL’af’e Normal StreüG Corrector Factors E /E 
f P 

1/2 

» 

4 

\ 
u 

•n 

FIGURE F-2 - Interface Normal Stress Corrector Factors "A 1/10 
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FIGURE F-4 - Interface Shear Stress Correction Factors » l/lO 
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FIGURE F-i, InterJ'ace Shear SLreas Correction Factors E /E r p 
1/2 

FIGURE F-C - Interface Shear Stress Correction Factors 
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2. INERTIA EFFECTS 

The following analysis was performed to determine the magnitude of the 
inertia force relative to the subgrade pressure force at the pavement sub¬ 
grade interface and to ascertain the consequences of neglecting inertia effects. 

The pavement vertical deflection versus time looks like: 

The maximum pavement vertical acceleration occurs at the peak deflection 
point, and is related to the longitudinal strain at all points as follows: 

» 

dw 
dt 

dw dx 
"Sx dt 

where 

2 f ^ 2 
d w d I dw dx I dw d x dx 
dt2 - dt [ Öx dtj ~ òx dt2 dt 

dx [d_àw] dx [ ò_ ow dx 1 
dt ^ dt òx J dt [ òx Ux dt J 

d2* 

¡? 
w âvt d x / dx Y 
5 Sx dt2 Idtj 

2 a2 
ò w 
. 2 
ox 

For a non-accelerating airplane, 

dt 

so 
2 2 

d w _ v2 5 w 
2 - » o 

dt* âx* 

V = airplane velocity 

(2-1) 

(2-2) 

(2-3) 

(2-4) 
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But 

So that 

-,2 
* 

ôx 

.2 
o w 
“2 
ox 

longitudinal strain at 

A r t 

(2-5) 

-► X 

(2-6) 

,2 0 e 
Cl W £- X h 
■—jr = V ~ or, evaluating e at z - § , we have 
dt x ¿ 

d2w 2V2 /h\ 
¡7 ’ — ex ¥ (2-7) 

^Assume that a small finite cylindrical portion of the pavement located at 
= O, y = 0 attains the acceleration given by (2-7). The mass of this section 

m - o Ah 

where 
n =- pavement mass density 

A area of circular segment 

h = pavement thickness 

(2-8) 

The inertia force on this section is given by 

,2 
F - - m 

1 dt2 

2 
nAh 

2V 
ex<?) from (2-7) and (2-8) 

ri ^ 2 o A Y“ Sx (|) 
(2-9) 

To d.termine the significance of this inertia force, we compare it to the 
force from the subgrade pressure acting on the circular segment at the sub¬ 
grade -pavement interface. This force is given by 

* 
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(2-10) ffiu, y) dxdy 

If the area of the circular segment of pavement is chosen sufficiently small, 
we can assume that the average pressure acting over the area is equal to the 
maximum pressure at x - 0, y = 0, since the pressure (x,y) curve is similar 
to the.deflection curve shown above, i.e., its maximum is at x = 0, y = 0. 
(This is strictly true only for V - 0 and V =oo . ) with this assumption, the 
pressure force becomes p on» tne 

F -- p A n max (2-11) 

Combining (2-9) and (2-10) we have 

Fi ¿ ^ \ (|) 

P max 
(2-12) 

where both ex and p^ are evaluated at x - 0, y - 0. From p. 126, 

and 

ï (½) - c 
X '2' D 

P C ^max p |2 

Equation (2-12) becomes 

but 

so 

R „ 2 „ V2 ^ 

hi2 hD2^3 
l/3 9 h 121/á (l.u;) 

¡T75"» ' Dl/3 Ef2/3 =-..1/3 , /2/3 

h 

V"hEf 

2 C 12^3 (1-u2) 
R = 2o V2 77— -r—_g- 

CP E ^ E 

1/3 

* = k (1^)(1-,2)173 0] l/3 ^ m 

V,J Ef 

C,(v) 2 

Cp(V) 
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A 2 
Define K = 2 x 12 'J (l"Up) ° «constant for concrete or asphalt 

K R - - CC (V) y2 

y7’- ^ 
(2-13) 

Cg(v) ^ Ce (V,r,?) 

clvT C” x C (v,r,:) 

at V = 0, r - 1 and Ç = 1 

From page 129, Ce ^ #028 .109 so 

cTvJ .109 c ^V,,J 
P ' p 

-4 . For asphalL, o - 1.59 x 10 , u • .4 1 ’ mx p 
-4 

concrete, o 2.25 x 10 , jj - .15 ’ max p 

K - 2 x ia1/3 (1 - .lé)1/3 1.59 x lO"4 = 6.8? x 10-4 81 

K - 2 x 121/3 (1 - .O225)1/3 1.59 x lO"*1 = 10.22 x 10-4 

Subst. into (2-I3) 

„ 224_ ^ ^V,r>^ /VKtSv2 
1/3 „ 2/3 X C , TvTrT?) 100 ‘ asphalt 

V^f” > 

XU fU € ' ' 

concrete 1/3 y 2/3 X C (V,r/j) 
1078 V’r*^ /VKtS\2 

^3 ‘ 2/3 X C (V.r^j) ( 100) 
p s p 

From page 134, for r - 1, ? = 4.5 

(2-14) 

00) 

R = 

ce (v 

483 asphalt 

719 concrete 

.667 

1/3 * 2/¾ 

Kts 
100 

F-10 



Asphalt: 

» 

♦ 

Concrete: 

Ep = 200,000 psi 

Ep = 4 X io6 psi 

Ef = 30,000 psi 

Ef = 30,000 psi 

Asphalt 

Ep1//3 = U2)1/3 tl06)1//3 - .45 X 102 = 45 

Ef2/3 - (30)2,/3 (IO3)2/3 - 961 

=> R 
n200 kts 

.044? 

Concre te 

E -- 41/3 X IO2 = 159 
P 

Ef2//3 - 96I 

R200 ‘ ■ -0188 

The inertia forces during taxi are shown to be very small (<5i&) compared to 
subgrade pressure forces acting at the interface of the pavement and subgrade. 

1 

t 
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3. WAVE PROPAGATION VELICITIES FOR PAVING MATERIALS 

Wave propagation velocities for paving materials have been determined in 
the laboratory and in the field. Field testing has been conducted through 
the application of a vibratory load to the surface of the pavement. Details 

of this procedure have been discussed by Jones (2, 3 and 4). The primary 
purpose for determining wave velocities in paving materials has been to 
measure the elastic properties of the materials in-situ. 

Wave velocities as measured in various paving materials are summarized 
briefly in the following pages. 

(A) Portland Cement Concreto 

Jones (2) developed a vibration method for measuring the thickness of 
concrete rotó slabs in-situ. He reported that the type of wave measured 

in concrete road slabs was dependent on the frequency of vibration. In the 
frequency range from 1,000 c/s to 4,000 c/s, the vibrations were identified 
as flexural waves, the velocity was dependent on the frequency, the thickness 
and the elastic constants of the slab. At frequencies above 50 kc/s, the 
velocity was constant, and the propagation became independent of the frequency 

and the thickness of the slab, i.e., it is then the Rayleigh wave velocity of 
surface waves in the concrete. The frequency at which the Rayleigh wave 
velocity nay be measured depends on the thickness of the slab. 

Jones (2, 3 and 4) reported that the Rayleigh wave velocity was approxi- 
mateli 8,350 ft/sec., for concrete. 

(B) Asphaltic Concrete 

Because properties of an asphaltic concrete change wiuh temperature and 
duration of loading, flexural wave velocity for asphaltic concrete would 

also vary with temperature, duration of loading as well as frequency. Very 
little information concerning wave velocity in asphaltic concrete slabs was 
reported in the literatures. Nijboer(5) in his paper reported that the 
flexural waves in an asphaltic layer were measured at the various frequencies 
ranging from 200 to 3,000 cps depending on temperature and the thickness of 

the asphaltic layer. The measurea velocities of the flexural waves varied 
from 4,200 ft/sec to 800 ft/sec depending on frequency, temperature and the 

thickness of the asphaltic layer. The Rayleigh waves were not measured in 
his study. It is expected that higher frequencies are required in order that 
the Rayleigh waves may be measured. 

(C) Granular Materials 

It should be noted that the dynamic behavior of granular materials depend 
on a number of factors such as confining pressure, density and degree of 
saturation. 

Selig and Vey (6) reported that the wave velocity in Ottawa sands varied 
from 930 ft/sec to 1,330 ft/sec for specimen densities ranging from 100 to 
112 pcf and confining pressures ranging from 5 to 12.5 psi. 
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The shear wave velocity in Ottawa sands as reported by Hardin and Richart 
(7) varied from 5OO to 1,300 ft/sec for void ratios ranging from 0.3 to 0.8 
and confining pressures ranging from 500 to 6,000 psf. 

Shook wave velocities as reported by Zaccor (8) for various sands ranged 
from U50 to 1,200 ft/sec for various incident axial overpressures ranging 
from 10 to 400 psi. 

Heukelom and Foster (9) performed dynamic testing on pavements and measured 
velocities of the Rayleight waves. They observed that the wave velocity 
for sands varies from 390 to 590 ft/sec/, the wave velocity for clay 
gravels varies from 620 to 1,300 ft/sec. 

(D) Subgrade Soils 

Jones (lO) reported in his paper that velocities of the Rayleigh wave in 
subgrade soils were measured by vibration methods to be in the range of 440 
to 700 ft/sec. Heukelom and Foster (9) reported that velocities of the 
Rayleigh wave in clays are in the range of 300 to 490 ft/sec and in sandy 
clays are in the range of 490 to 65O ft/sec. Nijboer and Metcalf (ll) 
reported that the wave velocity in silty clay was measured to be 5OO ft/sec. 



TABLE F-l Summary of Wave Velocity Data 

HATBRIAL 

Portland 
conont 
concrete 

Aenheitlc 
connote ~ 

RBPBRBMCE 

Jones (2) 
Jones (3) 
Jonss ano 
Mayhew (4) 

Nijboar (5) 

TYPE OP TBST 

Vibration on 
concrete road 
slab 

Vibration on 
paveaent* 

TYPE OP WAVE 

Lora Nave 

Rayleigh Nave 

Flexural Nave 

(astuaption of 
free plate) 

Granular 
HifãrTIl.» 

Ottawas Sand Selig and Voy Shock pulse 
(6) 

Hardin and Shock pulse 

Shock Induced 
stress wave 
cosipression 

Sand Zaccor (8) Square-wave 
pulse 

Sand 

Clayey gravel 

Moraine 

Subarade soils 

Clays 

sandy clay 

Subgrade soils 
(silty clay) 

Heukelou and 
Poster (g) 

Hauke loar and 
Foeter (9) 

Jones (lO) 

Heukelon and 
Poster (9) 

Vibratory test¬ 
ing of pavenents 

•• 

Vibratory test¬ 
ing of pavenents 

Vibratory test¬ 
ing of pavenents 

Vibratory test¬ 
ing of pavenents 

Rayleigh wave 

M 

Rayleigh wave 

Rayleigh wave 

Rayleigh wave 

ft 

M 

VELOCITY PT/SEC 

1Ä.000 

1,350 

4,590 (3,000 c/s thick 
ness of AC layer ■ 6.3 in. 
430F) 
2,310 (700 c/s thickness 
of AC layer ■ 0.3 in. 43°l;) 
2,050 (3,000 c/s thickness 
of AC layer - 2.7 in. 72<>f) 
700 (200 c/s thickness 
of AC layer - 2.7 in 72°l) 

930 to 1,330 
(for Oj ■ 5 to 12.S psi)* 

500 to 1,300 
(for O3 ■ 3.5 to 41.7 psi) 

450 to 1,200 
(for incident axial over¬ 
pressure ■ 10 to 400 psi) 

300 to 500 

020 to 1,050 

•20 to 1,300 

440 to 700 

300 to 490 

490 to 050 

520 

>Oj - confiningpressure 
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PROPOSED PULL SCAM! TEST PLANS 

IVo plans aro presented for performing moving load testa: (1) Operational 
..tatiotloal Teatn and (P) Moving Load Track Tests. The differences in concept 
are that flj employs airport pavements and operational airplanes to provide 
statistical data, while (P) uses specially prepared pavements and a controlled 
load cart to provide point-by-point data for correlation with analyses, 'the 
following discussion sets forth the detailed test programs for each of the 
methods. 

1 • OPKHA'ITONAL STATISTICAL 'IKyii; 

(v jjitmduction - The Operational Statistical Tests, as the name Implies, 
depends largely on obtaining an adequate statistical sample of airline 
takeoff, landing and taxi, operations for support of correlation stud lé" 
and the development of design criteria, illnce the loads Imposed by the 
airplane on the pavement, will be estimated from photographie coverage, the 
size of the samples will be quite large. Because of the dependence of the 
program on the adequacy of the sample data, reduction and correlation studies 
will he performed at each of the airports used In the survey. 

(Hi Test Organization - Figure 0-1 sets forth an organization for the 
test pro rrarn which consists of various participating airl ines, airports 
and a Irframe manufacturers In addition to the test leader and operations 
safety officer. The responsibilities of the various participants are as 
follows: 

M) Airlines - They win supply the following airplane configuration 
data for each fl ight: 

Nose and Main gears 

Tire pressures 

fitrut air pressures and corresponding static strut position 

*• Takeoff and Landing 

gross weight 

Center-of-gravity position 

«• Représentâtive airplanes to do static tests 

(¿) Airports - Supply the fol lowing data and services: 

Construction details on selected runway and taxi way pavements 

•«a Provide Operations Safety Man along with necessary communication 
system 
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Provide work time during periods of low tramo for electrical 
Instrumentation InstallâtJon 

t lon ’ 

aspect 

• Provide neceaaary electrical power at the test oiteo for operating 
Instrumentation installation equipment, instrumentation, cameras 
and 1 U'hts 

4 Provide office space, telephones and necessary furniture for 
tent planning, data ('atherin^, data reduction and performlm' 
data analysis 

« Provide historical data re^ardln/i the amount of heavy i'.rosr. 
wol./'ht truffle on the pavement to be tented 

Airframe Manufacturers - Supply the followin/; technical informa- 
•onccrnlnK the airplanes participating in the tests: 

• Airplane basic geometry Ineludinc near positions, win/; area, 
bull urea, leading edf'e mean aerodynamic chord position, wheel 
i'eometrles, and engines’ reverse thrust and their line of action 

« Vertical center-of-f'ravlty position and pitch moment of Inertia 
and correspond inf; ('ross weight and loading confi^iration 

• 1.1ft and pitch aerodynamic data for both the takeoff and landim' 
con fh^urat ions 

•• Main and nose landing ^ear air pressure and tire pressure curves 

) Test header - 'fhe test leader is responsible for the followinc 
s of the testim' portion of the program: 

• Selection of the points on the runways and taxiways for performing 
tests 

-• Insta I I at ion and operation of all instrumentation and cameras 

• Development of the test plan ineludinc the sequence and the 
number of tests to be performed 

• Coordination with the Operations Safety Man in the proper and 
safe conduct of all tests concerned with runways and taxiways 

• Settinc-up the data reduction systems and the data review methods 
to provide timely support of the testing 

• Corre I atine measured and analytical data 

• Preparation of al .1 reports ineludinc the final report 
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(C) 'l'1 at »chfedule - Figur« 0-p ig thu Test Schedule ior thr. !'> 

oírromed^n^í00?1^"^1*11081 Te8ts pr°ßram- tasks that will be pt.riormcd will include the following: 

(1) Preparation for Tests - This activity will include: 

• Selection of the six airports to be used in the program. Four 

to be extremes in asphaltic-concrete and Portland cement 

constructed pavements and two will be representative of the 
average of both types of runways. 

s Prepare support requirements and coordinate with each of the 
airports. 

