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SUMMARY

The application of the concentration index to pavements is illus-
trated. The problem with the design of flexible airfield pavements under
newly developed jumbo-jet aircraft, as represented by the Lockheed C-5A
Galaxy and the Boeing 747, is discussed. These aircraft are equipped with
extremely large multiple-wheel landing gears. It is found that the CBER
design equation can be used to evaluate the pavement performance under
multiple-wheel gear assemblies when the equivalent single-wheel load (ESWL)
is computed by the concentration index method. The concentration index is
approximately independent of the load, gear configuration, arnd soil
strength but varies with the depth.

Preceding page blank

v

A P .




!
¥
4
)
g
§
=
i
X

USE OF CONCENTRATION INDEX FOR PAVEMENT DESIGN
By R. G. Ahlvin.1 b e U Chou,2 and H. H. Ulery, Jr.3
INTRODUCTION

With the advent of the Jjumbo-jet aircraft, as represented by the Lockheed
C~SA Galaxy and the Boeing T4T, engineers are faced with supporting three-
quarter million pounds and larger aircraft on paveﬁent faciliéies. 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 Waterways Experiment Station (WES)
(1) showed that the pavement behavior under heavy loads is apparently nonlinear
as compared to the nearly linear behavior under light loads. The résults
also showed the current criteria for flexible pavements are adequate for the

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

over-designed thick pavement structures. It is apparent that present methodology

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 modify the current

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

lSupv. 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, Concepts and Theory Section, Pavement Research
Leboratory, Soils Division, U. S. Army Engineer Waterways Experiment Station,
Vicksburg, Miss.
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method to evaluate the ESWL for airfield flexible pavements under multiple-wheel

gear loads.

NATURE 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, Boussinesq's homogeneous solid theory and
Burmister's layered solid theory have commonly been used. The basic assumptions
behind the Boussinesq solutions are that the materials which constitute 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 conintuously in contact and
act tégether as a composite medium; consequentely, at the interfaces of a layered
system, the normal and shear stresses and the vertical and horizontal displace-
ments 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 materisls 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 énd 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 assumptions 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
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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 computed predictions indicates the following:

a. Measured vertical stresses were generally in excess of thcse computed
from the linear layered theory; the measured vertiéal stresses along the load
axis of a single wheel were in fairly good agreement with those computed from
Boussinesq analysis for homogeneous materials.

b. The deflections measured at various depths indicatg that both the
Boussinesq and layered theories are quite ina@equate for the prediction of such
deflections.

c. The predicted and measured shapes of stress and deflections basins were
distinctly different. The measured stress and deflection basins appear to be
more confined'to the vicinity of the tire than is indicated by the layered
theory. In both stresses and deflections, Boussinesq's solution gives results ]

closer to the measurements than given by the layered theory.
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The causes of discrepancies between measurements and predictions based on
layered theory have been investigated by many rescarchers. Vesic (3) conceluded
that in addition to the anisotropy und the difference in the strenglh churnctor-
istics under compression and tension of the materials, the evident lack of slab
action of upper layers, as assumed by the theory, is the main factor.

Although the prediction of maximum stress and deflection under a single
wheel is of essence, the precise determination of ‘these quantities at offset
distances is also important when multiple~wheel gear loads are considered. It
has been the general practice to compute stresses or deflection in a pavement
structure induced by a multiple-wheel load assembly by using the cuperposition
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. This has a
drastic effect on the design and evaluation of pavement structures for multiple-
wheel load assemblies. Huang (4) 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 Engineers 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 deflection of the support- ‘
ing medium equal to that particuler 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 multiple-wheel heavy gear loads, such as the Boeing TuT

and the C-5A, the computed ESWL becomes so large that the current criteria is
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too conservative.* It should be noted that the error mentioned above is not
directly caused by the use of the superposition principle but by the use of
inadequate deflection-offset curves. This can best be explained by the MWHGL
test results (1).

