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FOREWORD 

The study reported herein was conducted at the U. S. Army Engineer 

Waterways Experiment Station (WES) under Department of the Army Project 

No. 4A062112A859, Military Engineering Design and Expedient Construction 

Criteria (MEDECC) Program, Task 02, "Design Criteria for Expedient Air

fields and Heliports," Work Unit 001, "Development of Army Expedient . . 

Airfield Design Criteria Through Model Studies," under the sponsorship 

and guidance of the Office, Chief of Engineers, U. S. Army. 

The study was conducted by Dr. Y. T. Chou and Dr. O. O. Thompson 

under the general supervision of Messrs. J. P. Sale, Chief, Soils 

Division, WES, R. G. Ahlvin, R. L. Hutchinson, C. D. Burns, D. N. Brown, 

and H. H. Ulery, Jr. This report was prepared by Dr. Chou and 

Dr. ·Thompson. 

COL Levi A. Brown, CE, and COL Ernest D. Peixotto, CE, were 

Directors of the WES during the conduct of this investigation and the 

preparation of this report. Mr. F. R. Brown was Technical Director. 
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to met

ric units as follows: 

Multiply By 

inches 

feet 0.3048 
square inches 6.4516 
pounds o.45359237 
kips 453,59237 
pounds per square inch 0.6894757 
inches per minute 2.54 
feet per second 0.3048 
miles per hour 1.609344 
horsepower 

(550 ft-lb/sec) 745.6999 
foot-pounds per second 1.355818 

vii 

centimeters 

meters 

To Obtain 

square centimeters 

kilograms 

kilograms 

newtons per square centimeter 

centimeters per minute 

meters per second 

kilometers per hour 

watts 

newton-meters per second 



SUMMARY 

Model-to-prototype similitude requirements were developed in this 
study for unsurfaced, landing-mat~surfaced, and conventional flexible 
and rigid pavement structures for airfields. An extensive literature 
search of model studies was first conducted. The general concept of 
dimensional analysis in the area of pavement systems was then intro
duced, followed by identification of important variables, development of 
pi terms, and formulation of similitude requirements for true and dis
torted models. A compensated model that distorts one or more design con
ditions in such a manner that the distortion is compensated is proposed 
for pavement systems. Other uses of model facilities are also discussed 
herein. 

A short analysis is made in the estimation of the desired size of 
the model and the required power of the motor for various gear configu
rations, loads, speeds, and scale ratios. It is recommended that a 
model be constructed for testing a single-wheel assembly traveling at 
low speeds at this stage of study. 



APPLICATION OF MODEL THEORY TO DESIGN AND 

EVALUATION OF AIRFIELD PAVEMENT 

PART I: INTRODUCTION 

Background 

1. Existing criteria for designing surfaced and unsurfaced pave
ment facilities are based on test data obtained from full-scale traffic 
tests. Although full-scale tests* produce reliable data, they are both 
expensive and time-consuming and provide only minimum amounts of basic 
test data. In many cases, extrapolations have to be used to estimate 
the pavement behavior for cases not covered by the tests. Criteria 
based on limited amounts of test data are generally conservative and are 
economically justified only from the viewpoint that better criteria are 
not available. Therefore, it is essential that procedures be developed 
so that sufficient amounts of basic test data can be obtained at rea
sonable costs and within reasonable time limits. This can be accom
plished by the use of small-scale models and the associated theory of 
dimensional analysis through which the many parameters of pavement sys
tems can be economically investigated in an orderly experimental program. 

2. Scale-model tests based on similitude principles have not been 
applied effectively to pavement systems but have been utilized to full 
advantage in the development of hydraulic engineering, fluid mechanics, 
and other engineering disciplines. Many problems, too complex to be 
solved by purely analytical approaches, have been analyzed successfully 
through the use of models and dimensional theory. The most typical ap
plication of dimensional theory in civil engineering has been in the de-
sign of' da..'ns, harbors, channels, amt similar works ror wlffcli an analyti-
cal approach would be either prohibitively lengthy or, in some cases, 
quite inconclusive. Dimensional theory has been beneficial in providing 

* It should be noted that full-scale tests are model tests. Measure
ments are made in accordance with a hypothesis subject to boundary 
conditions and ambient conditions. 
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detailed information about a particular system and in the support of the 

evolution of a comprehensive theory. 

3. The advantages to pavement research of a valid, well developed 

scale model are apparent. Economy, precision in measurement and control 

of test conditions,.time savings ~n developing test data, and adaptabil

ity and flexibility of test facilities can all be greater in model test

ing than in full-size testing. Through use of model facilities and the 

associated laws of similitude, the current criteria for design, evalua

tion, and construction of various pavement systems can be improved and 

updated. 

Purpose and Scope 

4. The purpose of this study was to develop the capability to de

sign and construct models to study the behavior of unsurfaced, landing

mat-surfaced, and conventional flexible and rigid pavement facilities 

for airfields. Such models can be used to determine basic fundamental 

relationships among wheel load, wheel configuration, tire pressure, 

traffic volume, pavement structure, material properties, and environ

mental conditions. 

5. An extensive search of literature pertaining to model studies 

was conducted, and a brief review was made of how similitude require

ments can be developed. It was decided that the general concept of 

dimensional analysis in the area of pavement systems could be used. Im

portant variables pertinent to different systems were studied and iden

tified. Based on the theory of dimensional analysis, sets of dimen

sionless quantities (pi terms) composed of the pertinent variables were 

developed, and the similitude requirements for true and distorted models 

were formulated. _A .compensated model, i .~. one that distorts one or 

more design conditions in such a manner that the distortion is compen

sated, is proposed for pavement systems. 

6. A short analysis was made regarding an estimation of the de

sired size of the model and the required power of the motor for various 

gear configuratio~s, loads, speeds, and scale ratios. With due regard 
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to relevant physical, economic, and technical limitations, suggestions 

of a general nature are made for consideration in the design of a model 

testing facility. The uses of the model other than for the prediction 

of prototype behavior are also discussed. 
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PART II: SUMMARY OF PREVIOUS RESEARCH 

7. Although the use of models and the theory of similitude has 

been widely accepted in many areas of engineering, it has not been ap

plied effectively in pavement research. There is very little informa

tion in this area. Therefore, some of the significant experimental and 

analytical work in related areas was reviewed. Although most of the re

search work is not related specifically to pavements, the results and 

general approach to the problem are certainly related to the topic under 

discussion. Knowledge in the theory and application of similitude laws 

can be gained by studying these references, particularly by a beginner 

in this area. 

General Civil Engineering Problems 

8. Rocha1 ' 2 studied similarity conditions to solve soil mechanics 

problems by the use of models. He pointed out the significance of con

sidering the soli_d and fluid phases of soils. Attention was drawn to 

the value that models can have when used as aids for studying soil 

problems. 

9. Kerisel3 studied the scaling laws in soil mechanics based on 

his experience with large-scale piles and penetrometer tests. He con

cluded that scale distortions exist in both clays and sands and that 

the scale effect is one of the most important issues in modern soil 

mechanics. 

10. Roscoe4 discussed the uses of model testing in soil mechanics. 

An outline was given of current methods of analysis based on failure 

conditions and of the use of new methods of investigating the behavior 

of soils in models at all stress levels. Simulation of soils by other 

media was discussed but was concluded not to be a rewarding procedure. 

The potentials of centrifugal model testing, which provides an op

portunity of satisfying the similitude requirements of gravity, were 

discussed. 

11. Vesic5 presents an excellent discussion on model testing of 
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deep foundations and on scaling laws. He concludes that significant 
scale effects can be expected in modeling deep foundations in sand as 
well as in attempts to extrapolate the results of deep cone penetration 
tests to larger foundations. These scale effects are caused by varia
tions of the nature of deformation and failure phenomena as well as by 
variations of intrinsic properties of the material. Thus, they cannot 
be taken into account by an indiscriminate application of conventional 
dimensional analysis. 

12. Kondner6-12 has conducted much research in soils engineering 
with small-scale models using the technique of dimensional analysis to 
develop empirical relationships among the pertinent variables. His work 
includes: (a) vibratory cutting, compaction, and penetration of soils; 
(b) friction pile groups in cohesive soils; (c) pullout load capacity of 
a circular earth anchor buried in sand; (d) penetrometer study of the 
in situ strength of clays; (e) rigid plate bearing tests on flexible 
pavements; and (f) static and vibratory loading of footings. 

. 13 
13. Tripathi and Patel performed a 1:50-scale model test on 

earth dams based on the principle of dimensional similitude. It was as
sumed that the factor of safety against sliding was most important in 
the earth dam design; hence, the dynamic similitude between the model 
and the prototype was satisfied by modeling the factor of safety against 
sliding. This resulted in the requirement that the model material have 
an angle of internal friction equal to that in the prototype and a re
duced value of cohesion equal to l/50th of that in the prototype. Based 
on the experimental investigation, the authors found that a mixture of 
viscous liquid and sand could be used for model material. 

14. Perloff and Rahim14 studied the relationship between the pres
sure on model footings and the penetration of these footings into satu
rated cohesive soils-. The- technique of dimens:tona1 ana-lysi.--s- was~ used· 
in analyzing the test results. The empirical equation derived from the 
test data satisfactorily predicted the behavior of square, rectangular, 
circular, and elliptical model footings of various sizes. 

15. Goodman et a1. 15 studied the influence of rates of plate pen
etration and size on the pressure-sinkage relations of loose sands and 
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remolded clays. Sinkage rates as high as 1750 in./min* were included. 

Dimensional analysis was applied to determine the relationship between 

the model and the prototype, and the results were compared with model 

test results. 

16. A comprehensive review and discussion of the applications of 

dimensional analysis methods to civil engineering problems were made by 

Jasiewicz.16 A number of examples were given of problems of different 

engineering disciplines. Of particular interest in relationship to 

rigid pavements is the modeling of beams on elastic foundations. 

17. Reference 17 is an excellent reference book on the modeling 

of structural concrete. In chapter 9 thereof, thorough discussions are 

given of structures in which self-weight (or gravitational stress) is a 

problem. Size effect in models of structures is discussed in detail 
18 by Brown. 

18. Reference 19 is a bibliography on structural model analysis, 

with particular emphasis on concrete structures. 