• Obtain necessary airplane support data from the airframe 

manui'acturcrs of the 757, 707, DC-8 and the jhj airplanes. 

s Prepare airplane configuration data sheets to be filled out 
the cognizant airline personnel. 

by 

• Prepare test plan to serve 

the participating airlines 
as an advance briefing document for 
and airports. 

• Purchase the necessary surface strain gages (approximately 1Ö0 

per airport), the necessary taxi path switches (approximately 
JO per airport), and the material for wiring and installing 
the instrumentation ( Ft is assumed that the recorders are or 
can be made available). 

• Develop methods for reducing data obtained from the cameras 

including: airplane velocity, airplane net lilt and loads 

imposed by the airplane on the pavement using calculated strut 
and tire data. 

• Develop statistical sample size criterion. 

• Develop methods for determining maximum strains under the gear 

• Det up data reduction techniques for the nondestructive and 
impact tests. 

• Acquire equipment needed to perform nondestructive impact tests. 

(2) J'leld Tests - it is expected that the tests at airport A will 
require extra time for training personnel and solving problems related to 

instrumentation installation and efficient operations. By about the third 
airport the time required for the tests would be about five weeks. The 
crew for the tests will be divided into two parts as follows: 
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• rhe first oection of the crew will malt« «n i m , 

cuino UP the d.t. oetherino oMoÛ ^ 

' S;H5H~€~:Tr ™ “¡- 
date reduction end removal of Instrumentation 

.«ÄT: it ttet rrte° mrk •‘r- °r «“ «- 
win flow at a typical field test a'lrport is dïplc™"„ ñ^cVI? 

ooordi2tior^th°Ídt.tst'ôr^- ; ,|hlí e,;fort r^ul^ *°°° 
further ten tino at a particular - i te in a ti e 'Jeclslons 83 to Ue need for 
performed In this task will a?so Include* Iy 'fte "ork *• »• 

* Ü’ySnt °f meth0ÍS f0r ’8“"C the measured data 

e Performance of correlation studies 

' sS= c™ 
be requlrcîî ^n^support^f^the^ést^procram^3' ’ ^ followinß equipment will 

a Nondestructive test equipment such as the Shell machine 

* SÜ ^tÍCã =U'htaS avall8l"e 8t “e lockheed-fjeorqla company but with a greater load capacity 

• oÜ„Ídr fM' pr0'id^ a recess for Installation 

A viewer to be used In obtaininG data from the photographic film 

cDSeSckt^ecorrePïatLnt° data redUCti°n and on the 

Desk calculator as back-up to the desk computer 
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:LrjTr~zn mnw „,i two croo, torlooy loc.tlon. .t .«h of th. Z 

s.’rEi.-Si'Ä*« í 
on the hnnle of be!^ r.p„o.„t.«v. of lo. epeeÄ 

anh'normaí*'to 51T?níh?' îj**“,^11^^ "«“U« »traîne parallel 

the contact ».Itehee riî/be ^ ^ «« 
muoh maximum ntraln data ao in practical ** *? capture an 
and dintancen between wheel». ? actical when considerin« main ßear tread 

Beoaune of the number of ronordin/' channel'' nppfiori 14- i ...it 
that only one elte vlu be operated at .TL: ° “M,!lp*tid 

'-ne r:amera equipped with timinr: and framing device- win h» d , 

rn h ríhí0, attltude^and 

¿¿ÿfvmwmm ¡-Tests ar - 
manSurern: ‘tatIon, for the alrUnee, elrportn and airframe 

• Photography -Airplane pitch attitude and velocity relative to 

SSJSTÆ Ä.ST ~ aurraoeyponltlon7 tL 

• Klectrically Recorded - 1-Jither tape or oscillograph equipment 

ãSlaL^h ° T57'1/4"1" and'parSlS tT airplane path) and contact switch output, 

be ^foSrS^Slt-e™e followlnG four or 

ohar.^ioS^^-ïr^rLiÂi^T^^ 
compared to the historleal data on eonntruetlon and pavemert trame. 

the Â;a'^rf™«atrriib“aÆSroÂ 



ImP*ct - T^e imp»Rt teat provides a simple means by which the 
moving load effect can be simply checked on other runways» iherefore the 
data obtained will be used to support development of this technique. 

f*! ) Moving Load - These tents will provide the data for correlation 
with analyses and will form the basis for the development of pavement design 
criteria for moving loadn. Because these tests are not well suited for 
point-by-point comp-rtaon with analyses, statistical methods of data 
analysis will be employed. 

(If) :>immary - The success of the Operational Statistical Tests will 
rely greatly on the cooperation of several different activities. The 
coordination will have to be developed at nix airports. Most likely, 
each will have sufficiently different needs which In turn will require a 
great deal of flexibility on the part of the tent crew. 

.'Unce the vertical load imposed by the gear on the runway is to bo obtained 
by calculât tons from photographic data, the quality of the data will be 
degraded. Therefore, particular attention has to be paid to assuring that 
an adequate sample of data is obtained and that the test sites selected 
will hold airplane transient load effects to a minimum. 

'>'• MOVING Í/JAD TRACK ’ITIS'IU 

Introduclion - 'Ihe Moving Load 'frack Tests are designed to produce 
collated data of a high degree of accuracy under controlled conditions. The 
program requires a track from which precise control o'* the moving load on 
the pavement can be achieved. Velocities of the load can be preselected 
and transient loads from pavement uneveness and aerodynamic effects can be 
helrl 1,0 a minimum. In addition, the load imposed on the pavement can be 
obtained from strain gage information and accurately collated with the 
response of the pavement. Since the pavements are to be constructed at the 
site, additional instrumentation can be installed to measure soil pressures 
and pavement deflection. The data collected can be correlated on a point- 
by-point basis. 

¡'est r)rgani/.atIon - Kij^ire G-h sets forth an organization for the 
te-,; program consisting, of four principal well coordinated groups. Once 
pavement installation and load cart development are complete, the group 
number is reduced to two. 'Ihe responsibilities of the participants are as 
follows: 

0) Controlled Test Track Kaclllty - This activity will supply the 
following equipment and services: 

• Provide Track Gafety Officer along, with the necessary communica¬ 
tion system 

Provide the test track including arresting gear and the pusher 
carts and all attendent modifications and maintenance. Once 
the load cart has been fabricated, its maintenance requirements 
will also be assumed. 
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and JÍ® f"8tru,n®nt‘tion recording system for both the moving 
lnstrument*tion installations including a Sick 

m.«+«ífPabilÍíy B5ratem' ra*intenance required for instru¬ 
mentation system is also to be provided. 

* ÎEÆî^ “TS?1 b" *u“11*4 ^ coordinate the load cart weight with the arresting gear settings «mH 

ti!S+eMCJrt4^r181 duration requirements. Also, he8will assure 
that historical motion picture coverage is obtained. 

-,, f2) Pavement Installation Contractor . ^is activitv wni 
following eiTTnêe „d .uppi, the nateriai ino^tÄÄI?” 

* Provide an instrumentation liaison man to assure proper coordina 

¿%ZTZlUr.in‘tga,r‘ 0f th* a^ the 

* P^ntthÄ“ätS1Uaine the Pr^r an 

e Remove old pavement in the test area 

* 5ãí^tMtioÓS!;.TTntS1Í°*the deslgn «Pacification.. Partie 

...ur1‘rííír^^„r.^.^~nírí:;disr:iií‘1i-‘nd 
^ ^rsÄfr r t 

h«. been fabfioated and InEtrunentcd tbl. ^vlWU be oZJÎ! SV** 
tenance réduiront, will be the responsiblÄ «'¿iviu^. 

aspects^of IV^Ung ¿omon^f the^iog^'“1""3^1' f0r the f0ll0wi”* 

* -.«fa^altÄ^d8 thereto“'“06 °f 

' SeS.S^t.T1""“46’ th' d,ti ”dUdtl°" sy8t*m ^ 

' as^“thÎïnJÎÎÏ ‘^ifact/afaty and Operation. Officer, to 

ô?^ .Suï^t t0 be PMf0r”d *” «i' capabilities 

• Correlating measured and analytical data 

• Preparation of all reports including the final report 
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(c) Test Schedule - Figure 0-5 is the Test Schedule for the 12 month 
duration Moving Load Track Teats. The tasks that will be performed will 
include the following: 

(1) Preparation for Tests - This activity will include: 

• Selection of the construction techniques and materials to be 
employed in the six test pavements. The pavement to be asphalt 
concrete (4) and Portland cement (2). 

e Purchase the necessary strain gages (120), pressure gages (3Ó), 
deflection gages (18) and the material for wiring and install¬ 
ing the instrumentation. 

e Set forth requirements for the design of the load cart. 

e Develop preliminary test plan indicating general requirements 
to aid in preparation of test track. Such information as load 
cart weight, range, velocity requirements, approximate nuniber 
of tests, test pavement location, instrumentation requirements 
and approximate amount of data reduction needed will be included. 

• Prepare detail test plans for nondestructive, static, impact 
and moving load tests. 

• Prepare detail instrumentation requirements for the pavements 
and the load cart. 

• Prepare data test sheets 

• Establish data reduction techniques for the nondestructive and 
impact tests. 

• Develop methods and criteria to be employed in the data review-. 

• Acquire equipment needed to perform nondestructive and impact 
tests. 

(2) Load Cart Development - The load cart will be designed to have the 
following features: 

• The gross weight can be varied from 110,000 to 175,000 pounds. 

• Ninety percent of the weight will be carried on the main struts. 

• Auxiliary struts and wheels will be provided to stabilize the 
cart during track acceleration and speed retardation in the 
arresting gear. 
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( • The main struts will be obtained from an obsolete 707 or DC-8 
and will be modified to have interchangeable «heel configurations 
(single, dual and tandem). The strut on the test pavement 
side of the cart will be instrumented to measure vertical load 

e The wheels will be located from the centerline of the cart such 
that they will pass over the center of the test pavement 

e Provide the necessary fixtures for mating the pusher cart with 
the load cart 

e Guide wheels or slippers will be installed to mate with the 
track directional guide rails and so located longitudinally 
that a 3,000 pound side force on the rail will not be exceeded 

• The cart will be capable of velocities up to 150 knots 

. Installatlon - six test pavements will be installed in 
series with materials and construction techniques being selected during the 
Preparation for Tests task. In addition, the pavements will have the 
following features: 

e Be a square, each side 25 feet in length 

• Pinned together to take vertical shear 

• Instrumentation such as pressure and strain gages to be located 
in and on the pavement 

• The surface shall be as smooth as possible, including Joints, 
so as to reduce transient loads to a minimum as a result of 
cart response to surface uneveness 

e Reasonably fast cure materials will be used 

T^ack Preparation - The following work will be performed in 
preparing tne track and its equipment for the test program in addition to 
normal maintenance activity: 

e Provide office space, telephones and necessary furniture for 
test planning, data gathering, data reduction and performing 
data analysis 

e Remove present pavement from the area for installation of test 
pavements and excavate the area in preparation for pavement 
construction 

• Install the necessary instrumentation wiring 

• Develop operation plan for conduct of the tests 
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• Provide cart load and velocity Charta. 

• rÆ'Âît- ,0r ,UPÏOrt 0f lrl»tn*tnt.tloHj 

£ »Weh th. work wlu 
of the teat, including chanses ln th« oí the actual performance 
include both field and laboratory testa nriS*^ 8hOWn' Te-t> w111 
of the program. Among the testa^iU bee ilte îüiiÂfter th® conclualon 
determine significant connective characteSatU* such t0 
grain size, diatributionTcalifornia BearincR.^! ^ ! moisture content, 
specimena will be laboratory teatïd unSÎÎ ïf.îî dry deMity- Sample 
lort. to determine .te^o .^ d^lô^uî^ î!l”P'*ted Tll° 
teata will be uaed to ascertain the íiií+Ü1 d da“lpln« Properties. The 
~t.rl.le end to ¡.íerS«1íÍ .^ei^fiTîî0““ ,0r th* ™rl<ra* 
Uyer., heve on p.v.m.S“..^ne" ï,r,u* ‘“«''««l 

(6) Data Review and Correlatinn 
includes : -------- The work to be performed in this taak 

* wÎtVa'Syé”nt 0f f0r correlatl"8 t»e mea.ured ante 

e Performance of correlation studies 

* ^td^l0PmenÍ+0f thC methods «“Ployed in establishing pave- 

the vÂîd«tertte£„n°VlnS l0ad‘ ,na th* 

b* requlãd^ITSupJSt1^1 thr:rtLTÄ? * The followlng "!ulPMnt "“1 

a Nondestructive test equipment auch aa the Shell machine 

* d?rïCe 8UCh 88 avallab1« at the Lockheed-Georgia Company but with a greater load capacity 6 

* ch^Tco“^0 SUPPOrt r,dUrt10'' “d O" «PPt 

a Desk calculator aa back-up to the desk computer 

;.v^wlng four typM 01 b- 
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FIGURE G-6 - Work -Flow Chart for Moving Load Track Tests 
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!• BACKOROUNp 

• numberöfinSweSrÄ^s41 S'cîdir'to^ lntar»etion of 
Procedure, it is necessary to dev«!«« *rder.10 d*valop a rational design 

additifligî of,pavement8- In deciding ín^hí^UbniJ0*^*1 approach ^ 
addition to structural considerations aeonLíí^Í1!7 of * d*8i«n» in 
other user controlled factors plav an ' Bafetjr' reliability and 
consider all these factors It dï.îï P»rt. This review doe “not 
FigureH-l indicates the many variabîee ¡S Wlth tï* fltructur*l design variables 
b. accountad for in th. ‘»vlÎÏ* ‘"î*”«*1»” S.ÄS' 
developed for a hichwav Is ° pavement system. This was 

(1968), but 1. applicable to the | SîpSt^a^^ji*”“811 “4 “«•l«*« / 

. rblT 
“ajor objective of this report * A r#vl#w of this aspect is the 
™> H-l and detailed In p££'h-2 rfS* ^ ?! “ IMlcatrt In île. 
computed primary responee agalnat obaerv«.^!! H72 the P1*00«11 of cheeklna the 
izations as necessary is also indicated Th¡h*Ví°r 4110 modlfFÍng the ideal- 
the mechanical state (stress, strain and dln.^í1“14^/®3150118® is d«finad by 
pavement system. The evaluation õf th¡ níí- i0n) that ls induc«d in a ^ 
on material failure theories It i* resP°n8e is based primarily 
steps, as shown in Figure H-l, that aî^SvSî^ î° ívZnment bri*fly on the7 
pavements and indicate how both enmiiTi-i ? ln the atructural design of 
»und theoretical principle, fall ïiÂîX*.^ °n 

ixii T,i,bie”—»• 
construction, and maintenance variables Thí í7 ¥ lo?d’ environmental, 
stochaatic in nature „.d are dÄ’io 

~;rÂïp“r^ .1 zxz:ot th> when 
conteat of .truSturV^eX^Æ”^' ,™f Xn.. In th. 
deflection, stress, and strain* Whin th? mechwical state, i.e., 
some limiting value, distress in th! /* r®sponse reaches 
dl.lnt.gr.tlon õc^ 1^¾.1°.^^ °f ' “■‘«‘ion, or 

^ daflned g«m.trlo^ly „d th. 
• description of th. paving?“* ^1. may be con.ld.rad 

expected to’ocTL“.^* ^^‘dit^SnS. ^ Cl‘’*" °f lnpu‘ 

lÄÄf iX^Ä“1 10 ^ could be a 
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Thia involvea determination of the syatem function. There are two* 

general engineering approaches for determining the system function: 

(a) loating Approach - This requires testing under service conditions 

i Full icale and model) and results in various empirical design procedures. 
Has approach to pavement design would require carrying out a series of 

experiments in which typical pavement sections were subject to expected 

trat Pic and environmental inputs fed into the system and the response 
measured. It will be necessary that a measure of the performance of 

.he system be set up. Performance is, in some sense, a measure of the 

response, e.g., whether or not breakdown (i.e., distress) of the system 
rosuJ l.s during the response or whether excessive permanent deformation 
occurs and, furthermore, whether or not good performance is attained for 
reasonable coot, both initial and maintenance. Evidently, an objective 

measure of performance will involve concepts of mechanical and economical 
lie oí the system. In order to obtain an optimum design, it is necessary 

to alter the structure of the system until a maximum mechanical-economic 

ÍL1? ®^ieved r°r ? Kiveri rarirce of inputs. (Existing methods of design 
tall in this category). 

