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CHAPTER I
INTRODUCTION

In many parts of the world, the design of flexible pavement is still
based on empirical methods which have been developed from engineering
experience. These empirical methods cannot be extraﬁo]ated beyond their
Timits without full scale road trials to prove their applicability. In
recent years, however, the increase of traffic, both in volume and axie
loads, has led to the failure of many roads previously considered well
designed. For this reason, therefore, researchers realized that a closer
look at the pavement materials was desirable in order to develop a rational
design procedure.

Due to the complexity of characterizing pavement materials, and the
limitations of instrumentation, much of the reported work offered little
help in changing design practice. This is, perhaps, due to the many
simplifying assumptions which had to be introduced in the experimental pro-
cedure as well as the interpretation of the test resuits. Recently, however,
there has been a sharp advancement in test instrumentation and an outstanding
progress in processing the experimental results. This has been reflected
through many fine investigations and has increased the demand for more
improvements.

An asphalt pavement is a complex structure whose function is to provide
a suitable surface for a highway, an airport, or other off-highway facility.
The lcad of a vehicle or an aircraft is transmitted through the multilayered
system of processed materials which have different mechanical properties.
The stress distribution within this system is highly complex and to a large

extent is dependent on the relative stiffnesses of the individual layers.
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A rational structural design of a pavement section is inevitably com-
plicated. This is due to the presence of many variables whose effects are
not clearly understood. Nevertheless, it is still feasible to proportion
a pavement section based upon the fundamental engineering properties of the
materials. This approach does not necessarily suggest that we abandon the
functional approach which is based on performance, but rather, to be the
governing criterion.

Before one could develop a rational design method, the behavior of the
pavement materials have to be well understood according to the laws of physics
for different environments. It is apparent that many assumptions must be
introduced because of the complex nature of the problem. The usefulness of
such a method and its ability to predict the performance of the pavement
structure will be a function of the validity of the assumptions used, and
the degree of idealization introduced.

The realtionship between stress and strain may be simple or complex
depending upon the material itself and the environment in which it is used.

For asphalt treated materials, this relationship in general takes the form:

alx,t) = § [elx.t), T(x,t), a/c, v, x,t ]
t=0
where:
X = spacial coordinate matrix
g = 1induced or observed stress matrix
€ = induced or observed strain matrix
T = temperature
t = tfime at which the stress or strain is observed
a/c = asphalt content

Y = unit weight of sample (degree of compaction and/or air voids)
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A number of experimental methods have been devé]oped to describe the
relationship between stress and strain for asphalt mixes. Two of these
methods, the dynamic complex modulus and the modulus of resilient deforma-
tion, are similar. The concept and definition of the dynamic compiex modu-
lus for asphalt concrete, have been presented by Papaiian (38). Seed, Chan,
and Lee (43) developed the background and the concept of the modulus of resil-
jent deformation. In both tests, vertical stresses are applied to a specimen
and the resultant vertical strains measured. A modulus is calculated as the
ratio of stress to the recoverable or resilient strain under repeated loading
conditions. By the complex modulus test procedure, inelastic as well as elas-
tic behavior may be measured.

The stiffness modulus is another concept for describing the relationship
between stress and strain for asphalt mixes. Deacon, (12) presented the stiff-
ness concept and calculated it from repeated beam flexure tests by measuring
the beam's central deflection. Deacon measured the total deflection (recover-
able and permanent), from which he computed the stiffness modulus. It is
expected, therefore, that the stiffness modulus would differ from both the
modulus of resilient deformation and the complex modulus.

The tests discussed above, are expensive, complicated, and, therefore,
may not be available for different pavement design agencies. For this reason,
and in order to effectively evaluate the modulus or strength properties of the
paving materials, researchers have often attempted to correlate these proper-
ties to some standard or conventional tests. Many of these attempts were
unsuccessful, and some showed some degree of correlation with a wide scatter.
This scatter is expected and is due to either the inconsistency of the proper-
ties of the specimen tested or the experimental inaccuracies associated with

the conventional tests. It should be recognized that these correlations
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should be used for estimating only when actual test data are not available.

The following brief discussion of some of these approaches at least
indicates that there is some potential for such correlation.

Nijboer (37) has suggested a method for predicting or estimating the
asphalt mixture stiffness as correlated to the ratio of the Marshall stabil-
ity and the Marshall flow value. Nijboer's formula was limited to a loading
time of four seconds at high service temperatures (60°C). McLeod (30) also
developed a similar procedure and suggested that the stiffness-Marshall corre-
lation was valid for a range of mixtures.

Finn, et al, (17) working with data obtained from extracted cores of
emulsion treated base layers have developed an expression relating the sand
fraction of the aggregate and the penetration of the asphalt to the dynamic
modulus.

Shook and Kallas (47) investigated the relationship between the flexu-
ral modulus and several routine or standard tests including the Marshall
stability, Marshall flow value, Hveem stability, Hveem‘cohesiometer value,
ultimate tensile strength, elongation in direct tension, and elongation in
indirect tension or the split-tension test. Even though several corrections
were made in regard to air-voids in the specimens, no practical degree of
correlation was found between the resilient modulus and most of these other
conventional test values. However, fairly good correlations were obtained
using the results of the ultimate tensile strength of the Marshall stability/
flow ratio as related to the resilient moduius.

Hadley, et al, (20) investigated possible correlations between the stiff-
ness or resilient modulus and Poisson's ratio determined for the indirect

tension test at 75°F and a standard beam test at 140°F. They found reasonable
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correlations for a general range of test conditions for the modulus of
elasticity and cohesiometer values, and for Poisson's ratio and stability.

One of the more useful as well as convenient methods for estimating
resilient modulus of asphalt treated mixtures is based on the stiffness
concept of van der Poel {50). By this method the stiffness or resilient
modulus of pure asphalts can be estimated from nomographs. The penetration
and ring and ball softening point of the asphalt in the mix are needed as
input for this estimate.

Heukelom and Kiomp (21) extended the work of van der Poel to estimate
the stiffness of asphalt treated mixtures. In addition to the penetration
and ring and ball softening point data, the volume concentration of the
aggregate Cv, must be determined. Heukelom and Klomps' semi-empirical equa-
tion for mixture stiffness is reliable for mixtures with approximately 3%
air-voids. Subsequently, van Draat and Sommer have modified this relation-
ship to include the effects of different air voids.

The nomograph suggested by Heukelom and Klomp seems to indicate a
fairly good approach to predicting stiffness over a range of temperatures
and times of loading, at least for a range of conventional mixes. However,
there have been incidences where this nomograph fails to predict experimental
data with any reasonablie degree of certainty. There may be some asphalt
cementing materials which do not follow the stiffness concepts originally
developed by van der Poel. These may be based on different viscosity rela-
tionships, sources of the asphalt, or other factors. Also, the low asphalt
content as used in some of the'leaner asphalt treated bases may cause the
stiffness to deviate somewhat from that predicted by Heukelom and Kiomp.

The analysis of the asphalt medium is most commonly done by the theory

of elasticity. In this theory, the asphalt mix is assumed to be 1inear or



6
non-linear elastic, homogeneous and isotropic. The system to be analyzed
is considered to consist of "n* layers, the nth of which is the subgrade.
A1l Tayers are assumed to be of infinite horizontal extent, and the nth layer
is assumed to be semi-infinite in depth.

The finite element method is the Tatest technique utilizing the theory
of elasticity. One major advantage of this method is that the material prop-
erties can be varied within each Tayer in the horizontal direction.

The effects of non-linear material response on the behavior of pavement
have been investigated (13). The iterative solution by the finite element
method was employed. In each iterative cycle, the material properties were
adjusted according to predetermined laboratory relationship between stresses
and strains.

The theory of linear viscoelasticity has also been used to describe the
behavior of asphalt pavements. Huang represented the Tayered pavement by a
series of Kelvin models with a spring and a dashpot added in series. He pro-
duced surface and interfacial stresses and deflections as functions of time
and modular ratios for multilayer systems.

The use of a linear elastic, non-linear elastic, or a linear viscoe-
elastic theory to describe the behavior of asphalt pavement depends largely
on the relative change in loads, temperature, and the speed of traffic. For
a change in the load intensity from 10 to 50 psi, for example, the stiffness
of the pavement might be reduced by less than 5 percent. A change in tempera-
ture from 40 to 70°F reduces the stiffness to one-quarter of its original
value. Moreover, at low temperatures, the asphalt pavements behave elasti-
cally. This is due to the rapid increase in the viscosity of the bituminous

binder as the temperature decreases.
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The frequency at which the repeated load is applied (traffic speed)

greatly influences the behavior of the material. Papazian (38) found that
the material complex modulus increases as the freguency increases up to a
certain value, after which it remains constant. This stable vaiue of the
complex modulus was found to be the value of the material instantaneous
elasticity. This is because at high frequencies the viscous elements "do
not have time" to react, and the material behaves elastically.

The investigations briefly discussed in the preceding paragraphs, and
the various relationships for relating the mechanical characteristics of
asphalt mixtures, have essentially been confined to conventional, high-quality
surfacing materials. Asphalt treated base (ATB} is a lower quality treated
base material used in the State of Washington, as well as numerous other
states. This material has several advantages over untreated bases, such as
reduced thickness, waterproofing, frost resistance, etc. Originally, the
Washington Highway Department utilized ATB primarily as a working platform
which was placed directly on the subgrade. This ATB layer acts as a covering
mat to protect the subgrade from early autumn rains and construction traffic,
and often served as the temporary pavement through the winter. Finally, the
ATB was overlain with the usual asphalt concrete or portland cement concrete
pavement.

ATB, as used in the State of Washington, is a well-graded, crushed rock
or natural gravel mixed with paving grade asphalt. Generally, the mixtures
contain relatively low asphalt percentages (2.5 to 4.5), while the required
Hveem stabilometer value of 20 to 40 approach those of conventional mixtures.

One of the major questions in current procedures is the advisability
of using low asphalt contents in ATB materials. In order to more fully uti-

lize the attributes of ATB, it may be feasible to increase the asphalt content.
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It has been suggested that this would increase the tensile strength and
ultimately improve the fatigue characteristics. Little work has been done
on the influence of asphalt content on the behavior of treated bases. Low
asphalt contents increase the stress dependency and reduce the temperature
susceptability , so that the material is best treated as non-linear elastic.
Excessive amounts of asphalt, on the other hand, increase the thickness of
the asphalt film between the aggregate particles, and thus increase the tend-
ency towards a more viscous behavior.

The objective of the research described herein is to better define the
properties of ATB. This includes investigating the basic stress-strain rela-
tionships of this material in order to obtain the required parameters which

can be used in a rational design procedure.



CHAPTER II

THEORETICAL BACKGROUND

Introduction

Matter as described by physicists is not continuous. The molecular con-
cept shows that solids, 1iquids, and gases differ in the average spacing of
molecules, with solids being more closely packed than liquids or gases. In
practice, however, the discrete discontinuity is ignored, and the material
is treated as continuous with no gaps. Molecules exist in a vast variety of
structures and sizes ranging from very simple to large and highly complex.
These molecules, if no boundary forces exist, are in a state of equilibrium
under the internal forces of attraction and repulsion. The physical proper-
ties of a material depends largely on the arrangement of the atoms which can
be classified as: (1) molecular structure or grouping of atoms, {2) crystal
structure, i.e. a repetitious pattern of atoms, and (3) amorphous structure
with no specific formation.

Upon the application of external forces, a redistribution of the result-
ant molecular forces take place throughout the body. This causes changes in
the configurational arrangement of the molecules. If this change is revers-
ible under the applied Toad, the behavior is described as elastic. If the
applied loads are high enough to cause permanent change or slip in the mole-
cular arrangement, then the behavior is plastic. Some materials, show & pro-
nounced influence of the rate of Toading, creep, and relaxation. Such mater-
ials are called viscoelastic and they include metals at elevated temperature,
concrete, asphalts, and plastics.

An asphalt mixture is a combination of a non-linear elastic matrix (aggre-

gate) (27) cemented by a non-linear viscoelastic binder (asphalt). The behavior
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of the mixture, therefore, is neither elastic nor viscoelastic but rather
a non-linear combination of both depending on the mixture ingredient as well
as environmental factors. Furthermore, due to the enormous stiffness of the
aggregate particles relative to the asphalt binder, the distribution of strains
and deformations at a finite point are highly complex. Strains due to low
stresses, in effect, are limited to shear due to sliding between adjacent
aggregate particles. This suggests, phenomenologically, the idealization of
the mixture as a series of solid particles connected by a system of springs
and dashpots (28). Such idealization, is more complicated due to the internal
friction provided by the interlocking of the aggregate particles.