Soft-Soil Mobility 

19. A comprehensive literature review of model studies of wheel

soil relations is given in a dissertation by Freitag. 2° Freitag found 

in his review that it is generally conceded to be impracticable to vary 

the soil properties. He studied the performance of treadless pneumatic 

tires on sof't soils using the technique of dimensional analysis. The 

conclusions of his study are summarized below: 

a. The performance of a pneumatic tire on a soft soil when 
speed and slip are constant is dependent upon the tire 
diameter, width, deflection, and load, and the consist
ency of the soil. Dimensionless expressions combining 
these factors were developed for both wet clay and dry 
sand. The expressions have unique relations to the di
mensionless numbers that describe tire performance. 

b. Pneumatic tire-soil systems can be studied by means of 
models if the soil parameters reflect the pertinent char
acteristics of the soil. In the wet clay, the cohesion 

* A table of factors for converting British units of measurement to 
metric units is presented on page vii. 
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of the soil, as measured by a simple penetration test, 
was found to be the principal soil parameter that in
fluenced wheel performance. In the dry sand, the angle 
·of internal friction and the unit weight of the soil, as 
measured in the penetration test, were the principal soil 
parameters. 

c. From test results, the best relations in sands were ob
tained when the loads were scaled in proportion to the 
cube of the geometric scale ratio. In clays the best 
relations were obtained when the loads were scaled in 
proportion to the square of the geometric scale ratio. 
The same conclusion was also reached by other 
researchers.21 

20. Freitag's work has been continued and extended at the U. S. 

Army Engineer Waterways Experiment Station (WES), Vicksburg, Mississippi. 

21. Many other references in the field of soil-vehicle mechanics 

can be found in the Proceedings of the First, Second, and Third Inter

national Conferences on the Mechanics of Soil-Vehicle Systems (1962, 

1966, and 1969, respectively) and also in the Journal of Terra-Mechanics, 

published on behalf of the International Society for Terrain Vehicle 
Systems. 

Soil-Tillage Implement Systems 

22. The apvlication of the principles of similitude in agricul

tural engineering is rather recent. It was first initiated ten years 

ago by Barnes, et al. 22 and followed by others. 23- 32 The main interest 

of these researchers was the draft on types of tillage tools moving 

through soil. Because of the difficulty in the scaling of pertinent 

soil properties, distorted models were employed in the research. The 

theory of distorted models has thus been advanced. Schafer, et al.30 

developed a method of handling distortion in certain soil-machine sys

tems. The prediction factor obta±ne-d was- related· to tlie rength scare ih 

the form 

where 

o = the prediction factor 

0 = SS 
L 
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SL = the length scale 

s = a function of the soil and the machine 
The unique feature of this development was that a prediction factor was 
obtained for the soil-machine systems without using any soil measurements 
in the analysis. Using this technique, the prediction of the performance 
of prototypes has been obtained for bulldozer blades by Reaves and 
Schafer3l and for triangular chisels by Verma and Schafer. 32 

23. In 1966, Professor D. F. Young presented two excellent papers 
concerning the similitude of soil-machine systems.33,34 

Rigid Pavements 

24. Since 1950, the U. S. Arrrry Engineer Ohio River Division Labo
ratories has conducted small-scale model tests for rigid pavements. Al
though the technique of dimensional analysis was not applied and the 
model was of a dissimilar* nature; qualitative results were obtained 
from model tests that led to the basic understanding of the behavior of 
rigid pavements. The test results have been published in many technical 
reports and papers. 35- 47 

Other Research 

25. The prediction of the response of underground structures sub
jected to blast loadings has been studied by Murphy and Young4B-50 and 
by engineers at WEs. 51 , 52 The approach was used to determine if data 
could be correlated between small-scale structures of different sizes 
that were tested under laboratory conditions. 

26. Watkins 53 studied the behavior of model flexible conduits 
buried in dry sand. He found that models can be used to predict the min
imum soil cover necessary to protect buried conduits from failure due to 
heavy wheel loads passing over them. Vacuum pressures were used in tests 
to satisfy the similitude requirement of equal gravitational stresses. 

* A dissimilar model is defined in paragraph 46. 
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PART III: SIMILITUDE OF PAVEMENT SYSTEMS 

27. Model studies are conducted for the following two purposes: 

a. To gain an understanding of the nature, magnitude, and 
effect of each individual physical parameter that is 
present in a system. These parameters are discussed in 
paragraph 104. 

b. To predict the prototype performance from values measured 
on the model. 

28. The first goal can be achieved readily when model facilities 

become available. The second goal can be achieved by one of the follow
ing means of establishing similitude between a model and its prototype: 

(a) dimensional analysis, (b) the method of establishing laws of struc

tural theory, and (c) basic laws. 

29. The method of dimensional analysis evolves from a considera

tion of the pertinent variables in the problem and the dimensions of 

these variables. Application of the Buckingham Pi Theorem54 leads to a 

set of dimensionless products from which modeling laws can be derived. 

The structural theory method is generally used for structural models for 

which the mathematical laws that structures follow are well known. In 

other words, the use of this method depends upon a knowledge of the 

characteristic equations that are necessary for a complete solution to 

the problem. These characteristic equations are frequently differential 
equations and, along with the initial and.boundary conditions, describe 
the problem. Since the equations are not known at the present time but 

the factors affecting the behavior of pavements are known, it appears 

more practical to use the technique of dimensional analysis for the 
' study of pavement systems. It will be shown in the following sections 

that a considerable amount of information can be obtained from a dimen-
sional analysis- of the problem. The- third method (basic- laws~ -has its-

merits and potential and should be explored·. For instance, the transfer 

function method55 that was recently developed and the energy method con

sidering the energy balance between the loads and the pavement system 

are two of the methods that may very well· be applied to a model. 

30. Model testing can not only achieve the aforementioned 
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purposes (paragraph 27) but also might very well demonstrate a new 

direction or a mechanistic approach in pavement research. 

Concept of Dimensional Analysis 

General 

31. Dimensional analysis is a method by which information can be 

obtained about the interrelations among the parameters associated with 

a particular phenomenon. This method is based on the principle of di

mensional homogeneity between the physical quantities appearing in an 

equation connecting these quantities. If the equation is of the form 

(2) 

then for the same physical dimensions in any pair of terms corresponding 

dimensions must be equal, i.e. a = d b = e and c = f , thus mak

ing the equation dimensionally homogeneous. A consideration of the di

mensions of the quantities appearing in a physical problem may lead to 

useful information about the nature of the solution. 

32. Model theory based upon dimensional analysis follows from the 

Buckingham Pi Theorem, 54 which states that if a functional relationship 

exists between n variables which involve b basic dimensions, 

then this relationship can be expressed in terms of s dimensionless 

independent quantities called pi terms: 

where 

s = n - b 

(3) 

(4) 

The assumptions inherent in this theorem are that the function f exists 

and is unique. 

33. The procedures in the dimensional analysis are, first, to list 
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and specify the dimensions for all the system variables that are believed 

to have influence upon the results and, second, to reduce the number of 

variables to a practical minimum by controlling test conditions and 

eliminating variables of negligible influence on the performance of the 

system. Each variable contributes an independent test condition co

efficient that must be satisfied in testing the model. Inclusion of 

unimportant factors not only unnecessarily complicates the required test 

procedure but also frequently obscures useful applications of the di

mensional analysis. 

34. When variables pertinent to a system can be listed, dimen

sionless products of the variables can be formed by the theory of di

mensional analysis. Definite dimensional relationships expressed in 

terms of dimensionless products can then be established (such as equa

tion 4). Test conditions and results can be completely described in 

terms of these products. 

35. Use of the principle of similitude to predict prototype per

formance from the measurements on a model involves the concept of simi

lar systems. The validity of this concept is based on the assumption 

that the same physical laws govern the behavior of both prototype and 

model. Two systems will exhibit similar behavior if geometric, kine

matic, and dynamic similarities are achieved. Geometric similarity im

plies similarity of form, which is attained if the ratios of all homol

ogous lengths in the two systems are equal. Kinematic similarity im

plies similarity of.motion, which is attained if the paths of homologous 

moving.particles are geometrically similar and if the ratios of veloc

ities of the various homologous particles are equal. Dynamic similarity 

implies similarity of forces, which is attained if the ratios of all 

forces are the same in the two systems. Kinematic similarity usually 

follows if geometric and d:ynamic similarities are present. However, for_ 

assurance, kinematic similarity should be observed, particularly where 

one or more of the boundaries is free to exhibit dependent displace

ment patterns. The breakup of soil into blocks and the shear patterns 

present at the soil surface are examples of the kinematic similarity 

requirement. 

11 



36. According to basic model theory, if the similarity require
ments are satisfied, the model is a true model and will function exactly 
as the prototype. If is a dependent variable and the other vari-
ables are independent, equation 4 is written as 

TT2m = TI2p , TT3 = TT3 , ••. , and TI = TT (where m and p denote m p sm sp 
model and prototype, respectively) and are the similarity requirements 
and are termed as design conditions; if they are satisfied, then the 
prediction equation TTlm = n1p 

Conceivable difficulties 

will hold true. 

(5) 

37. Geometric similarity requires that the model be a geometric 
scale of the prototype. Generally this condition can be satisfied and 
does not present serious problems. However, in scale-model tests of flex
ible pavements, difficulty may exist in modeling the surface layer when a 
large scale ratio is to be used. For landing mats, it is extremely dif
ficult, if not impossible, to reproduce in a small-scale model all the 
structural details of the prototype. It is also certain that approxima
tions would reduce the accuracy of the results to an unsatisfactory 
level.· 

38. The design conditions involving material properties would 
definitely present severe problems in model studies. Determining the 
pertinent variables associated with pavement materials and soil media 
that are significant to the system is probably one of the most diffi
cult steps in model pavement design. In this regard, engineers more 
often than not tend to measure quantities that are more accessible than 
they are relevant. For instance, deflections or displacements are fre
quently measured by pavement engineers, although shearing strains or 
curvatures of deflection basins are believed to be the pertinent factors 
controlling the pavement performance. 

39. Once the variables are identified, the remaining problem lies 
with the methods of measurement. Unfortunately, material properties im
portant to dimensional analysis cannot be evaluated uniquely because 
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they are significantly dependent on the nature of the test device. The 
measured values are not the properties of the soil tested; rather they 

are the results of the interaction of the soil and the conditions im

posed by the particular device. Since different devices impose dif

ferent sets of conditions on the soil, different results are expected 

to be measured. Therefore, laboratory test data actually do not provide 

an adequate link between the theory and the actual soil behavior. Al.so, 
the measured values are not constant but depend on a number of factors, 

mainly the stress history of the material and the state of the stresses. 

It is rather easy to select a list of variables characterizing the 

material behavior, such as cohesion, friction angle, viscosity, modulus 

of elasticity, and others. But it becomes extremely difficult to spec

ify the method of measurement and later to extrapolate the results link

ing the model behavior and prototype behavior. 

40. Because of the difficulties of measuring and scaling material 

properties, the use of the same materials in the model and the prototype 

would probably be advisable, although it does not lend itself to.a com

plete solution. For instance, the response to the load for a certain 

material in a prototype structure, such as the granular base in a flex
ible pavement system, may differ greatly from that of the same material 
in the model that has a smaller dimension. Therefore, the particle-size 

distribution of the granular base material would have to be scaled down 

properly to achieve complete similarity. This task, of course, is not 

a simple one. 

