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Evaluation of Two-Layer Pavements Using

Dimensional Analysis

Lutrr Raap AND LyrLa K. MARHAMO

Chart solutions for critical response parameters in two-layer pave-
ments are developed using dimensional analysis. Multilayer elas-
tic theory is applied, and simple dimensionless variables for crit-
ical response parameters are related to pavement geometry,
material properties, and loading conditions. The solutions pre-
sented provide a comprehensive assessment of the physical be-
havior of two-layer systems under a wide variety of input varia-
bles. The proposed solutions are applied in the design and analysis
of pavements using both functional and structural failure
considerations.

Many transportation support systems could be modeled as
two-layer structures. These structures could include, for ex-
ample, a stabilized layer over subgrade or an existing pave-
ment overlaid by a new surface layer. In general, pavements
exhibit a wide range of material characteristics, such as com-
plex particulate structure, stress-dependency, viscous and
damping behavior, nonhomogeneity, and anisotropy. Al-
though improved material models that simulate stress-
dependent resilient behavior have been proposed and incor-
porate advanced numerical algorithms, such as the finite ele-
ment method (7,2), the linear elastic theory is still considered
by many to provide an acceptable approximation of real con-
ditions. This theory, for example, is incorporated in a number
of widely used design procedures, including those by Shell
International Petroleum Company (3) and the Asphalt Insti-
tute (4). Moreover, a number of pavement evaluation meth-
ods that include nondestructive testing techniques use elastic
theory to backcalculate average layer moduli that best fit
surface deflection basins under applied loads (5—7). For pave-
ment performance predictions, a number of limiting criteria
have been expressed in terms of critical response parameters
and number of load repetitions. These criteria are often de-
termined from backcalculated stresses, strains, and deflec-
tions of existing field pavements using elastic theory (8,9). If
such criteria are to be used in assessing pavement perfor-
mance, the corresponding critical response parameters should
be determined using similar analytical procedures, which will
yield more meaningful and consistent predictions.
Dimensional analysis has been recognized by many inves-
tigators as a powerful tool for representing pavement analysis
results (/0—13). This method involves grouping analytical data
into dimensionless parameters to provide an improved engi-
neering approach for data presentation and interpretation.
Chart solutions for critical response parameters in two-layer
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pavements are developed in the following paragraphs using
dimensional analysis. Multilayer elastic theory is used, and
simple dimensionless variables of critical pavement response
parameters are related to pavement geometry, material prop-
erties, and loading conditions. The developed chart solutions,
although complementary to other solutions and computer codes
for predicting the response of pavement structures, have the
added advantage of providing a simple and quick tool for the
direct determination of critical response parameters in two-
layer pavements. Moreover, they represent a comprehensive
assessment of the physical behavior of two-layer pavements
under a wide variety of input variables. The proposed solu-
tions are applied here in the design and analysis of pavements
using both functional and structural failure considerations.

ANALYSIS

Mechanistic methods of pavement design and evaluation re-
quire the determination of such critical response parameters
as pavement stresses, strains, and deflections. In the two-layer
systems analyzed, the response parameters include the
following:

1. Tensile stresses and strains on the underside of the
stabilized layer,

2. Vertical stresses and strains on top of the subgrade layer,

3. Surface deflections at the center of the applied load, and

4. Maximum shear stress in the subgrade.

These parameters are chosen on the basis of a number of
pavement performance models (3,8,9). The two-layer system
considered is shown in Figure 1.

Materials are assumed to be linear elastic, isotropic, and
homogeneous. The surface layer is infinitely wide and has a
uniform thickness H, a modulus of elasticity E,, and Poisson’s
ratio v,. The subgrade layer is an elastic halfspace with elastic
modulus E, and Poisson’s ratio v,. The two-layer system is
subjected to a uniform circular load having a radius R and
intensity g. A summary of the cases analyzed is presented in
Table 1. The following response parameters were determined
using ELSYMS, a computer program for the analysis of elastic
layers (14):

a,, €, = tensile stress and strain, respectively, on the
underside of the stabilized layer;
o,, €, = vertical stress and strain, respectively, on top of

the subgrade;



100
U = surface deflection at the center of the applied load;
and
7 = maximum shear stress in the subgrade defined as

(o, — 3)/2, in which o, and o, are major and
minor principal stresses, respectively.

These parameters were computed along the centerline of
the applied surface load.

DIMENSIONLESS GROUPING OF RESPONSE
PARAMETERS

Dimensional analysis was conducted to provide simple engi-
neering solutions for pavement response parameters. These
independent variables are grouped into (a) single-parameter
correlations and (b) double-parameter correlations.

For single-parameter correlations, the required response
parameters (i.e., stress, strain, and deflection) are expressed
as follows:

X, = f(EJE,, HIR) i=1t06 (1)
where X; is a dimensionless parameter treated as an indepen-
dent variable that could have the following forms:

X, = o.q;

X, = a.lg;

X; = lq;

X, = Exlq;

X5 = E,g,/q; and
X, = E,U/Rq.
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FIGURE 1 Representation
of two-layer system.
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Results of the analysis are shown in single-parameter charts
(see Figures 2—7). These charts could be used to determine
any of the response parameters defined in Equation 1. They
also illustrate the trend of variation of these parameters in
the practical ranges of E,/E, and H/R.

