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ABSTRACT
p 0

Increased interest in rational,apprdaches to flexible
pavement design, rather than the usual empirical methods,
has brought about an urgent need for a better understanding
of the material properties involved. 1In this study,

laboratory equipment capable of providing reliable measure-

ments of the material properties for asphaltic concrete mixes,

<

under variable stress and temperature conditions has been
developed. The basic material properties obtained from
these measurements are the resilient modulus (MR) and

dynamic Poisson's ratio (v), which are the required

inputs for the elastic analysis of flekiple pavemént

structures.
Tests have indicated that temperature is the main

parameter affecting the resilient modulus of asphaltic

concrete mixds, with deviator stress and confining pres-

sure secqndary in effect. Based on tests performed on a

few samples, the dynamic Poisson's ratio was found to increa;e

with temperature from about 0.24 ét 1030 (50°F) to

approximately 0.46 at 42°C (108°F). Confining pressure

was found to have little or no effect on the dynamic v.
Analysis using a linear elastic flexible pavement

computer programme has indicated a significant reduction

in . . . thi = - by 1 : ring a mix with

F— — . .




a higher MR value. This dgmonstrates the advantage of
utilizing the structural analysis approach to flexible

pavement design for more efficient use of materials.
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CHAPTER 1

INTRODUCTION

1.1 Purpose and Scope

The rational approach to flexible pavement design
is based on treating the layered pavement system as a

structure, and replacing previous empirical methods bv

analytical methods, in which each material's behaviour under

traffic loadings and environmental influences is considered.

This raéiqnal approach has been facilitated bv the develop-
ment of sophisticated computer vrogrammes, tvnicallv by
large 0il companies (1-4), which provide solutions for the
stresses and strains in combined vavement structures, based
on linear elastic‘behaviour. These comobuter programmes -
require as basic inputs the elastic modulus, Poisson's
ratio, and thickness of each layer, including the subgrade
properties.- Although asphaltic concrete, and soils forming
the subgrade display nonlinear and somewhat -time-dependent
stress-strain characteristics, it is cenerallv considered

that linear elastic analysis provides adeauate solutions

for design purposes (5). thile the parameters currentlv
utilized are based on elastic bhehaviour, the methods dev-
eloped, and basic data obtained in this study are also

applicable to nonlinear approaches.
2
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This study is mainly concerned with the Iaboratory
testing of asphaltic concrete samples to determine their
resilient modulus (MR)’ and Poisson's ratio (v)'(the two
. material properties required as progT;mme inputs) under
conditions representative of the field envirdmment. These
field conditions were simulated pyv tests conducted in a
special triaxial system developed for this study, under control-
led temperature and pressure levgls, for repeated dynamic
loadings. 1In simple terms, the resilient modulus was deter-
mined by means of the diametral tensile ;est method, that
has been adopted previously to study various materials
(6-18) . wWhile the resilient modulus measuring devicq/f:
essentially of the same basic design as that developed by
Schmidt (Gf, extensive modifications and additions were
necessary. Measurement of lateral deformations were based
on a simple strain gauged cantilever beam technicue
developed by Gonsalves in previous studies at McMaster
University and extended. in the current studv.

Measurements of Poisson's’ratio were conducted on
specimens using a simple direct compression test technicue.
The deformation measurements were made using the cantilever
beam technicue developed for the resilient mogulus apparatus.
Full details on all of the experimental equipment'and tech-
nigques are given in the following chapters.

The experimental programme entailed the investigation

of the influence of various parameters on the resilient

modulus and Poisson's ratio, in particular: (1) vertical

"



stress; (2) confin%ng pressure; and (3) temperature. Pre-
vious studies on asvhaltic concrete have indicated that the
resilient modulus is highly affected by changes in tempera-
turef and confining pressure (7, 195. The results of these *®
tests on various asphaltic concrete mixes are presented

with an evaluation of the fundamental characteristics
observed.

This information is then used to examine some tvpical
flexible pavement sections usin;%;omputer oroqgrammes to
determine the sensitivity of designs to material properties.
It is shown that increased stiffness as given by the resilient
modulus can be an advantage since pavement sections can be

reduced in design thickness. This should be contrasted

with empirical methods where the stiffness is not considered.

)

1.2 Current Methods of Flexible Pavement Deslign

Flexible pavements consist of one or more base
courses of suitable granular matevial, with or without asphalt
binder, and an asphalitic concrete surfacing (binder course(s)
and/or surface coﬁrse) as shown in Figure l.1. They are
essentially layered systems with little beam strength, and
carry the imposed traffic loads by distributing them through
the layers which generally decrease in strength and quality
with depth. The prime function of the layers is to reduce
the load intensity to a level that may be carried safely
by the next underlying layer and ultimately by the subgrade.

