


MISCELLANEOUS PAPER S-73-63 

FLEXIBLE PAVEMENT ANALYSIS BY THE 

THREE-DIMENSIONAL FINITE ELEMENT 

METHOD 
by 

J. B. Palmerton 

October 1973 

Sponsored by Office, ChieF oF Engineers, U. S. Army 

Conducted by U. S. Army Engineer Waterways Experiment Station 

Soils and Pavements Laboratory 

Vicksburg, Mississippi 

"RMY·MRC VICKSBURG, MISS. 

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED 



THE CONTENTS OF THIS REroRT ARE NOT '110 

BE USED FOR ADVERTISING, PUBLICATION, 

OR PROMOTIONAL PURroSES. CITATION OF 

TRADE NAMES DOES NOT CONSTITUTE AN OF

FICIAL ENDORSEMENT OR APPROVAL OF THE 

USE OF SUCH COMMERCIAL PRODUCTS. 

iii 



Foreword 

The investigation reported herein was a preliminary study to eval

uate the applicability of three-dimensional finite element analysis for 

predicting the behavior of pavement systems. The work was carried out 

for the Pavement Design Division, ·soils and Pavements Laboratory, U. s. 

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

under the U. S. Army Military Engineering Design and Expedient Construc

tion Criteria Program. The computer program used for the analysis was 

developed by Mr. J. B. Palmerton, Research Group, Rock Mechanics Divi

sion, during the period June-September 1971 while attending the Uni

versity of California, Berkeley, under the provisions of the Advanced 

Training Program for Engineers and Scientists. 

The work was performed under the general supervision of 

Messrs. D. C. Banks, Chief of the Rock Mechanics Division, and J. P. 

Sale, Chief of the Soils and Pavements Laboratory. This report was 

prepared by Mr. Palmerton. 

Directors of WES during this investigation and the preparation and 

publication of this report·were BG E. D." Peixotto, CE, and COL G. H. 

Hilt, CE. Techni'cal Director was Mr. F. R. Brown. 
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Notation 

Empirically determined constants 

Matrix depending only upon the position of the element 
vertices 

Mohr-Coulomb strength parameters 

Matrix that expres.ses the constitutive relationship be
tween stress and strain 

Young's modulus 

Initial tangent modulus 

Tangent modulus of the stress-strain curve 

Parameters determined by plotting 

Parameters determined by plotting 

Dimensionless modulus number 

Stiffness matrix 

Element stiffness 

Mobilization factor 

Load 

Atmospheric pressure 

€ /e versus € r a r . 
~i versus log (cr3/Pa) 

Vector of the generalized loads acting at the nodal points 

Failure ratio 

Dimensionless exponent 

Vector of displacements of the nodal points 

Original volume of the soil 

Element volume 

Shearing strain components 

Measured volume change 

Axial strain 

Strain vector 
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Conversion Factors, British to Metric Units of Measurement 

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

metric units as follows: 

Multi]21~ ~ To Obtain 

inches 2.54 centimeters 

feet 0.3048 meters 

pounds (mass) per square foot 4.88243 kilograms per square meter 
pounds (mass) per cubic foot 16.0185 kilograms per cubic meter 

kips (mass) 453.59237 kilograms 

Xi· 



Summary 

The investigation reported herein was a preliminary study to eval~. 
uate the applicability of three-dimensional finite element analysis for 
predicting the behavior of pavement systems. Since many pavement prob
lems are not reducible to plane behavior, this new analysis technique 
should provide a good basis for f'uture analysis of complicated pavement 
systems. 

The finite element computer program used in this study is desig
nated SOI.SAP and was originally developed to investigate the three
dimens ional behavior of earth and earth-rock dams. It was used in this 
study to investigate the effect of a static load application (similar to 
that produced by the C-5A aircra~) on a flexible pavement section that 
had been previously field-tested at the U. S. A:rmy Engineer Waterways 
Experiment Station. SOI.SAP considers both nonlinear stress-strain 
behavior and nonlinear volume characteristics. 