Dimensional analysis was also conducted to develop double-
parameter charts that would provide a more direct approach
in the design and evaluation of two-layer pavements, partic-
ularly in relation to failure in the stabilized base or the subgrade.
The dimensionless groupings are expressed as follows:

Y, = g{Z,, E\/E,, HIR) i=1to6
or
Z, = W(Y., E/E,, HR) i=1to6 2)
where
Y, = glo,;
Y, = glo,;
Y, = gl
Y, = g/,
Ys = q/Ese;;
Yo = q/Ez;
Z, = o,/o,;
Z, = E,g,lo,;
Zy = o/t
Z, = E,elT;
Zs; = o,/E,e,; and
Zy = g,l¢,.
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FIGURE 2 Solution chart for o,—two-layer theory.

TABLE 1 SUMMARY OF CASES ANALYZED

H/R Ei/E2 V1 V2
0.25, 0.50, 0.75,  10,20,30,40,50,60,70,100,150, 0.30 0.45
1.0, 1.5, 2.0, 200,300, 400, 500,600, 700,1000,

3.0, 4.0, 6.0 1500, 2000,3000,4000,5000,

6000,7000,10000,15000
20000, 30000, 40000,5000
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FIGURE 7 Solution chart for u—two-layer theory.

These correlations are presented in double-parameter charts,
permitting the use of different combinations of pavement re-
sponse variables in mechanistic design procedures (see Fig-
ures 8§-13). In many cases, practical pavement design con-
siderations require that fatigue failure of the stabilized base,
rather than permanent deformation in the subgrade, be the
governing performance criterion. This requirement necessi-
tates the appropriate choice of pavement geometry (H/R) and
material properties (E£,/E,). In this regard, the ratio of re-
sponse parameters defined by a given performance criteria
(Z,) should be less than the corresponding ratio resulting from
the given loading condition.

APPLICATIONS

Results of dimensional analysis are used to assess the behavior
of two-layer pavements under applied loads. Specifically, ap-
plication of the proposed chart solutions in mechanistic pave-
ment design and evaluation is illustrated using simple example
problems. Furthermore, structural failure considerations are
addressed, and improved solutions for predicting the struc-
tural capacity of two-layer systems are presented.
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FIGURE 8 Solution chart for response parameters o,, o,—two-layer theory.

Mechanistic Pavement Design and Analysis
Example 1

Consider a pavement structure consisting of a stabilized base
15 in. thick having £, = 200,000 psi overlying a clay subgrade
having E, = 5,000 psi. The pavement is subjected to a uniform
tire pressure of 100 psi with a radius equal to 5 in. The tensile
stress (o,) on the underside of the stabilized base and the
vertical strain (e,) on top of the subgrade can be determined
using Figure 12. In this case, H/R = 3 and E,/E, = 40;
therefore, q/E,e, = 58 and o,/E,e, = 23.
The corresponding values of ¢, and o, are

100

I — —~4
38 x 5.000 3.45 x 10

€,

o, = 23 X 5,000 X 3.45 x 10~* = 39.6 psi

Example 2

If, in Example 1, it is required to determine the thickness of
the stabilized base given the following limiting criteria: fatigue

failure of stabilized base, o, = 60 psi, and permanent defor-
mation failure of subgrade, ¢, = 4 x 1074, then

B 100
T 5,000 x 4 x 10°*

q/E,¢, = 50

From Figure 12, E /E, = 40, H/R = 2.8, and 0 /E,¢, = 22.4;
then H = 2.8 X 5 = 14in. and o, = 5,000 X 4 X 10~* X
22.4 = 44.7 psi.

The ratio o,/E,e, determined according to the given limiting
criteria is

B 60
75,000 x 4 x 10

0-,\'/E‘Zez =30

For E,/E, = 40 and H/R values ranging from 0.25 to 6,
permanent deformation failure in the subgrade governs pave-
ment performance provided o/E,e.. determined for a given
set of limiting criteria, is greater than 23. In this example, o,/
E,e. equals 30; hence, subgrade rutting precedes fatigue fail-
ure in the stabilized base. In order for fatigue to be the pre-
dominant mode of failure. pavement materials should con-
form to limiting criteria yielding values of o,/F.¢, less than
14, as estimated from Figure 12 for E,/E, = 40 and H/R =
0.25.
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FIGURE 9 Solution chart for response parameters £,, o,—two-layer theory.