There are many methods for flexible pavement design,

each claiming some "fundamental" criteria as its basis.
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Some of these have been adapted as standard design procedures
by various agencies, however, many remain as scattered
information in journals and technical reports. One attempt
to group all recognized design methods was undertaken by
the Highway Research Board (HRB, now TRB) in 1966 (20).
According to this HRB committee, flexible pavement design
may be divided into four groups:

1) Ultimate strength methods;

2) Semi-empirical and statistical methods;’

3) Empirical and environmental methods: and

4) Elasticity methods.

The ultimate strength methods are based on pavement
performance at failure. Their main design criterion is that
the pavement system must possess an adeauate safety factor
against shear failuge. Semi-empirical and statistical
methods are based almost exclusively upon accumulateéF;;;;;:_——
ience and on assembled design performance information. These
methods have sought credence through statistical analysis
of past and existing field test data, using serviéibility—
performance concepts. Empirical strength tests, Such as the
Marshall and Hveem methods (21) are frequently used to
determine the adequacy of mix designs, however, no theoretical
consideration is given to actual pavement mechanics. The
empirical and environmental methods are based on the soil
characteristics and environmental conditions of the proposed
site. No highway material properties apart from those needed

for soil classification, are used for estimating the support

characteristics of the pavement subgrade.
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Elasticity methods are based on predicting the actual
deformation behaviour of flexible pavements under expected
working and environmental conditions, using layered elastic
theories. T;e basic design procedure involves adjusting
layer thicknesses and nger%éig so that certain limiting valﬁés
of stresses or straiqél(displacements) at designated points
within the pavement ére not exceeded. A rational design
system adopts such elasticity methods as part of the
total design procedure. The rational design concept, developed
in recent vears, has embraced not only the structural aspects,
but also road performance to user relationships and economic
considerations. This study is concerned exclusively with the
structural design aspects of rational systens.

By far the most widely used design procedures today
are the empirical and semi-empirical methods, which are
used with some degree of success throughout the world. The
continued use of such procedures would be aquite satisfactory
if we could be assured that traffic, materials, construction,
etc. will remain the same. However, conditions are ?3
constantly changing, the most dramatic example being a trend
towards much heavier axle loadings for more energy efficient
and economic commercial transport (22). Rational design
systems offer the flexibility to consider such changes, and ¢
there is a growing trend to utilize them for both current

designs and in management systems for the maintenance of

existing road networks (23).



1.3 Flexible Pavement Distress Modes and Indicators

Due to material influences, flexible pavement design
is generally a far more complex préblem compared to most con-~
crete and steel structural design. Steel and concrete
exhibit material properties that are generally homogéeneous,
1sotropic, and relatively stable with time. - On the other
hand, pavement materials are nonlinear and time-dependent
at working stress levels, and their behaviour depends on a
number of variables such as: temperature; Fate and nature
of loading; density; stress historv; and stress state. Unlike
concrete and steel construction, "servicibility" rather than
"sudden catastrophic failure" aoverns pavement desian.

Because of these and other inherent differences, a new struc-
tural design philosophy must be formulated for flexible

pavements.

The successful design of a flexible pavement structure

is measured by its actual performance in the field during the
expected life. 1In recent years, the performance has been
evaluated using a servicibilityv-performance concept, similar
to that initially developed by Carey and Irick(24). This
system assumes that pavements display certain distress modes
that can be organized into three maiﬁ cateqoriés: fracture;
distortion; and disintegration. In ﬁeneral, disintegration
is caused by 5 reactive aggreggte or by poor bonding between
aggregate and binder. This is not itself a part of the

structural design, and while very important dyring materials

selection, will not be included here.



Fracture and distortion manifest themselves in three
different ways: (1) permanent deformation (distortion
mode) : *(2) load induced fatigque cracking (fracture mode) ;
and (3) thermal induced cracking (fracture mode). It should
be recognized that permanent deformation is also a fatique
phenomenon, in the sense that it depends on the accumulation
of 1nelastic.deflections due to repeated wheel load applications.
The type and severity of pavement failure is dependent
on a number of factors, which includes environmental and
trgffic conditions,.as well as the characteristics of local
con;truction materials. For example, in the United Kingdom,
failure takes place most commonly in the forfi of excessive
permanent deformation (rutting). On .the other hand, in the

/
United States, loss of servicibilitv is due mainlv to fatique

cracking.