Deflections measured in the previous field study are compared with 
those calculated by program SOI.SAP. The agreement is quite gobd con
sidering the many idealizations and assumptions introduced into the 
three-dimensional finite element analysis. These idealizations include 
the crudeness of the mesh, the choice of material properties, and the 
application of the wheel loads in a single step. Nevertheless, the 
results serve to demonstrate the feasibility of applying the three
dimensional finite element method to predict pavement behavior. 
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FLEXIBLE PAVEMENT ANALYSIS BY THE THREE-DTh1ENSIONAL 

FINITE EIEMENT METHOD 

Introduction 

1. The analysis presented herein is intended to demonstrate the 

potential usefulness of nonlinear three-dimensional finite element anal

ysis techniques for solving problems encountered in pavement design. · 

The computer program SOI.SAP was originally developed to investigate the 

three-dimensional behavior of earth and earth-rock dams. Since many 

pavement problems are not reducible to plane behavior, this new anal

ysis technique should provide a good basis for future analysis of com

plicated pavement systems. 

2. An analysis of a pavement system tested at the U. S. Army En

gineer Waterways Experiment Station is presented, and comparisons are 

made of measured deflections and those calculated by the computer pro

gram SOI.SAP. 

SOI.SAP: A Three-Dimensional Program 

3. The computer program SOI.SAP is basically a combination of two 

other finite element programs: SAP, developed by Wilson,1 and I.SBUILD, 
I 2 

developed by
1
Kulhawy et al. Essentially, SOLSAP solves three-

dimensional problems in the same manner as LSBUILD solves two-dimensional 

problems. 

4. Although the program SAP can accommodate several types of ele

ments, i.e., eight-node brick elements, plate elements, beam elements, 

a.xisymmetric elements, etc., only those subroutines involving the eight

node brick elements are present in SOI.SAP. Details of this type element 

are given by Wilson.1 In its original form, SAP is capable of analyzing 

general three-dimensional structures that obey the essentials of linear 

elastic stress-strain behavior. The structures may be acted upon by 

gravity (body) forces and by applied external forces and pressures. The 
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Fig. 1. Three-dimensional, eight
node brick element 

y 

computer program calculates the 

stresses and displacements re

sulting from these loads. The 

program SAP was employed by 

·Lefebvre and Duncan3 for a study 

of the linear behavior of three

dimensional dams. 

5. Initially, the struc

ture to be analyzed must be sub

divided into a number of smaller 

regions or elements (fig. 1). 

The structure may be subdivided 

into many different configura

tions, the choice as to number 

and orientation being le~ to 

the individual. Generally, a trade-off must be made between the cost of 

computer time (which depends on the number of elements) and the desired 

accuracy. In regions where large stress gradients are expected, smaller 

elements should be chosen. Experience is· of considerable value in prop

erly gridding the problem. 

6. The direct stiffness method is used to form the stiffness 

matrix for the structure. This method yields a set of linear equations 

of the form 

{ R} = (KJ{u} (1) 

where {R} is the vector of the generalized loads acting at the nodal 

points, · [K] is the stiffness matrix, and {u} is the vector of dis-. 

placements of the nodal points. Particular details on methods of solu

-tion -and -the -rormation of the above matrices have been given by Wilson.~ 
For the 1purp.ose of this analysis, it is only necessary to note that the '. 

formation of the large matrix [K] depends directly upon the individual 

stiffness of each element j , i.e., 

2 



[KJ = t[Kj] (2) 

where the element stiffness [Kj] is determined by integrating over the 

volume Vj such that 

[Kj] = f [aj]T[Cj] [aj] dV j (3) 

vol 

in which [aj] is a matrix depending on:cy upon the position of the ele

ment vertices. Of interest is the matrix [cj] which expresses the 

constitutive relationship between stress and strain. For a three

dimensional homogeneous isotropic solid, the generalized Hooke's law 

may be expressed as 

(4) 

where {er j } is the stress vector, { e j } is the strain vector, and 

[c j J is a 6 by 6 matrix (see equation 17) containing Young's m:>dulus · E 

and Poisson's ratio v • Although isotropic homogeneous conditions are 

assumed for each element, different values of E and v can be pre

scribed for other elements within the structure for the analysis of non

homogeneous structures. Anisotropic analysis can be performed by simple 

modifications of the matrices [Cj] • It has been noted that with soils 

the stress-strain relationships are usually nonlinear and stress depen

dent. For many problems, E and v cannot be considered as constants. 