. iho principal disadvantage of the type of approach described above 

is that it is not prédictive; that is, changes of input variables or 

change:; in the systems function falling outside of the range covered in 
the experiment must be examined by extrapolation rather than interpola¬ 

tion. This is especially true for airfield pavements where the rapid 

changes in the load inputs have made it difficult to apply empirical 

design procedures. Furthermore, the large number of variables involved 

in the system (input, response, and materials) magnifies the exoerimental 

task enormously. Consequently, it is highly desirable to place*the design 
process on a rational basis. 

(b) Macroanalytical Approach - This forms much of the theoretical basis 
of most of the work in applied science and engineering. Continuum 

(solid) mechanics is the main discipline in this method, and the object 

may be considered to be the formulation and solution of an appropriate 
boundary value problem is an important phase of the investigation. The 

major advantage of this approach is that it is predictive and places 
the design process in a rational framework. 

3tep 4: Appropriate criteria have to be formulated to judge the response 
of the system from the performance standpoint. 

These criteria involve the limiting values of stress and strain and other 

[actors such as funding, cost, reliability, and riding quality. These 

must be combined in an appropriate way to select the proper level of 

acceptability for a particular purpose. This level of acceptability 

then provides a basis for comparing and optimizing the system output or 

*A third approach, the micromechanistic approach, which deals with behavior at 
the atomic or molecular level, is not considered here. 
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pavement performance. For the structure design, limiting values of the 
primary response (stress, strain, and deflection) form the basis of per¬ 
formance criteria. 

Step 5* Modification of the pavement system must be permitted in order 
to attain as near an optimum condition as possible. 

These are the basic steps in the development of a rational method for 
the design of airfield pavements. A critique of the available methods of 
accounting for the various factors that are involved in the structural design 
of airfield pavements will involve the evaluation of research conducted for 
the design of highway pavements. A great deal of this research is directly 
applicable to airfield pavements. It is therefore appropriate to comment on 
the similarities and differences between airfield and highway pavements. 
In addition it is considered desirable to provide the reader with some 
general comments on the choice of materials and techniques of construction 
for pavements. 

Airfield Vs. Highway Fawaments - Modern pavements for both airfields and 
highways are quite similar to the extent that they are essentially layered 
systems placed on the ground surface and designed to support imposed traffic 
and to withstand the detrimental effects of environmental factors without 
distorting, cracking or disintegrating beyond acceptable limits. 

Although the general principles of pavement structural design and analysis 
are common to both airfield and highway pavements, there are significant 
differences in loading characteristics and geometrical configurations which 
preclude free interchange of experience and research results obtained on one 
type of facility to the other. However, it is a fact that the preponderance 
of research and experience, information and data on pavement structures is 
in the highway field; thus, it is only logical to take all possible advantage 
of this large fund of knowledge. This can be done by recognizing what the 
principal differences are and how they may influence pavement behavior and 
performance. 

Loading Characteristics - The characteristics of the applied loadings to 
airfield and highway pavements are quite different. Heavy duty highway 
loadings are characterized by axle loadings limited by statute, (e.g. 18,000 
lb. single axle, 32,000 lb. tandom axle), tire pressures less than 100 psi, 
and channelized traffic in high volumes (e.g. over 1 million equivalent 
18,000 lb. wheel loads per year) running at speeds generally less than 70 mph. 
A modern highway is, in effect, fairly uniformly traversed by traffic of 
low stress intensity but of high numbers of repetitions at moderate speeds. 

Heavy duty airfield loadings, on the other hand, are characterized by 
high strut loadings (approaching 200,000 lbs.) with wheel loadings, depending 
on wheel configuration (as high as 50>000 lbs.) tire pressures of 200 psi 
and higher, and traffic patterns depending on the function of the pavement. 
Semi-channelized traffic is found on portions of runways and aprons and 
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Î+I-1? Pave“8nt ia» in effect, non-uniformly traversed by traffic of high 
Änten8 ty ^îu01* ralatlvely low numbers of repetitions at both creep 

duin1‘LSP^.,'o? S."0p.“‘»í„tth* """ ‘<m0h,i ^ * “b"1 ^ 

iatic^may^be^aummarized^aa^followB:in *lnOTt ^ chw?“W- 

e The fewer load repetitions, by an order of magnitude, per year on 
airfield pavements means higher pavement deflections can be tolerated 
than on highway pavement, baaed on fatigue considerations. 

* Jhe higher stresses induced by airport type loadings, particularly 

dafni^tï7 l0fdS f1! ^36 travelling at creeP sPeed* wiH cause larger 
deformations in airfield pavement components as compared to hiehwav 
pavements. 6“«<v 

dvnJín combination of high loads and high speed on runways introduces 
make tha fr!dí8«°d airp°rt P^ments not experienced on highways, which 
make the grade and anoothness toxerances of runways quite important. 

°f.th® extensive unloaded areas of airport pavements 
cannot be tied in to observations on highway pavements, where such a 
condition does not exist. 

a , °®°raeîrical Configurations - The geometrical configurations in both plan 
andstructura! cross-section of airfield pavements are quite different from 
highway pavements. Only the central portions of runways and taxiwavs which 
are generally constructed of widths and lengths with aiple spa“ fTaÏÏcÎÏft 

^ ‘»».r«. for hl«my pa^ní. th. 
traffic lanes are relatively narrow. In cross-section, modern airfield 

h^r înîl? ?0n!iîer;bly thicKer than hiS^fty pavements because of the 
heavier total load to be supported during a single movement of load. It 
+h.n+MUïC0n,n0V0 íVe airfield Pavement thlclcnesses exceeding twice 
the thickness of a highway pavement for equivalent soil conditions. 

inní»n!Í8W 0f íhe dlffar®nces in geometrical conditions, certain significant 
influences may be expected as follows« 6 

e Edge loadings conditions of airfield pavements are essentially 
non-existent compared to highway pavements. 

e Drainage problems, both surface 
airfield pavements which cover vast 

and subsurface, are much greater with 
expanses and must dispose of larger 
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n«v¡ü!ñt0f uf1?1, Ät relatlvely flat gradients as compared to highway 
p vementa which can have high gradients both laterally and longitudinally. 
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Uniformity - Although th. us. of high.st quality materials is aensr.llv 

o’"tSfi^*?’ 1‘1* of ^ mlglliiodo. lTj.,l.™tg“Ä- 
uniform con,tr“tl°“ techniques which will produo. a material of 
uniform composition and good quality. Uniformity makes the deslan slimier 
"Ííí?!’ «■'»‘ruction which produce and place material of hllh^all- 

y will result in highly erratic pavement behavior characteristics. 
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Bonding - During construction it is necessary to insure that adequate 
bond is developed between layers of pavement components, or the possibility 
°f fai^ur#B exist. This is particularly true for 
airfield pavements because of the high horizontal thrust exerted to a 
Thïrîü**!“*?0* by the braking and turning actions of heavy aircraft. 
This problem is particularly critical on asphalt concrete pavements. 

í0ÍntB*: InJhe construction of portland cement concrete 
pavements, it is imperative that techniques of placing load transfer 
devices at longitudinal and transverse joints be such that vertical move¬ 
ment be restrained without constraining the lateral working of the joint. 
Dowels and key Joints should be skillfully placed or formed to accomplish 
the above. Failure to do so general!v results in cracks developing in 
the interior of the slab, which do not have provisions for load transfer, 
and in serious problems of spalling and even pumping. 

Workmanship - This term covers the entire range of construction techniques 
and is aimed at the use of precision and care in whatever construction 
method utilized. Its main significance is that the final dimensions and 
tolerances-are greatly affected and, thus, the riding quality and effec¬ 
tiveness of drainage facilities. Rough or uneven pavements result in 
the ponding of water in "bird baths" and the "porpoising" of aircraft 
traveling at high speeds on runways during take-offs and landing opera¬ 
tion. Both are objectionable features on airfield pavements for safety 
reasons. ' 

2. STRUCTURAL DESIGN 

Haying established a background, the rest of this report will consist of 
a critique of the existing methods of accounting for the various factors that 
are involyed in the structural design of airfield pavements. The critique 
will consider four of the five basic steps outlined earlier as essential to 
the development of a rational design process. The fifth design step, optimiza- 
tion through the monitoring and evaluation of performance is outside the scope 
of this report. * 

(a) INPUT VARIABLES 

Loads - Static and dynamic loads are applied to airfield pavements. 
The nature and magnitude of these loads depends on the type of aircraft, 
the function it is performing i.e., taxiing, taking off, braking or 
turning, and the characteristics of the pavement. Furthermore, the loads 
are not applied at regular intervals and it is not possible to predict 
the frequency or magnitude of load applications. Therefore, consideration 
should be given to treating the loads stochastically. 

At the present time, the stresses, strains, and deflection that occur 
in a pavement are computed on the basis of treating the applied loads as 
static. The rationale behind this is that if under the most severe static 
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load the streeeea, etralne and deflection* are below certain limiting 
value* the pavement ia »tructurally sound. Obviously this Is not a very 
sound argument as repeated loads, each of which result in stresses and 
strains below a limiting value can cause failure due to fatigue. In 
order to consider the repeated nature of the loads,material properties 
and failure concepts ihould include testing 'und«* dynamic loads. 

The primary reason for treating the load as static is the difficulty 
in analyzing the dynamic problem. A plate or a beam on a Winkler founda¬ 
tion can be analyzed for a moving load as can a halfspace consisting of 
linear elastic and/or various special viscoelastic material properties, 
Pister and Westmann (I96I), Moavanzadeh (1968). However, all these 
analyses are based on a great many assumptions regarding the material 
properties. Therefore, it has been the practice to simplify the load 
and permit greater flexibility in modelling the material behavior. 
Recently developed computational techniques indicate that it would be 
possible to incorporate a time dependent load with non linear material 
properties, Wilson (I965), Zienkiewicz (I967). 

Because of the unavailability of a general three dimensional analysis, 
the loads have to be reduced to an axisymmetric configuration. The 
contact area underneath a tire is generally close to ellipticalj however, 
an equivalent circular area is used. For purposes of analysis,loads are 
considered as acting normal to the surface. In reality, shear stresses 
are also applied to the surface especially during braking and turning. 

Aircraft loads are transmitted through multiwheel landing gears. If 
the pavement system is linear then the effects due to the various loads 
can be superimposed. However, most materials comprising a pavement 
system are significantly nonlinear. Hence superposition is not valid. 
Consequently an "equivalent single wheel load" has to be used. This 
equivalent single wheel load can be determined on the basis of a linear 
analysis by examining the influence of adjacent wheel loads on the 
stresses beneath a single wheel. 

In summary, there are two general approaches to the problems 

1. Treat the load as a moving axisymmetric load and simplify the 
description of the system from a standpoint of material response 
and structural behavior. 

2. Treat the load as a static axisymmetric load. Under such an 
assumption representations which are more realistic than possible 
under (l) can be made with regard to material response and struc¬ 
tural behavior. 

Currently used methods of pavement design use the approach outlined 
in (2) above. 
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two years after construction and that further fluctuations are minor 
except near the edges where rainfall caused substantial changes. The 
variations near the edges were found to decrease in a few days. 

In order to consider moisture effects in design, it is necessary 
to develop a procedure for determining the moisture state in the subgrade. 
The most significant work in this direction has been by Atchison and 
Richards and their co-workers, who have utilised concepts of soil 
moisture suction. These studies have been confined primarily to no-frost 
areas, though research at the Norwegian Geotechnical Institute has shown 
the concept to be useful in the study of frost action, Williams (196?). 
Atchison (1965) has proposed a method for determining the equilibrium 
soil moisture suction. This is based on climate, depth to the water 
table and soil type. Sauer and Monismith (I968) have applied soil suc¬ 
tion concepts in the determination of material properties for use in 
pavement design. 

Based on the information available it would be reasonable to conclude 
that soil suction concepts offer a means for determining the equilibrium 
moisture state that is likely to develop in an airfield pavement system. 
Future studies should be directed in this direction. 

Temperature - The importance of temperature as a factor in the design of 
pavements has been recognized for some time. The incorporation of 
temperature stresses in the design of portland cement concrete pavements 
has been in practice for some time. In asphalt concrete pavements,in 
addition to the introduction of thermal stresses, the effect of tempera¬ 
ture on the properties of the asphalt concrete is of major importance. 

In order to incorporate the effects of temperature, the temperature 
profile over the expected life of the pavement has to be determined. 
When designing against rutting for stationary and slow moving loads, the 
practice has been to consider the highest temperature. This has been 
done through the design of asphalt concrete mixtures for stability at 
l40° F. While the stability problem is severest at the high temperatures, 
the stresses are most likely to be highest at the lowest temperature. 

A number of experimental studies have been undertaken which have 
recorded the temperature in pavements over an extended period of time, 
Kallas (1966), Straub et al (I968), Dunstan (1967). A major conclusion 
of these studies is that the actual variation in temperature is extremely 
complicated and a detailed analysis would be impractical for any design 
purpose. Furthermore,experimental information is only valid for 
conditions under which the information was obtained. A predictive method 
for obtaining the temperature profile is necessary for design. The 
method used in the highway field is due to Barber (1957). This method 
is based on the solution of the heat conduction equation for a semi¬ 
infinita mass subject to a surface temperature which has a sinusoidal 
variation. Solar radiation and irradiation from the surface are accounted 
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“PProxlmate techniques. Since the atmospheric temperature is a 
readily available quantity,,Barber's solution can be utilized for design 
th??0?!?’ C°JP*riBon *lth available temperature measurements indicate 
that this method provides a reasonable estimate of the temperature 

the pavement and therefore can be used in the design stage, 
ihe effect of the temperature on the material properties and it influence 
in introducing thermal stresses will be discussed in later sections. 

