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SU~ 4ARY

The application of the concentration index to pavements is illus-
trated. The problem with the design of flexible airfield r~.vements under
newly developed jumbo-jet aircraft , as represented t~,- the Lockheed C-5A
Galaxy and the Boeing 7147, is discussed . These aircraft are eouipped with
extremely lar g e  multiple-wheel landing rears . It is found that the c:-p
design equation can be used tc evaluate the pav~~i’nt perfc rrnance unJ cr
multiple-wheel gear assemblies when the eiu~v~lerit single-wheel load (E~ ’:L)
is computed by the concentration index n:ethcd . The concentration index is
approximately independent of the load, gear conf urati. c.n , and soil
strength but varies with the depth .
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F F
USE OF CONCENTRATION INDEX FOR PAVEMENT DESIGN

By R. G. A~’i].vin 1
1 Y. T. Chou ,2 and H. H. Ulery , Jr. 3

INTRODUCTION

With the advent of the j umbo—jet aircraft , as represented by the Lockheed

C—5A Galaxy and the Boeing 71~7, engineers are faced with supporting three—

quarter million pounds and larger aircraft on pavement facili t ies.  The design

concept has been changed to a great extent because of the effect of wheel

interaction and large deflection basins resulting from these extremely large

multiple—wheel landing gears. The results of the multiple—wheel heavy gear

load ( MWHGL ) tests recently completed at the Wat erways Experiment Station (WES)

(i)  showed that the pavement behavior under heavy loads is apparently nonlinear

as compared to the nearly linear behavior under light loads . The results

also showed the current criteria for flexible pavements are adequate for the

design of thin pavement structures , but application of the criteria results in

over—designed thick pavement structures. It is apparent that present methodolo~~r

of evaluating the equivalent single—wheel load (ESWL ) is not applicable to the

multiple-wheel heavy gear loads . There is a need to investigate the cause of

the overestimation and , hopefully , to develop a method of modi fy the current

criteria. This paper presents the results of using the concentration index

1’Supv . Civ . Engr . ,  Chief , Pavement Research Laboratory , Soils Division , U . S.
Army Engineer Waterways Experiment Station , Vicksburg, Miss .

2Research Civ. Engr., Pavement Research Laboratory, Soils Division , U. S. Army
Engineer Waterways Experiment Station , Vicksburg, Miss.
3Supv. Civ. Engr., Chief , Concept s and Theory Section , Pavement Research
Laboratory , Soils Division , U. S. Army Engineer Waterways Experiment Station ,
Vicksburg, Miss. 
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~~thod to evaluate the ESWL for airfield flexible pavements under multiple—wheel

gear loads.

NATUR E OF PROBLEM

Comparisons of predicted and observed pavement behavior

In the analysis of pavement structures to compute the stresses and displace-

ments due to surface wheel loads, Bouss irx es q’s homogeneous solid theory and

Burmister ’s layered solid theory have commonly been used. The basic assumptions

behind the Boussinesq solutions are that the mater ials wh ich const itute the

media are homogeneous , isotropic , and perfectly linearly elastic. The same

assumptions are employed for layered solid theory for materials in each layer

with the addition that the layers are assumed to be conintuo .isly in contact and

act together as a composite medium ; consequentely , at the interfaces of a layered

system, the normal and shear stresses and the vertical and horizontal displace—

~~nts are the same in both layers. The applicability of these solutions to a

particular pavement structure .depends upon the nature and physical properties

of the materials and how well they can ‘be judged to satisfy the assumptions .

Very few materials , if any , are homogeneous , Isotropic , and linearly

elastic. Also , very limited amounts of basic research and experiments have

been done to justify the validity of the assumptions of continuity in layered

systems. The continuity of vertical stress and vertical displacement along

interfaces in a real pavement seems to be possible ; the continuity of shear

stress and radial displacement , however , is questionable. The resulting errors

in the computed values are apparent and could be very serious.

In spite of many arbitrary assumpt ions behind the theory , Boussinesq ’s

solution for a homogeneous elastic solid gives fairly good predictions for stress

and strain in uniform soil masses. Experiments conducted at WES (2) for the

2 
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measurements of stresses and deflections induced in sand and clay test sections

by single— and dual—plate loads of various plate sizes and loads have found the

measured stresses are generally in good agreement with stresses predicted by

the Boussinesq theory while the deflections are not except at great depths .

Based on these test results , it was also found that the superposition principle

may be considered applicable for conditions similar to those existing in the

test sections .

