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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems

Jones' Tables
The stresses in a three-layer system depend on the ratios kg,

K,, Aand H defined as:
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems

Jones' Tables
The continuity of horizontal displacement at the interface

implies that the radial strains at the bottom of one layer are
equal to that at the top of the next layer, or,
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems

Jones' Tables
The tables presented by Jones consist of four values of k;

and k, (0.2, 2, 20, and 200), so solutions for intermediate
values of k; and k, can be obtained by interpolation.

The interpolation from the tables requires a large amount of
time and effort.
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
Jones' Tables
Table presents the stress factors for three-layer systems. The
sign convention is positive in compression and negative in
tension.
Four sets of stress factors, ZZ1, ZZ2, ZZ1-RR1 and ZZ2-RR2
are shown. The product of the contact pressure and the
stress factors gives the stresses:

o = g (ZZ1)
o = g(LL1)
oy — oy =q(ZZ1 — RR1)

O — Uy = [EEZ - REE}
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems-Jones' Tables

TABLE 2.3 Stress Factors for Three-Layer Syatems
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Stresses and Strains in Flexible Pavements

LAYERED SYSTEMS-Three-Layer Systems-Jones' Tables
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems-Jones' Tables-
Numerical Problem
Given the three-layer system shown in figure, determine all

the stresses and strains at the two interfaces on the axis of
symmetry.

4.8 1n.
I-ﬂ—.—
120 psi
i '||' L
3

Ey = 400,000 psi ' fin.

H
E; = Z0,000 psi l alo, e="7 &in.

+ ]
E, = 10,000 psi a0

9
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LAYERED SYSTEMS-Three-Layer Systems-Jones' Tables
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
Peattie’s Charts
Peattie (1962) plotted Jones' table in graphical forms.
Charts show radial strain factors, (RR1-ZZ1)/2 at the
bottom of layer 1. The radial strain can be determined from

_ E(Em - zzlj
-E..—L._: -

)

The radial strains at the bottom of layer 1 should be iIn
tension. Although the solutions obtained from the charts are
not as accurate as those from the table, the chart has the
advantage that interpolation for A and H can be easily done.

However, interpolation for k; and k; is still cumbersome.
Pavement Analysis and Design
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
Peattie’s Charts
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Stresses and Strains in Flexible Pavements

LAYERED SYSTEMS-Three-Layer Systems
Peattie’s Charts
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
Peattie’s Charts

(11—
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems
Peattie’s Charts-Numerical Problem
For the pavement shown, determine the radial strains at the
bottom of layer 1.

45 in.
——i
130 psi
IEEER
&
E; = 400,000 pui 5, ] fin.
E; = 20K pei b ia. ar 8 in.
I- E; = 1{WXKl psa
15
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Stresses and Strains in Flexible Pavements
LAYERED SYSTEMS-Three-Layer Systems

Peattie’s Charts-Numerical Problem

100 e

i (REL - 281}

o | 1"';1-'; AWAW

0107 i

Pavement Analysis and Design



Stresses and Strains in Flexible Pavements
Nonlinear Mass
Boussinesq's solutions are based on the assumption that the
material that constitutes the half-space is linear elastic.

It is well known that subgrade soils are not elastic and
undergo permanent deformation under stationary loads.

However, under the repeated application of moving traffic
loads, most of the deformations are recoverable and can be
considered elastic.

It is therefore possible to select a reasonable elastic modulus
corresponding to the speed of moving loads.

17
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Stresses and Strains in Flexible Pavements
Nonlinear Mass
Linearity implies the applicability of the superposition
principle, so the elastic constant must not vary with the
state of stresses.
In other words, the axial deformation of a linear elastic
material under an axial stress should be independent of the
confining pressure.
This is evidently not true for soils, because their axial
deformation depends strongly on the magnitude of
confining pressures.
Consequently, the effect of nonlinearity on Boussinesq's
solution is of practical interest.

18
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Stresses and Strains in Flexible Pavements
Nonlinear Mass-lterative Method

Ei=w

4
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Stresses and Strains in Flexible Pavements

Nonlinear Mass-Iterative Method

To show the effect of nonlinearity of granular materials on
vertical stresses and deflections, Huang (1968a) divided the
half-space into seven layers, as shown in Figure, and
applied Burmister's layered theory to determine the stresses
at the midheight of each layer. Note that the lowest layer is a
rigid base with a very large elastic modulus. After the
stresses are obtained, the elastic modulus of each layer is
determined from

E = El'_l{l + ﬁﬂ}

Pavement Analysis and Design *



Stresses and Strains in Flexible Pavements
Nonlinear Mass-lterative Method

in which
0 is the stress invariant, or the sum of three normal stresses;

E is the elastic modulus under the given stress invariant;
E, is the initial elastic modulus, or the modulus when the stress invariant is zero;

and f is a soil constant indicating the increase in elastic modulus per unit increase in
stress invariant.