It should be recognized that some of the concepts outlined above 

ÄVSI hl8>""y p*vem,nt d,,ign “d h,v' 
Construction Effects - The influence of construction on the structural 
design of airfield pavements consists primarily in its effect on the 
properties of the materials comprising the pavement system. Other 
important considerations are the influence of Joints and reinforcement 
of the performance of concrete pavements. 

D , Construction techniques might cause the material to be nonhomogeneous 
and anisotropic. The use of field samples for laboratory testing is an 
attempt to include construction effects into the characterization of 
materials. Extensive research on the influence of compaction techniques 
°? r?Z°£e\rtill °f cohesive subgrade soils has been summarized by Seed 
et al (196/). These studies indicate that if appropriate laboratory 

snj conditioning techniques are used, field conditions 
can be duplicated in the laboratory with satisfactory accuracy. 

In addition to the influence on the formation of the various materials, 
various methods of construction might result in significant residual 
stresses existing in the pavement system. It will be necessary to 
incorporate these stresses into the determination of the stress state in 
the pavement system. At the present time there are no satisfactory 
methods for determining the existing residual stresses. 

(b) DESCRIPTION OF PAVEMENT SYSTEM 

Geométrica! Description - The geometrical description consists of estab¬ 
lishing the thickness and horizontal extent of the various layers. 
Defining the thicknesses of the various layers presents no difficulties. 
layers"6 W° appr°aches in defining the horizontal extent of the various 

^ The first is to treat the pavement surface layer as a plate of finite 
extent resting on an elastic foundation (Winkler assumption). This is 
the approach commonly used to design portland cement concrete pavements. 
Its main advantage is that it can account for corner and edge loadings. 
However, the assumptions of plate theory and the treatment of the 
supporting material as a Winkler foundation are far from realistic. 
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Th« Möond approach is to tr«at th« pavement etructural ivetam as a 
layered half space« The resulting boundary value problems are more 
complex to eolve though the representation is more realistic. The half- 
space assumption is not suitable for considering problems where the load 
is near the edge. 

Material Description - This is an essential step in the development of 
any rational design procedure and is emphasized in this review. There 
are two basic approaches in describing a material for inclusion in 
analysis and design. The first is through various empirical properties 
which are determined by certain standard testing procedures. Examples 
of such properties are the CBR and the Cone penetration resistance. The 
use of such properties in design can only be done through empirical 
correlation. Such descriptions of material properties and the resulting 
design procedures have played an extremely important role in the develop¬ 
ment of airfield pavement design. However, the thrust of this study is 
the development of a rational method and the empirical properties do 
not assist in the development. 

The second approach consists of describing the material through the 
use of appropriate constitutive equations. At the present time, general 
constitutive equations to cover all aspects of material response are not 
available. The approach utilized at present is to use constitutive 
equations which are really simplified forms of general equations and 
only include (for the particular problem or aspect of a problem) those 
phenomena which are of importance. For example, such a simplified model 
is the theory of elasticity; further simplifications for various special 
problems result in the separate theories of shells, plates, and beams. 
It should be emphasized that a simple model containing the important 
physical aspects of a problem is superior to a model of considerable 
generality which is deficient in it’s representation of the physical 
behavior of the particular material for the problem under considerationn. 

Research workers in the field of mechanics have devised various 
mathematical models and the advent of the digital computer has greatly 
increased the capability of obtaining solutions to boundary value 
problems incorporating these models. It is, therefore, necessary to 
correctly characterize the materials which comprise a pavement system 
in order to derive the full benefits of the advances in these areas. 

The decision as to whether a particular model is suitable for use 
in a specific problem rests with those who understand the physical 
nature of the particular problem. If the models now available are not 
satisfactory in representing essential aspects of material behavior, 
then the material response must be described to the research worker in 
mechanics so that an appropriate mathematical model may be developed. 
It is the blending of theory and physical reality that is the key to the 
development of improved methods of material characterization and progress 
in the development of methods in the structural design of pavements. 
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Steps in Selecting • Mathematical Model - Selecting a mathematical model 

S/JZir' “írí*1 b*h*Vl0r the reduction of e^r^tS 
observations, which are always limited in scope, into a mathematical law. 
his should be done in a logical manner and in accordance with the 

Stilîi mnJü?1?1*“ 0f aachanlc8* process of choosing a mathe- 
matica! mode! to represent a material and determining the necessary 
material constants can be subdivided into a number of stens thea« »r« 

IM. 1. «npllfloatlon ÔÎ L 

^v f.th,lî,:h*l0ïï*i.t 0f * Pro=4ur.TorS¿hw Ænî 
analysis. It should be recognized that material characterization is in 
Serifîî.î? Ít6raíir Pr00088 ln which continued experimentation, field 
»LSíJ o? ™Srliî™0ÆÎ.°f 0On,tltUtlT* ,<lu*Mo- i“* ‘“Prov.d 

In the subsequent paragraphs brief summaries of the significant 
mechanical response* based on available experimental informftion for 
various materials commonly used in the pavement system are presented. 

Asphait Concrete: The experimental information on asphalt is reviewed 
under the various categories that are considered significant to the 
îniîfî 5n+0f4Í?n8Íltütlve equations‘ 301,18 typical experimental data is 
included to illustrate various observed effects. 

Linear and Non-Linear Behavior - There is a considerable evidence 
on non-linear behavior as indicated by the influence of stress 
level on the material response and the difference in behavior under 
SÄ/? comPre88ive loadR- At higher temperatures non-linear 
behavior is more pronounced. Non-linear behavior exists over 
extended time intervals. (Figures H-5, H-6, and H-7). Under uniaxial 
stress conditions, for small strains (less than 1*), linear behavior 
appears to form a satisfactory first approximation. 

2¡¡¡; ÎSfnrtÜnî BeSayior \The ^P01188 of asphalt concrete has both 
time dependent and instantaneous components. The relative importance 
of these components depend on the nature of the applied load. For 
Í?™?™í.1?ng/Uraíi0!?,Jthe time d8P8nd8nt response is the most 
significant, for short duration dynamic loads the resilient deforma¬ 
tion (elastic response) is the most significant, (Figures U-5, H-8, 

established?'118 °f dependent r88Ponse has not been clearly 

*It should be recognized that there are many material properties which are 
important in the overall design, such as durability and aging of asohalt 
fro.t susceptibility of soils, „hich 5r. „ot dispon ! 
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Figure H-4 Steps In Material Characterization 
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Permanent Deformation - The permanent deformation that occurs has 
both time dependent and independent components. Under repeated 
loading conditions after an initial conditioning period, the amount 
of permanent deformation that occurs under each application of a 
load of short duration is small compared to the recoverable deforaa- 
tion and decreases with number of applications, Figures H-9» 10 and 
11. 

Time Independent Behavior - For rapidly applied loads of short 
duration, time independent behavior predominates. The time dependent 
component of the deflection is not completely recoverable (Figure H-9) 
The number of applications of the load has a minor influence on the 
time independent (resilient) component of the response, (Figure H-12) 

Temperature Effects - Temperature has a considerable influence on 
the response of asphalt concrete. Based on the data available, a 
preliminary assumption of thermo rheological simplicity appears 
justified 

Stress History and Rate Effects - The nature of the time dependence 
of asphalt concrete indicates that stress history and rate of load 
application have an effect on response of asphalt concrete. These 
effects are not necessarily linear. No significant investigations 
of stress history have been reported. 

To incorporate all these effects into a single mathematical model is 
not possible at the present time. The combination of non-linear and time 
dependent behavior suggests the possibility of non-linear visco-elasticity. 
However, such a model cannot account for non-recoverable instantaneous 
deformation. Furthermore, the use of a non-linear visco-elastic constitu¬ 
tive law does not appear to afford a practical means of solving appropriate 
boundary value problems at the present time. 

Because of the inability to develop a general constitutive law to 
model all aspects of observed behavior, it is necessary to subdivide the 
problem of determining the mechanical state in a pavement. By consider¬ 
ing these subdivisions individually, the number of effects that have to 
be modelled at any one time is reduced. In considering the response of 
asphalt concrete, there appears to be three distinct phases of the 
problem of the determination of the mechanical state (primary response) 
in a pavement system which can be considered separately: 

Phase I. The determination of stresses and strains introduced by 
the single application of a wheel load acting for a short duration. 

For this phase, it would appear that non-linear and rate effects 
are important for loads for short duration and that as a first approxi¬ 
mation the residual deformation in any one application can be neglected. 
Hence linear and non-linear elasticity and linear viscoelasticity have 
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b**n used to model aephalt concrete behavior, e.g., Materials Research 
and Development (I968), Monismith, et al (I966) and Pagen (I965). 

Phase II. The determination of the permanent deformation that 
occurs under each application of a load of short duration so that 
the cumulative permanent deformation that might occur over the life 
of the pavement can be computed. 

For this aspect of the problem there appear to be three practical 
possibilities for modelling material response: (i) Linear elasticity 
with creep, (ii) Ron-linear elasticity with creep, (lii) Linear visco¬ 
elasticity using a constitutive lav which permits permanent deformation, 
(i) and (ii) are often used in the analysis of metals at elevated 
temperatures. Based on the available experimental data, it would be 
possible to formulate an appropriate creep law to use in the analysis. 
The approach used in such an analysis would be similar to that used in 
incremental plasticity, the creep strain being calculated over small 
time intervals. Linear visco-elasticity has the soundest theoretical 
basis and has been widely used in pavement analysis. 

Phase III. The determination of the time dependent deformation 
under a load which is maintained for a long time, i.e., a standing 
load. 

For this aspect of the problem it appears that the three models 
suggested for Phase II, would also be appropriate for this phase of the 
problem. A preliminary selection of the linear visco-elastic models 
which can account for permanent deformation would appear to be a satis¬ 
factory first approximation. However, because of the large variation 
of stress levels in the asphalt concrete, non-linear effects are likely 
to be important. Linear elasticity with a non-linear creep law might 
be considered as an alternative to linear visco-elasticity. 

Cohesive Soils: The experimental data on cohesive soils is fairly 
extensive. For purposes of this discussion only compacted cohesive soils 
are considered. It is in the compacted state that cohesive soils most 
often enter into the structural design of a pavement system. Furthermore, 
the data reviewed will primarily consist of results obtained from experi¬ 
mental procedures that simulate service conditions. 

In recent years, the majority of testing of subgrade soils for pave¬ 
ment studies has been under repeated loads. Some creep testing has also 
been reported. Until recently the emphasis in testing soils for pavement 
studies was to deteimine the shear strength of the material. At the 
present time, because of the well designed pavements^shear strength 
failure in the soil has almost been eliminated. 

The observed behavior in compacted cohesive soils is reviewed 
briefly under various aspects of material response which are of signifi¬ 
cance in selecting a suitable constitutive equation. 
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Linear and Non-linear behavior of the material to repreated loads 
non-llnear behavior ie most apparent at the 

in J-evels llkely 1:0 exlst in a subgrade. Difference in behavior 
in tension and compression is another expression of non-linear 

tin haS been f0Und that und#r «niaxial conditions and in 
limited stress range, linear behavior may be a satisfactory first 

F°r ® Particular problem the validity of thïï approxi¬ 
mation will have to be established. «pproxi 

• Relaxation and creep tests (loads of long 
duration) indicate that the response of the material has a siznificant 
time dependent component, e.g., (FigureH-lU). The nature of tS 
ítíhírí °omp?nent? e,8<» viacous or non-viscous has not been clearly 
established. As pointed out under (1), there is evidence of non- 7 
linear time dependent behavior. 

Dei°™ati°n " The permanent deformation that occurs has 
a time dependent and time independent component. (Figures H-l4 andH- 

/0r/!?e!teí aPPlications of a load or short duration/it îas 
een found that after an 'initial conditioning' the amount of 

d0Jormation th»t occurs under a single application decreases 
thehreï8 °f ®PPlicatlon8 *** is very small when compared to 
the recoverable deformation, Figures H-15 and H-16. * 

^P^fBabavior - For rapidly applied loads of short dura- 
tion, after an 'initial conditioning' the time independent effects 

/he-itime lndePendent deformation that occurs on the 
application of a load is not completely recoverable on removal of 

is si™?™ A3+f0i"ta? 0ut (1)» the independent behavior is significantly influenced by the stress level. 

Moisture Effects - The moisture content has a considerable influence 
response of the material to load. At higher moisture contents 

b®f® J-3 deformation and the non-linear effects are more 
Sf Mol8ture «««cts may be incorporated into 
the behavior by testing at different moisture contents. 

Stress History and Rate of Loading Effects - As pointed out in (2) 
the response of the material is time dependent. Both stress history 
“d fata °f fading have an effect on the response. There is very^ 
significant information on these subjects. 

Temperature Effects - For the range of temperatures considered, 

XT. °0nSlde”d in th. response 

íS+n0t P°8sible at th« present time to incorporate all of these 
effects into a general mathematical model. Because of this inability it 
is necessary, as was the case for asphalt concrete, that the problem of 
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(After Seed et al, I967) 

Figure H-13 Modulus of Resilience as a Function of (0 .0 ) 

3' 

H-30 



Ax
ia

i.
 
St

ra
in
 /
c
u
 
x 

l0
4)

 -
lh
Vl
N 

St
ra
in
 

r
 

IC
f4
)
-
I
N
/
I
N
 

(b) AXIAL STRAIN VS TIME IN A CREEP TEST 

Figure H-lU Uniaxial Creep Teat on Clay 
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determining the mechanical state in a pavement system be subdivided to 
reduce the number of effects to be modelled at any one time. As in the 
case of asphalt concrete, it appears appropriate to consider separately 
the same three distinct phases of the problem for determining the mech¬ 
anical state in a pavement system and characterizing the material for 
each of these phases. 

Phase I - The determination of stresses and strains introduced by 
the single application of a wheel load acting for a short duration. 

Considering the available data, it would appear that non-linear 
effects are important and that as a first approximation the residual 
deformation in any one application after an initial conditioning can be 
neglected. To account for frequency effects it is suggested that 
suitable frequencies of load application be selected and tests be con¬ 
ducted at these frequencies recognizing that different material functions 
be determined for each frequency. 

It is possible that under certain conditions, the stress distribu¬ 
tion in the subgrade might be predominately uniaxial. In such a case a 
linear elastic representation may be satisfactory. 

To account for the moisture effects, it will be necessary to test 
the subgrade soil at different moisture contents and determine the 
appropriate material functions which will be valid for the equilibrium or 
other design moisture contents. 

Phase II - The determination of the permanent defonnation that occurs 
under each application of a load of short duration so that the 
cumulative permanent deformation which might occur over the life 
of the pavement can be computed. 

For this aspect of the problem there appears to be three practical 
possibilities for modelling the material responsei (i) Linear elasticity 
with creep, (ii) Mon-linear elasticity with creep, (iii) Linear visco¬ 
elasticity using a constitutive law which permits permanent defonnation. 
(i) and (ii) are often used in the analysis of metals at elevated tettpara- 
tures. Based on the experimental data, it would be possible to fomuiats 
an appropriate creep law to use in the analysis. It would be possible 
to use a non-linear creep law. It should be pointed out that none of 
the models mentioned above account for any instantaneous permanent 
deformation. 