Figure 1 shows measured and computed deflection basins at the 12-ft depth
in a test section (item 3, reference 1) induced by a single wheel Joad (30-kip)
and a C-SA 12-wheel-gear assembly (360-kip). The gear configuration for the
12-wheel assembly is shown in fig. 2. The computed deflections are plotted in
percentage of the maximum values. In both cases, the computed and measured
basin shapes are quite different. However, when the superposition principle
is used on the measured single-wheel deflection basin (instead of the theoreti-
cal one) to compute a 12-wheel basin, the resulting basin is estonishingly
close to the measured 12~-wheel basin; these are shown by the dots along the
measured 12-wheel basin. Similar relations were also found at other depths.
Test results shown in fig. 1 verify “he remark made in the previous parapraph
regarding the source of error.

The superposition principle incorporating the linear theory of elasticity
has also been used by others in the computations of maximum stresses and strains
under multiple-wheel loads. References 5 and 6 are representative of such usage.

Knowing that the assumptions behind the linear theory of elasticity are
inadequate, much effort has been made in recent years to consider the nonlinear

characteristics of materials in the layered theory with the hope that nonlinear




nonlinear analyses; therefore, the difference between measurements and predic-
tion is still not reconc}led. The conclusions of a representative paper are
briefly explained in the next paragraph.

Dehlen and Monismith (7) studied the effects of nonlinear material response
on the behavior of pavements under traffic. They measured stresses, strains,
and displacements inducecd by operation of a truck on & full-scale full-depth
asphaltic concrete pavement. They compared the measured values with those com-
puted by both linear theory (Shell and finite element solutions) and nonlinear
theory (finite element solution). Based on the results of analysis, Dehlen and
Monismith found that there was relatively small difference between the results
of the linear and nonlinear analyses and that the meximum surface deflections
indicated by the theoretical analyses were 17 to 32 percent larger than the
measured deflections, with the results of the nonlinear finite element solution
deviating the most 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 eleme;t 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 analysis, 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 ESWL was adopted. The ESWL was estimated




from single-wheel curves of deflection versus offset by the use of the super-
position principle. It was established that theoretical deflections could be
used to show the equivalency. The use of ESWL for design purposes was Justified
based upon the facts that (a) a single-wheel load that yields the same maximum
deflection as a multiple-wheel load will produce equal or more severe strains
in the subgrade or base than will the multiple-wheel load; and (b) the slopes
of the deflection versus offset curves for the ESWL are equal to or steeper than
those for the multiple-wheel load at equal depths. Pertinent test data collected
at the WES have indicated that the multiple-wheel design criteria apply well to
dual-wheel assemblies and generally give results on a slightly conservative side.
However, the results from the MWHGL tests (1) have shown that the present
criteria for flexible airfield pavements are overconservative for newly developed
heavy aircraft that are equipped with extremely large multiple-wheel loading
gears., Figure 3 shows the results of multiple-wheel traffic tests (1). The
single-wheel CBR design curve is well validated based on numerous test data; the
other two lines are design curves developed for twin-tandem and 12-wheel (C-5A)

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

determined according to the following procedures:
a. For each test section, the ESWL is computed according to the present
Corps of Engineer method. The procedure can be found in the Appendix of refer-

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

capacity thickness t 1is computed from the CBR equation:
t =|_ ESWL - A (1)
8.1 CBR = :
where A 1s the measured tire contact area.

b. The percent of design thickness is determined as the ratio of the thick-

ness of the test section to the thickness required for capacity operation.
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It is seen that design curves for MWHGL are separated from the single-wheel
CBR design curve. For example, 80 percent of design thickness was required for
a single-wheel load designed at 1000 coverages, but only 70 and 60 percent were
required at the same coverage level for twin-tandem and 12-wheel assemblies,
respectively. Apparently, if the method used to compute the ESWL was correct --
as evaluated from the performance of the pavement under the particular MWHGL --
test points should fall close to the single-wheel CBR design curve, and there
would be no need for the existence of other design curves. In other words, a
methodology to determine the ESWL ought be developed by which individual design
curves for MWHGL can be eliminated, and only a unique curve is required for 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 probasbly 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 only on
deflection but also on many other factors, such as the slopes of deflection
basins as mentioned previously; the déflection basin uﬂder a C~5A main gear is
flatter (percentage wise) than that under the computed ESWL even though they
have the same maximum deflection by definition, indicating different shearing
strains experienced in the pavement under 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 but mainly
by the inadequate deflection offset curves as discussed previously.