Finally, since most problems confronting engineers in pavement analysis
involve boundary distances and loaded areas which are large compared with
individual particles, it appears reasonable to invoke the assumptions of the
theory of continuum mechanics as a basis for analytical consideration of these

problems.

The Concept of Continuum Mechanics

Consider a body under the action of a system of forces Fi which are in
equilibrium (Fig. 1 ). Consider, further, a planar surface area AS oriented
by the unit normal vector n,- Let AFi be the total force that the material
on the n, side exerts on the material on the -n. side, the stress vector o5
at the point P corresponding to the direction n; is defined as (10):

AF_E dFi o
g, = Lim —w— = —— 1
i AS+0 AS dsS

The stress s has three components Orgs O2i> and O4 acting on the
surface elements whose normals are in the positive x;, X», and x; directions.

The three stresses 0153 0245 and SEF have a total of nine components, they
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are called the stress tensor Oij and shown in Figure ( 2).

If no body moments are acting, then it can be easily proven that the shear-

ing components of the stress tensor are symmetric, thus:

%; T %5

and of the nine components of the stress tensor, only six are independent.

The equi]ibrium of a volume V of a continuum subjected to a system of

surface forces Fi’ body forces bi’ and inertia forces pli reguires that the
resultant force and moment be zero; or:

Uijaj + b-i = pu (3)

The entity of all strains occurring at a point form a strain tensor,

€45 If u; are the components of the displacements, a; are the components

of the initial position, then the Lagrangian nonlinear strain tensor is:

au au . du_ du

= 1 J r r
e.:. = k [ + + J (4)

1] aaj aai aai Baj

Assuming that the derivatives of the displacements to be small,
au ;
35%-<< 1, the term involving the product of these derivatives in Equation 4
3 ;

can be neglected in comparison with the other two terms, so that:

My,
sij”ﬁ['a_a;” ai] (5)



12

The nonlinear as well as the linear strain tensors are symmetric and, there-
fore, have six independent components. Since these six components are derived
from three displacements Uy s then they cannot be prescribed arbitrarily and,
therefore, have to be connected by a corresponding number of restrictions.
These restrictions are referred to as the compatibility equations:

ii°ke * fke,13 T Gik,ie * Cin,ik | (6)
The physical meaning of the strain compatibility is that deformed pieces of
a continuum fit together properly with no gaps or overlaps.

In order to solve a boundary probiem more equations are needed in addi-
tion to Equations 3 and 5. The required additional equations should be a func-
tional relationship between the stress, the density, and the state of motion.
This additional relationship should be an invariant and not a function of con-
figuration. It is provided by the kinetic equations of state which are refer-
red to as the constitutive equations. The characterization of a material is
basically the selection of the constitutive equations to represent the mater-
ial behavior, and in the evaluation of the parameters in these equations.

For asphalt mixes, the stress at a point x, at a time t is a function of
the histories of strain (e), temperature (T), as well as of the position and
age. It was suggested (13) that such a relationship can be expressed by the
following statement:

o(x,t) = ;-E [ elx,t), T{x,t), x,t ] (7)
t=0

For isothermal behavior, this relationship can be expressed in the most
general form:

m
i r
E: P; D’ 05 = zzjqr D €45 (8)
i=0 r=0
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where D' and D" are the ith

and rth linear time derivatives, pi and q, are
the material parameters which can be evaluated experimentally. These para-
meters can be either constants in a linear behavior, or functions of some
variables in which case the behavior is characterized as nonlinear.

Nonlinearity of the material response can take any of the following
forms:

a) Geometric nonlinearity due to increasing strains beyond the limits

of validity of infinitesimal strain theory, Equation (4).
b) Material nonlinearity due to nonlinear properties of the material

or material components.

¢) A combination of (a) and (b).

The Theory of Elasticity

As was discussed before, the response of asphalt mixes is time depen-
dent and consequently should be analyzed as such. . Under some special condi-
tions, however, this behavior can be approximately considered as elastic and
reasonable solutions of stresses and deformations can be obtained. It is,
therefore, justified to look ihto this theory and indicate the usefulness
as well as the limitations of its applicability.

In the classical theory of linear elasticity, the temperature effects
are neglectéd. Therefore, the stress components 95 are to be uniquely
related to the strain components. Assuming the absence of stress components

in the undeformed state, Equation (8) takes the general form:

€5 ° Bijke %e (9)

Equation (9) is the generalized Hook's law for a linear elastic solid.

Bijkl is the modulus tensor and has 81 constants. However, since 0s s and

J
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€43 are both symmetrical, and due to the existence of strain energy, it
can be shown that there are only 21 independent constants for the general
case of complete anisotropy.

It is Tikely that pavement material as they exist in layered structure
will have cross-isotropy, with the axis of elastic symmetry coinciding with
the vertical axis. If in addition the stress is axisymmetric about the
vertical axis, then using the cylindrical notation, and T and y for shear

stresses and strains,

Tog = Tpg = Ypg = Yyg = 0, Equation (9) becomes:

€pp Bin Bi2 By O I
€59 Ba: Bz2 Bzs O %50 0
< > = £ > (10)
€,q Bax Bsz Bas O O,y
L Ypz ) L0 0 0 Bus] L Trz )

In the triaxial test, the radial and the vertical stresses are principal

stresses, Toz = Ypg = 0, and since Oppr = Oggs Epp = €gg» then:
Epr (Biy + Biz) B O
£ 5 —_ < )
\EZZ (B3, + Bay) Bas OZZ
or: (]]asb)
g
Crr By B2 rr
< > = <
g
| Fzz Bs By | zz[
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If we define EZ and Er as Young's moduli in the vertical and the radial

directions, Vg and Vi as the ratio of circumferential and axial strain to

radial strain, v, _ as the ratio of radial strain to axial strain, then Equa-

zr
tion 11 becomes:

Ierr\ -%_'(] B Vre) —Erz- =
. , rr
< b3 = < > (]2)
] _2\)Zr l__ 5
5 ZZz ] I Er EZ | L 2z ]
For an isotropic material, E, =E =E,and v =V, =V, =V
’ ~ N 1 -\ ] 4 h
Crr E'(] - V) E Ty
Y = < o (]3)
-2v 1
SzzA B E | 22

E and v in Equation 13 are the only two constants needed to characterize an

isotropic linear elastic material.

The Theory of Linear Viscoelasticity

Certain materials may exhibit combined so]id]iké'and tiquidlike charac-
teristics even under infinitesimal strains or strain rates. If such material
is subjected to a constant stress, it continues to deform slowly with time,
or creeps; if it is constrained at a constant deformation, on the other hand,
the required constraining stress diminishes gradually, or relaxes. When the

applied stress on such a material oscillates sinusoidally, the resulting
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oscillating strain is not in phase with the stress, but Tags with an angle
somewhere between zero and 90 degrees. The behavior of this material shows
spectacular dependency on the temperature; its consistency, in fact, ranges
between glasslike at low temperatures and rubber or fluidlike at higher tem-
peratures. Materials whose behavior exhibit such characteristics are referred
to as viscoelastic.

The behavior of viscoelastic materials in a uniaxial direction can be
represented by mechanical models composed of springs (Hookian elements) and
dashpots (Newtonian elements). These basic elements are combined in different
models to best fit a certain material response. Model representation, however,
is limited to a combination that yields the desired accuracy without complica-
ting the analytical manipulation beyond practical feasibility. Therefore,
considerable judgement must be exercised in selecting a model which may ade-
quately represent some given response, such as creep for example. It should
be noted, at this point, that this same model may not necessarily represent
some different response for the same material. In other words, it may be
necessary to use different models to describe different components of a mater-
ial's response, such as shear and dilatation. Figure (3 ) shows typical lin-
ear viscoelastic models which are used in theoretical analysis of idealized
material response. The differential equation of any of Kelvin or Maxwell or

a combination of both has the general form:
n m
) pidlo = ) qo' (14)

Pi> D', qps and D" were defined earlier.
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Equation 14 may also be written as:

Po = Qe (15)

n m
where P = Zpil)1 , Q= quDr (16)
i=0 r=0

If a viscoelastic material is isotropic, a hydrostatic stress must
produce a dilatation and no distortion. A shear stress, on the other hand,
produces shear strains and no dilatation. This suggests an approach where

Equation 15 is separated into dilatation and shear as follows:

P'cii = Qleii (17)

Prs 5% = Qleg (18)

Equations 17, and 18 can be transformed into algebraic relationships
*kk
by applying the Laplace transformation. These algebraic relations, then,

become identical with the following elastic counterparts:

o5 = 3K ey, (19)

Sij = 26 €5 (20)

where K and G are the bulk and the shear moduli respectively.
This approach leads to a general principle of correspondence between
the elastic solution and the viscoelastic one. This principle is usually

expressed in terms of the viscoelastic substitutes for the elastic constants

* sjj is the deviatoric stress tensor
** ejj 1s the deviatoric strain tensor
*** The Laplace transform of F{t) denoted by °C{F(t)} or f(s} is defined by:

<o

LIF(t)} = f(s) = -j-exp(—st) F(t)dt

0
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in order to obtain the viscoelastic solution. These substitutions are as

follows:
5 Q'(s) 5> Q%(s)
3K ) 26 PTST (21a,b)
E > 3Q"(s)Q'(s) v Prs)Q'(s) - Q'(s)P'(s)
2P"(s)Q'(s) + Q"(s)P'(s) 2P"(s)Q'(s) + Q"(s)P'(s)
(22a,b)

The Viscoelastic Response

It has been demonstrated (35), (42), that the four-element model could
provide a general approximation of the behavior of asphalt treated material
over a wide range of load and ambient conditions. It should be emphasized,
however, that this modeling was Timited to describe the material behavior
in a uniaxial direction. In order to study the behavior under the triaxial
conditions, a more general approach would be to separate the material behavior
in shear and dilatation.

it is believed that the four-element model represents within reasonable
approximation the shear behavior of asphalt treated materials. It is also
believed that such material, at low void contents, can adequately be consid-
ered to behave elastically in di]atation.* At this point, it is important to
realize that in order to truly model a material response, it is necessary to
utilize more than one combination of the models displayed in Figure (3).

For the four-element model, Equation 14 becomes:

[ 1+piD+ p,D? ]o-= [ qiD + q,D2 1e (23)

*This assumption was not verified experimentally, and a more acceptable
model, is perhaps, the Kelvin model.
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This differential equation can now be solved for any particular stress
o= ot). |
Consider the creep test, where ¢ = GOH(t), in which H(t) is the -
Heaviside unit step function,* and 9, is the magnitude of the uniaxial
creep stress. In this case, the exbression for the axial and the lateral

strains ¢, and €5 are:

‘el(t) =g 1282, 2p1 |y {2y 4 2| P2l Pry Q2 [exp(-Q4t) H(t)
0 9K  3q1?  3q: 3q: Q2 91 q:if q2
and: ' (24)
ealt) = o o Qb ol PPy B2 eyp(-9L t) H(E)
O | 9K 3q:%2 3q, 3q: g2 q1 @’ g2
(25)

If in a creep test, the vertical as well as the lateral strains were
recorded at the same time intervals t, then a curve fitting technique was
employed, €;(t) and €3(t) would be determined. The curve fitting functions

in this case will be:

€1(t) 00 {Cl + Czt + C3 EXp(-Cgt)} (26)

and

i)

es(t) = o, {Cy + Cot + Cs exp(-Cit)} (27)

where Ci’ and C; are constants to be determined from the curve fitting.

The material constants 955 Py and K can then be computed.

*The Heaviside unit step functions, H(t) is defined by:

0,t<0
H(t} =
I,t>0
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Consider now the case where the stress is an oscillating function of
time, o(t) = g, sin wt, where w is the angular frequency in rad/sec. If we
assume that the viscoelastic deformations are slow enough that accelerations
are very small, then the inertia effects can be neglected. In this case, if
the material is linear viscoelastic, then the resulting steady state response
will be also a sinusoidal osciilating strain of the same frequency but out

of phase with the stress by the lag angle ¢:

e(t) = €y sin(wt - ¢) (28)

The complex modulus |E*| is defined as the magnitude of the ratio of

the oscillating vertical stress to the oscillating vertical strain:

o
E*¥] = % (29)
o

E* is a complex quantity which can be put in the form:
E* = E; + iE, (30)

Ey and E; are the in-phase (storage) and the out-of-phase (loss) moduli

respectively. E, and E. may also be computed from:

E: = |E*| cos ¢, (31)
and

E> = [E*] sin ¢, (32)

The transverse modulus |T*| is also defined as the magnitude of the

ratio of the oscillating vertical stress to the oscillating lateral strain:

|T*| = 2. (33)
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The lateral strain in this case lags behind the stress by an angle ¢; which
is not necessarily equal to the axial shift angle ¢;.