A procedure to vary E and " as load is applied to the problem has 
2 

been described by\ Kulhawy et al. for two dimensions and is herein ex-

tended to three dimensions. 

7. The hyperbolic stresa-strai.."1- functions- first proposed by 

Kond.ner 4 and extended by.· Kulhawy et al. 
2 

were chosen for incorporation 

into SOI.SAP. Incremental loading procedures were developed for SOIBAP 

so that the loads could be applied in small increments, permitting the 

use of tangent moduli of the stress-strain curve. 

3 



Nonlinear Hyperbolic Stress-Strain Relationships 

8. A simple hyperbolic function has been given by Kondner 4 to 

represent nonlinear soil .behavior. The expression is given by 

€ 

(crl - cr3) = a a+ be 
a 

(5) 

in which (a
1 

- cr
3

) is the principal stress difference, Ea is the axial 

strain, and a and b are empirically determined constants. As shown 

in fig. 2,.the reciprocals of a and b represent the initial tangent 

Cl) 
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ASYMPTOTE ----------------------------

Fig. 2. 

(Oj-Oj) =t 
ULT 

CT3 =CONSTANT 

AXIAL STRAIN €0 

Hyperbolic representation of stress-strain 
curve (from .Kulhawy et ai.2) 

modulus Ei and the asymptote to the stress-strain curve ( cr1 - cr3)ult • 
Equation 5 may also be written as 
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€ € 
_,_ __ a _ _,_ = a + be = ...!. + a 
( O'l - 0'3) a Ei (cr1 - cr3)ult 

( 6) 

which is the equation of a straight line with slope b = l/(cr1 - cr3)ult 

and intercept a = l,/E1 • Thus, when values of ea/(cr1 - cr3)ult 

are plotted versus e the values of a and b may be easily deter
a 

mined graphically (see fig. 3). 

-bf') 
d I 

w b
z .._, 
- en cc en 
a: LiJ 
I- a: 
Cl) ... 

en 
_J a: 
4( 0 - ... )( < 
4( -> 

IA.I 
Q 

9. 

AXIAL STRAIN Cg 

Fig. 3. Transformed hyperbolic representation of 
stress-strain curve (from Kulhawy et al.2) 

2 Kulhawy et al. made an extensive study of the use of the 

hyperbolic stress-strain fiJ.nction- and suggested certain refinements to 

define more closely the behavior of real soils. 

10. The asymptotic or ultimate stress difference at failure 

(cr1 - cr3)ult (which is determined by plotting the stress-strain data 

as shown in fig. 3) is always more than the measured compressive strength 

of the soil ( cr1 - cr3 )f. • Therefore, a factor termed the "failure ratio" 

Rf is introduced such that 

5 



(7) 

Values of Rf commonly range from a minimum of 0.5 to a maximum. of 1.0. 

11. Another characteristic of many soils is the dependency of 

the initial tangent modulus E. upon the confining pressure a
3 

• 
5 l. 2 '· Janbu suggested and Kulhawy et al. employed the following expression 

for calculating the variation of the initial tangent modulus with con

fining pressure: 

(8) 

in which Ei is the initial tangent modulus, K is a dimensionless 

number termed the modulus number,~ P is the atmospheric pressure exa ·- -·· 

pressed in the same units as Ei , . a3 is the confining pressure, and n 

is a dimensionless exponent. The values of K and n , which determine 

the variation of Ei with a
3 

, may be determined by a series of tri

axial compression tests at various confining pressures. Equation 8 may 

also be expressed as 

log:~ = log K + n log G!) (9) 

When plotted on a log-log scale, equation 9 becomes a straight line from 

'Which the values of n and K can be easily determined. 

12. In order to determine_ the compressive strength of soils at 

various confining pressures, use is ma.de of the Mohr-Coulomb strength 

criteria, which may be written as 

2c cos 95 + 2cr3 sin 95 
(cr1 - cr3)f =. l - sin /0 (10) 

-Where -c and -~ -are the Mohr-Coulomb strength parameters. 