It is very difficult, if not impossible, to improve these two points at

the present time because of insufficient knowledge of the structural behavior of




airfield flexible pavements and the present limited capacity of computer facil-
ities. The ESWL should be evaluated by considering many factors other than just
deflections. However, 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 to the

performance of the pavement under a particular gear assembly is 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, nonuni-
form soil mass under an axisymmetric loading are presented in Appendix I and are 1
not discussed here. The method, which was actually a semi-empirical modification of
Boussinesq's theory of elastic solids, was developed independently by Griftrith (9)
and Fronhlich (10). The work was later further studied by Ohde (11), Holl (12),
and Brandt (13) and was used by others to compare with experimental data in a
number of studies (1lk, 2). With the concentration index, the vertical stress o,
corresponding to the Boussinesq equation becomes (Fig. 4):

o, = nPz" (2)

z
2an*2

The parameter n 1is the concentration index, the value of which depends upon the

properties of the soil mass. For the case n - 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 concentration index to vertical

9




deflections instead of vertical stress. This can be done either by (a) deriving

the expressions for deflections from equation 2 using appropriate stress-strain
relations or (b) modifying the Boussinesq equation of vertical deflection into
a form similar to equation 2 and determining the concentration index from exper-
imental data.

The first method is not feasible based on reasons that (a) the conditions
in equations 8 and 9 of Appendix I are generally difficult to meet for most
soils and (b) if the conditions are either met or assumed, it is doubtful thsat
deflections so derived would match measured values because of the inherited
errors in the use of Hook's law in relating stresses to strains and then 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 modification 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 wunder a point load P may be
written as

W o= P (1+v) (z“‘1 . 20,

(3)
2nE Rn Rn+2

where Vv 1is the Poisson's ratio and the parameter n is the concentration
index. For n = 3, the equation is the expression for the vertical deflection
as that obtained by Boussinesq for a semi-infinite 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 was equally
divided into 40O small elements and each element was considered as a point load.
The total deflection was then the sum of those deflections induced by all point

loads. This procedure was found to be sufficiently accurate except at locations

10




very near the center of the load. Figure 5 depicts the relations of deflection
versus offset for different values of the concentration index n at two differ-
ent depths, It is seen that by varying the concentration index, the shape of
the computed deflection basin in the soil can be changed.

ESWL 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 correct ESWL
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 configura-

tion at different coverage levels should be determined first. 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 te is estimated; the ESWL based on current criteria (8) is
computed.

b. Compute the thickness t for cepacity operatiop from equation 1.

c. If the ratio te/t in percentage is not close to the value shown in
design curves for MWHGL in Fig. 3, estimate another value for te 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 percent design thickness can be read from the single-wheel CBR design curve.
The corresponding thickness for capacity operation is determined and the desired

ESWL is computed from equation 1,

1l




Example.
a. Required. Determine the required thickness t and the ESWL based on

performance for a C-5A l2-wheel-gear assembly designed at a 1000-coverage level
for a subgrade soil of U4 CBR.
b. Solution.

(1) A totel pavement thickness of 35.5 in. (te) is first assumed;
the ESWL for the assumed pavement thickness computed from the current method is
9L4.6 kips (see reference 8 for procedures), The thickness for capacity opera-
tion, t , is computed from equation 1 and is equal to 53.4 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 %%é% = 44 in,
The correct ESWL is computed as follows:

ESWL = 8.1 CBR (3 + t°) = 65.5 kips (k)
which is substantially smaller than 9L.6 kips evaluated by the current method.
It should be noted that the ESWL 65.6 kips is eveluated from the observed rave-
ment performance, while the ESWL 94,6 kips is computed from the Boussinesq
theoretical solution.