The compiex Poisson's ratio |v*| is defined as:

3
o] = =2 | (34)

m

m

Other terms can be defined as the shear complex modulus G*, the shear
complex compliance J*, the bulk complex modulus K*, the bulk complex com-

pliance B*, and axial compiex compliance D* as follows:

E*x

G* = ‘—2'(-[+_\’.*-)— (35)
- (36)
G*
* = E*
BY = b (38)
and D* = %;- (39}

Equations 29-39 suggest that if two independent complex moduli were
determined for a homogeneous, isotropic, and linear viscoelastic material
it is possible to write the stress-strains relationships in the frequency

domain. These relationships are identical to the elastic counterparts in

the time domain:

€¥1, = ,%¥ [ori*-v¥(o*,, + o*33)] e and two others’ (40)

To* is the Fourier transform of o(t)

o

a* =_]'c(t)exp(—iwt)dt = %&- for a constant stress ay.

-0
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g*, 4 = 2%;. o*, 4 ... and two others (41)

In order to phenomenologically obtain the response of the models dis-

played in Figure (3), consider for convenience the stress as

g =0, exp(iwt) = oo(cos wt + i sin wt) (42)

If this stress is introduced in Equation 14, we find that the strain must

have a factor exp(iwt)
€ =g, exp{iwt) (43)
Equation 14 then becomes:

n m
% Y Pylin)® exp(iut) = ¢ Y aplio)" explint) (44
2=0 r=o

or
. 28
Z% (iw)
_ =0 _ Pliy
e, =0, & - - % gt (45)
qu (iw)
r=o
%
Since E* = — , then:
£
0
E* = P :3) = E; + iE» (46)

With Tittle mathematical manipulation an expression can be obtained for E*
by substituting (iw) for (D). The real part of E* is E; and the imaginary

part is E,.
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For a real material, there are two distinct experimental methods for
obtaining the complex modulus. One method is based on a series of sinusoi-
dally oscillating stresses over a wide range of frequencies. For each fre-
quency, the complex modulus is completely defined by magnitude and phase.

The second method is based on a static test o(t) whose transform in the fre-
quency domain is o*(iw). Mathematically then, it is conceivable to transform
the static response €(t) into the frequency domain e*(iw), and the ratio of

the transformed stress to the transformed strain yields the desired modulus:

_ o*liw
E* = E:T&'E% (47)

Permanent Deformations

Permanent deformations due to moving traffic loads can take place in
one or all layers in a pavement section. This permanent deformation can be
interpreted as a result of time-dependent deformations or volume changes due
to material densification. Excessive permanent deformation is a sign of fail-
ure from the standpoint of highway serviceability and little work has been
invested in studying it.

Several attempts have been made to characterize permanent deformations
in the subgrade as well as the asphalt concrete surface materials. The most
significant of these are, perhaps, the quasi-elastic approach by Romain {40)
and the viscoelastic approach by Moavenzadeh (32) and Griggs (19).

In the quasi-elastic approach, the theory of efasticity is used to obtain
the strain distribution in the layered system. If, then, a pre-existing rela-
tionship between the permanent strain and the elastic strain is utilized, the
permanent strain can be integrated over the effective thickness of a layer to

obtain the total rut depth. This method, in spite of its simplicity, is based
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on the existence of deformation laws which characterize the permanent strain
in terms of the elastic stress or strain and the number of stress applica-
tions. Such Taws, if they can be obtained, require an extensive program of
testing different materials at different stress and environmental conditions.

The second approach utilizes the theory of linear viscoelasticity in
accumuiating the permanent strains as the traffic Toad moves from -« to +e
at a certain speed v. Griggs obtained a general expression of the surface
deformation of any viscoelastic model due to a point Toad moving on a semi-
infinite medium. His formulation, however, does not yield a realistic value
for the surface deformation. A1l solid viscoelastic models yielded no defor-
mations, and all fluid viscoelastic models resulted in infinite deformations.
It is for this reason that Moavenzadeh considered only finite rebound time
for the Kelvin model after which deformations cease and become permanent.

The theory of linear viscoelasticity while requiring many approximations,
has a sounder theoretical basis and a greater potential as a tool for future
research than the quasi-elastic approach. The fact that this theory does not
yield an answer at the present time does not necessarily disqualify it, it
only displays another example of the complex behavior of asphalt mixtures.

In conclusion, in order to combat the unrealistic answers obtained by
the theory of Tinear viscoelasticity, it is perhaps necessary to investigate
the time as well as the stress non-linearity of permanent deformations. This
can be accomplished by an extensive test program that includes creep tests

as well as repeated triaxial tests.



CHAPTER IIi
THE TRIAXIAL TESTING SYSTEM

In the search for a "rational" design method of asphalt pavements,
much of the work reported in recent years emphasized the importance of
Taboratory testing. Research into the response of asphalt pavement mater-
ials is now extensive as well as intricate.

In order to characterize asphalt materials in the Taboratory, the
specimen has to be subjected to environments simulating the field condi-
tions. This can be achieved in many different ways, of which the slab
tests and the triaxial tests are the most common.

The dynamic bending tests are widely used, particularly to evaluate
the fatique resistance of pavement materials. Due to limitations in the
testing facilities, however, this type of test has been limited to either
small slab thicknesses, or beams of actual thicknesses. This would limit
the test to a particular aggregate size and introduces the model effects,
or unrealistic boundary conditions in the case of beams. The subgrade
effects are usually either ignored or substituted with springs or rubber
layers.

The triaxial test, despite its limitations, can adequately simulate
the conditions of any point in the pavement or subsoil. Repeated load tri-
axial tests have been successfully used in the determination of permanent
rutting characteristics of both stabilized and unstabilized pavement mater-
ials.

Figures (4a, 4b, and 4c) illustrate the main features of the triaxial
testing system designed to carry out the proposed investigation. The cell
itself, unlike those of conventional design, provides continuous circula-

tion of silicone oil at a constant temperature and under the required
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pressure (Fig. 4d). This can be accomplished by having the entire tempera-
ture control system under the same pressure. For this purpose, therefore,
the heating tank and the chamber are equipped with belloframs connected to
two pressure reservoirs which provide two levels of pressure, static and
pulsating.

A special type bellofram is provided on the bottom of the chamber to
act as a seal and a separation between the triaxial chamber and a "sub-
chamber.” This “sub-chamber" can be either vented or connected to the same
pressure as the chamber by a shut-off valve. Byldoing this, it is possible
to separate or isolate the vertical and lateral stresses.

The testing system was designed for testing soils as well as asphalt
mixes. With this in mind, it was essential that the system should have an
accurate control over the following components:

1. The load application system.
2. The temperature control system.

3. The measurement and the monitoring systems.

The Load Application System:

As traffic moves on a highway pavement, the vertical and the lateral
stresses change for a period of time such that each wheel pass can be con-
sidered as a stress pulse. The magnitude, shape and duration of these
pulses vary with the wheel load, its speed, and the depth in the pavement
at which the stress is considered.

Little information is available concerning the actual shape of the
vertical stress pulse and its variation with depth. Most researchers
used the data obtained from full scale test tracks (Fig. 5). The shape

of the stress pulse can also be theoretically computed by the elastic
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theory knowing the speed of the moving load for different depths (Fig. 6).
It is clear that there is Tittle correspondence between the actual observed
pulses and those used in the laboratory, and that the full sine stress pulse
is 'the closest to the in sitl conditions. Due to 1imitgtions in the experi-
mental as well as the theo#etitaﬁuinierpretgtion, however, this pulse is
replaced by either a triangular ‘or a square Shape.

In order to select a pulse shape, an experimental investigation was
carried out which included the full sine, the square, and the triangular
stresses. In this experiment, a stress of 30 psi was applied in the sinu-
soidal and triangular modes for 0.1, 1.0, and 10 seconds. The specimen
was then subjected to combinations of percentages of both the stress dura-
tion and magnitude. The result of this investigation is shown in Fig. (7)
and the following are the conclusions:

1. There is no significant difference in the magnitude of the total

or the resilient strains between the triangular or the sinusoidal

stress pulses.

2. An equivalent square pulse can be obtained by:
a) applying the same stress but for a duration of 33%
of the equivalent sinusoidal, or
b) applying 66% of the stress with the same duration as

the equivalent sinusoidal.

It was also concluded that a sguare vertical stress pulse is a reason-
able approximation of the actual conditions within a pavement layer. This
approximation certainly simplifies the model fitting and the subsequent

analysis of the data.
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The axial load is controlled by a load cell which is fixed to the
upper side of the test specimen inside the triaxial cell. By doing this,
problems resulting from friction are essentially eliminated. Moreover, in
designing the load cell, it was important to isolate the effects of the
chamber pressure and the vertical stress. In other words, to have a load
cell that is insensitive to chamber pressure variationsﬂ Fig. (8 ) shows
the load cell used in this experimental study.

The axial load is applied to the test specimen by a closed loop servo-
hydraulic system (MTS). This system has the following main features:

a) Stress or strain controlled |

b) Load capacity = 12,000 1bs.

¢) Hydraulic power supply = 20 gpm at 3000 psi

d) Maximum stroke = 5 inches

e} Frequency range = 0.001 - 1100 cps.

f) Load mode = 12 modes with special control on individual pulse

spacing (0.1 - 22 seconds).

The n-layer computer program was used to plot the variation of the
lateral pressure as a result of a moving load. Figure ( 9) shows the vari-
ation of both the vertical and lateral stresses. The_re]ative magnitude
of these stresses depends on the intensity and geometry of the load as well
as the depth at which this stress is considered.

It is most difficult to duplicate the variation of the lateral stress
in the Taboratory for obvious reasons. In this experimental work, therefore,
a more simplified form of the lateral stress was adopted. The lateral stress
was pulsed in a square shape and controlled to coincide with the vertical

stress.
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Puising the lateral pressure is a more difficult task than pulsing
the vertical stress. This is due to the fact that lateral pressure is in
general pneumatically applied where the shape of the pulse is hard to control,
particularly for small durations.

Figure (10) shows the system designed to pulse the chamber pressure. In
this system, the pressure is kept constant in two tanks (o, and Acy). The
pressure o3 is equivalent to the in situ lateral pressure and alternatively
applied with Aoj which corresponds to the total lateral pressure during the
ioad pulse. A special circuit was designed to synchronize the vertical and
the lateral pulses, and to control the time duration of the lateral pressure.
In this circuit, the command signal to the lateral pressure directional valve
is adjusted to correspond to the signal applying the vertical stress (MTS).
It also has the capability of expanding and shifting the lateral pressure

independently from the vertical one.

Temperature Control System:

There has been an increasing awareness that the test temperature plays
the major role in the behavior of asphalt treated materials. It is, there-
fore, highly important that the testing system should have the capability

of controliing and maintaining a constant temperature throughout the experi-

ment.

Experimental studies conducted at the University of Washington indicated
that it takes 4-5 hours to bring the temperature of a 4 x 8 inch specimen
from 75°F to 40°F in air. A similar test was conducted when the specimen was
immersed in water, the comparative time for this test was only from 1.5-2
hours. This was one of the reasons that a liquid (silicone 0il) was selec-

ted to be used inside the triaxial chamber.
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Figure (11) diagrammatically shows the main features of the closed
loop temperature control system. In this system, the refrigerator and the
heating unit work opposite to each other to obtain a constant temperature
in the tank. The silicone o011 at this temperature is then circulated
through a centrifugal pump to the triaxial chamber where the temperature
is measured by three sensors located at different elevations. In order to
obtain the required temperature, the heating coil or the refrigerator are
activated by a thermostat to compensate for any heat losses or gains.

The following items are used in the temperature control system:

a) One H. P. Copelametic refrigeration unit using an R-12
refrigerant.
b) 4,000 watts Calrod Merchant heater

c¢) Thermac power controller 6000, Model D30.

The Measurement and the Monitoring Systems:

It was originally planned to use linear, variable, differential trans-
formers (LVDT) to measure the axial and diametrical displacements. This
method of measurement, however, was unsatisfactory due to slippage between
the rubber membranes and the test specimen. Furthermore, continuous drifts
in the LVDTs were observed and were interpreted as drifts due to contamina-
tions associated with the use of silicone oil in the chamber. For this rea-
son, therefore, the LVDT's were replaced by two axial and two circumferen-
tial strain gages to measure the strains. SR-4, A-1 wire gages 0.75 inches
in length and M.M.EA-13-19CDK foil gages 2.0 inches long produced satisfac-
tory results. It was later decided to use the 2.0 inch long gages since

the maximum size aggregate was limited to 3/4 inches.