41. Clearly, the main problem in the successful application of 

similitude techniques to the study of model pavement systems is inade

quate knowledge of the material factors. Consequently, a complete sys

tem of scaling factors cannot be established and the model is actually 

a distorted one. 

Distortion correction 

42. When a distorted model is used and it is anticipated that 

model behavior may be different from prototype behavior, the difference 

must be carefully evaluated and, if possible, eliminated. There are 

three basic methods that can be used. The three methods are: 

13 



a. Neglect certain variables that may be only slightly 
significant but lead to the distortion. 

b. Determine the effect of the distortion, either analyti
cally or experimentally, so that it can be taken into 
account. 

c. Determine the effect of the distortion empirically. As 
discussed later, quantitative determinations of material 
properties become unimportant when model distortions are 
properly corrected. 

43. The first method is frequently used in the field of fluid 

mechanics with problems in which both the Reynolds number (controlling 

the viscosity) and the Froude number (controlling the gravity) appear, 

and if the same fluid is used in model and prototype, the same type of 

distortion that is being discussed is encountered. In this type of prob

lem, it is common practice to neglect one or the other of these numbers, 

which in effect neglects either the viscosity or the acceleration of 

gravity, and to base the model design on the remaining parameters. In 

many instances this has been a successful treatment. In this study, 

this method has been used in the modeling of velocity in problems in 

which the effect of gravity was not considered important and was there

fore neglected; thus, velocity was scaled according to the viscosity of 

the material (paragraph 65). 
44. The second method can best be illustrated with a simple ex

ample. Consider a phenomenon that is governed by three pi terms so 

that 

where n1 is the prediction equation and n2 and n3 are the design 

conditions. Assume that the value of the model pi term n3m is dis-

tarted by an amount ~ so that 

It then follows that n1p = Srrlm , where 

quired to correct for the distortion of 

14 

S is a prediction factor re

rr3m • The value of the 

(6) 

(7) 



prediction factor is determined from the results of tests conducted on 

the models. If the distorted design condition does not significantly af
fect the phenomena measured by n1 , then ~ will be close to unity as 

determined from the test results. If ~ deviates from unity, a plot of 
prediction factor versus distortion factor may indicate a relationship 

between the two that will be valuable in conducting further studies with 
the model system and will also be va.luable in the fundamental understand
ing of the system behavior. In this study, this method has been used in 

the modeling of surface pressure (paragraph 96). 
45. The third method is to empirically determine the effect of 

the distortion. Valid data can be obtained by determining a correction 

factor for the model data. If it can be ascertained how this factor is 

related to the amount of distortion, this method would be possible, but 

use of this method requires a large amount of data. 

46.· In addition to the true model and the distorted model, dis

similar models are commonly used. A dissimilar model is one in which 

many of the pi terms are distorted, which seriously affects the predic

tion equations. While a dissimilar model offers no quantitative data 
leading to the prediction of prototype behavior, it indicates general 

trends or patterns of the system being studied. Dissimilar models are 

suggested in the study of landing mats. 

47. The procedure used herein to formulate the model design is as 
follows: (a) identification of important independent variables perti~ 

nent to the system being studied; (b) development of a set of dimension

less quantities (pi terms) composed of the pertinent variables; and (c) 
formulation of similitude requirements for true and distorted models. 

Identification of Pertinent Variables 

48. The dependent and independent variables that are considered 
to have influence on pavement behavior are listed in tables 1, 2, 3, and 

4 for flexible pavements, rigid pavements, landing mats, and unsurfaced 

soils, respectively. The dimensional units of each variable in terms 
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of force F , length L , and time T are given in the tables.* 

Flexible pavements 

49. The relationship between the dependent variables and the in
dependent variables (table 1) is expressed as: 

5,cr,N = f(r,A,v,a,g,p,C,v,Y,¢) (8) 

The variables C and v characterize the stress-strain and viscosity 
properties, respectively, of materials in each layer of the pavement 
system. The strain becomes important only when materials used in the 
model are different from those used in the prototype (see paragraph 88). 
Two materials will be said to have the same type of stress-strain re
lationship if their dimensionless stress-strain curves are identical. 
As discussed in the previous section, a unique procedure or testing de
vice is not available to measure these variables. Therefore, no attempt 
is made in this report to specifically define them. For practical pur
poses, the stress-strain characteristics of a material may be repre
sented either by cohesion c and friction angle ¢ or by modulus of 
elasticity E and Poisson's ratio µ • The viscous property of a ma
terial may be ~ither measured in the laboratory or simply assumed to be 
identical when the same material is used in the analysis, but one should 
always be aware of their limitations. As discussed later, the determi
nations of quantitative values of C and v are not important when the 
compensated model is used (see paragraph 96). 

50. The specific weights of materials y and the acceleration of 
gravity g are both included in table 1, which implies that the weights 
of materials in each layer are important. 

Rigid ;pavements 

51. The reLation-ship between the d:epend.-ent variables and the 

* Pavement material properties actually are unknown to paveroont engi
neers at the present time. However, it is expected that these prop
erties have the basic dimensions of some combination of force, length, 
and time. The dimensions used in the tables could be changed if one 
should feel it necessary. 
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independent variables (table 2) is expressed as: 

(9) 

where k is the ratio of the pressure to the deflection of the subgrade 

and is presumed to be a constant called the subgrade modulus. This con

cept is followed by Winkler's load-settlement proportionality assumption 

and is not correct.for most types of soils. The equation implies that 

settlement is independent of the linear dimensions of loaded foundations. 

Experimental results show that this is not true for most soils. 

Landing mats 

52. The relationship between the dependent variables and the in

dependent variables (table 3) is expressed as: 

(10) 

The velocity of wheel load is considered to be of no great importance for 

landing mat design; consequently, for expediency, the viscous property of 

the supporting soil medium is not considered. Any increase in aircraft 

speed reduces mat deflection but would probably cause more damage to 

the joints of the mat due to higher impact forces.* To characterize 

the soil strength, CBR values or subgrade moduli k with proper dimen

sions could be used. When soils used in the model are different from 

those used in the prototype, their stress-strain relations would have 

to be known in order to achieve complete similitude. 

Unsurfaced soils 

53. The relationship between the dependent variables and the in

dependent variables (table 4) is expressed as: 

* 

R,Z,N = f(d,b,h,5,w,¢,c,Y,v,W,v,S,f,g) 

In this regard, the velocity of wheel load and the viscous property 
of the soil must be considered when dynamic considerations begin to 
assert themselves. 

17 

(11) 



54. Other tire variables are contact area, inflation pressure, 

ply rating, stiffness, and contact stress distribution, which are con

sidered to be of minor importance once the tire deflection, which is of 

major importance, is taken into account. When soils used in the model 

are different from those used in the prototype, their stress-strain re

lations would have to be known in order to achieve complete similitude. 

Development of Pi Terms 

55. The derivations of four sets of dimensionless quantities (pi 

tenns) composed of the pertinent variables for the cases studied are 

given in Appendix A. The dimensionless equations that describe the flex

ible pavement, rigid pavement, landing mat, and unsurfaced soil systems 

are given in equations 12, 13, 14, and 15, respectively. 

~ 
r 

R Z 
W ' d ' N = 

N ' E 

N = 

o dV\) 

' d ' w 

r)' V\J IQ: _g 
p rp v2 ' a 

= 1(~ ' ~2 
' ~3 ' ¢i ' ¢2) 

cd2 
w 

, P1 , P2 , P3) 

p , s , f) 
The terms A/r and p/C in equation 12 have particular significance 

that will be discussed in paragraph 67. 

(12) 

(13) 

(14) 

(15) 

56. Equations 12-15 show algebraic reiations among measured dimen

sionless physical quantities and dimensionless products of variables for 

different systems. These functional relations are theoretically unique 

-when no important variables are neglected. The pi theorem has the par-

ticular .advantage of reducing the number of variables involved and of 

setting up dimensionless quantities. Because these quantities are di

mensionless, they are more universal. However, the major difficulty 

with any model study lies in knowing beforehand the pertinent factors 

that will control t~e particular situation. Pavement engineers suffer 
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from drawqacks resulting from the lack of information and of knowledge 

as to what are the detrimental factors affecting pavement performance. 

As mentioned previously (paragraph 38), pavement engineers tend to meas

ure quantities that are more accessible than they are relevant. The 

variables listed in tables 1-4 are believed to be measurable but are not 

necessarily the most pertinent variables. Consequently, equations 12-15 

might not serve their intended purposes. 

57. One word of caution about the dimensional analysis may be nec

essary. Langhaar54 states that "the generality of the method (dimen

sional analysis) is both its strength and its weakness. With little ef

fort, a partial solution to nearly any problem is obtained. On the 

other hand, a complete solution is not obtained, nor is the inner mecha

nism of a phenomenon revealed, by dimensional reasoning alone." When 

limited experimental data are expressed in dimensionless form, dimen

sional analysis ensures the relation between two dimensionless parameters 

but provides no information concerning the form or the nature of the re

lation. The relation can only be determined experimentally with.a broad 

spectrum of test conditions; it is extremely dangerous to extrapolate the 

relation into untested re'gions. 

Similitude Requirements for True Models 

58. If the relationships shown in equations 12-15 are general, 

they would apply to both prototype and model. For example,. in the flexi

ble pavement 

(~) @) (N) = f [(~)p (;) ' ... ' (¢')p] (16a) 
p p p p 

(~) ~ (.9:) , (N)m = t ~~)~ ,_ (~)~ ' ••• ' (¢_)m} (16b~ 
m W/~ 

where the subscripts p and m refer to prototype and model, respec

tively. Similar equations could be written for rigid pavements, landing 

mats, and unsurfaced soils. 

59. To design a model to attain complete similitude, several 
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conditions must be met. These conditions are described separately in 

the following paragraphs for the cases of flexible pavements, rigid pave

ments, landing mats, and unsurfaced soils. 

Design and prediction 
eguations for true models 

60. Flexible pavement design equations for pavement geometry, 

pavement physical characteristics, and other pavement characteristics 

are presented below as equations 17, 18a-18e, and 19, respectively. The 

functional equation and the prediction equations are presented as equa

tions 20 and 2la-21c, respectively. 

(~)m = (~) (17) 
p 

(~)m = (~)p (18a.) 

(i;)m 
= (~)p (18b) 

(;;)m = (g)P (18c) 

(') = (') (18d) 

m p 

(:) = (:) (18e) 
m p 

(¢)m = (¢')p (19) 

Consequently, the functions are equal. 