13. When performing an incremental load analysis, it is conven

ient to use the tangent or secant modulus of the stress-strain curve 

between successive loads. The tangent modUlus Et is easily determined 

by differentiating equation 5, i.e., 

6 



Performing the differentiation upon equation 5 and substituting in 

equation 7 yields 

(11) 

(12) 

The appearance of axial strain € in the preceding equation is unde-a 
sirable since both stress and strain values are required to determine 

E1 • Equation 5 may be used to solve for €a which when substituted 

into equation 12 gives 

(13) 

which is a strain-independent expression for the tangent modulus Et • 

14. Finally, if (cr1 - cr3)f is expressed in terms of c and ¢ 
f'rom equation 10 and Ei is replaced by the right side of equation 8, 
then equation 13 becomes 

(14) 

15. It is useful to introduce a parameter termed the "mobiliza

tion factor" which is defined as 

(15) 

The parameter . m indicates the amount of strength mobilized within a 

soil element, i.e., if the soil is at failure, m = 1 ; if no stress 

difference acts upon the soil, m = 0 • If m is substituted into 

equation 13, 
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2 
E · = ( 1 - R ..m) E 

t r i 
(16) 

Therefore, the use of a hyperbolic relationship between stress and 

strain leads to a parabolic relationship between the tangent modulus and 

percentage of strength mobilized. 

16. The usefulness of equation 14 is due to its simple form. The 

parameters K , n , c , ¢ , and Rf can all be readily determined by 

simple laboratory tests. Total or effective stress analyses may be per

formed provided that the parameters are determined by unconsolidated, 

undrained test conditions (cr
3 

= constant) for total stress analysis and 

by drained test conditions (cr3 = constant) for effective stress anal

ysis. Initial stress states are easily included since equation 14 is 

stress-dependent only. The value of Et for each element is calculated 

within the finite element program SOI.SAP after each increment of load is 

applied, and, since the program is a stepwise linear formulation, Et 

is used to replace Young's modulus E • 

Nonlinear Poisson's Ratio 

17. The constitutive relationship between stress and strain for 

an isotropic linear elastic material is determine~ from the generalized 

Hooke's law and requires the use of only two independent parameters: 

Young's modulus E , and Poisson's ratio v • In matrix form, this 

relationship may be written as 

1-v 

E 
= (l+v)(l-2v) 0 

\ : 

1- v \I 

v 1-v 

0 0 

0 0 

0 0 

0 

0 

0 

1- 2v 
2 

0 

0 

0 

0 

0 

0 

l-2v 
2 

0 

0 

0 

0 

0 

0 

1- 2v 
2 

€ 
x 

€ 
y 

€ z 

(17) 

in which ax , cry , and crz are normal components of stress parallel 

to the coordinate axes, Txy , Txz , and Tyz are the shearing stress 
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components in rectangular coordinates, E x 
elongations in the coordinate directions, and 

are shearing strain components in rectangular 

E , and E 
y z 
1
xy ' 1xz ' 

coordinates. 

are unit 

and 

18. In the preceding section, an expression was found for Et 

to replace E in equation 17 after each load increment. Since this 

assures only that stress-strain behavior will be correct, Kulhawy 

et al.2 also developed an expression for obtaining the variation of 

Poisson's ratio with stress as a means for reproducing volume changes 

that occur in the triaxial compression test. Poisson's ratio may be 

determined from a triaxial test. For isotropic soil behavior, Poisson's 

ratio is expressed as 

d€ 
r 

" = ---t d€ 
a 

(18) 

in which "t is the tangent Poisson's ratio, Er is the radial strain, 

and E is the axial strain. Since radial strains are not comm.only a . . 
measured but volume changes are easily measured, use is made of the 

following expression for volumetric strain assuming triaxial conditions 

with strains measured from a hydrostatic stress condition at the start 

of shear: 

(19) 

where E is the volumetric strain, 6.v is the measured volume change, 
v 

v is the original volume of the soil, and e1 , e2 , and e
3 

are 

principal strains. Therefore, 

€ 
r 

(e - e )· f!2.v - E 'J-
= v a _\V a 

2 - 2 (20) 