31

The vertical load is controiled by a 4-inch diameter load cell inside
the triaxial chamber and continuously checked against a special load cell
in the MTS loading frame.

The triaxial chamber pressure is measured by a pressure transducer
Tocated at the bottom of the cell. The pressure at this point is slightly
higher than that at the center of the specimen due to the hydrostatic pres-
sure of the oil.

From the description of the instrumentation it is clear that in testing
asphalt mixes four sets of data are obtained. These comprise the axial load,
the lateral pressure, the axial and the circumferential strains. The number
of pulses applied to the specimen is directly read from the MTS machine.

During each test, continuous recording of data are made using an ultra-
violet recorder. The necessary information is then read from this record-
ing using a magnifying lense and an accurate scale.

The following components are used in conjunction with the monitoring
system:

a) A digital voltmeter, Model 251-A

b) Tectronix - 564 memo-oscilloscope with 3A6 vertical amplifier
and type 2B67 time base.

c) Dixson Southern 10-212 1ight beam ultra-violet oscillograph
recorder.

d) Daytronic 300D carrier amplifier with type 93 input module,
and type P output module.

e) Daytronic 870 data module.



CHAPTER IV
MATERIALS AND PROCEDURES

In order to study the behavior of the asphalt tréated base material,
a relatively large range of mixtures had to be considered. This range,
however, was restricted to the mixtures of practical significance. The
State of Washington Specifications (54) were used aé a guide in selecting

material combinations.

Asphalt
The asphalt binder used in this study was 85-100 penetration asphalt

cement supplied by the Chevron Asphalt Company. The results of standard
tests on this asphalt are presented in Table ( 1)}. Three asphalt contents
were selected: 2.5%, 3.5% and 4.5% by total weight of mixture. These fall

within the range of theWashington specification for asphalt treated base.

TABLE 1
TESTS RESULTS ON ASPHALT CEMENT

Test Result
Specific Gravity {ASTM D70) - 0.990
Penetration (ASTM D5) 88 dmm
Recovered Penetration (ASTM ) 67 dmm
Flash Point (ASTM D93)  480°F
R & B Softening Pt. (ASTM D36) 108°F

Ductility (ASTM D113) 100 + cm
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Aggregate

The coarse and fine aggregate (passing 3/4" but retained on #200 sieve)
was natural "pit-run" gravel supplied by the Civil Engineering Department's
Asphalt and Concrete Lab at the University of Washington. The -#200 material
was manufactured of 50% crushed rock and 50% KT clays - Mayfield, Ky. The
physical descriptions of the aggregate are presented in Table (2).

Because the aggregate gradation would be subject to considerable varia-
tion in the field, it was felt that a wide range of gradations should be
studied. Therefore, it was decided to study each extreme of the Washington
specification for ATB and also a third gradation midway between the extremes.
In this manner, three gradations (“coarse," "middle" and "fine") were examined.
Each gradation was combined with each of the three selected asphalt contents,

and thus, a total of nine different paving mixtures were included.

TABLE 2
PHYSICAL DESCRIPTION OF AGGREGATE
ITEM DESCRIPTION
Source Naturally occurring glacial gravels from Puget
Sound region, State of Washington.
Mineralogy Larger particles composed mainly of andesite

porphries, dacite porphyries, metaandesites,
quartzites, metasandstones, diorites, aplites
and monzonites. Finer sand fractions predomi-
natly individual grains of quartz and feld-

spar. {12)

Size and Distribution | 3/4" maximum size through -#200. See grada-
tion chart.

Shape Well rounded to sub-angular for larger sizes;

sub-rounded to sub-angular particles for
smaller sizes. (#10 - #200).

Surface texture Smooth in most cases.

Porosity Aggregate absorbed 1.1% to 1.8% asphalt,
(Percent of total sample weight)
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The three gradations used are presented in Table (3) and plotted in

Figure {12). Also Table (4) shows the results of the specific gravity

tests performed on the aggregate.
TABLE 3
GRADATION OF THE AGGREGATE

Fine
Sieve cumulative Individual
% passing % retained
3/4" 100 0
1/2" 100 0
1/4" 78 22
#10 57 21
#40 32 25
#200 9 23
-#200 0 9
Middle
Sieve cumulative Individual
% passing % retained
3/4" 100 0
1/2" 83 16
1/4" 61 23
#10 36 25
#40 18 18
#200 8 10
-4#200 0 8
Coarse
Sieve cumulative Individual
% passing % retained
3/4" 100 0
172" 56 44
174" 40 16
#10 22 18
#40 8 14
#200 2 6
-#200 0 2
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TABLE 4
SPECIFIC GRAVITY TEST RESULTS

B.S.G.
GRADATION B.S.G. ($5D) A.S.G.
o Fine 2.64 2.66 2.69
[=))
'; Middle 2.66 2.67 2.69
+ Coarse 2.69 2.70 2.71
;::' Fine 2.52 2.56 2.66
e Middle 2.54 2.60 2.69
Coarse 2.62 2.66 2.72
[13]
T e Fine 2.54 2.59 2.67
[ a))
= o Middie 2.58 2.63 2.69
=E o
SE Coarse 2.66 2.69 2.71

Sample Preparation

A total of 27 samples representing nine different mixes were required
for this study. A1l specimens were manufactured at 230°F using a mechanical
mixer and the Triaxial Institute kneeding compactor. The proper quantities
from all pre-oven dried-aggregates were weighed and combined. The aggregate
and the asphalt were then heated to 300°F then mixed mechanically. The mix-
ture was cured for 15 hours at 140 degrees F. It was then divided into three
equal amounts (for the three 8" x 4" specimens) and stored within plastic bags
at room temperature until compacted. |

The compaction procedure was essentially the same as the Hveem method

recommended by the Asphalt Institute. In order to compact an 8" specimen,
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however, a special mold was used. This mold was tapered on the inside and
fitted with two counter-tapered sleeves of semi-circular cross-section. In
order to duplicate the Asphalt Institute compaction procedure, it was felt
that the 8" specimen should be compacted in three or four 1ifts. Several
density/voids experiments were conducted varying the number of tamps on each
1ift. Little difference was found in the results of three and four 1ifts.
Therefore, the three 1ift compaction was adapted with 130, 140 and 150 tamps
of 500 psi on the bottom, middle and top 1ifts respectfve]y.

After compaction, each specimen was placed in the oven at 140°F for 1%
hours and then was subjected to a static pressure of 1000 psi at the rate of
0.05" per minute. The specimens then were placed in plastic bags and stored
at 40°F until testing.

A photograph of the compacted fine, medium and coarse specimen is shown

in Fig. 12a.

Laboratory Experimental Program

Many of the Taboratory tests currently used to characterize paving mater-
ials are empirical in nature, and consequently supply no fundamental engineer-
ing properties of these materials. In recent years, as newer theoretical
techniques have become available, it has become increasingly evident that
"better" tests must be provided to characterize the material layer within the
pavement. In other words, the theoretical aspects of pavement design have
progressed somewhat further than the conventional tests ability to provide
suitable parameters to complete the design.

Characterization of paving materials is a complex problem. It is not
only important to simulate the pavement conditions in the laboratory, but

also to take into consideration the effect of the environment over a long
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period of time. Thus, the laboratory tests and the conditions under which
they are performed must be chosen with great care to represent realistic
conditions of the materials in service.

In order to conduct an extensive study on the asphalt treated base
material, it was necessary to design an experimental program which includes
conventional as well as unconventional tests. The conventional tests were
performed following the Washington State Highway specifications. The uncon-
ventional tests, on the other hand, were performed in the triaxial testing

apparatus.

Conventional Tests

The triaxial tests, are necessarily somewhat specialized, and therefore,
require considerable effort and equipment. In order to effectively character-
ize the asphalt treated base materials, therefore, it would appear that a
procedure whereby a correlation of the newly recognized material parameters
with more conventional tests would be desirable.

The correlation included: a)} stability, b) cohesion, ¢} specific
gravity, and d) air voids. The test specimens were tested in the following
order:

1. Bulk specific gravity (saturated surface dry)_

2. Hveem stability

3. Hveem cohesiometer

4. Maximum theoretical specific gravity ASTM D2041-64T

The bulk and maximum specific gravities were used in determining the

amount of asphalt Tost by absorption into the aggregate, effective asphalt

content, voids in the mineral aggregate and percent air voids.
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The Cohesiometer test was slightly modified in that the shot loading
mechanism was replaced by an equivalent water-loading device in order to
surmount difficulties in operating the shot loader.

It should also be noted that some of the stability values may be slightly
higher than they should be. It is possible that these samples were not main-
tained at 140°F long enough for them to attain this temperature throughout
their respective masses. Due to this uncertainty a letter "Q" (for question-
able data) has been inserted next to these particular points in both the data
listing and the plots of stability.

Stability and cohesiometer tests were also performed on specimens used

in the triaxial tests. The test temperature of these being 45°, 70°, and 90°F.

Triaxial Tests

In designing the triaxial experimental program for this investigation,
it was considered important that the test results would shed more light on the
following questions:

1) How does the asphalt content influence the behavior of the material?

2) How does the aggregate gradation and the percent air voids affect
the mix properties?

3) How do different mixes behave at different temperatures?

4) Does the asphalt treated base material show any stress non-linearity,
and how is that influenced when both the vertical and the lateral
stresses are repetitive in nature?

and finally

5) How can the behavior of this material be modeled, and what are the
lTimitations of such modeling?

The range of stress, temperature, stress durations, and some other vari-

ables to be encountered in conducting this research Were selected so that they
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fall within the service conditions of a base layer. This selection was

partly made by utilizing the Chevron n-layer computer program and partly

by the extensive data published on similar subjects (1), (26), (29). As

a result, the following conclusions were reached:

1)

3)

The magnitude of the vertical stress depends on the axle load as

well as the tire pressure. This stress is always compressive and
decreases very rapidly with depth. The radial stress, on the other
hand, can vary from tensile to compressive with considerably lower
magnitude. In this research the vertical stress was varied up to

50 psi, the radial stress was varied up to 20 psi, both being com-
pressive {see Fig. 13a).

The pavement surface temperature varies from sub-freezing to tempera-
tures as high as T40°F in the State of Washington. Within a base
Tayer with an asphalt concrete surface, however, the temperature
drops sharply and a range of temperature from freezing to 90°F is
adequately justified.

The duration of a stress pulse depends largely on the speed of the
moving load and the depth at which it is considered. Within a base
layer, therefore, a range of stress duration from 0.1 sec. to 1000
sec. covers rapid as well as very slow moving loads. The long dura-
tion of stresses (creep tests) are particularly fmportant if tempera-

ture induced stresses and strains are to be considered.

The tests conducted in the triaxial apparatus fall into the following

three categories:

a)
b)

c)

The repeated or resilient modulus tests
Creep tests

Dynamic modulus tests
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In addition to the resilient modulus tests in which the vertical and
the Tateral stresses were pulsed simultaneously, another test was performed
to study the effects of the confining pressure. In this test, a hydrostatic
pressure o was applied on the specimen for a relatively long time. On top
of this Pressure axial pulses were applied with the axial and lateral strains
recorded.

In order to minimize the effects of the stress history, the test proce-
dure was such that Tower stresses, shorter durations, and higher frequencies
were applied first at lower temperatures. The resilient modulus tests were
performed first, followed by the dynamic modulus tests, and finally the creep

tests.

These tests will be discussed in detail in a subsequent chapter.

Laboratory Tests of Core Specimens

As part of the overall investigation, several cores of asphalt treated
base material were obtained from field projects for comparison with the lab-
oratory fabricated material. Ring 4 of the Washington State University test
track contained several sections with ATB. Since these were also tested
independently by the Asphalt Institute, they provided a good reference point.

In addition to the WSU material, three in-service pavements were sampled
in Western Washington. Two of these projects, I-405 northeast of Seattle,
and SR-167 southeast of Seattle, were constructed with ATB layers.

Deflection measurements of all three pavements were also made utilizing
a Benkelman beam, Dynaflect, and Road Rater. The three instruments were
used at several identical points in each roadway, on the same day, in an
attempt to correlate them. The results of this correlation was not entirely
satisfactory as seen in Figs. 13b, 13c, and 13d. The correlation for

N.E. 124th St. (east of Seattle) appears to be best, but this pavement was
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considerably thinner in terms of asphalt treated material, averaging only
2.5 inches. For the pavements with ATB, correlation with the Benkelman
was not particularly good for the Dynaflect, and practically non-existent
for the Road Rater. However, it should be pointed out that calibration of
the Road Rater was'suspect and this factor was reported by the operators
of the Road Rater following these tests.