Thus, 

(2la) 
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(~)m = @)p (2lb) 

(N) = (N) 
m p 

(2lc) 

61. Equations 17-19 are the conditions that specify the design 

and method of testing of the model. From equation 21, prototype behav

ior can be determined in terms of model behavior. 

62. Equation 17 ensures the geometrical similarity between model 

and prototype. This is a necessary condition to ensure complete simi

larity of behavior. This condition simply ensures that the shapes of 

the model and prototype are identical. The length scale s1 , defined 

as L = s1L , governs the difference in size of homologous parts. 
p m 

63. Equations 18a and 18b define the intensity of surface pres-

sures that have to be applied to the model. Surface pressure is scaled 

according to the factor S /s if strength S is believed to control m p 
the system, but it is scaled according to 7 /7 if density controls 

m p 
the system. In soft-soil mobility problems, it has been found that the 

best relations are obtained when specific weight (FL-3) is considered 

for cohesionless soils and when cohesion (FL- 2 ) is considered for co

hesive soils. Since pavement materials are neither purely cohesionless 

nor cohesive, but combinations of both, the scale factors would have to 

be determined experimentally. 

64. Equations 18a and 18b also define the relationship between 

the material properties in each layer of material of which the model is 

composed and the material properties of the material of which the proto

type is to be constructed. Since stress and surface pressure have the 

same units and are proportional, these equations also indicate that the 

gravitational stress should be the same when the same materials are used 

in both model and prototype. 

65. Equations 18c and 18d allow scaling of the velocity of the 

load that must be applied to the model. However, conflict exists be

tween these two equations. Equation 18c requires that the model velocity 

be reduced relative to the prototype velocity in proportion to the geo

metric scale when the prototype and model materials are the same and the 
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load intensities are scaled properly. Equation 18d relates the velocity 

to the gravitational field scale. Since it is difficult to scale grav

ity, a reduction in velocity proportional to the square root of the geo

metric scale is required. Since both equations cannot be satisfied 

simultaneously, the velocity must be scaled according to one equation. 

If it is assumed that body forces (dead load) are of minor importance, 

equation 18d need not be satisfied. The velocity could be scaled accord

ing to equation 18c. Equations 18c and 18d should be treated as Reynolds 

number and Froude number are treated in hydraulic engineering, i.e., 

when it is impractical to satisfy both conditions at the same time, it 

is common practice to neglect one of them (see paragraph 43). Equation 

18e shows the similitude condition for material accelerations between 

model and prototype. 

66. Equation 17 ensures that the model is tested in conditions 

compatible with those to be expected in the prototype. 

67. The dimensionless products A/r and p/C are conditions 

specifying the design and testing of the model, but they also have par

ticular significance in flexible pavements. In the CBR method of pave

ment design practiced by the Corps of Engineers, good correlations have 

been found.between the dimensionless parameters t/'VA and p/CBR, where 

t is the required thickness of the pavement to protect the subgrade soil 

from shear failure, A is the tire contact area, p is the tire pres

sure, and CBR represents soil strength. It is seen that A/r is 

analogous to tf/A and that p/C is analogous to p/CBR if the unit 

of CBR is taken as force per unit area. Fig. 1 shows a typical plot 

of (CBR/p)(t/'VA) versus coverages at failure for flexible pavements. 

68. Rigid pavement design equations for slab geometry, slab physi

cal characteristics, and other slab characteristics are presented below 

as equa:tions 72a ana ~b, ~a ana 23b, ana 24, respectively. The pre

diction equations are presented as equations 25a-25d. 

(~) = (~) 
m p 
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(25d) 

Equations 22a, 22b, and 24 indicate that complete geometrical similarity 

.of testing conditions should be retained between the model and the pro

totype. Combining the pi terms in equations 22b, 23a, 23b, and 25b, 

yields the following relation: 

(26) 

This simple form was derived by Westergaard by means of principles of 

elasticity theory. 56 

69. Landing mat design equations for mat geometry, mat physical 

characteristics, and other mat characteristics are presented below as 

equations 27, 28a-28c, and 29a-29c, respectively. Prediction equations 

are presented as equations 30a-30c. 

(~) = (~) (27) 
m p 

@) = ~) (28a) 
m p 

(~jm = (~jp (28b) 

t~j = (r~;) (28c) 

m p 

(¢1) = (¢i) (29a) 
m p 

(¢2) = (¢2) (29b) 
m p 

{!3) = (¢3) (29c) 
m p 

(~) = (%) (30a) 
m p 

(~)m = &) (30b) 
p 

24 



(N) = (N) 
m P (30c) 

70. Equation 27 indicates that the model and the prototype should 
have the same shape, same length, and same thickness ratios to ensure 
geometric similarity. Equations 28a and 28b show the methods that should 
be used to scale the surface pressure and gravitational stress, and equa
tion 28c should be used to model mat rigidity. Equation 29 should be 
used to ensure that the model is tested under conditions compatible with 
those in the prototype. 

71. Unsurfaced soil design and prediction equations are presented 
below as equations 31a-3lt and 32a-32c, respectively. 

@) = ~) (3la) 
m P 

(~) = (~) (3lb) 
m p 

(~) = (~) (3lc) 
m p 

e~~) = ~d~~~ (3ld) 
m 

~c~~p ~c~:) = (31e) 
m p 

&~3~ = t~j (3lf) 
m p 

(,) = (,) (3lg) 
m p 

(N) = (N) m p (3lh) 

(*)m ~ (*)P (31i) 

(y1)m = (y1)P (3lj) 

(S) = (S) 
m P (31k) 
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(f) = (f) 
m p (3U) 

(~) = (~) (32a) 
m p 

(~) = (~) (32b) 
m p 

(N) = (N) m p (32c) 

72. Since the significances of these equations are similar to 

those for flexible and rigid pavements and landing mats, the discussions 

are not repeated here. Fig. 2 shows a plot, similar to that in fig. 1, 
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Fig. 2. Relations of p/CBR to coverages at failure (unsurfaced soil) 

for unsurfaced soil. The test data were obtained from reference 57. As 

mentioned in paragraph 54, tire deflection is of major importance in the 

performance of pneumatic tires on soft soils, but such data were not 

available. The dimensionless product CBR/p can characterize the system 

very well, where p is the tire contact pressure (load divided by con

tact area). Under a given load, the tire contact area increases with 
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increasing tire deflection and, consequently, the contact pressure is de

creased. Also, the contact pressure reflects the size and the ply rating 

of the tire. Under a given load, the tire contact area increases with 

the size of the tire but decreases with the tire rigidity; the contact 

pressure varies accordingly. In other words, when a wheel load is ap

plied to the soft soil, the forces that cause the soil to deform are the 

contact pressures, which are functions of the size and ply rating of the 

tire and the magnitude of the load. 

73. The preceding discussions on similitude requirements (para

graphs 60-72) apply only to true models; the scale factors are listed as 

follows: 

L 
Length SL = _E. (33a) L m 

0 
Displacement so = _E. = 

0 SL (33b) 
m 

Stress scr = 5?. = ~ (33c) 
O' Pm m 
€ 

Strain SE = _E. = 1 (33d) € 
m 

v 
Velocity s = _E.:::: SL (33e) v v m 

Density s :J?. = 1 
(33f) = 

I 'm SL 

Pressure s 
p 

:::: l (33g) 

w 
s2 Wheel load SW = _E. = (33h) w L m 

Construction of true models 

74. A true model can be obtained when the following two conditions 

are satisfied: 

a. The materials of which the model is constructed are iden
tical with those used in the prototype and also respond 
similarly to loadings. 
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b. The conditions of geometrical similarity between model 
and prototype are met. 

The behavior of the prototype can thus be predicted from the behavior of 

the model. The difficulties that exist in constructing true models in 

pavement systems are explained in detail in the following paragraphs. 

75. Size effects. Based on dimensional analysis, when a model is 

designed and constructed according to the similitude laws, compatible 

prototype and model results should be obtained. However, it is known 

that size effect is always a problem and can hardly be overcome. In 

tests of concrete cylinders, for instance, it has been found that ·the 

compressive strength of a 2- by 4-in. cylinder is greater than that of a 

6- by 12-in. cylinder. Thus, it is justified to believe that the struc

tural rigidity of a model will not be the same as that of a prototype in 

which identical materials are used. Unfortunately, the deviations are 

difficult to evaluate. 

76. Scale effects. Sometimes, scale effects lead to serious inac

curacies in the use of models. Some of the corrunon sources of such inac

curacies are as follows: 

a. The properties of materials may be influenced by the size 
of the section. When a model is constructed of the same 
materials as those of the prototype, the materials are 
said to have the same type of stress-strain relationship 
(their dimensionless stress-strain curves are identical), 
but their response to the loading may not be similar. The 
reasons are: 

(1) For granular base materials, significant differences 
exist in the nature of shear phenomena in different 
stress ranges. At low stresses, the shearing deforma
tion in the failure surface in compacted base ma
terials occurs principally through volume expansion. 
At high stresses, however, the shear deformation oc
curs principally through breakage of soil particles. 

(2) The manner in which the -shearing resistance of the 
granular materials supporting the pavement is mobi
lized in the model may be quite different from the 
manner in which it is mobilized in the prototype. 

(3) Failure mode, may vary with scale. Therefore, consid
erations should be given to the effects of relative 
size of the particles of the base and surface course 
materials and to the thickness of these courses. 
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Considerations must also be given to the effects of 
relative compressibility of pavement materials and 
subgrade soils at different scales of stress concen
tration at the contact between particles. To obtain 
a completely true model, the particle-size distribu
tion of the materials that comprise the model pavement 
should be scaled according to the length-scale ratio. 
Unfortunately, when this is done, the percentage of 
fines in the model material would be greatly increased 
and a cohesionless granular base material tends to 
change its characteristics. Also, the amount of bitu
men in the surface layer would have to be varied ac
cording to certain scale factors that cannot easily 
be determined. Therefore, it is impractical to scale 
particle size in the model because it does not solve 
the problem as intended but only creates added un
solvable problems. This conclusion has also been 
drawn by many other researchers.20,21,24,58 If the 
maximum size of the aggregate must be reduced for 
practical reasons, the percentage of fines (or mate
rial passing the No. 200 sieve) should not be changed 
to maintain the cohesionless nature of the material. 
Rather, a new design should be obtained from the 
grain-size distribution curve by drawing a smooth 
curve from the reduced maximum size to the No. 200 
sieve point. 

b. The properties of materials may be influenced by the 
method of construction because of the size difference 
between the prototype and the model. In modeling metal 
structures, a large cast section (prototype) might have 
quite different directional properties than a small rolled 
section (model) of the same material. In model pavements, 
it is anticipated that the mode of compaction used in the 
model could be different from that used in the prototype; 
the material strength would thus be different even though 
the same densities are obtained. 

c. Because of scaled differences, important aspects of proto
type behavior are neglected in the modeling. For example, 
pumping might never start if rigid pavements did not warp 
under thermal and moisture gradients. Hence, a model 
that did not ~ermit this destructive behavior might not 
yield results that would be relative to prototype 
performance. 

d. Thin surface layers and tire contact areas may be very 
difficult to model properly; even slight deviation may 
have a significant influence upon the prediction of proto~ 
type behavior from the results of model tests. 

e. Assumptions that are valid for the prototype may not be 
valid for a model of a much different size. 
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In summary, a model might possess a different stress-strain relationship 

than a prototype of the same material and in addition may not possess the 

same degree of reversibility. 