The predictions of stresses and ‘deflections in flexible pavement by the

layered theory are not as good as those in a homogeneous soil mass. In most

cases , the prediction by the Boussinesq theory gives better results than by the

much more sophisticated layered theory , even though the pavement structure is

layered in nature.

Based on preliminary results of MWHGL tests , comparison of measured values

with comput ed predict ions indicates the following:

a. Measured vertical stresses were generally in excess of those computed

from the linear layered theory ; the measured vertical stresses along the load

aid s of a single wheel were in fairly good. agreement with those comput ed from

Boussinesq analysis for homogeneous materials.

b. The deflections measured at various depths indicate that both the

Boussinesq and layered theories are quite inadequate for the prediction of such

deflections .

e. The predicted and measured shapes of stress and deflectiori s basins were

distinctly different . The measured stress and deflection basins appear to be

more confined to the vicini ty  of the t i re  than is indicated by the layered

theory . Ir . both stresses and deflections , Bousslnesq ’ s solution gives renults

closer to the’ measurements than given by the layered theory .

3 
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The causes of discrepancies between measurement s  and predicti ’n:~ ba~;e1 on

layered theory have been i flVe~ Ligated by many researclie r~ ; . Von i c ( ) ~~~ iie I

that in add i t ion  to the anisotr opy and the  di i’fercnce in the s L r e t i ~~

istics under compres~;ion and tension of the materials , the ev iden t  luck of ~;1ab

action of upper layers , as assumed by the theory , is the main fac to r .

Although the predict ion of maximum stress and deflect ion under a s ingle

wheel is of essence , the precise determinat ion of these quan t i t i e s  at offset

distances is also important when multiple—wheel gear loads are considered . It

has been the general pract~ ce to compute stresses or deflection in a pavement

structure induced by a multiple—wheel load assembly by using the ruperposition

principle ; i.e., the stress or deflection induced by a group of wheel loads is

the linear summation of that induced by each wheel that is loaded separately .

From the foregoing discussion , it is apparent that for multiple—wheel gear

loads, the computed verticle stress and deflection tend to be overestimated ,

with increasing difference as the number of wheels is increased. Th,is has a

drastic effect on the design and evaluation of pavement structures for multiple—

wheel load assemblies. Huang (L) computed the ESWL for dual—wheels based on

elastic layered theory and found that the ESWL increases appreciable with the

increases in modulus ratio.

The principle of superposition is used by the Corps of Engineer~; in the

flexible pavement method of design to estimate the ESWL, which is defined as

the load on a single wheel that results in a vertical de flection of the support-

ing medium equal to that particular multiple-wheel assembly with the same single—

wheel tire contact area. For dual wheels , it has been found that the use of

the superposition principle gives results that are within the acceptable limit

of error. However , for multi ple—wheel heavy gear loads , such as the Boeing 7147

and the C—5A , the computed E~WL becomes so large tIutL the current crit .erUi is

-— . ~~~~~~~~ -—.—---—-~. —- -.—--— — -— 

~—r~— — -- - -- - ~_ -



- — -~~--~~~~~~~~~~~~~~ ~~~~~~~~ 
— 

~-1~~~~~~~ ii~ —~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

too conservative .* It should be noted that the error mentioned above is not

di rectly caused by the use of the supe rposition princi ple but by the use of

inadequate def lec t ion—offse t  curves . This can best be explained by the MW II GL

test results ( i ) .

Figure 1 show s measured and computed def lect ion basins at the 1~~— f i  depth

in a tes t section ( i t em 3 , reference a )  induced by a si ngle wh eel. J e i l (lO— kip )

and a C—5A 12—wheel—gear assembly ( 360—kip ) .  The gear confi Rura t io r l  (‘or the

12—whee l assemb ly is shown in fig. 2. The computed deflections are plotted in

percentage of’ the maximum values . In both cases , the computed and mea~;u r r I

basin shapes are quite d i f fe rent . However , when the superposit ion pr in c i~~ie

is used on the measured single—wheel deflection basin ( instead of ~he theoreti-

cal one) to compute a 12—wheel basin , ~he resulting basin is astonishingly

close to the measured 12—wheel basin; these are shown by the dots along the

me asured 12—wheel basin.  Similar relations were also foun d at o the r  1t’~~t,li~~.

Test results show n in f ig.  1 veri fy the remark made in t he  p re vi o u s  j~~1r:i ‘ r i’,

regarding the source of error .