Data and analysis of the materials from these field projects is inclu-

ded in the following chapter.



CHAPTER V

TEST RESULTS AND DISCUSSION

It was discussed in a previous chapter that this experimental study

was designed to answer a few questions pertaining to the behavior of asphalt

treated base materials. One basic question in the characterization of such

material is the linearity of its behavior, and in particular the linearity

due to stress.

Pavement materials, in general, show some degree of non-linearity. This

phenomenon has been investigated by many workers and is very well documented.

The following is a brief review of some pertinent findings:

1)

2)

3)

4)

Most of the work done on unbound granular materials was performed
in the triaxial apparatus under repeated loading (29), (43), (13)
(44). These tests led to the conclusion that the resilient modulus
of such materials increases with confining pressure, and is essen-
tially unaffected by the magnitude of the repeated deviator stress,
provided this stress is not high enough to induce shear faiiure. No
clear variation of the resilient Poisson's ratio was noticed with
either confining pressure or deviator stress.

A1l studies on cohesive soils showed that the resilient modulus

was only slightly affected by the confining pressure, and it
decreases with increasing the deviator stress.

A series of laboratory investigations of the behavior of cement-
treated sands and clays in triaxial compression was carried out by
Mitchell et al. In general, the resilient modulus decreased as

the repeated deviator stress increased.

Terrel (49), conducted repetitive triaxial compression tests on
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emulsion treated aggregate. This material showed an increase in
the resilient modulus with increasing the confining pressure soon
after compaction, this dependency became less marked at long curing
times. A reduction of modulus with increasing deviator stress was
observed at all curing times, and became the dominant non-linear
factor.

It appears from this brief review that non-linearity in asphalt bound
material is more influenced by the deviator stresses rather than confining
pressures. Non-linearity of unbound material, on the other hand, was domi-
nated by the confining pressure. Asphalt treated base material with a rela-
tively Tow asphalt content, therefore, falls somewhere between these two
categories and, perhaps, shows very little non-]inearfty with respect to
both the deviator stress as well as the confining pressure.

It should be noted, at his point, that most of the tests discussed above
were performed under a condition where the confining pressures were constant.
The axial stress was then repeatedly applied and the corresponding strains
recorded. This procedure is far from the actual changes in stress which take
place in a pavement section under a moving Toad. For this reason, and in
order to investigate the stress linearity of asphalt treated material, it
was decided to run two separate series of tests: a) utilizing the constant
confining stress approach at different stress levels and durations, and
b) subjecting the same samples to simultaneous axial and confining stresses
compatible to those under a.

Figures 14-17 show plots of the axial strains against the axial stress
for the coarse gradation. These results were obtained from the constant con-
fining pressure series for the 2.5% and the 4.5% asphalt at the 0.1 sec. stress

duration, under different temperatures,
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At low temperatures and relatively high asphalt contents, the confining
pressures have no significant effects on the behavior of the mix (Fig. 14
and 15). As the asphalt content decreases, these effects become more notice-
able even at low temperatures (Fig. 16), and increased with temperature.
Figures 18-21 show the same plots for 1.0 sec. stress durations. Similar
results were obtained with the exception that the dependency on the confining
pressure was observed at relatively lower temperatures. This dependency
increased rather sharply at higher temperatures (Fig. 21).

Figures 22 and 23 show samples of the stress-strain plots for the case
when the axial stress o; as well as the lateral stress o; were cycled simul-
taneously. In this case, the response consists of parallel lines each repre-
senting a different lateral stress o3. The results of this test show no
change in the response due to the cycled lateral stress. This does not neces-
sarily contradict with the dependency of the response on the constant confining
pressure, but rather indicates the fallacy in considering that result to
characterize the material.

The confining pressure, for the unbound aggregate, increases the inter-
locking between individual particles and thus results in a media with a
stiffness directly related to the confining pressure. If these particles are
coated with a thick film of asphalt, the effects of the confinement would be
much slower. These effects become more significant as the asphalt film
becomes thinner i.e. at lower asphalt contents. At Tow temperatures, the
asphalt film is stiff enough to behave as a solid. As the temperature in-
creases, however, the asphalt becomes less viscous and eventually loses its
function as a cementing agent. This condition resembles the untreated aggre-
gate with a stiffness that is influenced to a greater degree by the confining

pressure. Terrel (49), reported an analogous condition with emulsion treated
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aggregate. The stiffness of the mix had greater dependency on the con-
fining pressure soon after mixing. This dependency dimimished gradually
as the asphalt film hardend.

Under the cycled axial and lateral stresses, and due to the short
duration of the confining pressure, no significant effects due to the con-
fining pressure were observed. This leads to the conclusion that such
materials should be tested under these conditions and in general should be
characterized as insensitive to confining pressures under the conditions
simulating those of the field.

The stress-strain relationships represented in Fig. 14-23, are quite
linear with respect to the deviator stresses. This is particularly true
under the environmental conditions which justify the use of the theory of
elasticity (low temperatures and short stress durations). In fact, since
the range of stresses within a base are likely to be low, it is reasonable
to assume that the behavior is linear whenever the theory of elasticity is
utilized. Once these conditions are violated, however, a more appropriate
approach should be employed.

One common approach to characterize stress non-Tinear behavior is to
assume that the strain can be described as a polynomial of the stresses.
The order of this polynomial depends on the degree of non-linearity. Least
squares fitting is then employed to obtain the constants in the polynomial.
The physical meaning of this representation is that the strain is described
by a three dimensional curved surface in terms of the stresses. In order
to determine the coefficients in Equation 11 at a selected reference stress,
the polynomials are differentiated to obtain the slope of the surface in a

particular direction.
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This type of approach is often found unsatisfactory and cannot ade-
quately describe the response of the material in practice. This may be due
to fitting the experimental data by the least squares which frequently yield
relations inconsistent with the behavior of the same material in practice.

In linear elasticity, the curved surfaces mentioned above become planes.
The radial and axial strains, in this case described in Equation 11b can be
put in the form:

= a +
Er B, r Bs UZ

(48)

£ B; o + B
z ¥ % v Oy

the constants B; - B, can be obtained from linearly fitting the experimental
data.
Figures 24-27 show samples of the stress-strain relationships plotted

in order to obtain the coefficients B; - By. Curve fitting was not employed

in this case, in order to allow for some judgement in excluding some of the
undesirable experimental points. This process was quite tedious since it
was repeated in processing 432 piots.

Since most of the available elastic solutions utilize the isotropic
conditions, an approximate value for the modulus and Poisson's ratio are

required. These values can be obtained by comparing Equations 11b and 13.

£ = 2 . 2 (B, + B3)
Bi1 + B 3 [(Bl + By) - LBL';_Eii_)](Bl + By)
(49)
.2 (B2 + Bs)
veET3

(8, + 8, - (B2 Ba)

3
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The Resilient Modulus Tests

Although the concept of the resilient modulus was introduced for
untreated materiais; it was adopted to characterize asphalt mixes as well.
In this concept, the resilient modulus is defined as the ratio of the applied
axial stress to the recoverable or resilient axia1 strain (see Figure 28):
g
My = -% (50)
Under a single repetition of stress of duration At, the recorded
strains (axial or lateral) consist of the following components:
a} Instantaneous elastic strain that is a function of the mix proper-
ties as well as the temperature and the applied stress.
b) A time-dependent response that is a function of all the variables
in (a) and the duration of the applied stress At.
¢) Upon the removal of the stress, an instantaneous elastic rebound
will take place. This part is in general not equal to the response
mentioned above under (a).
d) The magnitude of the recovered strain is a function of all the vari-
ables mentioned above and the rebound time.
e) Part of the total strain is not recoverable (permanent). This part,
however, is small and hard to measure under single stress repetitions.
It should be clear from the preceding analysis that the resilient strain
depends largely on the time it is measured after the stress is removed. If
a stress is repeatedly applied every n seconds, therefore, the measured resili-
ent strain would be a characteristic of that particular frequency. Under very
short stress durations and at low temperatures, the material behaves almost

elastically. This fact simplified the problem, and a loading pattern in which
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the stress is applied for a 0.1 sec. and then repeated every 3 seconds, is
very common. This practice, however, should be modified in case the load-
ing time is relatively longer and when testing at elevated temperatures.

Some asphalt mixes under special environments (saturated samples at
high temperature, for examplef) result in very little or even no resilient
strain. These materials, if the concept of the resilient modulus is applied,
have an extraordinarly high modulus. It should be recognized, therefore,
that the resilient modulus is not an adequate measure of the stiffness or the
quality of a certain mix. Instead, in order to fully characterize a material,
it is important to add to the resilient modulus an additional modulus relating

the stress and the total strains:

M o= = (51)

where M. is the modulus of total deformations.

In conducting the resilient modulus tests, it has been the practice to
subjecting the specimen to an initial period of cond{tioning by applying a
certain stress for a large number of repetitions. The main objective of
this conditioning is to bring the specimen to the in s{tu or service condi-
tions. Increments of stress are then applied in a specified pattern for a
smaller number of times before the required “"stable" strain readings are
recorded. If this procedure is repeated for every stress increment it may
induce undesirable excessive permanent strains. If each test is to be per-
formed on a "fresh" sample, on the other hand, a very large number of samples

has to be manufactured.

TThis test was performed at the University of Nashington in an investigation
of the asphalt stripping phenomenon.
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In this study, due to the large number of tests to be performed on each
sample, the conditioning was limited to 50 repetitions of all possible combi-
nations of the vertical and lateral stresses. This eliminated the undesirable
initial responses in the specimen after long storage and temperature changes.
The specimen then was subjected to a series of single repetitions to cover
all desired combinations of the vertical and the lateral stresses. Adequate
time was allowed for rebound between individual stress pulses.

Two sets of parameters were obtained based on: a) the resilient strains,
and b) the total strains. Equations 49 together with Equations 50 and 51
were utilized for this purpose. These parameters are the approximate values
of the resilient modulus, the modulus of total deformation, and the corres-
ponding Poisson's ratios. Tables 5-7 summarize the parameters based on the
resilient strains for the 0.1 sec. and 1.0 sec. stress durations. Shown in
these tables also are the coefficients B,, B,, By, and B,. Figures 29-42
show plots of these parameters and the ratio B;/B, against the asphalt con-
tent at different temperatures. A1l parameters which are based on total
strains were not plotted and are only presented in tabulated forms (see
Tables 8-10).

In studying Figures 29-42, as well as the data based on the total strains,
following observations were made:

a} Coefficient By, B2, and B; showed a greater scatter than By.

This may be due to the close ties between these coefficients and
Poisson's ratio.
b) A1l coefficients B, - By had a Tow value at low temperatures short

stress durations.
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e)

q)
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The value of coefficient B, did not show any clear minimum with
respect to the asphalt content for the fine gradation. For both
the medium and coarse gradation, however, it had a minimum at 3.5%
asphalt content. This minimum shifted gradually towards lower
asphalt content at higher temperatures.
The value of coefficient B, was influenced very littie by the
asphalt content for all gradations at low temperatures. At a high
temperature, on the other hand, its value increased more rapidly
as the asphalt content increased.
For all gradations, B; and By, had clear minimum values with respect
to the asphalt content even at Tow temperatures. These minimum
values moved towards lower asphalt contents at higher temperatures.
The significance of the ratio B3/B, is that this ratio should have
a value of 2 in order to verify the condition of cross-isotropy.
This ratio had extraordinarly high values at low asphalt contents.
These values, however, were converging towards the value of 2 at
higher asphalt contents. This convergence, furthermore, was more
rapid at higher temperatures. The general trend was such that mixes
with lTower air voids were closer to agreement with the condition of
cross-isotropy.
The average value of the resilient modulus decreased sharply with
temperature and stress durations. This value seemed to have a
definite maximum for the fine and medium gradations with respect
to the asphalt content. This maximum shifted toward lower asphalt
contents as the temperature increased. The coarse gradation was

only slightly infliuenced by the asphalt content at low temperatures.
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This trend was changed at elevated temperatures under which the
resilient modulus dropped sharply after reaching a maximum at about
3.0 percent asphalt content.
h) The average value of Poisson's ratio increased with temperature.
At low temperatures, this ratio was very little influenced by the
asphalt content or the gradation. At high temperature, on the other
hand, it had greater scatter and had values enveloping the Timiting
vatue of 0.5.

i) At Tow temperatures, no appreciable difference was noticed between
the values of the parameters based on the resilient strains and
those based on the total strains. This difference increased with
temperature due to permanent strains.

In addition to the preceding notes, ‘it was also observed, that when
total strains rather than resilient strains were used, the values of the com-
puted parameters were more consistent. This may be due to the fact that
resilient strains are more affected by the stress history than total strains.
Furthermore, in some rare occasion, resilient strains were hard to measure due
to very small changes in the triaxial cell pressure.