Phase III- The determination of the time dependent deformation under 
load which is maintained for a long time, i.e., a standing load. 
As for Phase 1 the effects of the moisture would have to be considered. 

It appears that the three models suggested for Phase II would also 
be appropriate for this phase of the problem. Because of the large 
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lîfîîkïïv0^*^ ÍT1; ^ ftflphalt concrete» non-linear effect, 

mightab2Ut thi£ ed^°t8' ,Lln®^e®í«^”48wíthtíenSiíe¡!ÍÍcreepfír1' might be considered as an alternative to linear visco-elasticity. P 

GranaLar Materialsi Granular materials have been subjected to fairly 
intensive experimental study. The majority of the recent work with 7 
application to pavement design has been concerned with the response of 
granular materials to repeated load tests. The major differents 

3nd cohesive 80113 is that former exhibits no 
significant time dependent effects. The most significant aspect of the 
deDend«nt°f f®0111®1, ,n*terial is its non-linear response to load, time 
inS do no+^d p0m!nevt d4eformation aflP«cts after an initial condition¬ ing do not appear to be significant, 

f_dTî: °/ resillence as detennined in a triaxial test has been 
nqâ/!ndníen 0nnoL?0ufining preasure- Biarez ^962), Trollope 

in Se mod»i„r^M° 1966i have #11 rePorted ‘ significant increase 
in the modulus of resilience for sand as a consequence of increasine the 
confiningp^asure. Typical results presented by Seed et al (I967) are 
shown in Figure H-17 and indicate the effect of confining pressure on 
f£r M ?Mnde-.0f To reP®ated load triaxial test. The expression 
for Mr (Modulus of Resilience) given on Figure H-17 was found to apply 
to gravel with a change in the exponent. Similar data has been obtained 
observed8 Shifley (^7). Brown and Pell (19¾) d 

bserved similar effects from plate load tests on a pavement test section 

^thTfiîV0? by ?° SCOtt (1967) have indicat®d that the effect1 
mateïîei1? b i^arient on the stress-strain behavior of granular 
ÎSe îÎiL8 Ve7 Signlflcant- significant non-linear aspect of 
load ^ °f granUlar raaterial is its inability to carry any tensile 

it woíída“ÍHg.í0r th08a factora in the analysis of pavement system, 
it would appear that a non-linear elastic constitutive law which would 
‘“i possibility of different behavior in tenelon «ï conjresâïon 
would be the most representative of the response of granular material. 

H*ri0ïu lleratlve techniques are used in which the modulus 
is adjusted on the basis of the computed stresses, Duncan et al (I968). 

Treate? feriais: In considering treated materials it 
^/«cognize the variability in the end product because of 

variations in the method of treatment, the soil type, the density 

811(1 1th® tlma of curing factors. The majority of experi- 
is obtaiíí^Í°í.re ÎTÎ ^ îhe pavement Prohleni ln treated materials 
Mitohlîî iff; ?? load tests in triaxial compression and flexure, 
Mitchell (1966), Mitchell and Shen (I967), and Mitchell et al (I965). 
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Stabilized cohesive materials exhibit many of the same characteristics 
as cohesive soils. Fossberg (I969) found that the modulus of resilience 
was influenced by the confining pressure and the axial stress. From 
tests on treated silty clay Mitchell found that modulus of resilience 
was affected by the stress difference ( - 03)*. Wang (I965) has 
reported on a cement treated silty clay and has found that the modulus 
of resilience increased with an increase in confining pressure and 
decreased with an increase in { o1 . oj) while non linear behavior is 
evident in repeated triaxial tests» flexural tests do not show any 
influence of stress level. 

At the present time most methods of analysis consider the treated 
soil as a linear elastic material. Additional studies are needed in 
characterizing cement treated bases. 

(c) SOLUTION OF BOUNDARY VALUE PROBLEMS (Detemination of Primary Response) 

Having defined the input variables, the geometry of the system and 
the material characteristics the next step in the determination of the 
primary response is the fonnulation and solution of pertinent boundary 
value problems. Based on the discussion of the geometry of the system 
there are two general categories of boundary value problems, (i) the 
thin elastic plate on the Winkler foundation** and (ii) the layered half 
space. In both these cases the external load is a static load. 

Until recently the methods that were used in solving these boundary 
value problems attempted to obtain closed form analytical solution. 
Recently the development of numerical techniques has permitted the 
analysis of more complicated and realistic problems using the elastic 
plate on the Winkler foundation. Hudson and Matlock (I967), Zienkiewicz 
and Cheung (I967). It is now possible to analyze discontinuities and 
cracks in the slab and variation in support over the area of the slab 
including local loss of support. 

The fundamental solution applied to the layered half-space used in 
pavement design was due to Burmister who analyzed the problem of the 
circular load on a two and later three layered half-space. Computations 
for more than three layers becomes extremely tedious without the use of 
a digital computer. The Burmister method of solution has been programmed 
for a digital computer and existing programs can treat a 15 layer system. 

*0^ is axial stress, C3 is the radial or confining stress. (°i - O is 
often referred to as the deviator stress. ^ 

**The characterization of the supporting subgrade as a Winkler model were 
not discussed earlier. A complete discussion may be found in Terzaehi 
(1955). 
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More recently the finite element method has been applied to the 
analysis of pavement systems, Duncan et al (196?). The finite element 
technique permits the inclusion of orthotropic and non—homogeneous 
material properties and can through the use of various approximate tech¬ 
niques incorporate non linear, time and temperature effects. Recent 
developments will permit the analysis of the effect of dynamic loads to 
a layered half space. This is a significant advance over available 
techniques of solution. However, the general three dimensional problem 
remains to be solved. 

It can be concluded that the majority of future significant progress 
in the solution of appropriate boundary value problems will come from the 
further development of numerical techniques. 

(d) LIMITING RESPONSE 

The limiting response in the overall pavement design shown in 
Figure G-l is divided into three basic distress modes. There are various 
distress mechanisms which can result in bhese distress modes. These 
distress mechanisms and the corresponding distress modes are shown in 
Figure H-18. 

It can be "een that the disintegration mode is influenced primarily 
by factors which are not dependent on the mechanical state. The fracture 
(or rupture) mode and the distortion mode are dependent primarily on the 
mechanical state induced in the pavement. 

In recent years the major emphasis in research in this area has 
been concerned with the fracture (or rupture) mode of distress. The 
permanent deformation (rutting) that occurs due to excessive loading has 
been significantly reduced for most major pavement structures subjected 
to conventional traffic loads. This was done primarily on the basis of 
keeping the shear stress in the pavement system below specified limiting 
values which were based on the Mohr-Coulomb criteria. 

For concrete pavements the rupture strength of the concrete is used 
as limiting criteria and is compared with the stresses that are induced 
in the pavement. 

In many cases empirical correlations between deflection and strains 
under a specified load and observed performance are used as a criteria 
for determining if a pavement section will perform satisfactorily. In 
such procedures limiting deflection (or strain) criteria are used to 
determine if the computer deflection or strain are within acceptable 
limits. While such an approach is admittedly empirical, it is still 
essential to the design of pavements. At the present time there is 
insufficient theoretical work to enable a designer to predict the 
initiation and propogation of failure for all modes of distress. 



, 

Distress Distress 
Mode Manifestation Examples of Distress Mechanism 

(1) 

rCracklng 

Fracture 

Spalling 

Distortion 

Permanent 
"deformation" 

Faulting 

Excessive loading 
Repeated loading (i.e., fatigue) 
Thermal changes 
Moisture changes 
Slippage (horizontal forces) 
.Shrinkage 

Excessive loading 
Repeated loading (i.e., fatigue) 
Thermal changes 
Moisture changes 

Excessive loading 
Time-dependent deformation 

(e.g., creep; 
Densification (i.e., compaction) 
Consolidation 
.Swelling 

’Excessiv« loading 
Densification (i.e., compaction) 
Consolidation 
.Swelling 

[-Stripping 

Disinte¬ 
gration 

Raveling 
■ and — 
scaling 

"Adhesion (i.e., loss of bond) 
Chemical reactivity 
.Abrasion by traffic 

"Adhesion (i.e., loss of bond) 
Chemical reactivity 
Abrasion by traffic 
Degradation of aggregate 
Durability of binder 

(1) Not Intended to be a completo listing of all possible 
distress mechanisms. 

Figure H-l8 Categories of Rivement Distress 
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, "“fj significant work that has baen done recently in determining 
limiting criteria for the design of pavements has been with reso^nT 
emulative damage concepts (fatigue) which results in cracking £nd 

fuîer! thre® test procedures that have been used recentlv 
for the study of fatigue problems in pavement design. These are: y 
Repeated Flexure of beams using controlled stressed strain ïoidimT 

U*S 0f,S*llfT1* ^ his «soïfat,, Uÿ00, 1^00, 1967;, (b) A uniform sinusoidal bending moment fstr««,«, 
control) applied to a necked down specimen and o.cLÎft^ ïorslonÜÎ 
thate"? (’ rtln c™tro1' »pplloä over the length of a similar specimen’ 
these tests have been reported by Pell (1962. 1967 17671 f-v n + ■ 

The great majority of the fatigue testing results reported in the 

Pel^is^imillr í®611 d/r°“ beam ^sts. The method utilized by 
imilar in principle to that developed by Moni smith and his 

associates. Ihe major difference is with the method of load application 
The results of beam tests have indicated that under repeated loading and' 

““eT^r UStinä' fat1*“ failure oc^ur in S 
^ fThe resulís are presented in the form of curves 

rfhich relate stress (or strain) to cycles of load application to failure. 

the effer.?rnrnt °f testing beam specimens cannot directly include 
v*^lations in aubgrade support. At this time, this is done 

is tob^erforaid 8 and Stral" level ^ “hlch ‘«ting 

The slab test as utilized by Jimenez and Gallaway (1962) suffers 
from a number of disadvantages. The required complete fixi ty aïong ?he 

are lach thatSfh ÍSjdÍffm?^}t to obtain and th« dimensions of the slab 
on thí stMMeeh!nrl?? °ns ^ 8Xert S signifi°^t influence 
uLert.w f feflectlon8 over tb® entire slab. Therefore, 
the slab^ty 10 ^ 6dge corditlons complicates the stress analysis of 

The simplicity and ease of analysis of beam testing is an advantage* 
the representative nature of the test conditions in relation to stresses* 
in a pavement have to be evaluated. The slab test does attemp? te 

J moie realistic stress condition but suffers from several 
other disadvantages. 

fUndAmAntîilte of.®xtensJye data obtained from beam tests, there are come 
thît qUesti°"S which have not h®611 resolved. Can the accumulated 

damage that occurs in a pavement be predicted on the basis of fatigue 

indiLÍL1?^*^ h®"» 8Pecimens? Work by Kasiunchuk (I968) has 
indicated that this might be possible. However, it should be recognized 
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that the occurrence of fatigue in a structural member is dependent on 
the geometry of the member and the mode of loading. An important concept 

in the occurrence of distress in an actual pavement is the process of 

crack propagation after crack initiation. The time lag between failure j 
due to extensive cracking and crack initiation can be quite large. In a 

beam test,because of the geometry of the specimen, there is very little 

if> time for crack propagation. Complete failure and crack initiation occur 
in rapid succession. Therefore, it is important to establish if it is 

possible to predict the cumulative damage that will lead to distress under 1 

multiaxial states of stress in pavement slabs from results based on simple 1 
beam fatigue tests. 

The synthesis of the results of a test procedure with stress analyses 
and a failure hypothesis is an attempt to complete a subsystem for pre¬ 

dicting the possible occurrence of distress in a pavement. An attempt 

to do this for the fatigue mode of distress has been made by Kasiunchuk 

{1)63) for highway pavements. It seems reasonable to extend this work | 
Lo airfield pavements. 

It should be recognized that material failure in itself does not 

constitute a failure in the pavement system. Failure in the pavement 

system means that the system is not acceptable to the user. A cracked 
pavement may be acceptable to the user as long as it provides a satis- ' 

factory riding surface. However, from the standpoint of structural 

p design, material iuilure is the only controlling factor. Admittedly this 
is a limited framework and may be overly conservative. However, until 

a complete analysis, which includes user acceptability criteria, is 

devised, structural design will continue to be governed exclusively by 
limiting response criteria. 

In discussing the various factors involved in the structured design i 
of pavements, emphasis has been placed or. those factors that are signifi¬ 

cant in developing a design approach which is based on sound theoretical 
principles. 

The ability to consider the input variables has been limited by 

existing computational techniques to solve pertinent boundary value < 
problems. The development of powerful numerical techniques will probably 

t allow a better representation of the input variables than has been , 

heretofore possible. Improvements should be made in accounting for J 
environmental factors in design. The major emphasis in past research has 

been toward the externally applied loads. Environmental and construc¬ 

tion effects have not been studied in detail except with respect to 

, material characteristics. 

In material characterization the trend is to develop constitutive 

equations which are more realistic of the actual response of the 

materials in their service conditions rather than empirical material 

properties. Improved testing techniques and the development of more 

H-41 



powerful computational techniques to include more complex constitutive 

equations than heretofore possible in the solution of boundary value 
problems has contributed significantly to increased research in materials 
characterisation. 

In the fatigue mode of failure considerable progress has been made. 

At the present time it would be possible to use a fatigue failure as a 

limiting criteria in airfield pavement analysis and design. Still 

further work needs to be done on the initiation and propagation of fail¬ 

ure. There has been a lack of significant work in other areas of 

limiting response criteria. Present design methods rely almost exclusively 
on limiting deflection, strain and stress on the basis of correlations 
with performance. 

Having indicated the direction of some of the recenb work in pavement 

research it is appropriate to provide a critique of the more commonly used 
pavement design procedures. 

3. EXISTING PAVEMENT DESIGN PROCEDURES 

All currently used pavement design methods can be classified under the 

two general categories (l) empirical and (2) analytical. An empirical 
procedure relies on the correlation of past performance with experimental 

data, e.g., CBR, soil classification, etc. The major disadvantage is that 

new experiments have to be performed when conditions, not included in the 
original set of experiments, have to be accounted for. This disadvantage is 

of great significance in the design of airfield pavements where the loading 

conditions have changed radically in the last decade. 

The analytical methods attempt to set up a physical and mathematical 

model to predict pavement response to a prescriben input. The major advantage 
of such a method is that it is predictive. However, it must be recognized 

that any physical and mathematical model is an idealizction of the real field 

problem. These idealizations should be evaluated with regard to their ability 
to represent the field problem. Analytical methods can treat 'rigid' and 

'flexible' pavements in the same general framework. It is felt that pavement 

design procedures should be developed on the basis of sound theoretical 
principles and that there be a minimal use of empirical procedure in the 

design of airfield pavements. 

The discussion presented in previous sections of this report do not 

differentiate between 'rigid' and 'flexible' pavements and it is felt that 

the development of a ration*! method of pavement design should not make such 

a distinction. The term rigid and flexible only imply different material 

properties and it should be possible to account for this in a design method 
based on sound theoretical principles. However, d' sign methods currently in 

use for airport pavements differentiate between rigid and flexible pavements 

and in reviewing these methods it is necessary to maintain this distinction. 
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(a) FLEXIBLE PAVEMENTS 

An outline of the essential steps in four representative procedures 
for design is presented below. These only illustrate the basic concepts 
in these design procedures; detailed descriptions of the various methods 
are not included. References to publications where such descriptions may 

^ be found are provided. The methods discussed are (i) The U. S. Navy 
Method, (ii) Corps of Engineers (CBR) method, (iii) The McLeod Method 
(Canadian Airports) and, (iv) The FAA method. All these methods are 
empirical in the context of the discussion above. Therefore, the major 
disadvantage of these methods is that they are non predictive and hence 

^ cannot be used without extrapolation to new conditions. 