77. Gravitational forces. Model theory requires maintaining the 

identity of gravitational stresses at homologous* points in the model 

and the prototype. This requirement is essential in cohesionless mate

rial but may be of minor importance in cohesive materials because the 

strength of the cohesionless materials is dependent on the magnitude of 

normal load whereas that of cohesive materials is not. This can readily 

be seen from Coulomb's well known empirical equation: 

where 

S = shear strength 

c = cohesion 

CJ = normal stress 

S = c + CJ tan ¢ 

¢ = friction angle of the material 

(34) 

78. The following two conventional methods used to satisfy the 

similitude requirement for gravitational forces may be applicable to 
. 17 

this study: 

a. Artificial increase in gravitational field. 

(1) Applying a downward fluid flow (such as air or water 
flow) to the model soil in such a way that seepage 
stresses downward through the soil cause an increase 
in vertical soil pressure.53 

(2). Placing the model in a device such as a centrifuge, 
pulley system, or elevator. 

b. Application of dead loads to the model. 

-7-9· -Although ·the -seepage -fore~ method seems to be ideal for model 

pavement, it becomes impractical under the following conditions: (a) 

when the subgrade soil is composed of highly cohesive clays, (b) when the 

* A point in the model corresponding to a point in the prototype is 
termed homologous._ 
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surface layer is composed of impermeable asphalt concrete or landing mat, 

(c) when the model is of great length as required by high-speed tests, 

and (d) when tests performed require a great length of time, which will 

definitely be the case for the model pavement study.* Method £ in para

graph 78 is exceedingly more economical than method ~' but desirable 

results can hardly be obtained because the stress conditions induced by 

dead loads are not compatible with those induced by gravity. 

80. When the similitude requirements for equal gravitational 

stresses cannot be satisfied, the normal stresses for the model will be 

lower than the normal stresses produced in a model in which the simili

tude requirements have been satisfied. As noted in paragraph 77, the 

lower normal stresses will' cause lower soil strengths in the soil sys

tem. As a result of the lower soil strength, the displacements will be 

greater at points under an applied load, and the number of load repeti

tions to failure will be expected to decrease. 

81. Fatigue. Langhaar54 stated in his book, 

There are some fields in which dimensional analysis 
has had little application, because the existing 
knowledge in these fields is inadequate to indicate 
the significant variables. For example, the endur
ance limits of members that are subjected to alter
nating stresses have not been correlated with other 
measurable properties of materials. Consequently, 
dimensional analysis cannot yet be brought to bear 
on questions of fatigue of materials. 

According to Langhaar's statement, for a true pavement model that is 

designed and constructed according to the similitude laws, the number of 

coverages to failure that the model ca~ sustain cannot be scaled from 

that of the prototype and vice versa. 

82. Environment simulation. Performance and service life of a 

conventional flexible pavement are depen~ent on environmental conditions, 

i.e. the temperature, rainfall, frequency of freezing and thawing, con

ditions during spring breakup, etc. These factors are believed to have 

* Placing the model in a centrifuge, pulley system, or elevator to in
crease the gravitational stresses is not practical because of the size 
of the model. 
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some effect on the performance of landing mats and unsurfaced soils. To 

design and construct a true model, it is essential to take all these 

factors into account. Although these factors are of great importance, 

it would be very difficult, if not impossible, to consider all of them 

in a model pavement study. 

83. To simulate temperature variations, the model pavement could 

be tested either at a designed constant temperature or at a temperature 

continuously varied according to a certain scale factor. This scale 

factor would depend on a number of factors, the main two being the ratios 

of the service life and load repetitions of the model to the prototype. 

The evaluations of these factors, however, could be difficult because 

the lives of both model and prototype structures in turn depend on the 

ambient temperatures. 

84. Material deteriorations. Pavement materials deteriorate with 

time under the influence of environmental changes and also under the ap

plication of load repetitions. Load simulation could be achieved with

out anticipated difficulty, but simulation of time-dependent environ

mental changes would be very difficult to achieve because the proper 

time scale factor cannot be determined in a simple manner. 

85. Load scale factor. As mentioned previously, Freitag20 and 

other researchers in studies of soil-wheel interaction found that best 

relations were obtained when the loads were scaled in proportion to the 

cube of the geometric scale ratio in sands and to the square of the geo

metric scale ratio in clays. Since flexible pavement systems consist of 

materials that have the characteristics of both sand and clay, the load 

scale factor cannot be determined analytically and, therefore, must be 

determined experimentally. 

86. The discussions above (paragraphs 74-85) summarize the dif

ficulties of constructing a true moae1. from wnicn prototype behavior can 

be predicted. Size and scale effects can hardly be evaluated; one would 

have to accept the inclusion of these factors and be very cautious of 

the possible adverse outcomes. To scale particle size is impractical 

because it creates added problems. The application of vacuum pressure 

to the model pavement to satisfy the similitude requirement for 
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gravitational stresses is technically and economically unjustifiable. 

The environmental conditions along with material deteriorations with 

time have an adverse effect on the performance and service life of a 

real pavement. When a model pavement is designed and constructed dis
regarding these factors, its service life would be expected to be longer 

than it would had these factors been considered. 

87. From these discussions, it is evident that it is extremely 
difficult, if not impossible, to design and construct true pavement 

models. Therefore, distorted models must be used. A distorted model is 

one for which one or more of the design conditions is not satisfied. 

Similitude Requirements for Distorted Models 

Models constructed of materials 
different from prototype materials 

88. If it is necessary to use model materials that are different 

from those of the prototype, meaningful model studies may be executed 

with a model material having different peak stress and peak strain than 

those of the prototype material, provided geometric similarity in shape 
of stress-strain curves is maintained. 

89. Fig. 3 shows geometrically similar stress-strain curves for 

model and prototype 

materials. A stress 
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materials 
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all normal loading relations by the factor l/S' • In so doing, the 

usual relation for wheel load Wm = (1/si)wp i~ replaced by the rela• 

tion Wm = (1/s ~) ( l/si)wp , where SL is the length scale ratio. The 

dead-load similitude relation becomes Ym = (1/s~)sLyp , which means that 

the problem of scale factor of gravity stress is solved if the stress 

scaling factor S~ and the length scaling factor SL are equal in mag

nitude. It is evident that very low-strength materials would be needed 

for small-scale models in order to satisfy dead-load similitude. 

91. With distortion of strain, the deflections will be distorted. 

The usual geometric relation . (o/r)m = (0/r)p will be modified by the 

strain scaling factor to: 

(~) = Sl' (~) 
m e p 

(35') 

For distorted models, two of the prediction equations would have to be 

changed to: 

(~) = Sl' (~) (36a) 
m e P 

(36b) 

92. The scale factors for distorted models are as follows: 

1 
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a € 1 m 

(37b) 

CJ p-n .T'I s1 Stress s = ~= ...J.:. 
CJ am cr Pm 

(37c) 

€ 

Strain s = -1?. = S' 
€ € € 

(37d) 
m 

v 
Velocity s = ....E. 

v v (37e) 
m 



~= 
S' 

Density s CJ 
(37f) = 

y ym SL 

~= s 
Pressure s = s I -1?_ (37g) p pm CJ s m 

w 
s2s Wheel load 8vJ = !- = ( s~)2 (37h) 

m Lp 

93. The application of distorted models constructed of materials 

different from prototype materials to the pavement model studies seems to 

be limited. First, the stress-strain relations of the materials are not 

clearly known; second, the conditions of geometric similarity in shapes 

of stress-strain curves can hardly be fulfilled. It is concluded, there

fore, that the same materials should be used in model and the prototype 

in order to achieve a more rational and economical model design. 

Distorted models constructed of same 
materials as those of prototype 

94. When the conditions of geometric similarity between model and 

prototype are met and the same materials are used, the model still is 

not a true one unless the influences of size effect, scale effect, fa~ 

tigue, gravitational stress, environment, and material deteriorations 

are carefully evaluated and corrected. For distorted models, the pre

diction equations formulated for true models have to be modified. The 

method proposed in this report is to develop a compensated model for 

pavement systems. The method is taken from Murphy :(reference 59, page 

101), who states that "one simplification of the prediction equation that 

is sometimes possible is to adjust the distortion factors in such a 

manner that the prediction factor becomes unity. In doing so, the model 

is an undistorted one." In other words, a compensated model may be 

achieved by distorting one or more design conditions in such a manner 

that the distortion is compensated. This theory is explained in the 

following paragraphs. 

95. In hydraulic engineering dealing with distorted models, it 

has been common practice to model a certain dimensionless product that 

is believed to control the particular situation and to neglect others 

that are believed to be of minor importance. For instance, the Reynolds 
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number is used as the criterion for similarity in the testing of models 

when the flow pattern is subject to viscous effects; the Reynolds numbers 

of the model and the prototype must be equal. When the flow is subject 

to inertia .effects, the Froude number is then considered and is set 

equal. The same principle can be applied to distorted pavement model 

tests. If it is considered that tensile strain at the bottom of the 

asphaltic concrete layer in a flexible pavement is the most critical 

factor, this factor may be used as the criterion for similarity. Dif

ficulty arises, however, in the selection of the critical factors, which 

actually are unknown to pavement engineers at the present time. Once 

the critical factors are determined, the question shifts to measurement, 

which may not be feasible with present-day measuring techniques. In 

many cases, measurements also may not be available in the results of 

previously conducted full-scale tests. Provisions may have to be made 

to select some factors that are either measurable or are available in 

full-scale test data. Surface deflections seem to be the most suitable 

factors. It should be pointed out, however, that surface deflection is 

not necessarily the most critical factor. In certain cases, the verti

cal stress at the top of the subgrade soil or the ratio of surface de

flection to the curvature of the deflected surface may serve the purpose 

better than does the surface deflection, provided this information is 

accessible. 