Structural Capacity Considerations

The overriding consideration in many pavement design prob-
lems is the serviceability and performance of the pavement
structure under long-term repeated loading conditions. Mech-
anistic design procedures aim at minimizing fatigue and per-
manent deformation in the pavement system. In many cases,
the structural adequacy of the pavement to support static loads
or slowly moving loads needs to be addressed. Of particular
significance in this case is the bearing capacity of the pavement
structure. The bearing capacity of two-layer pavements con-
sisting of a stabilized base over subgrade have been investi-
gated by a number of researchers (15-17). The most com-
prehensive and complete work to date has been presented by
Meyerhof (15), who used rigid-plastic analysis to determine
the collapse load of concrete pavements. Meyerhof's work is
applied here, together with results of dimensional analysis,
to develop improved procedures of bearing capacity analysis.
The analysis assumes the following failure conditions:

1. Flexure failure initiation in the stabilized base,

2. Bearing capacity failure of the fine-grained subgrade,
and

3. Ultimate collapse of the stabilized base.

Linear elastic analysis is used to address the first and second
possible failure conditions. Flexure failure in the stabilized

base occurs when the tensile stress (o,) on the underside of
the base becomes equal to the flexure strength (7). Subgrade
failure occurs when the vertical stress (o,) becomes equal to
6C, where C is subgrade cohesion. This is consistent with
bearing capacity estimates for saturated clays.

Flexure failure in the stabilized base and bearing capacity
failure of the subgrade can be determined using the results
of dimensional analysis presented previously. For example,
chart solutions shown in Figure 8 can be used to determine
the maximum and minimum ratios of ¢,/a, for a given E,/E,
and H/R ranging from 0.25 to 6. The maximum and minimum
ratios of o /o, are used to define the corresponding maximum
and minimum values for the ratio of flexural strength of the
stabilized base (7)) to the cohesion of the subgrade (C) (i.e.,
g, = T, o. = 6C). This ratio is denoted as (7,/C),, and its
variation with E/E, is shown in Figure 14. For a given E,/
E,, bearing capacity failure will initiate in the subgrade if the
ratio T,/C of the flexural strength of the stabilized layer to
subgrade cohesion is greater than the maximum value of (7}/
C),. On the other hand, flexural failure initiation will occur
if 7,/C is smaller than the minimum value of (7,/C),. The
ultimate surface pressure (gq,), associated either with bearing
capacity failure of subgrade or with flexural failure of the
base, is determined using the data in Figure 8. The variation
of g, with E/E, is shown in Figures 15 and 16. Estimates
could be made for both interior and edge loading of base
failure (Figure 15) and subgrade failure (Figure 16). Stresses
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associated with edge loading are assumed to be 50 percent
greater than those obtained for interior loading, as suggested
by Mitchell et al. (8).

The ultimate collapse of the stabilized base follows flexural
crack initiation on its underside or subgrade bearing capacity
failure. The ultimate collapse load intensity (g,.) is estimated
using Meyerhof’s approach (15). Meyerhof’s equations could
be rearranged and expressed as follows:

For interior loading,

2
Gue _ 2/3 H R
T, - (L - RBL) (R) (f"r B 0'2> ®)

For edge loading,

Gue _ (T + 4 1 H (. R
= ( 6m ) (1 — 2RBL) <R> (for L~ 0'2) “)

where L, the stiffness radius, is given by

1/3

E(1 — ¥H
L = [t 5
[ E(T = vy )
If failure initiation occurs in the stabilized base, the ultimate
collapse load could be determined from Equation 3 or 4. In

this case, it is assumed that, as cracking initiates on the under-
side of the base, both E, and E, will reduce and the ratio £,/
E, will remain essentially unchanged. Consequently, L will
not change and ¢, will approach the same value predicted in
Equations 3 and 4.

If, on the other hand, failure occurs first in the subgrade,
then the subgrade modulus will decrease and approach zero
and the corresponding value of R/L will also approach zero.
For these conditions, a rigid-plastic behavior of the stabilized
base will yield the following:

For interior loading,

2
Qo _ L[ H
7 -3(%) ©
For edge loading,
2
Gue _ (T + 4\ (H )
T, \ 12n /\R

The collapse load, determined using rigid-plastic analysis,
will correspond to the ultimate structural capacity of the sys-
tem. A comparison between lower bound solutions for failure
initiation g, and ultimate collapse load intensity g,. for the
cases presented in Table 1 indicates that the ratio g,/q, varies
between 1 and 3.
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SUMMARY AND CONCLUSIONS

Dimensional analysis was applied to develop solutions for
critical response parameters in two-layer pavements using lin-
ear elastic theory. Pavement response parameters, such as
stresses, strains, and deflections, were grouped into dimen-
sionless variables. Solutions were presented in charts that
would allow simple determination of these parameters. These
solutions could also be used to predict the performance of
two-layer systems using available mechanistic models. Fur-
thermore, these solutions could be implemented to assess
whether fatigue failure in the surface layer or permanent de-
formation failure in the subgrade dominates the performance
of the pavement under long-term repeated loads. Results of
the analysis were also applied in developing an improved
method to predict the structural capacity of stabilized layers
over fine-grained subgrades under static or slowly moving
loads.

The power of dimensional analysis in providing representa-
tive and simple engineering solutions for a wide range of
pavement variables, including geometry, materials, and load-
ing conditions, was illustrated. This capability is significant
because of the need to develop meaningful interpretations of
extensive experimental and analytical data as a result of on-
going pavement research programs.
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