The superposition principle incorporating the l inear  theory of elasti city

has also been used by others in the computations of maximum stresses and str.~~ ii~

under multiple—wheel loads . Re ferences 5 and 6 are representative of such us~~ e .

Knowing that the assumptions behina the li.~iear theory of e last ic i ty  are

inade quate , much effort  has been made in recent years to consider t l1e  n o nl i n ir

characteristics of materials in the layere d theory with  the  hop e tha t  nonl inear
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nonlinear analyses ; therefore , the difference between measurements and r Ii

tion is stIll not reconciled. The conclusions of a representuti-e paper n r ’

briefly explained in the next paragraph .

Deb len and Monismith (7 )  studied the effe cts of nonlinear material res ;onse

on the behavi or of pave~sents under t r a f f i c .  They measured stresses , strai ns ,

an d displacements induced by operation of a truck on a ful l—scale full—depth

asphalt ic concrete pave ment . They compared the measured values with thos e corn-.

puted by both linear theory (Shell and f in i te  element solutions ) € n d  nonlinear

theory ( f in i te  element solution) .  Based on the results of analysis , Deh ien and

l ’kni gm ith found that there was relatively small difference ‘between the results

of the linear and nonlinear analyses and that the maximum surface deflect ions

indicated by the theoretical analyses were 17 to 32 percent larger than the

measured deflections , with the results of the nonlinear f in i te  element solut ion

deviating the mos t from measurements. As stated by the authors , “Less satis-

factory , however , is the marked difference In the deflection patterns , the

theoretical deflections yielded by all three analyses being far more concentrated

than those measured.”

It should be noted that the nonlinear finite element analysis is presently

limited to the single—wheel load only ; the analysis of multiple—wheel loads is

not possible because of limitations in the capacity of computer facilities.

Based on the foregoing discussion , it is very doubtful that the nonlinear finite

element analys is , in its present form , would predict the pavement response to

multiple—wheel loads even if computer facilities had the required capacity .

Equivalent single—wheel load

In the development of multiple—wheel CBR design criteria (8) from the proven

single—wheel criteria, the concept of ~~WL was adopted. The ESWL was estimated

6
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from single—wheel curves of deflection versus offs et by the use of the su~ t ’ r-

po~ ition principle . It was established that theoretical de flect ionc could be

used to show the equivalency . The use of ~~WL for design purposes was Jus t f l ed

based upon the facts that ( a )  a single—wheel load th at yields the same maximum

de flection as a multiple—wheel load will produce equal or more severe s t ra in s

in the sub grade or base than will the multiple—wheel load ; and (b) the slopes

of the deflection versus offset curves for the ESWL are equal t o  or steeper than

those for the multiple-wheel load at equal depths . Pert i nent test data collected

at the W~~ h ave indicated th at the multiple—wheel desi gn cr i ter ia  apply well to

dual—wheel assemblies and generally give results on a sli~~ tly conservative side .

However , the results from the MWHGL tests (1) have shown that the present

criteria for flexible airfield pavements are overconservat ive for new ly developed

heavy aircraft  that are equipped with extremely large multiple—wheel loadi ng

gears . Figure 3 sh ows the results of multiple—wheel t r a f f i c  tes ts ( 1) .  The

single—wheel CBR design curve is well validated based on numerous tes t data; the

other two lines are design curves developed for twin—tande m and 12—wheel ( C — 5 A )

assemblIes , respectively (Fig .  2 ) .  These lines were drawn along test points

determined according to the following procedures :

a . For each test section , the ~~WL is computed ac cording to the present

Corps of Eng ineer method . The procedure can be fo un d in the Appendix of re fe r-

ence 8 and is not repeated in this paper. Based on the ESWL determi ned , the

capacity thickness t is computed from the CBR equation :

t ESWL — A  (l)
8.1 CBR IT

where A is the me asured tire contact area.

b. The percent of design thickness is determined as the ratio of the th i ck-

ness of the test section to the th ickness required for capacity operat ion.