Typical variations of volumetric and radial strain with axial strain are 

shown in fig. 4, which is taken from Kulhawy et al.~ The dependence of 

the tangent Poisson's ratio (slope of the curve in fig. 4b) upon the 

confining pressure is apparent. A hyperbolic .equation of the form 

9 
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Typical strain patterns in s~ils during 
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€ 
r 

€a = f + d€ 
r 

2 was used by Kulhawy et al. to represent the variation between 

and € 
r 

In order to determine the para.meters f and d , 

€ a 
it is 

convenient to transform the above equation into the straight-line 

form 

10 
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e: 
r = f + de: (22) e: r 
a 

Thus, if e: le: is plotted versus e: , the para.meters f and d are rl'a r 
the intercept and slope of the line, respectively. The initial tangent 

Poisson's ratio v. may be found by computing de: /de: at e: = 0 • 
i r a r 

Thus, 

and, at € = 0 ' r 

de 
r 

de = -vt = 
a 

(f + E d) 2 
r 

f 

Vi = Vt = -f 

(23) 

(24) 

Another usef'ul relationship suggested by Kulhawy et al.
2 for expressing 

the variation of initial tangent Poisson's ratio with confining pressure 

is given by 

cr 
vi = -f = G - F log _l 

Pa 
(25) 

in which the para.meters G and F are determined by plotting vi 

versus log (cr
3
/Pa) on semilog scales. The slope of the straight line 

is F , G is the value of the ordinate where (cr
3
/Pa) equals unity, 

and all of the para.meters are dimensionless. 

19. By use of equations 21 and 25, equation 23 may be expressed 

in terms of axial strain and confining pressure as 
cr 

G - F log _=.3. p· 
-f 

"t =----- = 
(1 - de )

2 
a (l - de )2 

a 

a- (26) 

Then, using the hyperbolic stress-strain relationship (equation 5), the 

axial strain e can be eliminated, resulting in the final expression a . 
for the tangent Poisson's ratio 

ll 



"t = 

(J 

G - F log ..3, p 
a (27) 

The tangent Poisson's ratio depends on the five stress-strain parameters 

K , n , c , )t1 , and Rf and three additional parameters G , F , 

and d • 

20. Again, both total and effective stress analyses are possible. 

For effective stress analysis, drained tests with volume change measure

ments are used to determine G , F , and d for each type of soil. 

Total stress analysis parameters are somewhat more difficult to obtain 

since volume-change measurements are not normally made for unconsolidated, 

undrained tests on partially saturated soils. Kulhawy et al. 2 provide 

data giving the values of the eight para.meters required by equation 26 
for many soils. 

21. The value of the tangent Poisson's ratio "t for each ele
ment is calculated from equation 26 after· each load increment is 

applied. This value is then substituted for " in equation 17 in the 

same manner as E is replaced by Et • 

Incre:rrental Nonlinear Ana1ysis 

22. Incremental loading is also provided for by the computer 

program SOIBAP. By applying the loads in small increments, it is pos

sible to approximate a nonlinear analysis, since a different Young's 

modulus and Poisson's ratio may be used f'or each load increment. The 

loads may be the resuit cl ~applyh"'lg gravity forces or prescribing sur

face pressures and forces. The stresses resulting from each load in

crement when added to the previous stresses give the current stress 

distribution. The displacements are also added after each load 

application. 

23. The computer program computes the new values of E and v 

12 



in accordance with equations 14 and 26. The values for the stresses 

entered into these equations are the average of the stresses before the 

load is applied and after the load is applied. Thus, for the first 

iteration, the values of Young's modulus and Poisson's ratio are de

tennined from the stress state before the load is applied. After the 

first iteration, a new set of stresses (caused by the load applica

tion) are known, and E and v are calculated as a function of the 

average of the stresses before and after the load application. The 

number of iterations necessary for convergence depends upon the mag

nitude of loads and the nature of the problem. Generally, two or 

three iterations are sufficient. 