U. S. Navy Method - This method uses the plate bearing test as means for 
evaluating the properties of the subgrade and base course, Palmer and 
Thompson (19^7)> U. S. Navy (1953)* The pavement section is designed on 
the basis of a limiting deflection. The essential steps in the method 
are listed below. 

1. Determine the modulus of elasticity of the subgrade. This is 
done by a plate load test (30" dia. plate) where the deflection is 
measured under a known applied stress. The modulus of elasticity 
can be determined using the formula*. 

A = 1.18 f-9 
E 2 

where: A * deflection 
p = applied pressure 
a = radius of plate 

E2 = modulus of elasticity of the subgrade 

Determine the modulus of elasticity of the base course by con¬ 
ducting a plate load test on a 6" layer (or some other known thick¬ 
ness) of base resting on the subgrade. By measuring the deflection 
of the surface, the modulus of the base can be determined as follows: 
First determine F2 from the following formula: 

A = ^18 Pa Fo 
« E2 ¿ 

where! F2 = a factor which includes the influence of 
the base course 

* The factor F2 is based on üurmister's analysis of a circular load on 
a two layer system. From the results of this analysis if F2 and h 
are known, the ratio between Ep and E^ can be determined. Having a 

»This formula is from the analysis of a rigid plate resting on a linear homo¬ 
geneous isotropic elastic solid. 
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determined E2 in step 1, the modulus of elasticity of the base 
course can bo calculated. 

íu formula 2 the tlre pressure based on the design 
wheel load and the assumed radius of the circular area which this 

rí™18 ?Up?°Mu í° *1*' Ufling a limiting deflection of02 inches, 
F2 -Uflr/f Burifllster,s analysis with known values of 
F2 and the ratio of Ej/E^the ratio J is determined. Knowing the 

isdcomputedhe l0aded area’ a’ the th*ckne3a of the required pavement 

4. Modifications to calculated thickness. The Navy procedures 
recommend that the computed thickness be modified to account for 
various factors that have not been included in the calculation. 
These include corrections for saturated conditions, multiple wheel 
loads and the influence of surface course materials. It has also 
been recommended that trial sections be built to refine the design 

irnn^111081,8 CBR Method “ ®«thod used the California Bearing 
Ratio (CBR) as a measure of material properties. The CBR is determined 
from what may be considered basically a penetration test. The CBR compares 
he penetration resistance of the material under test to that of a standard 

nf^FnJÜI crU8hedBased on comprehensive test programs the Corps 
of Engineers has developed design curves for various wheel loads, tire 
pressure and wheel configurations, Corps of Engineers. (I969). These 
curves relate the thickness required above a layer to the CBR of that 
layer. In addition to determining the thickness of the layers, the 
Corps of Engineers design procedure also includes certain methods for 
protection against frost action. 

The design steps in the Corps of Engineers method 
as follows: 

can be summarized 

1. Determine the CBR of the subgrade. This is done by molding 
laboratopr test specimens at a range of moisture and density con¬ 
ditions developed in the field. The specimens are then surcharged 
and soaked in water to represent the most unfavorable situation, 
prior to determining the CBR value. 

2. Based on the CBR value, the applied load and the location of 
the pavement section in the airport (e.g. taxiways, runways, etc.) 
the total thickness of pavement required can be determined from the 
appropriate empirically determined curve, relating CBR value to 
required total pavement thickness. 

3. To achieve the total thickness required various combinations of 
íse «d subbase materials can be utilized. For each such material 
the CBR is evaluated to establish the thickness of the various 
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components of the pavement. There is usually a specified minimum 
thickness for the asphalt concrete surface layer. 

If the pavement is to be built in a frost susceptible area then the 
following two concepts are used in designing an adequate pavement section 

(i) Use of a reduced subgrade CBR during the thaw cycle or 

(ii) Provixe a sufficient thickness of pavement to limit frost 
penetra tic .i. 

The Corps of Engineers uses a relation between the freezing index 
and the depth of frost penetration and then determines a base thickness 
to provide a limited subgrade frost penetration on the basis of curves 
determined through experimental arid field investigation. 

On the basic of the extensive experimental data that has been 
collected by the Corpc of Engineers, trey have imposed a method for 
extrapolating the available curves for higher loading conditions, 
AhIvin (1162). 

The McLeod Method - This method is based on a study of the performance 
of Canadian airports, McLeod (19)+7, 1953» 1956). It utilizes a plate 
loading tent to obtain information for che design of flexible pavements. 
A repeated plate load test using the following procedure is conducted. 
A load which gives a deflection of about .05 inchar: in first applied 
and maintained until the rate of increase of deflection is below .001 
in/min for > mins. The load is then removed and kept off until the rate 
of rebound is below .001 in/min for 3 minutes. The load is applied and 
released in this manner six times. The load is then increased to give 
a deflection of approximately .2 inches and applied and released six 
times and finally the load is increased to give a deflection of about 
. t inches and applied and released six times. 

Based on such a test procedure, deflection versus the log of the 
number of repetitions of a load is plotted for each of the loads applied. 
Straight lines were drawn through the six points for each load and 
extrapolated to 10, 100, 100, etc., repetitions of load. Based on the 
traffic and the porformance of /arlous airports the following criteria 
have been proposed. A limiting deflection of .5 inches for ten applica¬ 
tions of load for runway design and .35 inches for ten applications for 
laxiways, apron and turn around areas. An outline of the steps in design 
are as follows: 

1. Conduct a plate test on the subgrade in the manner described 
above and determine the deflection after 10 repetitions for a given 
pressure. 

2. Compute the area of contact of the tire and the perimeter over 
area raLio. 
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3. From the results of the plate load test the pressure to obtain 
a 0.2 in deflection for 30 in. dia. plate is known. With this 
information the pressure (unit support) for other areas (tire 
contact area) and other deflections (limiting deflection) can be 
determined. 

4. From the unit support determine the total support by multiplying 
the unit support by the tire contact area. 

5. Use the formula* T«K log | to determine the total thickness of 
pavement. 

where T = thickness of pavement 
K « base - course constant 
P * load 
S * total support 

(This is determined from a chart and depends on plate diameter). 
For multiple wheel loads an equivalent single wheel load is deter¬ 
mined by using elastic solutions to examine the influence of an 
adjacent wheel on the stress directly under a wheel. 

FAA Design Method - This method is based on a soil classification system, 
Federal Aviation Administration (I967). ' The design soil classifica¬ 
tions are influenced by the drainage and frost conditions. These con¬ 
ditions are dependent to a certain extent on the Judgement of the engineer 
in the field. Once the classification has been made, design charts are 
used to determine the total pavement thickness and the thicknesses of 
the various component layers. 

To account for non-uniform subgrade conditions along the length of 
the pavement the FAA utilizes a method for modifying the thickness 
of the pavement layers. The pavement thickness requirement is greater 
in the critical areas such as aprons, taxiways and ends of runways than 
in noncritical areas where the loading conditions are less adverse. 

Discussion of Flexible Pavement Design Procedures - In discussing the 
empirical design procedures outlined above, it is convenient to subdivide 
the problem into three aspects: the input variables, material 
properties and, limiting criteria. 

Input Variables - The input variables can be divided into three 
categories, (a) externally applied loads, (b) environmental effects 
which include moisture and temperature and, (c) construction effects. 
It is appropriate to consider how each of the variables is accounted 
for by the various design methods. 

*The basis of this formula has been discussed by McLeod (1956). 
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! External Loads - The FAA design method presents separate pave- 
, ment design curves for single dual end dual tandem gear air- 
’ craft. Based on aircraft gross weight and the soil classifica¬ 
tion, the required based thickness and total pavement thickness 
are determined for the respective gear configuration. The 
other design methods, which treat the applied load as static 
and distributed over a circular area account for multiple wheel 

loads by determining an ''equivalent'' single wheel load. Since 

the applied loads are dynamic, all of these methods are approxi¬ 

mate. Furthermore, the repeated nature of the load is not 

directly considered in any design procedure. The Corps of 

Engineers and the FAA procedure account for load repetitions by 

providing a means of converting aircraft operations to cover¬ 

ages. A coverage occurs when each point of the pavement surface 

has been subjected to one maximum stress by the operating air¬ 

craft. The McLeod method accounts for repetitious loading by 

conducting a plate loading test using a repetitive loading 
procedure up to six repetitions which is extrapolated to a 
larger number of loads. 

Environmental Effects - All the design methods provide some 

means to account for frost action. The FAA design methods use 

frost susceptibility as a factor in classifying subgrade soils. 

The other methods compute a thickness of pavement sufficient 

to prevent frost penetration. Temperature effects, which are 

known to be important, are not directly included in the 

design of flexible pavements. Seasonal variations in tempera¬ 

ture, which have been shown to significantly change the 

properties of asphalt concrete, are also not included in the 

design procedures. Moisture effects are not included on a 

rational basis. The GBR method uses a soaked condition, whereas 

the plate bearing test procedures (Navy and McLeod) conduct 

tests on the in-place subgrade. Neither of these procedures 

consider what the equilibrium moisture condition will be under 
the constructed pavement. 

Construction Effects - Construction effects are not included in 

the design procedures except tnat in some cases an attempt is 

made to test the materials in the state in which they will be 

placed in the field. The plate bearing test procedures do this 

by testing the subgrade and other pavement layers in the field. 

The Corps of Engineers method uses the CBR test to evaluate 

the materials and relies on the construction specifications for 

the various materials to meet certain minimum standards. An 

attempt is made to duplicate the compactive effort in preparing 

the sample for the CBR test. The FAA procedure requires several 

soil tests in order to correctly analyze the conditions on the 
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site. Included are mechanical analysis, liquid and plastic 
limit tests, maximum density and optimum moisture content 
determination. 

Material Properties - In empirical design procedures a material 

property or a set of material properties determined in a standard 

manner are used to determine the required pavement thickness. In 

general these material properties are not of a fundamental engineer^ 
ing character. 

The Corps of Engineers method is based on an empirical correla¬ 

tion using the GBR which is a soil property that is determined from 

a standard test. The CBR test does not represent the loading or 

the soil response conditions as they occur in the field. Further¬ 

more, the CBR is of little value in granular materials. The major 

reason fcr the wide use of the procedure is the extensive correla¬ 
tive data that has been obtained by the Corps of Engineers. 

The FAA method is based on soil classification tests. Soil 
classification tests can, at best, be considered to be broad 

indicators of those properties which may be significant in pavement 

response. They do not measure quantitatively any soil property 

which can be directly related to soil behavior in its response to 
traffic type loads. 

The plate bearing load tests used by the Favy and McLeod 

measure the deflection of the soil under a load. The computations 

used by the Navy to convert this measured information to pavement 

design thicknesses is questionable. The Burmister analysis that 

is used is based on a uniformly loaded flexible area whereas the 

expression used to compute the initial deflection is based on the 
deflection under a rigid plate. The McLeod method makes an 

attempt at determining the response under repeated loads but the 

number of repetitions used are extremely small. The Navy method 

does not measure the soil response under representative loading 
conditions. 

Design Criteria (Limiting Response) - Both the Navy method and the 

McLeod method use deflection criteria as the governing factor in 

pavement design. The McLeod procedure uses a different number of 

load repetitions and limiting deflection for taxiways and runways. 

The Navy method does not differentiate between taxiways and run¬ 

ways in its deflection criteria. The Corps of Engineer procedures 
do not have any direct design criteria. Th- Corps of Engineers does 

differentiate between highly and heavily tra_ficked areas on the 

basis of correlations, i.e., they have different curves for these 

areas. The FAA procedures are based on working stress allowables. 

None of the design methods differentiate between various modes of 

failure that might occur in a pavement. The accumulation of damage 
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through repeated loads is not accounted for in any direct manner. 

No limiting material failure criteria are utilized. All the design 
criteria are based solely on correlative information an- therefore 

their value for new and different loading conditions is very 
questionable. 

(b) RIGID PAVEMENTS 

The design of rigid pavements is almost exclusively based on the 

analysis of elastic slabs resting on the Winkler foundation with certain 

modifications and appropriate factors of safety. A notable exception 

is the FAA method which utilizes a soil classification system. However, 

for unusual conditions or where economics dictate a detailed analysis 

the FAA does recommend using a design based on the analysis of elastic 
slabs. 

Design Methods Based on an Analysis of Elastic Slabs - The problem is 
formulated as a thin elastic plate resting on a Winkler foundation, 

Westergaard (1948), Pickett and Ray (1950). Various modifications have 

been incorporated into the analyses to account for edge effects, tempera¬ 
ture stresses and cracking. The results of various analyses have been 

reduced to the form of design charts, where the stress in psi is related 

to the wheel load, the modulus of subgrade reaction, and the required 
thickness. 

The steps in the design process may be summarized as follows: 

1. Determine the modulus of subgrade reaction for the subgrade 
soil. 

?. Determine the modulus of rupture for the concrete. 

3. Establish a factor of safety against rupture in the concrete. 

4. Having determined the items in steps 1 to 3 the required pave¬ 
ment thickness can be determined from the design charts. 

The Corps of Engineers procedures include modifications to account 
for temperature effects, fatigue in the concrete andû-ost action, Corps 

of Engineers (1958C, I95OD). The Navy, and the Portland Cement Associa¬ 

tion have also put out design manuals which describe in detail the 
various design procedures, U. S. Navy (I962), Portland Cement Associa¬ 

tion (1966). The FAA (I967) recommends the use of the elastic slab 

analyses for the design of rigid pavements in those situations where a 
detailed analysis is deemed necessary. For routine design, the FAA 

uses a soil classification system combined with an evaluation of the 

drainage and frost conditions to determine the necessary pavement 
thickness. Design curves have also been developed for determining the 

subbase and surface thickness for different soils to withstand various 

magnitude of single, dual, or dual tandem gear loads. FAA design curves 
are based on the gross weight of the airplane. 



Diecussion of Rigid Pavement Design Procedures - is for flexible pave¬ 
ments, it is appropriate to divide the diecussion into three arees: 
input variables, material properties and, limiting criteria. 

Input Variables 

External Loads - All design methodstreat the applied load as 
static and distributed over a circular area. For multiple 
wheel loads, an "equivalent" single wheel load is used. The 
FAA is an exception in that its method is based on aircraft 
gross weight and not "equivalent" single wheel load. Repeated 
load effects are not directly included in the design procedure. 
However, the FAA does provide a means of converting airplane 
operations to coverages which account for cumulative pavement 
stress. 

Environmental Effects - Frost action is provided for in all the 
design methods. Temperature effects are included in the design 
of rigid pavements in the computation of temperature stresses. 
There is no significant change in properties with temperature. 
Moisture effects are not included in a satisfactory manner 
in any of the design procedures. 

Construction Effects - These effects are not included directly 
into the design procedures. The elastic slab analysis or the 
design methods based on soil classification do not consider 
the moisture density and other significant compactive charac¬ 
teristics of the subgrade or subbase soil. 