7 
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It is seen that design curves for ?.MHGL are separated from the singl e—whee l

CBJ~ design curve. For example, 80 percent of design thickness was r .’ -~’~~red ~‘ r

a single—wheel load designed at 1000 coverages , but only 70 and Co per cent ~ t r

required at the same cove rage level for twin—tandem and 12—wheel az’ cmh l i es ,

respectively . Apparently , if the method used to  compute the }ZWL was correct —-
as evaluated from the performance of the pavement under the par t icu lar  ~~HOL ——
test points should fall close to the single—wheel CBR desi gn curve , and t~~~re

would be no need for the existence of other d~ sign curves. In other words , a

methodology to determine the ESWL ough t b~ deve ’o;ed by which ind~ viduai ~~ci gr.

curves for MWMGL can be eliminated , and only a unl ;ue curve is required f r  all

single— and multiple—wheel assemblies.

To develop the methodology , one has to realize that the error is caused

from overestimation of ESWL. The overestimation was derived probably from two

sources :

a. Deflection may not be the best and only factor for the basis  of estab-

lishing the ESWL for MWHGL. The performance of a pavement depends not on ly on

deflection but also on many other factors , such as the slopes of c~eflectlon

basins as mentioned previously; the deflection basin unde r a C-5A mai n gear is

flatter (percentage wise) than that under the computed ESWL even thou~~ th ey

have the same maximum deflect ion by defi nit ion , indicating different shearing

strains experienced in the pavement unde r single and 12 wheels.

b. Theoretical single—wheel deflection—offset curves are not adequate to

determine the ESWL when a large number of wheels are involved. The discrepancies

are not particularly caused by the use of the superposition principle hut mainly

by the inadequat e deflection offset  curves as discussed previ ously.

It is very difficult , if not Impos s ib le , to improve these two points at

the present time because of’ i n s u f f i c i e n t  knowled ge of the st ructurai  beh avior of

8



~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ —-~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~~. - - .

airfield flexible pavements and the present limited capacity of computer facil—

ities. The ESWL should be evaluated by considering many factors other than just

de flections . How ever , this concept cannot readily be carried out into a simple

and useful form because not only are these factors not theoretically predictable

even with fair accuracy , but the interaction of these factors relating t u  the

performance of the pavement under a particular gear assembly ir  not known; there-

fore , a completely different approach has to be used to reach the goal of a

single design curve . It is thus the purpose of this study to look into  possibil-

ities of using the concentration index method to solve the problem.

CONCENTRATION INDEX

The theory and concept of the concentration index for an isotropic , nonun i-

form soil mass under an axisyimnetric loading are presented in Appendix I and are

not discussed here. The method, which was actually a semi—empirical modification 1’

Boussinesq’s theory of elastic solids, was developed Independently by Gri ft~ith (9)

and Fronhlich (10). The work was later fu rther studied by Ohde (11), Holl (12),

and Bran dt (13) and was used by others to compare with experimental data in a

number of studies (114, 2). Wl~h the concentration index , the vertical stress a

corresponding to the Boussinesq equation becomes (Fig. le):

= nPz 1
~ (2)
n+22ITR

The parameter a is the concentrat ion index , the value of which depends upon the

properties of the soil mass. For the case a -- 3, the expression reduces to

precisely that- given by Boussinesq. For values different from 3, the material

does not satisfy the assumptions of the theory of elasticity.

Since the criteria for determining ESWL are based upon vertical deflections ,

It is necessary to apply the concept of the concentra t ion index to vert ical

- 9
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deflections instead of vertical stress. This can be done either by (a )  der 1v ir .~’

the expressions for deflections from equat ion 2 using ap;rorr~ate s t rc”s-st r ~ in

relations or (b) modifying the Boussinesq equation of vertical def’le-tic~n Into

a form similar to equat ion 2 and determining the concentrat ion index  fruc . ex J er-

imental data.

The f irst  method is not feasible based on reasons that (a) the conditi n~

in equations 8 and 9 of Appendix I are generally d i f ficu i t tu  meet for rnu: t

soils and (b)  if the conditions are either met or assumed, it is doubtfu l that

def].ectjons so derived would match measured values becaus e of the inher i ted

errors in the use of Hook’s law in relating stresses to strains an d th en to

deflections (see discussions in Appendix I ) .

From these discussions and also realizing that the use of the concentration

index Is no more than a semi—empirical modifi cation of Boussinesq ’s equations ,

the second method seems to be best suited for our purposes. The modified equa-

tion for Boussinesq’s vertical deflection W under a point load P may be

written as

= P ( l+v) 
(

Z 
+ 

2 ( 1_v)) ( 3)2tE

where v is the Poisson ’s ratio and the parameter n is the concentration

index . For n = 3, the equation is the expression for the vertical de flection

as that obtained by Boussinesq, for a semi—infi nite solid satisfying the  assump-

tions of the theory of elasticity.