The Stepwise Linear Regression of the statistical Biomedical Computer
Programs (14) was utilized in order to describe the resilient modulus and
Poisson's ratio in terms of the temperature, the asphalt content, and the air
voids. It has to be realized, at this point that such curve fitting is entirely
empirical and should not be extrapolated beyond the experimental data. On one
hand such curve fitting helps in understanding how different variables affect
a certain parameter. This fitting, on the other hand, supplies fair approxi-

mations of the behavior of different mixes at different environments.
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The curve fitting equations for the resilient modulus for the 0.1 sec.

and 1.0 sec. stress durations are:

LOG1o MR(0.1 sec. )

L

6.8203 - 0.0000029944(a/c)?(T)?- 0.00011927(T)
1.414(% air)/(T) (52)

1

LO0G1o MR(1.0 sec.)

6.98798 - 0.001765(a/c){T) - 0.01165(T)

- 0.0022964(% air)2- 0.973085(% air)?/(1)? {53)
where:
a/c = asphalt content - percent
T = temperature - °F
% air = air void - percent

Equation 52 is plotted in Figures 43-45, Plotted in the same figure
also are the expected values from the Heukelom and K1dmp nomograph. Good
agreement with the Heukelom and Klomp was observed at low temperatures. As
the temperature increased, however, Equation 52 prédicted higher stiffnesses,
particularly for low asphalt contents.

No acceptable fitting was obtained for Poisson's ratio. This is perhaps

due to the very large scatter in the experimental data as shown in Figures

46 and 47.

Correlation with Conventiona] Tests

It was indicated earlier that the main objectives of this type of corre-
lation are not to substitute for the actual testing of a certain material. It
only helps the designer to have an equivalency between the conventional para-
meters and the newer ones whenever direct testing is not available. With this
in mind, several attempts were made to correlate the resiiient modulus or

Pojsson's ratio with Hveem stability, cohesion, density, and several other
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arbitrary formulae which utilize the data obtained from these tests (41).
Due to many uncertainties in the conventional tests, such correlations were
extremely poor. The only correlation that is worth reporting is that between

the resilient modulus and the Hveem stability:

L0G1oM, (0.1 sec.) = [5196240 + 1.697 $*] x 107° (54)

L0G1oMo (1.0 sec.) = [4457240 + 214.13 52] x 10°° (55)

where S is the Hveem stability value obtained at the same temperature as that
of the resilient modulus.

Figures 48 and 49 show Equations 54, 55 and the experimental data of
this test program. Also shown in the same plots are the test results of some
ATB and asphalt concrete samples obtained from two sites in the Seattle area.
Some results of the work of Shook and Kallas (47) are also plotted in the 0.1
sec. stress durations. It is clear that Equation 54 does not closely represent
this additional data. This may be due to the fact that the modulus in the
Shook and Kallas data was obtained from a dynamic modulus value by a conver-
sion factor. It is conceivable that through this process of double correlation

the value of the modulus was underestimated.

The Modulus of Total Deformations

The importance of the modulus of total deformations was discussed eariier
Tn this chapter and was defined by Equation 51. The value of this modulus
is more consistent than the resilient modulus and certainly completes the
characterization of any material. An alternative approach is perhaps to charac-
terize the material by either the resilient mddu]us or the modulus of total
strains together with the permanent strains.

Upon plotting the total strains due to different stress levels at differ-

ent temperatures against the time duration of the stresses on a tog-log scale,
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straight and parallel lines were obtained for each temperature. Figures
50-58 show these curves for the fine, medium, and éoarse gradations, the
three asphalt contents, and at the three stress levels applied in this
study. From these figures the following observatioﬁs were made:

a) This straight line relationship is only valid through stress dura-
tions up to 10 seconds. This is particu1arTy true at high tempera-
tures.

b} The slope of these straight lines increases with both temperature
and asphalt content. This slope, howeverg fs constant for differ-
ent stress levels.

c) The intercept at a certain stress duration is linear with stress,
and increased with temperature. This intercept decreased, however,
as the asphalt content increased.

The general equation of these straight lines is:
- B
£ = ga(At) (56)

where oo is the intercept at a stress duration equals 1.0 sec. per unit stress,
B is the siope of these lines, and At is the duration of stress.

The coefficients o and B were curve fitted as functions of the tempera-
ture, the asphalt content, and the air voids. These empirical relationships
are:

L0Gio @ = -0.61054 + 0.003919(% air)? + 0.00007582(T)* v a/c

+ 0.000001037(T) (a/c) (Microstrains/psi) (57)

3 = 0.03052 - 2.08(a/c)?/(T)* + 0.002525(a/c)?/(% air)?

+ 0.001325(T)(a/c) | (58)
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Equations 57 and 58 as well as the experimental data are plotted in
Figures 59-64 against temperature. If the exponent B8 in Equation 56 equals
zero, the strain becomes no longer a function of time, and the response can
be characterized as elastic. Figures 62-64 indicate that this exponent 8
is converging towards a zero value at a temperature between 10 and 20°F.
This temperature is perhaps the equivalent transition between elastic and
viscoelastic behavior.

The modulus of total deformation, due to the linear nature with respect

to stress, is the inverse of Equation 56.

1
My = (59)
T a(a)B
Equation 59 together with Equations 57 and 58 are plotted in Figures 65-70
for the 0.1 and the 1.0 sec. stress durations, for the different asphalt

mixtures tested.

Creep Tests

Due to time limitations, and because of the non-destructive nature of
this test program, the creep tests were limited to 1000 sec. only. This test
was performed at the same stress levels as the resilient modulus tests (10, 30,
and 50 psi) and at the same temperatures (25, 45, 70, and 90°F). Continuous
recording of the axial and circumferential strains were obtained. At this
time, however, the discussion will focus on the behavior in the axial direction
only.

Creep tests are perhaps the least complicated, and, if performed over a
wide range of temperatures, supply valuable information concerning the rheo-

logical behavior of a mix. From the practical point of view, it is important
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to understand how the material responds to slow or static Toading (e.g.
parking areas, or thermal stresses).

Equation 26 describes the response of the 4-element model in the axial
direction. A computer program based on a least square regression technique
was then employed in obtaining the coefficients Ci in Equation 26. These
coefficients are summarized in Tables 14-16.

Since this study, at this point, is limited to the response in the axial
direction only, it would be of some interest to discuss how the parameters
of the 4-element model change for different mixes at different temperatures.
These parameters for the case of uniaxial compression are E,, E3, n,, and nj.
For this purpose, therefore, the parameters were curve fitted as functions
of temperature, asphalt content, and the air voids. The results of this

curve fitting is as follows:

LOGyo E,{psi) = 7.00455 - 0.00974(T)-0.0036193(% air)?

0.002266(T)(a/c) . (60)

LOG,p Es{psi)

2.621 + 148.64(1/T) + 33574.5(1/T%)

+

0.0007861(T)?/(a/c)*- 0.00238(% air)? (61)
L0G1o n2(1b. sec./in?) = 8.5237 + 36.743(1/t) - 0.04454(a/c)?

- 0.04577(% air) | | (62)
LOG o ns(1b. sec./in?*) = 10.194 - 0.02222(T) - 9.08498 x 10-6(T)2(a/c)2

- 0.0872 (% air) (63)
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Figures 71-76 show plots of these empirically fitted functions as well

as the experimental data. The following observations were made concerning

these plots:

a)

b)

At Tow temperatures, the coefficients of the Kelvin model (Es and ns)
have such high values that the material can be modeled by the Maxwell
body. For short stress applications, therefore, the computed stiff-
nesses by either the resilient modulus or the modulus of total deforma-
tions reasonably equal E;. For the matter of fact, under 0.1 sec.
stress durations, the stiffness of the mix can be described as equiva-

lent to E; over the experimental range of temperature.

It is of some interest, perhaps, to indicate that E; becomes equal

to E; and n; becomes equal to n, at some temperature between 45 and
55°F for all mixtures. This temperature corresponds closely to the
point of maximum curvature of the modulus-temperature curve.

The curve fitted functions are entirely empirical and are not inten-
ded to represent the true behavior. These functions, however, indi-
cate approximately how different variables influence the parameters
By, Eay m2s and ns. Temperature, by far, is the most important factor
followed by the asphalt content and then the air voids. For differ-
ent aggregate gradations, the coarse gradation is the Teast infiuenced
by the asphalt content. This is possibly due to the fact that the
asphalt films which coat the aggregate are the thickest for this grada-
tion. Consequently, small changes in the asphalt content do not

reflect considerabie change in the overall behavior.
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Permanent Deformations

It was discussed before that permanent strains take place even under
single stress applications. Since both the total and resilient strains
were found to be linear with respect to the applied stress, it is reasonable
to assume that permanent strains in a certain mix at a certain temperature
are only a function of the stress duration. This means that if the material
is linear viscoelastic, all permanent strains are linear with loading time
and are attributed only to the free dash pot in the 4-element model. In

this case, the permanent strain is described as:

eP = 0,0t (64)

where t is the duration of stress, and C 1is one of the constants in the
creep compliance (Equation 26). If, therefore, n stress applications each of

duration t were imposed on a specimen, then the permanent strain will be:

p

g = n01C2t (65)

A specimen of the medium gradation with an asphalt content of 3.5% was
selected to check the validity of Equation 65. This specimen was tested
under uniaxial stress of 30 psi at 70°F at various numbers of applications
and stress durations. The results of this investigation were extremely incon-
sistent and in some cases even contradictory and, therefore, will not be
reported. Few conclusions, however, were drawn from this unsuccessful attempt:
a) Larger number of samples and tests are necessary in order to obtain
adequate data that may indicate the general trend for modeling perma-
nent strains.
b) The stress history is an important factor in the material response,

particularly, with respect to permanent strains.
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c) Permanent strains result in a process of densification that changes
the material properties. This densification is possibly responsible
for the non-linear character of permanent strains.

d) More information concerning the nature of radial strains within the
pavement is needed in order to develop an experimental procedure
which utilizes the triaxial apparatus in investigating permanent
strains. An alternative approach is full-scale slab tests.

e) Although the theory of Tinear viscoelasticity has been successfully
used in analyzing pavement deformations, non-linear viscoelastic
approaches are perhaps necessary in order to describe permanent
deformations.

The viscoelastic solution to permanent deformations as suggested by
Moavenzadeh (32), implies an empirical restriction on the rebound time after
which strains become permanent. This inspired a different approach to attack
the same problem. Figure 77 is a plot of the creep stress against the con-
stant rate of creep (0,C;) at different temperatures. This relationship tends
to be linear with an intercept O ON the stress axis. This means that uni-
axial stresses of magnitude equal or less than Ocgo result in no continuous
creep and consequently cause no permanent strains. If this concept is proven
to be true, therefore, permanent deformations'under a moving load take place

only in the locations where the stress exceeds o This Timiting value of

ce’
the stress is termed “creep limit" (46).

It is realized that the creep 1limit concept may not be the answer to
the complex phenomenon of permanent strains. It is also realized that such
a limit may not even exist. It was felt, however, that this approach has

some potential, and a great deal of work is needed to prove its merits.
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The Dynamic Modulus Tests

In addition to their fundamental use in finding the stress-strain
relationship of viscoelastic material, the dynamic modulus tests provide
a good basis for evaluating and comparing various materials in terms of
their rheological properties. In addition to their pbtential use in develop-
ing mix design c¢riteria, the complex moduli may prove very helpful in evalu-
ating the performance of the material in the road.

This test series was conducted under no confining pressures at the same
temperatures and axial stress levels as those of the resilient modulus tests
(10, 30, 50 psi). The sinusoidal axial load was provided by the MTS so that
the stress is always in the compression mode. The stress frequency was varied
from 0.01-20 cps. Stresses, strains, and phase angles were obtained from the
continuous recordings as described in Chapter III.

Due to time limitations, presentation of the test datﬁ will be confined
to the complex modulus (E*) and the axial phase lag ¢1. The complex Poisson's
ratio |v*| and the radial phase lag ¢s will only be included in the analysis
without any plots. )

Figure 78-86 show plots of the complex modulus versus frequency for differ-
ent mixtures at the three stress levels within the.experimental range of tem-
peratures. Figures 87-95, on the other hand, show plots of the axial phase
lag versus frequency over the same range of variables. The following observa-
tions were drawn concerning this test:

a) The value of the complex modulus drops considerably as the tempera-
ture increases and as the freguency decreases. At low temperatures,
the value of this modulus is in close agreement with both the resil-
ient modulus and the modulus of total deformations. Furthermore,

this value is also equivalent to the stiffness of the free elastic
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parameter in the 4-element model computed from the creep tests.