Determination of n values

For a particular gear configuration, the curves of ESWL versus depth for
different values of the concentration index n can be drawn. Figure 7 shows
such curves for one twin-tandem component of Boeing 74T assembly and a C-SA

12-wheel-gear assembly, respectively. For n = 3, the curves are that of

12
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Boussinesq. The same principle was used to determine the curves for the con-
centration index other than 3.

Once the family of curves is determined, the ESWL determined based on testi
date can be added 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 increases with in-
creasing depth, Also, variations in n values were observed for different
loads, soil strengths, and number of ;lheels. Figure 8 shows these variations
with depth; the coordinate n = 3 1s 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+0.0113 z (5)
where 2z 1s the depth in inches. In so doing, the value of n varies only
with depth 2z and becomes independent of the load, soil strengths, and number
of wheels. In drawing the straight line, emphasis was placed upon lower con-
centration indexes because the Ehange 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 MVHGL
in Fig. 3. The procedures used are listed as follows:

a. Fer 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. T.

¢. 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, and soil

strengths are shown in Figs. 9 and 10. It is seen that most computed resulte
are close to the single-wheel CBR design curve, except the results for the

120-kip twin-tandem assemtly at high coverage level (Fig. 9).

CONCLUSIONS

The ESWL evaluated from current method is over-conservative for MWHGL,
Based on the analysis and the test conditions anal&zed, the CBR design equation
can be used to evaluate the pavement performance under MWHGL 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.
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APPENDIX I - CONCENTRATION INDEX

The theory of concentration index deals with isotropic, nonhomogeneous
solids in which the Poilsson'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. J. 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 o,_ (or

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

incompressible elastic solid (see Fig. U4 in the main text).

oR = 2 > cos n-2 0 (6)
27R
2 2, 2 5 3
where R = r +2 and n 1is 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 n , the distribution of stresses in the
solid can be changed. For the case n = 3, equation 6 reduces to precisely that

given by Boussinesq. In addition to o the other components of stress are

R ’
(n > 2),
" i npz" 3 s P it iy Pz 1r (1)
ey § L s == ’ T B
z 21TRn+2 r 2an+2 ] rz Q"Hn+2

Ohde (11) 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




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

moduli., The compatibility equation in terms of stresses was obtained by substi-
tuting the linear Hooke's lew into the compatibility equation in terms of straln
components.
To satisfy compatibility, Ohde (11) stated that the following relation had
to be satisfied:
n=-1ls2x+2=1/v (8)
where v is Poisson's ratio and A is an exponeﬁt which describes the manner
of variation of E with depth and is defined by
E= Eoz" (9)
where Eo is the modulus of elasticity at z = 1. With these restrictions,
equation T is found to be entirely consistent with all the requirements of elas-
tic theory.
It should be noted that the compatibility equations satisfied Sy the gener-
alized stresses (equation 7) are associated with linear Hooke's law. When a
particular concentration index is selected that can match the measured stress

distribution, the derived expressions for displacements may not be able to

match the measured displacements because of the use of linear Hooke's law.
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APPENDIX III - NOI'ATION

LT e ——— T

The following symbols are used in this paper:
A = tire contact area;
CBR = California Bearing Ratio;
E = modulus of elasticity;

E_ = modulus of elasticity at z = 1j

=
"

concentration index;

P = wheel load;
R = J r2+22;

r = radial distance;

cr
n

depth or designed pavement thickness;

: W = vertical deflection;

N
n

depth;
8 = angle indicating location of the point;

A = an exponent;

v = Poisson's ratio;

0, = largest principal stress; and

shear stress in r - z direction.
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