Applications 

24. The program SOLSAP was used to analyze the 12-wheel load con

figuration (which corresponds to one-half of the main gear of the C-5A 

aircraft) shown in fig. 5. Each wheel load was taken as a 30-kip, * 

I 
5.0' 

I 

6 rr PROCESSED LEAN CLAY 

Fig. 5. Loading and foundation conditions 

* A table of factors for converting British units of measurement to 
metric units is given on page xi. 
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SECTION PROFILE 

3" ASPHAL TIC 

1 CONCRETE 
i-

21" CRUSHED 
LIMESTONE 

3' 4-CBR 
BUCKSHOT 

CLAY 

6' 4-CBR 
PROCESSED 

LEAN CLAY 

NATURAL 
LOESS 

• 

MATERIAL PROPERTIES 

y, LB/FT3 c, LB/FT2 cf> Rf K n d G F 

130 0 47° 0.70 2500 0.30 6.4 0.32 0.14 

130 2500 oo 0.9 500 0.37 0.40 0.43 -0.10 

130 2500 oo 0.9 500 0.37 0.40 0.43 -0.10 

• (LINEAR BEHAVIOR ASSUMED FOR ASPHAL TIC CONCRETE 

E = 2.04 >< 104 P
0 

, v = 0.45) 

Fig. 6. Pavement section profile.and material properties 

vertical point load. A profile of the pavement section, consisting of 

3 in. of asphaltic concrete pavement and 21 in. of crushed-limestone 

base overlying 9 ft of clay, is shown in fig. 6. The properties of the 

pavement section were not well known; thus, values for similar type 

materials as reported in the literature cited herein were chosen. The 

material properties for th.e buckshot clay and processed lean clay were 

taken from values for Pittsburgh sandy clay (from Kulhawy et al. 2). ' . 

The properties for the crushed limestone were based on values given for 

clean sands and gravels given in the same reference~ The chosen values 

-are shown -1n fig. 6. It was assumed that the stress-strain curves of 

the asphaltic pavement were linear; thus, the Young's modulus E and 

the Poisson's ratio v values were assumed to be constant. 

25. The finite element mesh used for the analysis is shown in 

fig. 7. It was necessary to grid only one-half of the problem since 

14 



~H ~o 

II' i--~-+-~~i--~-+-~~+-~-+--~-+-~~-+-~--t~~--~--

1~_.__~~~~~ 
1-~---------H_v ___ G_v_:~. __ Ev ___ o_v ________ __, 

Fig. 7. Finite element mesh 

symmetry occurs about the center line of the traffic. The system was 

represented by four layers of elements, each layer corresponding to that 

shown in the section profile (fig. 6). The wheel loads were applied as 

point loads acting at the nodal points. The full 30-kip load per wheel 

was applied in one step, with an additional iteration to adjust the 

stresses and displacements. Improved solutions would be obtained by 

applying the load in smaller increments, but, to reduce computer costs, 

the one-step loading was considered to be adequate. In addition, the 

stresses caused by the weight of the overlying materials were input at 

each element as initial stress conditions. For this purpose, the den

sity of the materials was assumed to be 110 per_._ A~ laterai earth pres

sure coefficient of 0.5 was also assumed which set the initial horizon

tal stresses cr and cr to one-half of the vertical stress cr x y z 
26. A three-dimensional representation of the vertical surface 

deflections at various depths beneath the surface is shown in fig. 8. 
Those points directly beneath the points of load application are sub

ject to large deflections. At the two depths shown, the displaced 

shape is considerably more uniform, involving a larger cross section.of 

15 
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Fig. 8. Vertical deflections beneath wheel loads 

material. Vertical deflections along the.center line of traffic (sec

tion A, as shown in fig. 7) are shown in fig. 9. Field measurements of 

surface deflections were used for comparison with the calculated values. 

For those points for which field measurements were made, the agreement 

was quite good. Deflections along other sections parallel to the flow 

of traffic are shown in figs. 10 and 11. The maximum vertical displace

ment of the surface along section B (beneath the path of the interior 

wheels) is slightly greater than that along the center line, as shown in 

fig. 10. However, the maximum vertical displacement at a depth of 2 ft 

is less than that along the center line. Along section C (fig. 11), 

which is beneath the path of the exterior wheels, the vertical displace-

·-ments -are ·somewhat ·1ess than those along sections A and B. 