The value of the complex modulus is quite influenced by the asphalt
content. As the asphalt content increases the effect of temperature
becomes more significant and the value of the complex modulus becomes
less and less affected by the frequency. This result is expected,
since unbound material (a/c = 0) is not at all influenced by tempera-
ture and possibly very Tittle by frequency. Pure asphalt (a/c = 100%) ,
on the other hand, is quite viscous and its response is very much
dependent on both temperature and asphalt content.

As a result of (b), different gradations have different asphait film
thicknesses. The coarse gradation, then, which has the thickest
asphalt films has the highest temperature and/or frequency suscepti-
bitity.

The value of the complex Poisson's ratio has very low values at low
temperatures and at high frequencies. This value, however, tends

to approach the limiting value of 0.5 at high temperature and at low
frequency. This was more prominent in mixtures with high asphalt
contents and coarser gradations.

In general, the axial phase lag angle is smaller than that in the
radial or circumferential directions. The difference is more notice-
able at high temperatures and under low frequencies.

The phase lag, ¢; or ¢;, increases with temperature and decreases
with frequency. The measured values of ¢ at high frequencies may

be slightly in error because of the difficulties involved in reading
them. The phase lag also increases with thickness of the asphalt
film coating the aggregate. This was noticed particularly in the

coarse gradation at 4.5% asphalt.
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As the frequency approaches small values { w+ o), the phase lag does
not decrease twoards a zero value. As the frequency approaches high values
(w= =), on the other hand, this phase approaches a zero value. From the
viewpoint of viscoelastic modeling, this means that such material is fluid
viscoelastic. This, together with the results of the creep tests, reinforce
the assumption that the 4-element model can adequately describe the behavior

of asphalt treated materials.

Time-Temperature Superposition

It is very difficult to analyze the temperature dependence by seeking
an analytical form for the complex parameters at a constant frequency. Instead,
the method of reduced variables or viscoelastic corresponding states was utili-
zed. This method affords a valuable simplification in separating the two
principal variables of time and temperature on which the viscoelastic proper-
ties depend, and expressing the properties in terms of a single function of
each. In principal, this method is based on an empirical basis which essen-
tially assumes that time/or frequency and temperature are interchangeable for
linear viscoelastic materials.

Figure 96 illustrates the shift functions o1 for different mixtures with
70°F as reference temperature. For ideally elastic materials with no tempera-
ture susceptibility, time shifts equal zero, and the material response is
unchanged regardless of the test temperature. Untreated aggregate, for all
practical purposes falls within this category. As the asphalt content incre-
ases, the temperature susceptibility and the shift factor increase indicating
more tendencies towards viscous behavior.

Figures 97-99 show the master curves of the compiex modulus versus

reduced frequencies for the asphalt mixtures tested. At low asphalt content,
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little difference was observed between the medium and the coarse gradations.
The fine gradation, however, assumed considerably lower values even at high
frequencies. This may be due to the high air voids associated with this
gradation. As the asphalt content increases, no appreciable difference
between the three gradations was noticed at high frequencies. At low fre-
quencies, however, coarse gradation which has the thickest asphalt films,

resulted in low values of the complex modulus.

Core Sampie Tests and Deflection Prediction

In the previous chapter, mention was made of comparing the properties
of laboratory specimens and cores obtained from field sites. Although com-
plete tests on each core were conducted, Fig. 100 was prepared to show the
range of moduli for the cores as compared to laboratory specimens when tested
under similar conditions. Since some deterioration of the field materials
should be expected, their lower moduli is probably not unusual. Tables 35-37
includes more complete data for the WSU test track cores.

As one step toward the rational design approach, the two field projects
which include ATB were further analyzed. Using Taboratory determined modulus
values for each of the asphalt bound layers and estimating them for the sub-
grade, deflections for the layers were computed using the Chevron n-Tayer
computer program. Input for the surface loading was of two configurations:
(1) two 4,500 1b. tires spaced for normal dual tires, and {2) two 500 1b.
loads spaced the same as for the Dynaflect machine. Contact areas for each
situation were adjusted accordingly. Fig. 101 shows a summary of the measured
and computed deflections along with appropriate material properties. Results
show that the computed values for Benkelman beam deflections are low, while
the Dynaflect deflections are overestimated in one case and underestimated

in the other. Also of interest is the percentage of total deflection that
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occurs in each layer--according to computations. The loading from the
Dynaflect induces nearly all of the deflection in the subgrade, while
the heavier truck loading used with the Benkelman beam shows a better
distribution. The actual field defiection values used for this comparison

are noted in Figs. 13c¢ and 13d.



CHAPTER VI
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

This research project was initiated in an attempt to define the resili-
ent or elastic properties of asphalt treated base (ATB) as used in the State
of Washington. The Highway Department originally used ATB as a working plat-
form in order to expedite construction activities. With success in this
endeavor came the practice of incorporating the ATB into the thickness design
by assigning an equivalency factor whereby a given thickness in terms of
gravel (gravel equivalent) could be related to ATB of a thickness that should
give equal performance.

As part of the overall study of ATB to better utilize this material in
pavements, two phases could be recognized:

(1) Phase I, to evaluate the resilient or stiffness properties of ATB
for future incorporation into a rational design procedure such as
one utilizing elastic layer theory,

(2) Phase II, to evaluate the design 1ife characteristics of ATB such
as resistance to cracking (fatigue) and rutting (permanent deforma-
tion).

The study reported herein is that of Phase I.

A very brief evaluation of ATB as constructed in the field included
cores from the Washington State University test track and from two in-service
highways in Western Washington. In addition, a few deflection measurements
of these latter pavements were made to provide an opportunity for prediction
from laboratory tests.

The primary study was the behavior of ATB materials under repeated load

or dynamic Toad triaxial stress conditions. A sophisticated triaxial test
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system was designed and constructed to provide a wide range of stress-
temperature conditions in order to simulate in-situ properties. Specimens
were fabricated to represent the full range of materials representative of
ATB as used in Washington, including three aggregate gradations and three
asphalt contents. These 4-in. diameter by 8-in. high specimens were sub-
jected to a full complement of stresses, including repeated load, sinusoidal,
creep, and a variety of frequencies. Also, the temperature was varied from
25% to 90°F, representing the range expected within a base course, i.e.,
several inches below the pavement surface.

It should be emphasized that the primary objective of this study was
to evaluate the behavior of ATB under a range of test conditions in the lab-
oratory. As pointed out above, the behavior in and the design 1ife of pave-
ments constructed with ATB goes beyond the scope of this project. 1In order
to predict design 1ife of these pavements, information on the fatigue, perma-
nent deformation and other properties will be necessary. The results of
this study indicate that the modulus or stiffness of ATB is comparable to
that of high quality surface mixtures. In this regard, base courses construc-
ted of ATB will perform equally well with surface courses in reducing deflec-
tion of the pavement structure under moving wheel loads. However, it should
be recognized that the performance of the ATB will be directly related to
conditions that exist in the field during and following construction. There
is considerable damage to an ATB layer that is placed as a working platform
for heavy construction equipment, and the ultimate performance will be reduced
once the pavement is completed and placed in service.

The results of findings and observations in this study are summarized
below in the form of conclusions derived directly from the laboratory investi-

gation.
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Stiffness properties of the ATB cores from the WSU test track

and in-service pavements were similar, but were slightly lower
than the laboratory fabricated specimens.

The stress-strain relationship of asphalt treated base material
was found to be linear within the practical range of axial stresses
and temperatures. It is recommended that no further testing should
be invested in this aspect.

The stiffness of this material as defined by the resilient modulus
was unaffected by the practical range of confining pressure at low
temperatures. At high temperature, however, this stiffness was
quite dependent not only on temperature but also on the asphalt
content. Low asphalt contents do not provide adequate cementation
of the aggregate particles particularly if high percentages of
fines are used. The behavior of these mixtures, therefore, was
close to the unbound aggregate with considerable dependency on
confining pressures. High asphalt contents beyond the quantity

of asphalt needed to cement the aggregate particles together,
increase the dependency on long lasting confining pressures.

The conclusion under (3) is basically applied to rounded uncrushed
aggregate. If crushed aggregate is used, the interlocking of the
particles will influence the behavior of the material by changing
its shear behavior. The effects of asphalt contents and tempera-
ture on the material non-linearity may be slightly altered.
Investigation of the condition of isotropy is important when
characterizing an unknown material. Cross-isotropy was verified

by checking the ratio (Bs:/B2) which should have a value of 2.
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Mixtures having low asphalt contents assumed very high values for
this ratio. For higher asphalt contents, however, this ratio was
very near 2. The convergence of the behavior towards the cross-
isotropic assumption was very much affected by temperature. It

was also concluded that, in general, mixtures with low air voids
satisfy the condition of cross-isotropy better than mixtures with
high air void content.

The general behavior of ATB mixtures can be treated as elastic

under some special conditions. These conditions include Tow
temperatures and short stress durations or high speed loading.

These two conditions are obviousTy interchangeable such that as

Tong as the viscous elements which are represented by the asphalt
cement are frozen, the behavior can be characterized as elastic.

At high temperatures, or due to slowly applied stresses, these
viscous elements will creep and result in a tendency toward the
viscoelastic behavior. ATB mixtures considered in this research
have a temperature 1imiting value between 10° and 20°F below which
the behavior is elastic.

As a result of utilizing photoelastic coating to observe the strain
pattern and distribution between the aggregate and the asphalt mat-
rix, it was concluded that the deformations are largely due to shear
strains in the asphalt. Strains within the gravel particles were
minimal.

Although some differentiation was made between the resilient modulus
and the modulus of total deformations, little difference was encoun-
tered between their values for ATB. This differentiation, however,
should be retained and utilized whenever permanent strains become

a considerabie fraction of the total response.
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(9) Air voids have a small influence on the overall behavior of the
material. This is, perhaps, due to the fact that temperature and
asphalt contents dominated the material response. The influence
of air voids, however, should be well investigated whenever perma-
nent deformation is an important factor.

(10) Although the influence of the asphalt content is very well taken
care of as far as the stress-strain law is concerned, the optimum
asphalt content for the modulus may not be optimum for some other
phenomenon such as fatigue for example. This may prove to be depen-
dent on the temperature.

(11) Temperature plays the biggest role in the behavior of asphalt mix-
tures. Temperature susceptibility for different gradations and
asphalt contents was discussed in several occasions and was presen-
ted in many figures within the report.

{12) As a comparison with conventional tests, the resilient modulus was
correlated with the Hveem stabiiity value. This correlation, however,
should not be used as a substitute for actual material testing. It
may only be used for estimating whenever actual test data are not
available.

(13) Asphalt mixtures, as are all viscoelastic materials, are sensitive
to stress ﬁistories. This certainly presents a serious problem,
and in particular, from the standpoint of permanent deformation.
Considerable work is still needed in order to characterize this
phenomenon in both the theoretical as well as the experimental
fields. The concept of creep limit was presented as a potential
approach to solve the problems encountered by using the theory

of viscoelasticity.



(14)

(15)

70

As a result of utilizing strain gages in this study, it is recom-
mended that this technique may only be used within the framework
of small deformations. It is suggested that LVDT's be utilized

if large deformations of test specimens are to be encountered.