A numerical method was used to compute the deflections in such a medium

under a uniformly distributed circular loaded area. The loaded area won equal ly

divided into 1400 small elements and each element was considere d as a point load .

The total deflection was then the sum of thos e deflections In duced by a?] point.

loads. This procedure was found to be sufficiently accurate except ut locutionn

10 
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very near the center of the load. Figure 5 depicts the relations f ’ deflect ~

versus offset for different values of the concentration index ri at 1~~o diffe r-

ent depths. It is seen that by varying the concentration Index , t h e  : d u i ; e  ~ t

the computed deflection basin in the soil can be changed.

~ZWL evaluated from traffic test data

As explained previously, the ESWL ’s computed from current method are too

large and consequently cause the overdesign of pavements. The curr .- ’t F~WL

evaluated from traffic test data (or performance) may be computed as explained

in the following paragraphs.

ReQuired thicknesses. The design thickness for a particular gear conf gura—

tion at di f ferent coverage levels should be determined f i r s t .  They are computed

from CBR equations and design curves for MWHGL shown in Fig. 3. The computation

procedures are listed as follows :

a. For a given gear configuration at a particular coverage level , an ini-

tial thickness t
e 

is estimated; the ESWL based on current criteria (8) is

computed.

b. Compute the thickness t for capacity operation from equat i on 1.

c. If the ratio t/t in percentage is not close to the value shown in

design curves for MWHGL in Fig. 3, e8tlmate another value for t
e 

and repeat the

entire procedure. Figure 6 depicts the relations of thickness versus coverage

level for several different gear configurations.

ESWL. From the required thicknesses (Fig. 6) at a particular coverage level ,

the per cent des ign thickness can be read from the single—wheel CBR design curve .

The corresponding thickness for capacity operation Is determined and the desired

~SWL is computed from equation 1.

11
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I
Exam~ple.

a. Required. Determine the required th i ckness t and t h e  [~ Wl , t u ~ t on

performance for a C—5A 12—wheel—gear assemb ly desi~~ied at a 1000—cov eruge lt•Vt ~1

for a subgrade soil of 14 CBR.

b Solution.

(1) A total pavement thickness of 35.5 in. (t
e
) is first assumed;

the ~~WL for the assumed pavement thickness computed from the current method is

914.6 kips (see reference 8 for procedures). The thickness for capacity opera-

tion , t , Is computed from equation 1 ari d is equal to 53. 14 in .  The ratio

te/t is equal to 65.6 percent , which is very close to the percentage shown in

the design curve in Fig. 3 for 12 wheels at the 1000—coverage level, indicating

the pavement thickness Is correct.

(2) The percentage of design thickness at the same coverage level is

read from the single—wheel CBR design curve and is equal to 81 percent; the

corresponding thickness for capacity operation t is equal to = 1414 in.

The correct ESWL is computed as follows :

ESWL = 8.1 CBR (~~+ t )  
= 65.5 kips (14)

which is substantially smaller than 914.6 kips evaluated by the current method .

It should be noted that the ~~WL 65.6 kips is evaluated from the observe d pave-

ment performance , while the ESWL 914.6 kips is computed from the Boussinesq

theoretical solution.

Determination of n values

For a particular gear configuration, the curves of ESWL vers us depth for

di fferent values of the concentration index a can be drawn. Figure 7 shows

such curves for one twin—tandem component of Boeing 7147 assembly and a C—5A

12—wheel—gear assembly , respectively. For n = 3, the curves are th at of

12
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Bounsineaq. The same princi ple was used to determine the curves i\er th~ eon—

centratiori index other th an 3.

Once the family of curves is determined , the F2’fIL de termined ba~-ed un test

data can be adde d to the curves at different  depths as shown in Fig. 7 by the

dotted lines. The required n values at different depths can thus be read

from the curves . It is seen that n is not a constant but increas es with  in-

creasing depth. Also, variations in n values were observed for different

loads , soil strengths, and number of wheels. Figure 8 shows these variations

with depth ; the coordinate a = 3 is the elastic case. For design purposes, a

best—fit strainght line was drawn through the curves; the equation of the line

may be written as

n 3 + 0 . 0 1 13 z (5)

where z Is the depth in inches. In so doing, the value of n varies only

with depth z and becomes independe~ t of the load, soil strengths , and number

of wheels. In drawing the straight line, emphasis was placed upon lower con-

centration indexes because the change in percent ESWL is smaller at a higher

concentration index than that at a lower one; this can be clearly seen in Fig. 7.