Material Properties 

There are two major limitations in the design methods based 
on the Westergaard elastic slab analysis. 

(1) The representation of the concrete pavement as a thin 
plate composed of an elastic material. It is felt that a 
thin plate analysis overestimates the bending moments in 
the slab. It is difficult to Justify the use of the plate 
bending theory in the case of concrete pavement when a 
layered system analysis is necessary to analyze flexible 
pavements. 

(2) The representation of the pavement support (subbase 
and subgrade) as a Winkler Model. It is well known that 
the Winkler model does not satisfactorily represent 
certain soil types. It is also not possible to evaluate 
the stresse» in the Supporting soils under this assumption. 



For those noncritical areas where soil classification tests 
are used as the basis for design, engineering properties of 
the soil are not directly included in the analysis. 

Design Criteria (Limiting Response) 

When the structural section is based on design curves relating 
* airplane gross weight to thickness which depend on soil 

classification then no direct design criteria is used. Design 
criteria is implicit in the presentation of the curves. The 
FAA design procedure uses a limiting stress criteria based on 
the rupture strength of the concrete. 

V 
4. OUTLINE OF PROPOSED DESIGN PROCEDURE 

It is evident from the above discussions that existing pavement design 
procedures have not taken advantage of the recent research that has been per¬ 
formed into performance and analysis of pavement systems. 

The outline of a design procedure proposed below indicates what is desir¬ 
able and what is possible within the present state of the art. The most 
pressing research needs in various areas are discussed later. The procedure 
is limited to the determination of the primary response and comparing it with 
some limiting criteria. 

A complete design procedure should follow the steps indicated in Figure 
H-l. Though this might be the ultimate goal, at present a simplified approach 
which does take advantage of recent research and which is still within the 
general framework is considered to be the most practical procedure. Such a 
procedure, divided into three steps, is outlined below*: 

Step 1. Data Collection. 

(l ) Estimate the traffic and loads that are to be applied to 
the pavement. Projections as to increase in load magnitudes 
and repetitions should be included in this estimate. 

(2) Perform a topographic and soil survey of the area. Con¬ 
duct routine soil identification tests. 

(3) Locate sources of materials to be used in construction. 

(4) For the available meteorological data determine the 
environmental conditions likely to exist at the pavement 

1 site. 

(5) Based on past experience and empirical design procedures 
prepare a preliminary structural section design. This desisn 

*A similar procedure has been outlined for highway pavement by Kasiunchuk 
(1968). 
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is usad aa a preliminary estimate for analysis later in the 
procedure. 

Step 2. Materials Characterization 

(1) The asphalt conorate, portland cement concrete, uubgrade 
soil and other materials should be tested to determine appropri¬ 
ate material properties. Triaxial tests with repeated loads 
are used to determine elastic properties. Creep and relaxa¬ 
tion tests are used to determine viscoelastic and time 
dependent properties. These tests should be conducted under 
representative moisture and temperature conditions. t 

(2) Field verification of laboratory properties. If the 
problem consists of redesigning an existing pavement,then by 
measuring the response of the pavement section in the field 
to a known load.it is possible to determine the properties 
of the pavement components in place. 

(3) Test materials to determine (limiting response) failure 
criteria. At the present time there is incomplete informa¬ 
tion on the three distress mechanisms listed in Figure H-17. 
For asphalt concrete the fatigue mode of failure can be 
considered . For portland cement concrete a rupture criteria 
is utilized. 

a) The asphalt concrete should be tested in fatigue. 

b) The rupture strength of the concrete should be 
evaluated. 

Step 3. Analysis and Evaluation 

(l) Formulate an appropriate boundary value problem for 
analysis. Present methods of analysis treat the problem as 
a layered system. Formulation of the problem requires the 
following steps: 

a) Definition of Loads. Based on the studies in Step 1, * 
the loads are selected. The definition of the loads is 
dependent on the analytical methods available to solve a 
boundary value problem. At present the loads must be 
treated as static loads. Design temperature variations 
should also be established. 

b) Define Geometry of the Problem and Boundary Conditions. 
This includes identifying the thickness of the various 
layers and defining the stress and displacement conditions 
on the various boundaries. For numerical procedures it 
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la riecensary to provide horizontal and vertical limits 
for the extent of the pavement. These limits are placed 
at a distance sufficient to have a negligible effect on 
the atressea in the vicinity of the load. 

c) ¿election of Constitutive Equations. Based on the 
tests conducted in Step 2 appropriate constitutive 

t equations for the various materials will be selected. 
Existing computational techniques limit the choice of 
constitutive equations to linear elasticity, certain 
special cases of non linear elasticity and linear visco¬ 
elasticity. It should be recognized that more than one 

a constitutive equation may be necessary to define the 
various materials. Furthermore, the material properties 
will varj with seasonal variations in moisture content 
and temperature. This should be included. 

(2) Determine Stresses and Strains in the Pavement. Having 
formulated the boundary value problem the solution is obtained. 
Solutions for temperature and traffic load conditions should 
be obtained. This is generally done through the use of 
numerical techniques because they can account for general 
conditions. The finite element method has been found to be 
the most powerful of these numerical techniques. The solution 
of the b'/I provides the stresses and strains in the pavement 
structure. The analysis is performed for different material 
properties to determine the stress and strains in the pave¬ 
ment at various times. 

(3) Compare Stresses and Strains Induced With Limiting Values. 
For fatigue considerations, cumulative effects will have to 
be considered based on the traffic volumes. For rupture 
failure the stresses determined can be compared with the 
rupture strength. Other failure modes are accounted for in 
the design of the structural section through the choice of 
materials and their composition. If the stresses are 
excessive it is necessary to select an alternate section and 
reanalyze. 

4 The design procedure outlined above does not have to be changed as 
new loads or materials are introduced. This general methodology has 
been used in design of airfield pavements by Materials Research and 
Development*^ 

4 

*»Fatigue concepts have not been applied to airfield pavements but have been 
used in the design of highway pavements. 

* BVP - boundary value problem 
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riio moni, impor Lan t uhorb Lärm ad vanee that could b« made ln Lhe ¡iLruc- 
Lural deitli’M of pavemenLo would be Lakirifi Lhe reeenL davrlopmonLn in l.ho l'lnld 
and 1 nnorixiralitiK them inLo a donl)'ii method. The meLhud outlined above 
Índica Um a /»onerai l’ramowork l’or doln/» thie. 

Wlille the deeign approach outlined is more rational than any of the 
procoduren currently in une, there are certain areao where furLher monarch 
ia roi|ulred. Those arnnn whore *enoarch would 1« of ImmndiaLn honel'l L U> 
the dovolopmont of pavoment renearcli are diocunned below. 

UoflnlLlon of inpul.M - At preiionL the externally applied loadn arn 
Lrnatod an ntatlc loadn. Thin In largely due to prenent llmitatlonn in 
analy/.lni' dynamic loadn n layorod nynLomn. It in likely that Lhn 
analytical difficulty will ho overcome in Lhe near futurei tlioreJ'oro, 11 
would bo oxtromoly doitlruble if accurate dene ripti onn of the loadln/» an 
I’unctlonn ol* npace and time coulii bo devolopod. 

Specific Information on environmental eondllionn In difficult to 
obtain. Thin in onpoolaliy l.ruo of mointurn condltionn. Ueflnitlvo 
work noodn l^> brj conducttul which will prove a moann for ontabliuhln/» the 
ocpil librium mointum condi tlonu. Tcm|ioraturo variation:! within Lho pavo- 
mont nhould bo defined. 

ConnideraLion nhould be /»Ivon U> aettlnf» up a data-bank where load 
and environmental data in uU>rod and can bo readily retrieved for donl/'n 
purponon, 

del ec tin/» Con all tu Live Equation.'! for Pavement Material.'! - The majority 
of the previoun work in the ar.alynln of pavement structure;! han been 
on the banis of linear elanticity. It ia well known that anphalt con¬ 
crete, /»ranular materials and nub/»rade noil a do not satisfy many of the 
criteria necesnary fur the application of linear elasticity. Research 
work in underway to determit.e realistic constitutive equations to 
represent paving materials that includes the development of new test¬ 
ing techniques. A great deal of additional work needs to he done in 
this area. 

Development of Failure Criteria - The development of failure criteria 
and it incorporation into the structural design of pavements is perhaps the 
most urgent research problem in the area of pavement design. The various 
mechanisms of failure are not fully understood. Considerable progress 
has been made in applying fatigue concepts to failure in asphalt pave¬ 
ments. There has been very little work in crack formation and crack 
propagation as applied to pavements. 



Methods of Analysis - The analytical techniques used to solve pertinent 
boundary value problems for pavement design are generally develope by 
workers in the field of solid and structural mechanics. There is a need 
to modify and apply these techniques to specific problems in pavement 
design. 

These are the major areas of research which are likely to have the most 
significant impact on the structural design of pavements. There are 
other aspects of the total pavemenv design problem which are not covered 
here. These include the material composition, construction practices, 
economic factors and maintenance considerations. 

» 
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1. 

« 

UL 
The objective of this task ia to develop a method for determining a static 

load which can be used in the structural design of pavements in lieu of the 
dynamic loads that are actually applied to the pavement. 

In order to place this objective withip the general framework of pavement 
design it is appropriate to examine Figure 1-1. As shown in Figure I-l [a] 
the pavement system is subject to dynamic loads in the field. A great deal 
of previous work was performed with static loads and material properties 
determined under static loading conditions (Figure 1-1 [b]). The static loads 
are determined from the wheel load based on the gross weight of the airplane 
contact area and the tire pressure. Typical material properties determined 
from static tests eure the CBR and sheeir strength. Recognizing that payments 
eure in reality subject to dynamic loads, emd that material properties veury with 
the nature of the loading, there has been, in the last decade, considerable 
interest in the determination of paving material properties under representa¬ 
tive dynamic loads. This situation is represented in Figure 1-1 [c]. For 
methods of structural analysis currently in use it is necessary to represent 
the material properties by a 'modulus'. From the dynamic tests that are 
presently being utilized this modulus is termed the modulus of resilience 
(Mr). As discussed under "Critique of Materials Characterization and 
Design Techniques for Airport Pavements", Appendix H, modern methods 
in pavement design as recommended by Materials Research and Development 
Inc., utilize Mr or some other material property determined under repeated 
load tests. However in conducting the stress analysis for the system it 
is still the practice to use a static load based on the gross weight of 
the vehicle applied through the wheel to the pavement system. 

The ideal situation would be when a ' complete ' dynamic analysis can be 
conducted using the representative dynamic loads and material properties 
which are appropriate to the loading conditions (Figure 1-1 [a]). It should 
be recognised that material properties enter into the structural design of 
pavements in two aspects (i) constitutive equations (stress strain charac¬ 
teristics) which are required to conduct a stress analysis and (ii) limit¬ 
ing stress or strain criteria which are used to evaluate failure. 

At the present time the static load used in design is defined by (i) 
the pressure, which is taken equal to the tire pressure and (ii) the 
contact area which is obtained by proportioning the weight of the airplane 
over the various wheels and dividing the load on one wheel by the contact 
pressure. It is the purpose of this discussion to evaluate the static loads 
presently used in design and to determine a procedure for determining the 
static load which will be representative of the dynamic loads applied to the 
pavements. The basic criteria of determining an equivalent static load is 
(1) that the response (mechanical state) of the pavement under such a load 
satisfactorily approximates the response that would be generated under a 
dynamic load and (ii) the prediction of failure under the static load 
approximates the failure under representative dynamic loads. 
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2. mmc LOADS APP^qiD, TO AIRPORT PAVEMENTS, 

The first step is to evaluate the nature of dynamic loads that are 
applied to the pavement. This information, based on the results of the 
study described in the main report section entitled "Loadings Imposed on 
Airport. Pavements", is grouped into the following four categories. 

Taxiing - During taxiing the maximum load applied through the main 
gear may be as much as twice the maximum static load and the 
frequency range is from .0 to 1.4 cps. For the nose gear the 
frequency range is from . 5 to 1.5 cps and the loads would be about 
1.5 times the maximum static load applied to the nose gear. 

Braking - During braking the load on the nose gear reaches about 
three times the maximum static load and the frequency range of 
interest is .5 to 1.5 cps. The increc^e in the loads on the main 
gear is of the order of 10^ and the frequency range is from .5 
to 1.5 cps. 

Landing - During landing the load on the nose gear is about 
twice the maximum static value and the frequency of load applica¬ 
tion is about 1 cps. For the main gear the load is about .6 times 
maximum static. 

Turning - During turning the main gear load may reach as high as 
1.7 times the maximum static value, including runway roughness. 

Based on experimental information it has been estimated that the rise time 
for the applied loads may vary from .02 to 1 second. An important consid¬ 
eration in evaluating dynamic effects is the velocity of the moving load. 
The magnitude of the velocity will determine if inertial effects will be 
important in dynamic analysis. Aircraft speeds can be as high as 200 to 
250 fps. 

3. RESPONSE OF PAVING MATERIALS TO DYNAMIC LOADS« 

In examining the effect of dynamic loads on material behavior it is 
appropriate to divide the discussion into two areas (i) stress-strain 
relations and (ii) failure criteria. 

Stress-Strain Relations: 

In the development of modem methods for analyzing pavement systems^ 
the stress-strain characteristics of the materials comprising the pavement 

♦ are represented by 'modulus' values. This is because these methods rely 
primarily on an elastic analysis which requires some form of 'modulus. 

* Only dynamic loads which represent those applied to pavements will be 
considered. 

*«• The method for analyzing pavement systems considered here is that 
proposed by MR&D Inc., and reviewed in Appendix H. 

ÍKHÍ- For linear viscoelastic material the complex modulus is used. 
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A* pointod out oirller, it is assumed that these modulus values are obtained 
by repeated load teata. Figure 1-2 Indicates the difference In 'modulus' 
mu obtained from an unconfined compression test und a repeated load test# 
on n cohoulvo soil. It is likely that such effects would be less for portland 
cornent concreto, asphalt concrete and granular materials. 

In evaluating laboratory data on paving materials subject to dynamic loads 
it was found that the information was almost exclusively based on repeated 
load toute. For certain soil type, various other forms of dynamic loada, 
o.g., pulso loads, had been used. The important considerations are the effect 
of atroas lovel, frequency and rate of load application. 

Utross Level - With the exception of portland cement concrete, and 
asphalt concreto at temperatures below 65°F, all other paving materials are 
ulgnlficantly Influenced in thoir response to stress by the stress level. 
The influence of atross level on the stress-strain characteristics of vari¬ 
ous paving materials as determined from modulus of resilience values has 
been summarized in Appendix H. 

Frequency - Investigations on the frequency of load applications have 
been limited (I, , <)• This has been primarily due to the assumption that 
the lower frequencies were critical in the design of pavements. Laboratory 
and field touts have verified this assumption. In general the modulus 
increases with an increase in frequency. Frequency effects are of impor- 
tnnee in those materials which have a significant time dependent component 
in their response to loud, e.g., asphalt concrete and cohesive soils. For 
granular materials and portland cement concrete, frequency effects can be 
considered negligible. 