96. For distorted models, equation 21 (formulated for flexible 

pavements) becomes: 

(%) = s1(%) (38a) 
p m 

~ = s2(~) (38b) 
m 

(N) = S3(N) p m (38c) 

where s1 , s2 , and s3 are prediction factors different from unity; 

when they become unity, the model becomes undistorted. The procedure is 

to distort the design condition for surface pressures so that s1 and 



s2 become unity. Since the distortion is done by experiment, it is im

material whether the design equation is equation 18a or 18b.* When 

equation 18a is taken, the distorted design equation becomes 

(;) = a(;) 
p m 

(39) 

where a is the distortion factor. The values of ct corresponding to 

s1 and s2 being unity should be determined. The corresponding loads 

would make the model an undistorted one. Evidently, different values 

of ct would result with respect to stress and displacement; a similar 

conclusion was made by Murphy (reference 59, Chapters 6 and 7). Al

though the model is a true one insofar as stress and displacement are 

concerned, the value of s3 is likely to be different from unity be

cause of the difference in the endurance limits (or fatigue) of the ma

terials in the model and those in the prototype. The procedure for. 

experimentally evaluating ct , s1 , s2 , and s3 is explained with 

examples in the following paragraphs. 

97. The procedure involves the construction and testing of two 

geometrically similar models in the laboratory (designated as model A 

and model B for convenience of discussion). The linear scale ratio be

tween these two models and also between the larger model (model B) and 

the prototype is l:n • The scale ratios between models A and B and 

between model B and the prototype are the same in order to obtain 

information on the behavior of the proposed prototype pavement. If the. 

proposed prototype pavement structure is subjected to a load intensity 

of 100 psi, model B is tested at the same load intensity, but model A 

should be tested at different levels of pressure intensity, e.g., 50, 

100, and 150 psi. (Note: model A is considered to be the modeL and_ 

model B the prototype in this case.) Since the same material is used in 

the model that is used in the prototype, equation 39 can be written as: 

* These two equations are for flexible pavement. The difference be
tween the two is explained in paragraph 64. The corresponding equa
tions for landing mats and unsurfaced soils are equations 28a and 28b 
and equations 3le and 3lf, respectively. 
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(40) 

From the measured surface displacement lillder static loads, the relation 

(prediction factor) between a and s1 can be established. The rela

tion may be as shown in fig. 4, with values 
ex. 0 of s1 .determined from equation 38a. 

98. The distortion factor a cor

responding to s1 at lllity is determined 

from fig. 4; the corresponding load in

L-__:=--~~~..1...-~~~~_... ~1 tensity pm is computed from equation 40. 

Fig. 4. Relation between 
a and sl 

For convenience of discussion, pm is as-

sumed to be 70 psi. Under this load in

tensity, the model is an llldistorted one 

insofar as displacement is concerned. The value of 133 could be ·deter-

mined experimentally by testing model A with a load intensity of 70 psi 

and model B with a load intensity of 100 psi. The same procedure is ap

plicable for determining s2 for stresses and the corresponding value 

of s3 • 

99. In order to predict the prototype behavior from values meas

ured on models A and B, model B should be tested again under a load in

tensity of 70 psi (it was previously tested at a load intensity of 

100 psi). However, it may not be necessary to test models A and Bat 

two different load intensities when a sufficient number of model tests 

have been conducted. When the nature of distortion factors and values 

of S3 for different thickness designs have been determined, the be-

havior of a proposed prototype structure may be predicted by testing 

only one model, i.e. model B. To accomplish this, the correlations be

-tween m6del behavior ana. that or previously constructed full-scale test 

sections should be established in the laboratory. The need for this in-

formation in the development of design criteria for pavement systems 

through the use of models is readily evident. 

100. With the proposed compensated model, some of the difficult 

problems previously explained can be solved to a certain extent. The 
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quantitative determinations of material properties become unimportant. 

The distortions caused by scale effects, size effects, and the discon

tent of similitude requirements for gravity stresses and particle-size 

distribution are compensated by adjusting the surface pressure intensity. 

101. The suggested method for constructing two models for the 

prediction of prototype behavior is for distorted model systems only. 

If true models can be constructed, the prototype behavior can be pre

dicted from values measured on one model. To further clarify this point, 

a short study was conducted and the results are explained as follows. 

102. Presented below is a comparison using model theory of meas

ured stresses and displacements at homologous points in sand and clay 

masses induced by circular plate loads on the surface (data from tests 

conducted at WEs60 , 61). The comparisons were made for single plates 

with areas of 1000 and 250 sq in. (2:1 scale ratio) in sand and single 

plates of 1000 and 500 sq in. (1.4:1 scale ratio) in clay. The large 

plate was considered to be the prototype, and the small plate the model. 

Since the test sections were constructed with the same materials, the 

same type of stress-strain relationship was assumed. The prediction 

equations 2la and 2lb become: 

(%) 
p 

= (~) 
m 

(4la) 

(4lb) 

With the exception of gravitational stresses, the similitude require

ments between the model and the prototype were satisfied because the 

aforementioned difficulties, i.e. size effect, scale effect, fatigue, and 
environment, did not constitute problems. As_ explained_ in_ paragraph ?8, _ 
the magnitude of gravitational stresses has a great effect on sand but 

not on clay. True models thus existed in clay test sections, and dis

torted models existed in sand test sections. Tabulated values (tables 

5-8) of the measured vertical stresses cr and vertical deflections 6 

at homologous points confirmed this conclusion. The data from the clay 

section match the theory (equations 4la and 4lb) quite well, while those 
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from the sand test section do not. A partial reason for this is be

lieved to be that the requirement for equal gravitational stresses at 

homologous points in the model and prototype was not met in the sand 

test section and was of no importance in the clay test section. There 

are other factors causing deviation of test data in sands. Some of 

these are curvature of Mohr's envelope, dependence of dilatancy on mean 

normal stress, and stress-induced anisotropy of sand masses. 

103. The point to be made clear here is that when sufficient 

evidence proves that true models can be constructed, the prediction of 

prototype behavior requires only one model. When a distorted model is 

anticipated, however, the prediction requires more than one model. Sim-

ilar conclusions were made by Murphy (reference 59, Chapters 6 and 7). 

Other Uses of Model Facilities 

104. As mentioned earlier (paragraph 27) the main purpose of 

model testing is to predict prototype behavior from values measured on 

the model. Achievement of this purpose requires that the model be con

structed according to the similitude laws formulated. Difficulty may 

arise in cases in which certain similitude requirements cannot be met 

readily. However, model tests can also be used to full advantage in the 

study of some basic problems in pavement designs in which the similitude 

requirements do not constitute any problem. Several example problems 

are listed as follows: 

a. Verification of the results of analyses of pavement sys
tems; i.e. finite element analyses, Boussinesq's theory, 
multilayer theories, etc. 

b. Verification of the equivalent single-wheel load concept 
used in WES pavement design procedures. 

c. Determination of the equivalences (substitution ratios) 
of load-carrying capabilities of various materials com
prising a structural pavement section. 

d. Determination of the effect of bitumen in base or sub
base materials on the behavior of bituminous surface 
courses as well as on the performance of the entire pave
ment structure. 
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e. Determination of the effect of subgrade soil strength on 
the performance of bituminous layers. 

f. Determination of the effect of load repetitions on the 
life of a pavement system. 

~· Determination of the effect of climate conditions on 
pavement performance. 

h. Correlation of the stress-strain relations of the ma
terials measured in the laboratory and those measured in 
the pavements. 

105. These problems can be studied readily in a model. To deter

mine the substitution ratios of various materials, for instance, a model 

of any convenient size can be constructed with several sections compris

ing different materials of different thicknesses. The substitution ra

tios are evaluated by testing the model under moving loads. The load 

scale factor is of very ·little importance in this case and may be ignored 

in the analysis of the data. 

106. The model facilities can also be used to study the effects 

of traffic on a structure in or below the pavement system. In this type 

of study, scale factors are important and must be considered in the de

sign and construction of the model. 
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PA~T IV: CONSIDERATIONS IN MODEL DESIGN 

Basic Considerations 

107. In the design of model pavement systems, consideration should 
be given to the following items: 

a. Since a pavement system behaves differently under moving 
traffic than under static loads, the designed model 
should be tested under moving wheel loads. The length 
of the test track should be based on the desired speed 
of the traffic load. 

b. The model should be designed with considerable flexi
bility for possible use with future multiple-wheel gear 
configurations. The width and length of the test track 
should be great, or provisions should be made for later 
expansion. The possibility of increasing the power of 
the motor pulling the test gear should be considered. 

c. To study the effects of braking on the performance of 
the pavement, brake systems should be properly designed. 

d. For best results, the loading rig should be capable of 
transverse movement for uniform lateral distribution of 
traffic. 

e. Provisions should be made for controlling the climatic 
conditions at the test area. 

Model Design 

108. The linear dimensions for one twin-tandem gear of a 747 as
sembly, a 12-wheel component of a C-5A assembly, and a single C-5A wheel 
are shown in fig. 5. These dimensions and the surface pressure in
tensities for different scale factors are presented in table 9 (in the 
table, B is the minimum width of the cross section of the model includ
ing the wander width). The relations between the prototype velocity and 
the model velocity and the relations between the prototype load and the 
model load for various scale factors can be computed by the use of e~ua
tions 33c and 33h, respectively. For example, with a 1:5 scale ratio, a 
model load of 1200 lb traveling at 5 ft/sec represents a prototype load 
of 30,000 lb traveling at a speed of 17 mph. These computations were 
made under the assumption of a true model. 
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Fig. 5. Gear dimensions 
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109. The power and force required to pull the load depend on the 
magnitude of the load, the desired speed for pulling the load, and the 
designed length of the acceleration area. The derivations of the equa
tions used to compute the required power, the length of the acceleration 
area, and the required force (or pull) on the cable are presented in 
Appendix B. From the computations, the power required to pull the load 
at a very low speed (2 ft/sec) is mainly to overcome the static resist
ance; the dynamic resistance is nearly negligible. Therefore, at a slow 
speed the power required is independent of the length of the acceler
ation area. As the speed increases, the dynamic resistance increases 
rapidly; the power required then depends greatly on the length of the 
acceleration area. In equation B6, the first term is for dynamic 

43 



resistance and the second is for the static resistance; the power re

quired to overcome the dynamic resistance is proportional to the speed 

to the third power. The computed values show that for 10-kip loads 

traveling at a speed exceeding 10 ft/sec, the power required becomes of 

such magnitude that use of a model may not be feasible. For the purpose 

of illustration, the main features of a model with a 1:5 scale capable 

of simulating a 12-wheel gear of the C-5A assembly are given in the fol

lowing sections. For comparison, data for a single-wheel load are 

included. 

Power required 

110. For a designed distance of 5 ft for acceleration, the re

quired power at various velocities was computed, and the values are tab

ulated below. The model loads were 2.4 and 14.4 kips for single-wheel 

and 12-wheel assemblies, respectively. 