Attempts were made to use equation 5 to eliminate design curves for M~JHGL

in Fig. 3. The procedures used are listed as follows:

a. Fr~r a design thickness and coverage level (Fig. 6), the n values are

calculated from equation 5.

b. For the particular gear configuration , the ESWL at the specified depth

can be determined from the ESWL—depth—concentration index curves as shown in

Fig. 7.

c. With the ESWL so determined , the thickness for capacity operation can

be determined from equation 1. The percent design thickness is the ratio of the

design thickness to that for capacity operation .

13 
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The computed results for various gear configurations , loads , an d soi l

strengths are shown in Figs. 9 and 10. It is seen that most computed results

are close to the single—wheel CBR design curve, except the results for the

120—kip twin—tandem asseznb ].y at high coverage level (Fig. 9).

I
CONCLUSIONS

4 The ESWL evaluated from current method is over—conservative for MWHGL .

Based on the analysis and the test conditions analyzed, the CBR design equation

can be used to evaluate the pavement performance under MW’HGL when the ESWL is

computed by the concentration index method. The concentration index is approxi-

mately independent of the load, gear configuration, and soil strength but varies

with the depth.

‘14
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APP~~DIX I — CONCENTRATION INDEX

The theory of concentration index deals with isotrop ic , nonhomogeneous

solids in which the Poisson ’s ratio is constant throughout the mass and Young’s

modulus varies only with depth ; in other words, the solid is assumed to be per-

fectly elastic and isotropic in every horizontal direction but elastically non-

homogeneous in a vertical direction. In 1929, Prof. 3. H. Griffith (9) of

Iowa State College first presented his generalized solution of the Boussinesq

problem. The same result was derived independently in 19 3 by Dr. 0. K. Frohlich

(10) in Europe. They gave the following relation for the radial stress (or

the largest principal stress ) due to a normal force P at the surface of an

incompressible elastic solid (see Fig. 14 in the main text).

- nP n-2= cos e (6)
2~rR -

where R2 = r2+z 2 
and n is called the concentration Index because it deter-

mines the intensity of the pressure on horizontal sections beneath a given point

load P . By varying the value of a , the distribution of stresses in the

solid can be chan ged. For the case n = 3, equation 6 reduces to precisely that

given by Boussinesq. In addition to °R the other component s of stress are

(n > 2 ) .

a n—2 2 n-inPz nPz r nPz ra = , a = - , o = 0 , t =
Z 21TR’~~

2 r 2wR~~
2 e rz

Ohde (U) made a thorough study of the general applicability of equations

6 and 7. He first found that the generalized stresses of equation 7 satisfy the

equilibrium equation for an axially symetric loading and the boundary conditions ;

i.e., the total pressure on every horizontal section through the solid must be

equal to the point load P . However, the stresses do not satisfy the compatibility

15
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equations (in terms of stresses ) for an isotropic medium having constant elastic

moduii. The compatibility equation in terms of stresses was obtained by ~;ub~;1 1—

tuting the linear Hooke ’s law into the compatibility equation In term s u1 ~;trti!n

components.

To satisfy compat ibility , Obde (ii ) stated th at the following relation had

to be satisfied:

n — 1 A + 2 1/v (8)

where p is Poisson ’s ratio and A is an exponent which descr ibes the manner

of variation of E with depth and is defined by

E = E z A (~)

where E is the modulus of elasticity at z = 1. With these restrictions ,

equation 7 is found to be entirely consistent with all the requirements of elas-

tic theory. -

It should be noted that the compatibility equations satisfied by the gener-

alized stresses (equation 7) are associated with linear Hooke’s law. When a

part icular concentrat ion index is selected th at can mat ch th e measured stress

distribution , the derived expressions for displacem en ts may not be able to

match the measured displacements because of the use of linear Hook e’~ law.

16
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APPENDi X III — NO TA TION

The followi ng symbols are used in this paper:

A = tire contact area;

CBR California Bearing Ratio;

E = modulus of elasticity;

E = modulus of elasticity at z = 1;

n concentration index ;

P = wheel load;

2 2R = r +~

r = radial distance;

t = depth or designed pavement thickness;

W = vertical deflection ;

z depth ;

0 = angle indicating location of the point ;

A = an exponent ;

v = Poisson ’s ratio;

= largest principal stress ; and

= shear stress in r — z direction.rz

18
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