Note that the stress invariant should include both the effects of the applied load and
the geostatic stresses; it can be expressed as

8=0,+a +a+vyz(1 + 2K,)

Pavement Analysis and Design
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Stresses and Strains in Flexible Pavements
Nonlinear Mass-lterative Method

0 =o,+ o, + o+ yz(1 + 2K;)

In which o,, o, and o, are the vertical, radial and
tangential stresses due to loading;

y IS the unit weight of soil;

z is the distance below ground surface at which
the stress invariant is computed; and

K, IS the coefficient of earth pressure at rest.
Pavement Analysis and Design
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Stresses and Strains in Flexible Pavements
Nonlinear Mass-lterative Method

The problem can be solved by a method of
successive approximations. First, an elastic
modulus is assumed for each layer and the
stresses are obtained from the layered theory.

Given the stresses thus obtained, a new set of
moduli is determined from Eq. e=£q0+pe) anda
new set of stresses is then computed. The process
IS repeated until the moduli between two
consecutive iterations converge to a specified
tolerance. 3

Pavement Analysis and Design



Stresses and Strains in Flexible Pavements
Nonlinear Mass-lterative Method

In applying the layered theory for nonlinear
analysis, a question immediately arises which
radial distance r should be used to determine the
stresses and the moduli?

Huang (1968a) showed that the vertical stresses
are not affected significantly by whether the
stresses at r = 0 or r = oo are used to determine the
elastic modulus, but the vertical displacements
are tremendously affected.

24
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Stresses and Strains in Flexible Pavements

Nonlinear Mass-lterative Method

Huang later used the finite-element method and found that
the nonlinear behavior of soils has a large effect on vertical
and radial displacements, an intermediate effect on radial
and tangential stresses and a very small effect on vertical
and shear stresses (Huang, 1969a).

Depending on the depth of the point in question, the vertical
stresses based on nonlinear theory may be greater or
smaller than those based on linear theory and at a certain
depth, both theories could yield the same stresses.

This may explain why Boussinesq's solutions for vertical
stress based on linear theory have been applied to soils with
varying degrees of success, even though soils themselves are

basically nonlinear.
Pavement Analysis and Design
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Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method

One approximate method to analyze a nonlinear
half-space Is to divide it into a number of layers
and determine the stresses at the midheight of
each layer by Boussinesq's equations based on
linear theory.

From the stresses thus obtained, the elastic
modulus E for each layer is determined from Eq.

Pavement Analysis and Design *



Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method

The deformation of each layer, which is the
difference in deflection between the top and
bottom of each layer based on the given E, can
then be obtained.

Starting from the rigid base, or a depth far from
the surface where the vertical displacement can
be assumed zero, the deformations are added to
obtain the deflections at various depths.

Pavement Analysis and Design i



Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method-Numerical problem

A circular load having radius 6 in. and contact
pressure 80 psi is applied on the surface of a
subgrade. The subgrade soil is a sand with the
relationship between the elastic modulus and the
stress invariant shown in Figure-a. The soil has
Poisson ratio 0.3, the unit weight 110 pcf and the
coefficient of earth pressure at rest 0.5. The solil is
divided into six layers, as shown in Figure-b.
Determine the vertical surface displacement at
the axis of symmetry.
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Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method-Numerical problem

S
L
I
1
|
o
g
i

&
| r
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o
|
|

Resilient Modulus (107 psi)
=S
- ! ! h:] 1 Il 1
L el |
\d
o

— — 1 — 1

Eﬂ = 18.800 PS[
B N I O
E = 18,800(1 + 0.01046)

0 20 44 a0 20 mo 120 140
Stress Invariant, psi

{a) Resilient Modulus

[
=

=
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Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method-Numerical problem

6 in.
80 psi
RRRR
T
z=6fin. e Wy =7 v =103
i X
e | ¥ =110 pcf
A 8 = K, = 0.3
& | E = 18,800(1 + 0.01046)
= 30 =
~ I
= 42 .
L |
I
E l ad .
=
| %
£ 330 .
=
&
¥
(b} Layer Subdivision
30
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Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method-Numerical problem

2(1 + )z 2
o =51+ 2v - (ﬂi " EE}D.S T {ﬂi E?.)Lﬁ

@=0o,+ 0o, + o, + yz(l + 2K,)

E = E;(1 + p8)

-2 - v?)ga
wETE

_[1+vjqa{ a 1-2vl 5, 2v05 _ ]}
w = z @+ 2 +— (a® + 2°) 7)

31
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Stresses and Strains in Flexible Pavements
Nonlinear Mass- Approximate Method-Numerical problem

7 at mid- ) Deform-
Laver Thickness height T o, 8 {psi) E wE ation
no. {in.) {in.) {psi) (psi) Loading Geostatic (psi) {Ib/in.} {in.]
B73.6
1 12 6 51.72 4.60 60.92 0.76 30,860 0.0174
338.0
2 12 13 11.69 —-.51 1067 2329 21,330 0.0073
1821
3 12 30 4.57 ~(.27 4.03 382 203,330 0.0029
1232
4 12 42 2.39 —0.15 2,09 535 20,250 (.0015
9229
3 12 54 1.46 ~(.0% 1.28 6.88 20,400 0.0009
74.5
f 540 330 0.04 0.00 0.04 42.m 27,020 0.0025
7.5
Total 00325
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