Model 
Velocity 
ft/sec 

Prototype 
Velocity 

mph 
Horsepower Required 

2 
5 

10 
50 

6.5 
17.0 
34.o 

170.0 

Single-Wheel 12-Wheel 

1.4 
4.4 

15.3 
1136.0 

8.3 
26.2 
92.0 

8550.0 

111. As shown, the required power increased rapidly with increas

ing speed, particularly for the 12-wheel assembly. If the power of the 

motor is held constant, the conditions may be satisfied by increasing 

the length of the acceleration area. The following tabulation shows 

these relations for a 20-hp motor. 

Model 
Velocity 
ft/sec 

5 
10 
50 

Length of Acceleration 
Area, ft 

Single-Wheel 12-Wheel 

<l 
<l 

3 
>2000 

<l 
20 

>2000 
>2000 

It can be seen that increasing the length of the model to achieve a 

higher speed for the load is not justified. 
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Linear dimensions 

112. From table 9, the minimum width of the model pavement at a 

1:5 scale is 14 ft for the 12-wheel assembly and 2 ft for the single

wheel assembly. The model pavement consists of the acceleration and 

deceleration areas, maneuver areas, and test sections. The lengths of 

the acceleration and deceleration areas must be the same because of the 

nature of the repetitive loading tests. Past experience has shown that 

the length of each model test section may be chosen as three times the 

length of the model gear assembly. Thus, the estimated length of each 

1:5-scale model test section for a 12-wheel gear is 15 ft. If the length 

of the acceleration area is assumed to be 5 ft and the length of the ma

neuver area equals that of the model gear, the minimum length of the 

model pavement would be 35 ft. A length of 15 ft is needed for each ad

ditional test section. 

113. The depth of the cross section of the model is no problem. 

It is believed that a depth e~ual to or greater than 5 ft should be suf

ficient, which represents a depth of 25 ft when the 1:5-scale ratio is 

used. 

Considerations for landing mats 

114. The. difficulty in the design of small-scale models for land

ing mats lies in the fact that the joints and the cross section (or mat 

shape) of the mat can hardly be simulated with even reasonable precision. 

Since neither dynamic nor geometrical similarities can be satisfied, the 

quantitative prediction of prototype behavior is not possible. There

fore, the compensated model theory developed is not applicable to the 

study of landing mats. In this situation, the use of dissimilar models 

seems to be the only possibility. A dissimilar model is one in which 

many of the pi terms (or design conditions) are so distorted that pre

diction becomes impossible. The distortion of the mat cross section may 

not be as serious as that of the joints. When the rigidity of the mat 

can be controlled, the cross section of the mat becomes relatively 

unimportant. 

115. The model mat can be constructed in such a manner that the 

magnitudes of moment and shear at joints can be controlled and measured. 

45 



Since the soil strength can be measured and the rigidity of the mat can 

be computed,* the interrelations among variables, i.e. load, soil 

strength, mat rigidity in the lateral, longitudinal, and torsional di

rections, mat deflection, and the magnitudes of shear and moment at 

joints> can be studied. Although values measured on the model bear no 

direct relation to the prototype behavior, the effect of one variable on 

the others can be studied, which may lead to a better and more efficient 

design of landing mats. 

* A method for computing rigidity of plates with different cross sec
tions is presented in reference 62. 
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PART V: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

116. Based on the theoretical analysis presented herein, the fol

lowing conclusions are believed warranted: 

a. Construction of a model for testing a single-wheel as
sembly can be accomplished easily and economically. For 
a 1:5-scale model, the minimum length of the model is 
25 ft (5 ft assumed for acceleration) with a minimum 
width of 2 ft. Assembly velocities of up to 10 ft/sec 
(34 mph for prototype load) are practical. 

b. The size of the model increases disproportionately with 
the number of wheels in the assembly. It is technically 
feasible to construct a model in the laboratory"with the 
capability of simulating a C-5A 12-wheel-gear load, pro
vided that the velocity of the gear load is kept slow 
(close to 2 ft/sec or less). For a 1:5 scale, the min
imum length of the model is 35 ft with a minimum width 
of 14 ft. A depth of 5 ft or more should be sufficient 
for the model. 

c. Because of the difficulties in establishing certain scale 
factors, it is very difficult to design and construct 
true models from which prototype behavior can be 
predicted. The conceivable difficulties are namely the 
similitude requirements for gravitational stresses, 
particle-size distributions, scale effects, fatigue, and 
environment. Due to these difficulties, distorted models 
must be employed in many applications. 

d. Because of the lack of knowledge in constitutive rela
tions of materials, along with other reasons, distorted. 
models constructed of materials different from those of 
a prototype are not realistic. Models should be con
structed using the same materials as those of the pro
totype, and the geometrical similarity between the model 
and prototype should be maintained. 

e.- A compensated- mode-1 theory has- been- deve-loped for pave
ment systems. This was achieved by distorting one or 
more design conditions in such a manner that the distor
tion was compensated. Consequently, the model becomes 
an undistorted model. According to this method, the load 
scale factor S1 should first be determined experimen
tally in order to make the stresses and displacements at 
homologous points in the model and the prototype similar. 
It is believed that when a sufficient number of model 
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f. 

h. 

i. 

tests have been conducted, approximate values of S1 
can be estimated empirically. With this type of model, 
the quantitative determinations of material properties 
become unimportant. 

For a compensated model as described, the number of rep
etitions that the model can sustain before failure will 
be different from the number of repetitions that the 
prototype can sustain. The prediction factor ~3 (equa
tion 38c) must be determined experimentally. 

Because of the difficulty in satisfying the similitude 
(dynamic) requirement at joints, the compensated model 
theory developed is not applicable to landing mats. Dis
similar models must be used. This type of model pro
vides information on the effect that one variable of ~he 
system has on the others but offers no quantitative data 
leading to the prediction of prototype behavior. 

While the prototype behavior can be predicted from values 
measured on a model, many important basic and fundamental 
problems in pavement design can also be studied and 
solved utilizing model facilities. 

The principal difficulties in model testing are: (1) 
construction of thin surface layers for flexible pave
ments when large scale ratios are used; (2) scaling of 
tire contact area; (3) construction of very small models; 
(4) compaction of model pavements on soft subgrade soils; 
and (5) large number of model gears required when many 
different prototype gears are expected to be simulated. 

Recommendations 

117. Based on the analysis ~resented herein, the following recom

mendations are believed warranted: 

a. Because it is much simpler to construct a model with a 
single wheel than to construct a model with a multiple
wheel gear, and also because the former is used more 
frequently than the latter, a model facility equipped 
with a single wheel should be designed and constructed 
first. The model facilities with tbe capability of 
testing multiple-wheel gears should be designed and 
constructed later. 

b. To simplify the problem, the materials used in the model 
should be the same'as those used in the prototype. For 
economic reasons, the distortion effects of gravitational 
stresses, particle-size distribution, scale, fatigue, 
and environment are not to be considered in the model 
design .. The effects can be partially accounted for by 
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the compensated model theory that has been developed. 

c. As soon as possible after model facilities become avail
able, the correlations between model behavior and that 
of previously constructed full-scale test sections 
should be established. 

d. The model should be designed not only to allow predic
tion of prototype behavior but also to allow study of 
basic and fundamental problems in pavement design. 

e. Provisions should be made in the design of the model fa
cilities for the study of the effects of traffic on 
structures in or below the pavement systems. 
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Table 1 

Fundamental Variables for Conventional Flexible Pavements 

Notation Description 

Dependent Variables 

Displacement (€ = strain, which is a function 
of displacement) 

Stress 

N** Repetitions of load before failure 

r 

v 

a 

g 

p 

c 
\) 

Independent Variables 

Wheel diameters (or loaded-area diameters) 

All pertinent distances 

Velocities of loads 

Acceleration of materials 

Acceleration of gravity 

Unit surface pressure 

Stress-strain characteristics of materials in 
each layer 

Viscosity characteristics of materials in each 
layer 

Unit weights of materials in each layer 

Environmental factors (temperature, rainfall, 
etc.) 

. 

Dimension* 

L 

L 

L 

LT-l 

LT-2 

LT-2 

FL-2 

FL-2 

* Dimensions are given in terms of force F , length L , and time T • 
** When the energy method (see paragraph 29) is used in the analysis, 

N becomes the energy input to the system in units of FL • 



Table 2 

Fundamental Variables for Conventional Rigid Pavements 

Notation 

E 

Description 

Dependent Variables 

Displacement in the subgrade soil 

Strain in the concrete slab 

Stress 

N** Repetitions of load before failure 

r 

Independent Variables 

Wheel diameters (or loaded-area diameters) 

Thickness of concrete slab 

Wheel load 

Elastic modulus of the concrete 

Subgrade modulus 

Length-over-width ratio of the concrete slab 

Environmental factors 

Dimension* 

L 

* Dimensions are given in terms of force F , length L , and time T. 
** When the energy method (see paragraph 29) is used in the analysis, 

N becomes the energy input to the system in units of FL • 



Table 3 

Fundamental Variables for Landing Mats 

Notation Description Dimension* 

Dependent Variables 

Displacement (E = strain, which is a f'unction L 
of displacement) 

CJ Stress 

N** Repetitions of load before failure 

r 

I. 

p 

D 

/' 

g 

s 

Independent Variables 

Wheel diameters (or loaded-area diameters) 

All pertinent distances 

Unit surface pressure 

Rigidity of mat (longitudinal, transversal, 
and torsional) 

Unit weight of soil 

Acceleration of gravity 

Subgrade soil strength 

Percentaget of moment and shear stress trans
ferred through joints 

Mat shapes and orientation 

Environmental factors 

L 

L 

FL-2 

FL 

* Dimensions are given in terms of force F , length L , and time T 
** When the energy method (see paragraph 29) is used in the analysis, 

N becomes the energy input to the system in units of FL • 
t Percentage is compared with the condition when the joints are per

fectly rigid. The transmission of direct stresses across the joints 
is not considered because the membrane action of the mat is of no 
significance. 



Notation 

R 

z 

Table 4 
Fundamental Variables for Unsurfaced Soils 

Drag force 

Sinkage 

Description 

Dependent Variables 

N** Repetitions of load before failure 

d 

b 

h 

8 

~ 

¢ 
c 

\) 

w 
v 

Independent Variables 

.Diameter 

Section width 

Section height 

Deflection 

Tread pattern 

Friction angle 

Cohesion 

Unit weight 

Viscosity characteristics of soil 

Load 

Velocity 

S Negative slip in braking 

f Tire-soil friction 

g Acceleration of gravity 

Dimension* 

F 

L 

L 

L 

L 

L 

FL-2 

FL-3 

FL-2T 

F 

LT-l 

* Dimensions are given in terms of force F , length L , and time T • 
** When the energy method (see paragraph 29) is used in the analysis, 

N becomes the energy input to the system in units of FL • 



Depth 
in. 