The experimental information indicates that the method of test influences 
the magnitude of the effect of frequency on the 'modulus' of the material. 
If the material is treated as linear viscoelastic the influence of frequency 
on the 'modulus' can be determined from a creep test. This influence is 
greater than that determined from a repeated load test conducted at different 
frequencies. Typical data on asphalt concrete and a silty clay subgrade 
which illustrate the effect of frequency on 'modulus' is shown in Figures 
T-3 and T-4. A comparison of frequency effects on 'modulus' for asphalt 
concrete, aggregate and a silty clay is shown in Figure 1-5. 

It would appear that for asphalt concrete and cohesive subgrades the 
frequency of the load is a significant factor in determining the stress- 
strain characteristics. However, the data obtained at low frequencies is 

conservative. 

Rate of Loading Effects - The effects of rate of loading on the stress- 
strain characteristics and the strength characteristics of soils have been 
studied by various investigators ( I4 to 11). The results of these investiga¬ 
tions lead to the conclusion that increased rates of loading increase the 

The rates of loading for a conventional unconfined compression can be 
determined by using the criteria that approximately 10 minutes are used 
for developing the failure load. In the repeated load test the rate of 
loading depends on the wave form. The rate of loading is highest for 
the square wave. 
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4 PAVEMENT SYSTD1 
(MATERIAL CHARACTERISTICS SHOULD 

BE DETERMINED UNDER APPROXIMATE 
DYNAMIC LOADS) 

MATERIAL PROPERTIES BASED ON 
•STATIC LOAD TESTS 

1 (0) 1 (b) 

hdi 
-,—t , I 

1 
p STATIC LOAD 
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MATERIAL PROPERTIES BASED ON 
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Figure 1-1 Approximate Loads and Determination of Material Properties for 
' ' the Structural Analysis of Pavements 
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Figure 1-2 Comparison of Modulus Values in Unconfined Compression Tests 
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Figure 1-4 Complex Modulus of a Subgrade as a Function 
of Frequency and Degree of Saturation. 
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'modulus' as determined from the slope of the stress-strain curve. When 
compared to 'static' tests this Increase may be as large as 100JÉ for cohesive 
soils. For cohesionless soils the Increase is much smaller.* For asphalt 
concrete these effects are not significant under confining pressures of the 
of 30 psi. Based on the available data it can be concluded that if values 
as determined from repeated load tests are used, it can be assumed that the 
effects of the rate of loading on the stress-strain characteristics have 
already been included. 

Failure Criteria: 

There are three basic distress modes which occur in pavements: 
(i) Fracture, (ii) Distortion and (iii) Disintegration. The various 
distress mechanisms and manifestations associated with these distress modes 
are listed in Figure 18 of Appendix H. 

From the standpoint of structural design the major failure criteria 
currently in use are (i) failure due to excessive loads in a single or 
few (less than 100) applications and (ii) failure due to fatigue because 
of the repeated loads. For (i), the failure theories are based on a 
limiting value of the stress conditions. The most commonly used theory in 
this connection is the Mohr Coulomb theory which establishes the shear 
strength of the material. The rate of loading can have a significant influ¬ 
ence on the shear strength of the material. Shear failure occurs primarily 
in the sub-grade and base materials. Typical values of the dynamic and 
static shear strengths for various soils are shown in Table 1-1. It can be 
observed that the influence of the rate of loading is of most significance 
in the clays. In the sands and silty sands, with the exception of the loose 
saturated sand, the effects of the rate of loading are of the order of 10 
to 20%. 

Repeated loading of beam specimens is the current method for determining 
the fatigue strength of asphalt concrete, (15, 16). The loading is in the 
form of a square wave; hence,any benefits that might be the result of an 
increased rate of loading have already been included. At the present time 
there are no results which document the effects of rate of loading on the 
fatigue strength. In general the stress level controls the number of cycles 
to failure under a given set of environmental, conditions. 

If the information summarized above is examined from the standpoint of 
evaluating the influence of the dynamic character of the loads on material 
properties, the following conclusions can be drawn. 

• The dynamic nature of the load has a significant influence on 
the stress-strain characteristics of the various materials 
comprising a pavement system. However, if stress-strain 
characteristics based on dynamic testing techniques currently 
in use are adopted, no rate of loading effects need be 
considered in evaluating stress-strain characteristics. 

* The increase in modulus values is of the same order of magnitude as the 
increases in shear strength presented in Table 1-1. 
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• The strese-strain characteristics, as represented by a modulus, 
xs dependent on the frequency of loading for asphalt concrete 
and cohesive soils. With an increase in frequency the modulus 
also increases. For granular materials and portland cement 
concrete the influence of frequency is not significant. 

• The strese-strain characteristics of all paving materials with 
the exception of portland cement concrete are dependent on the 
level of stress to which they will be subjected. 

• The rate of loading has a considerable influence on the shear 
strength characteristics of the various materials. 

^ CRITERIA FOR SRnre-rynp nF EQUIVALENT STATIC LOAD 

The effects of dynamic loads in the design of pavements can be grouped 
into three categories. These are discussed in the following paragraphs. 

A. Dynamic effects which can be accounted for through a change 
in material properties: In this category are the effects of 
frequency and rates of loading. The influence of these two 
factors in the structural analysis of pavement systems can 
be taken into account by testing the paving materials under 
the appropriate frequencies and rates of loading. 'Static' 
tests would give very conservative stress-strain characteristics. 
Since the effects of frequency and rate of loading can be 
adequately included in the choice of material properties they 
do not have to be considered in the selection of an equivalent 
static load. 

B. Dynamic effects which influence the magnitude of the applied 
load and the material properties: In this category is the 
effect of stress level. The stress level that exists in a 
material influences the 'modulus' to be used in the current 
state of the art of 'ad hoc' nonlinear elastic analysis. The 
stress level is influenced by the magnitude of the load 
applied to the pavement. Because of the dynamic character 
of the load, e.g., during landing, passing over uneven pavements, 
etc., the loads applied can be much larger than those computed 
from static considerations. The magnitude of the dynamic 
load, in that it influences the stresses in the pavement 
directly and through its effect on the material properties, 
is a significant factor in the selection of the static load. 
It is also possible that during braking and turning shear 
stresses would be applied to the pavement surface. 

C. Dynamic effects which, at present, cannot be accounted for by 
a change in material properties or applied load: The important 
considerations in this category are the inertia effects. All 
current methods of pavement design neglect them. Inertia 
effects have never been considered significant because the 
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basic theory for the structural analysis of pavements have 
been developed for highways (17, 18). The ratio of the speed 
of the moving load to the Rayleigh wave velocity of the sub¬ 
grade has been used to evaluate the significance of inertia 
effects. For highway problems the ratio is small and the 
inertia effects can be assumed to be insignificant. The 
subgrade has in general the lowest Rayleigh wave velocity of 

f all the materials comprising a pavement system. It is not 
clear whether the Rayleigh wave velocity of the subgrade can 
be used as the sole criteria in a layered system. However, 
the speeds at which aircraft might operate (circa 250 fps) 
are sufficiently close to the Rayleigh wave velocity of the 

> subgrade to warrant an investigation of inertia effects. 
Because of a lack of theoretical analyses for this problem 
it is not possible at this time to consider the effects of 
inertia on the response of the pavement system. 

In view of the above discussion it can be concluded that the critical factor 
in the selection of the equivalent static load is the magnitude and distri¬ 
bution of the applied loads. Stress level based on static analysis is 
controlled by two factors, the unit pressure and the size of the loaded area. 
The unit pressure applied to the surface of the pavement is controlled by 
the inflatable tire pressure. The loaded area is governed by the total load 
that is applied. The summary of dynamic loads applied to pavements indicates 
that the maximum load on the various wheels can be much greater than the 
static load. 

5. METHOD FO.t SF.LF.nTW, EQUIVALENT STATIC LOAD 

The method for selecting an equivalent static load is divided into a 
number of steps. Stress level is the critical factor in determining an 
equivalent static load. 

• Determine the maximum dynamic loads for the main gear and 
nose gear. A summary of airplane operating loads is presented 
under the section "Dynamic Loads Applied to Airfield Pavements." 

• Establish the tire pressure. 

• Proportion the loads to the various wheels and determine the 
1 area of contact using the tire pressure from above. It should 

be recognized that these will be larger than if the gross weight 
of the aircraft was used. 

f In addition to these steps the following additional factors are essential 
to the complete design process. 

• Stress-strain characteristics be determined at appropriate frequen¬ 
cies, rates of loading and stress levels. 

• Fatigue as a mode of failure should be considered under the path of 
the nose and main gear. 
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• In using shear strength criteris, the rate of loading effect 
should be considered. Conventional 'slew' compression tests 
are likely to be too conservative. 

It is important to recognize that inertia effects have not been consid¬ 
ered. This might prove to be an important factor in the selection of a 
static load. Further work in this area would be desirable. 

It is important to recognize that time effects can be significantly 
different for dynamic loads of short duration and for static loads which are 
applied to pavements for an extended period of time. 

The response of paving materials to short linear dynamic loading is 
primarily elastic. In a repeated load test the majority of the permanent 
deformation occurs in the first 50 to 100 cycles. However, during each 
application there is a certain amount of permanent deformation. It is the 
accumulation of this deformation that can lead to rutting. Calculation of 
the pennanent deformation can be made on the basis of linear viscoelasticity. 

Materials, such as asphalt concrete in which the elastic response will 
dominate the behavior under short linear loads,can behave quite differently 
under static loads of lonf, duration. Under such circumstances, where 
unloading does not occur to permit the sample to recover, the primary con¬ 
cern Is then dependent deformation. Such effects are of significance at 
nigh temperatures for asphalt concrete and at high moisture contents for 
cohesive subgrades. For portland cement concrete and granular materials 
time-dependent behavior is not of great significance. Details regarding 
the choice of constitutive equations to represent these different aspects 
of material behavior have been discussed in Apendix H. 

6. ILLUSTRATIVE EXAMPLE 
As pointed out in the previous discussion, the present state of knowledge 

indicates that the only significant effect of the dynamic nature of the loads 
applied to airfield pavements is in the level of stress induced. If inertia 
effects are neglected the determination of the equivalent static load as 
outlined above is a simple procedure. It is important to recognize that 
dynamic effects have to be included in determining material properties. 

Selection of Equivalent Static Load: 

The example formulated ie for illustrative purposes and does not repre¬ 

sent any specific conditions. 

e Assume a gross weight of airplane to be 200,000 lbs. 

Static main gear load = 90,000 

Static nose gear load = 20,000 



. ' y 

Maximum dynamic load on the pavement 

(i) Applied load through the nose gear 
for braking operation 

_ dynamic static 

load factor X n0*e «ear 
load 

= 3 X 20,000 = 60,000 lbs 

(ii) Applied load through the main gear 
for taxi operation 

dynamic static 

~ load factor X ^ g®ar 
load 

== 2 X 90,000 = 180,000 lbs 

(See summary of dynamic loads, page 1-3) 

• No. of wheelr in main gear 

Load per wheel, main gear 

Tire pressure, main gear 

Contact area per wheel, 

main gear 

4 

45,000 lbs 

200 psi 

225 sq. in. 

• No. of wheels in nose gear 

Loau per wheel, nose gear 

Tire pressure, nose gear 

Contact area per wheel, 

nose gear 

2 

30,000 lbs 

200 psi 

I50 sq. in. 

• Equivalent static load/wheel for main gear = pressure 

(200 psi times area 225 sq. in.) 

T Equivalent static load/wheel for nose gear = pressure 

(200 psi times area 150 sq. in.) 

The area of contact for the load and hence the total load, is greater 
than it would be for the simple static case. The load as defined above is 
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to be used In a static stress analysis. All methods of layered system 
analysis currently in use are confined to axisymmetric configurations. There¬ 
fore, the effect of all the wheel loads can be included by superimposing the 
effects of each load. This of course is only valid for a linear analysis. 

In order to conduct a stress analysis it is necessary to define properties 
of the materials comprising the system under appropriate loading conditions. 
The effects of frequency and rate of loading on paving materials have been 
discussed. 

Selection of Material Properties for Dynamic Loads: 

As pointed out in Appendix H, limitations in the present state of 
knowledge make it necessary to subdivide the pavement analysis problem into A 
three phases. 

For Phases I and II the dynamic response was considered the most signifi¬ 
cant. It was recommended that material properties under repeated loading 
conditions be determined. 

It is assumed that the Modulus of Resilience or some other 'equivalent' 
elastic modulus or the complex modulus has been determined from repeated 
load tests. In order to include the effects of frequency and rate of loading 
the following suggestions are made.^ 

Asphalt Concrete - Above a frequency of 1 cps to a maximum of 
5 cps, an increase in modulus of 205É would be appropriate. From 
a value of .5 cps to 1 cps an increase of 505? is suggested. 
Temperature influences the effect of frequency on the modulus. The 
modulus values obtained at lower frequencies are conservative. 
Figures 1-3 and 1-5 can be used as a guide for estimating frequency 
effects. 

Portland Cement Concrete - At the stress levels and frequencies 
under consideration it is not likely that frequency will affect 
the modulus of portland cement concrete. 

Granular Material - From Figure 1-5 it can be seen that frequency 
has a veiy minor effect on the modulus of granular materials. 

Cohesive Subgrade Soil - From the values indicated in Figure 1-4 
it can be seen that an increase in frequency from 1 to 5 cps causes 
an increase in modulus of approximately 205?. The increase decreases 
with a decrease in the degree of saturation. 

Table 1-1 can be used as a basis for determining the rate of loading effects 
on material properties. If repeated load tests are used the loading rates 
currently in use are adequate to account for loading rate effects. There is 
no significant data on the effect of impact on paving materials. 

# it should be recognized that the data on which these recommendations 
are made is very limited. 
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For Phase III of the problem different materied representations are 
required. Phase III deals with long term effects under 'static' loads. In 
this phase of the problem the 'time' effects are due to the material 
behavior and not due to the nature of the loads. 

If the materials comprising a pavement system were ideal the properties 
determined from the dynamic tests could be used directly in analyzing long 
term effects. However, this is not the case, and experimental evidence has 

£ indicated that it is necessary to determine material properties under simu¬ 
lated loading conditions. At the stress levels under consideration time 
effects are of major significance for asphalt concrete. In some cases* 

cohesive subgrade soils also exhibit time dependent response. If a linear 
viscoelastic representation for the material is used, creep or relaxation 

• tests are required and the appropriate constants (E , y , creep or relaxa¬ 

tion functions) can be determined. Detailed discussion of the viscoelastic 
behavior of asphalt concrete including representative material constants is 
given in (19) . For cohesive soils typical values are provided in (2Q and 
21). If an elastic analysis is to be performed then it is necessary to 
determine an 'equivalent elastic' modulus. This can be determined on the 
basis of the anticipated final deformation and can differ from a 'dynamic' 

modulus by a factor of 10 or more as can be observed from Figures H-10 and H- 

15 of Appendix H. 

Having selected the loads, in terms of pressure and contact area, the 
next step is to conduct a stress analysis for the system. If it is desired 
to take into account the influence of the stress level on the modulus then 
it will be necessary to iterate using the computed stresses as a basis for 
determining the modulus for the next iteration. The analysis is repeated 
until no further change in modulus is required. Since the stress level in 

a material influences the modulus, the use of an equivalent load which is 
considerably greater than the static load is of significance. 

« 
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