In compieting this research, it is of some importance to question
the reproducibility of the test results. The test data presented
in this research were obtained from two specimens representing
each mix. In terms of statistical considerations, this is not
totally adequate. It is strongly recommended, therefore, that in
any future testing on similar subjects that fewer tests and more
samples be tested. This does not, however, disquali y the test
data presented herein. These data were quite consistent consider-
ing the many uncertainties involved in the sample preparation as
well as the general heterogeneity of the material caused by random

distribution of the aggregate particles.
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TABLE 11 - Summary of the Coefficients in Equation 56 - ¢ = ca(/_\.t)B

& &
Q S o %
Q Q)é qu' ‘\-Q‘- .\Qg’% é\ <§
S S < S A <&
< A X & <G A
§ » & S & & <

& N & & o & &

& © o\ & A & :
FINC 2¢5 25 13.71 10 1,56 +1285
FIN 265 25 13.71 30 1, 48 1285
FINE 245 25 13,71 59 1, 44 «1310
FINT 2¢5 45 13,71 10 24 25 v 2150
FINZ 245 45 13,71 30 2¢ 45 2150
FINT 245 w5 13,71 59 2. 56 «2180
FINC 2.5 72 12,71 10 6e 90 2388
FING 23 7Ty 12,71 39 8455 . 2380
FInT 2e3 732 13.71 50 9, 25 «2330
FINS 2¢5 33 13471 10 9,87 26410
FINT 245 99 13,71 20 11450 «2600
FINF 2.5 31 13,71 30 13, 00 . 2580
FINE 3.5 25 7.18 10 o 40 «1120
FINE 345 25 7418 30 .37 1120
FINT 35 25 7.18 5 « 37 «1180
FINT 345 45 7.18 10 « 76 «1899
FINT 3.5 45 7.18 30 » 80 19080
FINC 3¢5 45 7418 50 .79 1930
FINT 2.5 71 7418 16 213 . 36830
FINL 3¢5 70 7.18 39 2. 35 « 3680
FIN 3.5 70 7.18 59 2¢ 46 « 3680
FINT 3.5 93 718 10 8,50 .3880
FINe 35 33 7418 20 8+ 55 «3730
FINE 2.5 30 7.18 30 8, 30 e 3750
FING 4e3 25 1,97 10 .31 .1539¢
£ TN 4a5 25 1,97 30 v 34 1410
FInE 4e3 25 1.97 50 e 32 «1430
FING “we 5 +5 1,97 10 + 68 $2250
FIN. a5 45 1,97 23 Y4 «2230
FIN™ Le3 73 1.97 10 3. 13 « 4330
FINE Ye 3 70 1. 37 20 2, 35 4300
FINF be5 70 1.97 39 3, 33 Ju370
FINE 4e5 95 1,97 10 11. 00 + 4780
FINE 4e3 9¢ 1,97 20 11, 25 <4830

FINT LeS 36 197 39 12, 33 «47¢h
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TABLE 12 - Summary of the Coefficients in Equation 56 - € = ooa(m:)B

Q
& &

& D

S v
MEDJTUM 205
MEOTUM 25
MEOTUM 2a5
MEDTUM 2ebH
MEJIUM 2e¢2
MEDIUM Ze5
MEOIUM 2e 3
MEDIUM 25
MEJTUM 2e5
MEDIUM 2¢3
MEDIUM 2e5
MEDJTIUM 2e5
MEDIUM 345
MEJIUM 3.5
MEDIUM 3¢5
MEDIUM 33
MEDTUM 3.7
MEDIUM 3453
MEDIUM 345
MEIJINUM 3.5
MEDTUM 3e3
MEDIUM 3¢5
MEDIUM 2e 5
MEDIUM 3.5
MEDTIUM bheo>
MEJIUM Le 3
MEDTUM e
MEDIUM “4e5
MEDIUM H4e5
MENTIUM Ly
MEDTUM LeD
METDTUM 4e5
MEDIUM 45
MEOTI UM He 2
MEDIUM beD
MEDTII™ e 5

&
S
3 é\
45& é}

< &
25 9, 94
25 9, 94
25 9494
45 9494
45 9,94
45 S b
70 9. 94
70 .94
70 9. 94
990 9. 94
93 9 94
3q 9,94
25 2e43
25 2e43
25 2043
45 2043
45 2443
45 2443
70 2443
70 2043
70 2043
30 Zeli3
93 2ol
99 2ebs3
25 1403
25 1.03
25 1,03
45 1.33
45 1403
45 1,03
70 1,43
70 1.083
73 1,02
90 1,03
90 1.03
95 1.03

20
30

< @ﬁ}
& & L
& & &
& &
& &
.88 « 0633
85 <0675
.82 « 0760
14 46 «1560
1. 46 «1600
1, 46 e 1480
24 37 «2070
2458 «2210
2458 «2030
54 84 e2L419
6e 15 «2630
Be 45 « 2520
.31 .0860
.29 «0910
.28 <0750
058 01‘160
«55 «1820
+55 « 1750
1, 95 «3820
2, 09 « 4030
2.17 e 4020
7. 00 e 4240
7. 15 <4500
7e 33 e 4340
.37 «1500
. 38 e 1480
.38 e 1480
1,04 «3190
14 06 3190
1, 95 3190
8s 22 «5780
84 15 «5770
8. G4 «5770
32,08 «6100
4, O e5470
42 00 <5600



TABLE 13 - Summary of the Coefficients in Equation 56 - ¢ = O’G(At)s

»
S A
& &
g S
& A
COARSE 2.5
COARSL 245
COARST 245
COARSE 2,5
COARSE 2.5
COARSZ 2.5
COARSE 245
COARSE 2,5
COARSE 2.5
COAPSE 2,5
COARSE 2,3
COARSE 2,5
COARSE 1.5
COAPSE 2,5
COARSZ 3.5
COARSE 3.5
COA?ST 3.5
COARSE 343
COARSE 343
COARSE 3.3
COARSE 3,5
COARSE 3.5
COARSE 3.5
COARSE 3.5
COARSL 445
COASSE 445
COARSE 445
COARSE w3
COATSE 445
COAZSE  we3
COARSE 445
COARSE 4,5
COARST 445
COARSE a3
COASSE 4.5
COARSE 4.5
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4\
&
S
S
ég} éés

& &
28 9,21
25 9.21
25 9,21
45 9,21
45 9, 21
45 9,21
70 9,21
70 9,21
738 9,21
9g 9,21
95 g, 21
30 9,21
25 5.79
25 5.79
25 5.79
45 5,79
45 5,79
45 Le79
79 £.79
70 5,79
70 5479
90 £,79
99 5,79
9g 5.79
25 350
25 3,50
25 2.5
45 2,50
45 3,50
45 3.50
79 2450
79 3.50
70 3.50
39 3,50
90 3450
eY 2,50

11

10
24
30
14
30

10
34
50
130
3o
50
10
20
39

R

e & &

{é' ¢$‘ :6?

S & $
< <
& &

& N
o 4?7 « 0930
o b8 «118n
e 48 «1050
1. 38 « 1716
1. 35 1710
1. 28 «1710
4e 10 «50060
Ly 28 L4560
bLe 30 + 4300
16.50 « 38C0
10.580 + 3820
10, 00 « 3820
+ 53 +05¢D
o b5 +0G78D
P +1350
+b8 «10G0
» B0 1440
¢« 56 «1940
be 36 «Lh 3
4e 30 «eb140
4, 16 + 4130
11. 5§ + 4500
12.50 14500
11. 67 + 4250
.10 1228
« 35 +1640
« 36 e1340
1,08 +« 3300
1. 06 « 3290
1. 07 « 3290
S 18 4820
D¢ 33 RO
5. 20 480D
57. 30 +6350
7,00 «6AQ0G
57:.5( +658138



FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
F INE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINE
FINc
FINE
FINc
FINE
FINc
FINE
FINE
FINL
FINF
FINE
FINE
FINL
FINE

24
2
Ze
2o
2o
2e
r
2e
Ze
2
2e
Ze

3
3
3
3.
3
3
3
3.
3.
3
“+e
be
Ge
“4e
b
S
Y
b
be
4a 3
“aD
be3

Vi MU VTN T TN QU YTV W, MM WD N GY VTG T T
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TABLE 14 - Summary of the Creep Tests

&

&
SR
SRS

&

R
SW
25 18
25 X0
25 50
45 10
45 30
45 50
79 140
70 30
74 590
39 10
99 28
93 20
25 i¢c
25 38
25 50
L5 140
45 310
45 50
7 10
[4H 20
70 30
94 18
93 33
25 10
25 33
25 50
L5 ig
45 26
45 3¢
70 10
70 20
[&i] KEY
90 10
36 20
0 340

Qg» o> v (Wi
& & & o &
< < & <
IS S N ¥ -
3.174 e 003865 -1.,035¢ « 300935
24779 + 0016256 =1.5113 + 061139
2.660 « 001854 -1.3488 «N005Le
64462 « 003013 -i 4429 ¢ 02804
74453 « U356 D -5,4900 s3010C94%
7262 « 003928 -5+148 « 100635
18 . 440 o 10564L3 =~12.,44080 «002123
16. 795 « 006945 -10.55660 001227
22.93] « 013060 ~15.7600 « 307059
23, 640 « 067847 =-15,2200C «e002614
21,407 + 00562190 =12.,550¢C « 002423
« 553 e 009393 -+3635 « 042090
568 » 0004109 ~-+26909 « 002866
« 627 » 000289 -e281 4 « 300723
2609 « 002382 ~1.,7830 v 002001
24757 « 002710 -1.9582 « 05510
el « 0N26738 -2.21670 «00G258
12 . 864 « 0057314 -10.,5290 « 101327
19,1810 + 008025 “«16.,740 0 « 001419
19.293 « 008583 ~15,3600 « 001369
284730 e« 0078360 =-21,8000 e N0 7440
254 473 + 013837 -19,0430 « 8503610
« 759 » 000331 - 4342 « 301532
692 e 000427 -a 3713 « 300546
o B4 e POI4RY -2T496 + 0040512
24259 « 003249 -1.,637¢ 301804
2o B2 « 004209 =-1.850¢C + 000748
2+ 655 « (04637 =-2.022¢0 W N01518
14,220 e 305121 ~11.788¢0 e5302973
14,185 » 104599 «11,795¢ «201787
13. 643 « 004543 -11.287¢ « 01404
29,190 « G0859) “2L,3200 «112060
254 015 + 003285 =19,5380¢ «N0BNES
2he TTY « 305197 -20.1934 « 007317
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TABLE 37 - Resilient properties for Class F Asphalt Treated

107

and Hot-Mix Asphalt Bases, Ring 4, WSU Test Track

LOAD . .

PAVEMENT TEMP. TIME 1 o R POISSON
COURSE ( F) SEC. PST PSI | PST x 10° |  RATIO

0.1 10 1.14 0.32

20 1.07 0.278

30 1.03 0.316

20 1.1 0.307

50 111 0.323

1.0 10 0.71 0.284

20 0.746 0.35

20 30 0.738 0.368

40 0.728 0.35

50 0.72 0.333

10 10 0.462 0.324

20 0.416 0.345

CLASS F 30 0.422 0.36]
20 0.409 0.362

ASPHALT 50 0.4 0.36

TREATED

0.1 10 0.321 0.384

BASE 20 0.326 0.375
30 0.301 0.401

40 0.294 0.375

50 0.292 0.375

1.0 10 0.139 0.431

70 20 0.137 0.4]

30 0.124 0.398

40 0.119 0.403

50 0.112 0.414

10 10 0.062 0.44

20 0.055 0.45

30 0.052 0.457

20 0.051 0.465

50 0.052 0.465




TABLE 37 (CON'T)
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LOAD

PAVEMENT TEMP. 91 93 MR POISSON
COURSE (°F) TN PSI PST | PSI x 105|  RATIO
0.1 10 0.05 0.44
20 0.047 0.448
30 0.0472 0.498
40 0.049 0.465
50 0.049 0.46
CLASS F
ASPHALT 1.0 10 0.0219 0.506
20 0.0235 0.537
TREATED 100 30 0.0244 0.568
40 0.0247 0.58
BASE 50 0.0245 0.59
10 10 0.0122 0.697
20 0.01425 |  0.747
30 0.0163 0.747
40 0.018 0.753
50 0.0198 0.737
0.1 10 0.546 0.225
20 0.54 0.257
30 0.528 0.281
40 0.515 0.283
50 0.512 0.282
40
1.0 10 0.365 0.336
HOT -MIX 20 0.345 0.31
30 0.335 0.329
SAND 20 0.32 0.316
50 0.305 0.297
ASPHALT
BASE 0.1 10 0.16 0.365
20 0.154 0.39
30 0.143 0.371
40 0.143 0.351
50 0.139 0.37
70
1.0 10 0.069 0.359
20 0.063 0.385
30 0.0625 0.395
40 0.0615 0.405
50 0.0612 0.424
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FIGURE T - The Concept of Stress at Point P

FIGURE 2 ~ Components of the Stress Tensor
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FIGURE 4d - The Triaxial Chamber
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FIGURE 4b - Test Frame and Triaxial Chamber Showing Electro-
Hydraulic Servo-Ram at Bottom



114

FIGURE 4c - Close-Up of 4" Diameter by 8" High Asphalt Concrete
Specimen in Triaxial Cell Prior to Connecting Lead
Wires. Note Internal Frame that Permits Access to
Specimens Without Disassembly.
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DIRECTION OF TRAFFIC
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FIGURE 5 - Vertical Stress Functions Used by
Various Investigators (After Shackel)



NORMALIZED VERTICAL STRESS
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FIGURE 6 - Variation of Calculated Vertical Compressive Stress

Pulse Shape with Depth {After Barksdale)
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FIGURE 10 - The System Used in Pulsing the Chamber Pressure
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RADIAL STRESS (psi)

0 10 20 30 40 50
AXIAL STRESS (psi)

FIGURE 13 - Stress States Applied in the Triaxial Tests
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