27. Vertical displacements within sections perpendicular to the 

flow of traffic are shown in figs. 12-16. The behavior beneath the 

first set of four wheels in section G is shown in fig. 12. As expected, 

the displacements are larger toward the center line of traffic. At the 

16 



H 
0.01 

0 

-0.01 

-0.02 

0 10 zo 30 40 50 60 

a. SURFACE DEFLECTIONS 

.... H D 
la.. 0.01 

z· 0 
Q 
t; -0.01 
ILi 
..J b -0.02 
Q 

0 10 20 30 40 50 60 

b. DEFLECTIONS AT 2-FT DEPTH 

0.01 
l;i Cf F ~ fj> 

0 
~ - ~ 

-0.01 

-o.oz 
0 10 zo 30 40 50 60 

DISTANCE FROM LEFT BOUNDARY, FT 

c. DEFLECTIONS AT 5-FT DEPTH 

Fig. 9. Vertical deflections along section A 
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Fig. 12. Vertical deflections along section G 
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Fig. 14. Vertical deflections along section H 
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surface, the maximum displacement occurs beneath the interior wheels, but 

at a depth of 2 ft the maximum displacement occurs at the center line. 

The agreement with measured movement is quite good, with the exception 

of the point beneath the exterior wheel. (No field measurements were 

taken except at the surface.) The calculated displacement beneath the 

rear set of wheels (section D) is shown in fig. 13. As expected, these 

movements are quite similar to those in section G (fig. 12). The move

ments beneath the first set of two wheels (section H) are shown in 

fig. 14. For this section, the maxinrum vertical movement occurs at the 

center line of traffic at all depths. Beneath the rear set of two wheels 

(section E), the behavior (fig. 15) is similar to that of the front set 

of two wheels. The deflections midway between the two sets of wheels 

(section F) are shown in fig. 16. At the surface, the movement is gen

erally upward; however, at the two depths shown, a slight downward move

ment occurs. Considering the crudeness of the mesh and the one-step 

application of the lo'ad, the calculated deflections compare quite favor

ably with those measured. 

28. Horizontal displacements both parallel and perpendicular to 

the direction of traffic were also calculated by the finite element 

computer program. All of these horizontal displacements were mu·ch 

smaller than the vertical displacements (by roughly an order of magni

tude). Since no measurements were made of horizontal deflections, the 

computed data are not presented. It is possible to impose horizontal 

drag forces along the surface with the finite element technique. This 

capability is important if the simulation of friction and braking forces 

is considered to be important. Additionally, the finite element com

puter program calculates the six stress components necessary to define 

the complete stress state withfa- each- element. .Again, sine~ ·stress 

measurements are not available, these results are not presented. If the 

field stress measurements were available, it would be difficult to make 

comparisons between field and calculated values due to the crudeness of 
I 

the mesh and the large stress gradients beneath the applied loads. 
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Conclusions and Reconmendations 

29. The agreement between calculated and measured surface dis

placements is quite good considering the many idealizations and assump

tions ,introduced into the three-dimensional finite element analysis. 

These idealizations include the crudeness of the mesh, the choice of 

material properties, and the application of the wheel loads in a single 

step. Nevertheless, the results serve to demonstrate the feasibility 

of applying the three-dimensional finite element method to predict 

pavement behavior. 

30. The problem studied is of limited applicability, since the 

effect of repeated loading was not included; thus, no assessment of ex

pected pavement life could be ascertained. Further analyses of data 

from selected field tests presently available will improve present ca

pabilities in applying the finite element technique. The acquisition 

and analysis ,of data representative of materials used in pavement systems 

would be a large task; however, such data are required for a;ny analyti

cal design method that does not require extensive field testing. The 

effect of repeated loading should also be included in the analysis. 

Both two- and, three-dimensional finite.element capabilities are desir

able, since two-dimensional analysis is much more economical and should 

be used for the early stages of the development of the design methods. 

Depending upon the success of the initial phases of the study, the 

methods could then be extended to the three-dimensional finite element 

method.· 
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