6 

12 

24 

36 

48 

Note: 

Depth 
in. 

6 

12 

24 

36 

48 

Table 5 

Results of Stress-Deflection Distribution Study 

Sand Test Section Center Line (1:2 Scale Ratio) 

Unit cz .!i @ 10-4 
Pressure 
p, psi Model Prototype Model Protot~e 

15 o.88 L22 lLO 15.0 
30 o.84 Lll 7.0 lLO 
60 0.92 L06 7.0 lLO 

15 o.66 L05 5.5 9.0 
30 0.65 4.1 8.1 
60 o_. 7 0.95 4.8 9.0 

15 0.2 o.68 2.0 5.5 
30 0.26 0.62 2.0 5.2 
60 0.28 0.65 2.0 5.5 

15 0.09 0.37 L6 2.6 
30 0.1 0.39 0.9 3.0 
60 0.13 o.4 L3 3.7 

15 0.06 0.22 LO 2.0 
30 0.06 0.22 LO 2.0 
60 0.06 0.22 LO 2.0 

Model circular plate r = 8.9 in., area= 250 sq in., and prototype cir-
cular plate r = 17. 8 in., area = 1000 sq in. 

Table 6 
Results of Stress-Deflection Distribution Study 

Sand Test Section at Points Offset from Center Line (1:2 Scale Ratio) 

az .!i @ lo-4 
Offset 2 ft 

Model Protot~e Model Prototype Model Protot~e 

0.5 LO 0.56 Ll3 6.o 12.5 
LO 2.0 0.23 0.04 3,5 L8 

0.5 LO o.46 0.91 4.o 10.0 
LO 2.0 0.19 0.11 2.2 2.0 

0.5 LO 0.2 0.55 L8 5.0 
LO 2.0 0.17 0.17 L7 3,5 

0.5 LO 0.11 0.33 LO 3.5 
LO 2.0 0.1 0.13 o.8 2.0 

0.5 LO 0.06 0.21 o.8 2.3 
LO 2.0 0.05 0.12 0.5 L8 

Note: Values are averages from three tests conducted at 15-, 30-, and 60-psi 
load intensities. Model circular plate r = 8.9 in., area= 250 sq in. 
and prototYPe circular plate r = 17.8 in., area= 1000 sq in. 



Table 7 

Results of Stress-Deflection Distribution Stud:,y: 

Clay Test Section Center Line (1:1.4 Scale Ratio) 

az ~ @ io-4 -
1.4 ~ @ 10-4 DeEth 2 ft Unit p E 

Proto- Pressure Proto- Proto-
Model type p, psi Model type Model type Model 

1.0 1.4 15 0.38 0.58 9.5 18.o 13.3 
30 0.63 0.69 12.0 21.0 16.8 
45 0.63 0.75 16.o 24.o 21.4 
60 0.63 0.75 19.0 26.6 

2.0 2.8 15 0.22 0.29 4.o 7.0 5.6 
30 0.33 5.0 9.0 7.0 
45 0.31 0.33 7.0 9.0 9.8 
60 0.33 0.36 9.0 10.0 12.5 

3.0 4.2 15 0.13 0.10} 
30 0.18 0.15 3.0 4.5 4.4 
45 0.18 0.15 
60 0.18 0.17 

Note: Model circular plate r = 12.6 in., area= 500 sq in., and proto-
type circular plate r = 17.8 in., area= 1000 sq in. 

Table 8 

Results of Stress-Deflection Distribution Study 

Clay Test Section at Points Offset from Center Line (1:1.4 Scale Ratio) 

az w -4 
Offset 2 ft DeEth 2 ft 

- @ 10 
1.4 ~ @ lo-4 

Proto- Proto- Proto- Proto- E 
Model type Model type Model type Model type Model 

1.0 1.4 1.0 1.4 0.31 0.28 8.o 13.5 11.2 
2.0 2.8 0.22 0.19 5.0 6.o 7.5 
3.0 2.8 0.11 0.12 4.o 6.o 6.o 

Note: Values are average values from four tests. 



Table 9 

Linear Dimensions 2 Tire Pressures 2 and Loads 

Single Wheel, 747 Assembly, and C-5A AssemblY* 

Scale 
Factor b /., D w B* 
(l:SL) 

p 
Gear T~e in. in. in. psi kiEs in. 

Single-wheel 1:1 19.0 19.0 19.0 200 60.0 114.0 

1:2 9.5 9.5 9.5 200 15.0 57.0 

1:3 6.3 6.3 6.3 200 6.7 37.8 

1:5 3.8 3.8 3.8 200 2.4 22.8 

1.10 1.9 1.9 1.9 200 o.6 11.4 

4-wheel twin tandem 1:1 63.0 77.0 19.0 225 240.0 378.0 
(747 assembly) 1:2 31.5 38.6 9.5 225 60.0 189.0 . 

1:3 21.0 25.7 6.3 225 26.7 126.o 

1:5 12.6 15.4 3.8 225 9.6 75.6 

1:10 6.3 7.7 1.9 225 2.4 37.8 

12-wheel (C-5A 1:1 140.0 304.0 19.0 100 360.0 840.0 
assembly) 1:2 70.0 152.0 9.5 100 90.0 420.0 

1:3 46.6 10.l 6.3 100 40.0 280.0 

1:5 28.0 60.8 3.8 100 14.4 168.0 

1:10 14.o 30.4 1.9 100 3.6 84.o 



APPENDIX A: DERIVATION OF PI TERMS 

1. Details of the derivation of dimensionless quantities (pi 

terms) are given below. 

Flexible Pavements 

2. The fundamental variables for flexible pavements are given in 

table 1 in the main text. Consider the parameters r , v , and p to 

be the common terms in the analysis. They do not of themselves form a 

dimensionless group. The dimensionless products are obtained by combin

ing them with each of the remaining quantities one at a time. 

a. Combining with o gives 

or 
D -A -B -C o ::::: r v p 

Substituting the dimensions for each term, the expression 
becomes: 

L = L -A(LT-l tB(FL-2) -C 

= L-A-B+2CTBF-C 

Setting the exponents for the fundamental units equal to 
zero: 

for L -A-B+2C ::::: 1 

for T B ::::: 0 

and for F -c = 0 

From these, since A ::::: -1 
' B = 0 

' 
and c = 0 ' then 

TTl = .Q. 
r 

Al 



Similarly 

b. Combining with cr· gives 

or 

ABC 
TT =rvpcr 
3 

D -A -B -C 
a= r v p 

Substituting the appropriate dimensions yields: 

Then 

for L , -A-B+2C = -2 

for T , -B = 0 

and for F , -C = 1 

so that 

Similarly 

~· Combining with 'l gives 

or 
D -A -B .... c 

'l = r v p 

A2 



Substituting the appropriate dimensions yields: 

-3 -A-B+2CTBF-C FL = L 

Then 

fo~ L , -A-B+2C = -3 
for T , B = 0 

and for F , -C = 1 

So that 

d. Combining with v gives 

or 

ABC TT6 = r V p v 

D -A -B -C v = r v p 

Substituting the appropriate dimensions yields: 

Then 

for L , -A-B+2C = -2 
for T , B = 1 

and for F , - C = 1 

sci that 

= vv TT6 rp 

A3 



e. Combining with g gives 

f. 

~· 

or 

A B C TT? - · r V p g 

D -A -B -C 
g r v p 

Substituting the appropriate dimensions yields: 

Then 

for L -A-B+2C = 1 

for T B = -2 

and for F -C = 0 

So that 

TT7 = .€£:. 
2 v 

Similarly 

TTB = _g 
a 

The dimensionless pi terms are as follows: 

TT = N 
9 

3. The dimensionless equations that describe the system are as 

follows: 

6 
r 

A4 

V\J 

rp 
BE. g_ ' n() 

2 ' a 'P 
v 

(equation 12 
main text) 



Rigid Pavements 

4. The following pi terms can be written without derivation: 

~ r 
TTl = TT2 = h h 

TT4 = ¢2 TT = N 
5 

5. The following terms can be determined by considering the para

meters h and p to be the common terms in the analysis: 

p 
TT = --

9 kr3 

6. The dimensionless equations that describe the system are as 

follows: 

0 crh2 ( 2 p 
' ¢1 ' ¢2) ' N ' 

E = f !'.. Eh (equation 13, r p h ' p ' kr3 main text) 

Landing Mats 

7. The following pi terms can be written without derivation: 

s 

8. The following terms can be determined by considering the para-

meters r p , and g to be the common terms in the analysis: 

9. The dimensionless equations that describe the system are as 

follows: 

A5 



r 
ry , D , .¢1 , .¢2 . , .¢3 ) (equation 14, 
P r3p main text) 

Unsurfaced Soils 

10. The following pi terms can be written without derivation: 

R 
TT = -1 w 

z b h =Q TT = - TT3 = - TT4 = d TT5 2 d d d 

TT = 
7 ~ TTg = ¢ TT = 9 

s TTlO = f 

11. The following terms can be determined by considering the pa

rameters d , W , and v to be the common tenns in the analysis: 

TT 4 = ~ 1 2 
v 

12. The dimensionless equations that describe the system are as 

follows: 

A6 

' , N , ~ , _¢ , S , r) 
(equation 15, 

main text) 



APPENDIX B: COMPUTATIONS OF MODEL FACILITIES 

1. If the test carriage is pulled by an electrical motor, the re

quired power of the motor, the lengths of the acceleration and decelera

tion zones, and the required force (or pull) on the cable can be com

puted using the impulse-momentum theorem. The following relations, with 

initial velocity of the carriage assumed to be zero, are derived 

pt w 
= - v 

g 
(Bl) 

where 

p = pull on the cable 

t = time required to accelerate the carriage from 
rest to the desired speed 

w = weight of the test carriage 

g = gravitational acceleration 

v = desired speed of the test carriage 

The required pull p is obtained as: 

loss (B2) 

2. The loss consists of the rolling resistance between the pavement 

and the tire, the air resistance, friction in bearings, strains in cables, 

etc. Thirty percent of the static gear load can be estimated for the 

rolling resistance, and another thirty percent of the dynamic load ac

counts for other losses. The total required pull becomes: 

p = 1.3 :~ + o.3w (B3) 

3. If it is assumed that the test carriage moves with constant 

acceleration, the total distance S traveled during the time interval 

t is: 

s t 
= 2 v (B4) 

Bl 



The total work done is SP , and the average power will be 

terms of horsepower (1 hp = 550 ft-lb/sec): 

· (h ) SP + loss 
P a = 550 t 

= 1.3 wv3 + 
~200 gS 

0.3 Wv + 
llOO 

SP 
-:r· 

loss 

In 

(B5) 

which is the horsepower required for the motor pulling the test carriage 

from rest to the desired speed v . 

B2 
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