1.4 Design Using the Structural Apprpach

The fundamental structural design procedure adopted
in this study was first presented by Brown and Pell (5).
This method 1is based on treating the paGgment structure as
a layered elastic system, which may be analyzed using avail-
able computer programmes (1-4). As indicated previouslv,
the assumption of linear elastic behaviour is adequate for
design purposes. This design procedure is similar to a
design method developed by the Shell 0il Company (ZS)T-except
that resilient moduli values are derived from laboratorv
testing, rather than from the stiffness nomograph suggested

by the Shell method (25, 26).



The basis of the Shell nomograph is that mix properties
are controlled by the properties of the asphalt binder. The
asphalt properties, in turn, are functions of origin, hard-
ness (which includes effects due to aging), rate and duration
of loading, and temperature. This method suggests that the
stiffness of adphaltic concrete mixes is 1nsensitive to
aggregate characteristics, and is influenced only by the
volumetric ratio of asphalt to aggregate.

Triaxial testing was used in this study 1n order to
derive the mix characteristics from actuyal measured responses.
Besides providing an alternate and direct method, the lab-
oratory derived values can be used to evaluate the accuracy
of the Shell nomograph method. Direct measurements.were
also desirable, since the Shell nomograph method does not
incorporate the influence of confining pressure on the modulus.
Another advantage of laboragory testing is that samples or
cores from existing pavements may be conveniently tested to
investigate aging effects.

The structural approach adapted in this study, like
the Shell method, assumes that the flexible pavement structure
consists essentially of the three layers:

1. An asphaltic concrete layer or layers;

2. A granular unbound layer or layers; and

3. the subgrade. .
In the casé of a full depth asphaltic concrete pavement,

the granular unbound layer(s) is of course disregarded as

it is replaced by asphalt cement bound layers.

s . —— o
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In the structural desiyn method, it is generally con-

sidered that the critical pavement conditions are (9):

1. The horizontal tensile strain at the bottom of the lowest

asphalt cement bound layer;
2. The vertical compressive strain on the surface of the

subgrade; and
3. The horizontal tensile stress at the bottom of the M
» unbound base.

The first two criteria are directed towards the fatique
and permanent deformation failure modes, respectivelv.
The third condition is aimed at preventing local "decom-
paction" and conseauent reduction in the effective stiffness
of the unbound layer. A typical pavement section, showing
these critical points is presented 1n Figurel.2.

Laboratorv derived fatigue criteria for the tensile
strain at the bottom of the asphalt cement bound laver have
been developed by Pell (27, 28). This is given 1n the form

of the fitted equation:

_ n
NS = K(l/cm)
where NS = number of applications of eouivalent 18 kin
(80 kN) load to initiate a fatigue crack.,
€= maximum }nduced tensile strain.
n and k = factors depending on the composition of the

asphaltic concrete mix. “

The vertical subgrade strain criterﬂa can be taken from

design charts developed by Dormon and Metcalf: (29), usina

elastic layered system theory. However, a major criticism of

Al mmn ~mla- is P T N J_Lev do ——
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age considerations (30).

I; the case where a granular unbound layer is used,
the horizontal tensile stress design criterion 1s that it
should not exceed 0.5 times the vertical stress plus the
horizontal overburden pressure. The horizontal overburden
pressure 1s the stress induced i1n the horizontal direction
by the weight of the material above the point concerned. (5)

The full design procedure, as shown in Figure 1.3,
first entails re@:?ing the expected truck loading data to the
eauivalent 18 kip (R0 kN} standard axle load applications
using charts such as in Figure 1.4. The @ext step 1nvolves
determining the limiting stresses and strains within the pave-
ment for the 18 kip (80 kN) axle load. Analysis of the pave-
ment structure is carried out using a dual wheel arrangement
of the 18 kip (80 kN) eocuivalent axle loading. The ﬁavement
is assumed to be statically loaded by two 4,500 lb (20 kN)
loads. These are uniformly distributed over 4.23 in (10.74 cm)
radius circular areas, located 1? in (30.5 cm) apart centre
to centre. .

The design 1s an iterative process as ingacated by the
flow chart in Figure 1.3, in which the material}and thickness
are chosen for each layer, and then analyze@ iR the combined
structure. If the analysis indicates that ;;i{ical stresses
and strains are exceeded, changes are made in laver thickness
or materials (or both), until a satisfactory desiqn.is
achieved. Since an array of alternatives are then available

to the designer, econonic considerations can readily be

incorporated during the selection of the final design.
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At the present time, the determination of material properties
o

for the analysis has not kept up with the ability to perform

the actual computations based on theoretical considerations.”

-

1.5 Summary of Objectives

The major purpose of this study i1s to develop an
economic and reliable testing method for, and to determine,
the reauired material characteristics (MR and ) for typical

asphaltic concrete mixes (City of Hamilton smecifications).

More specifically, the objective is to investiaate the effects

on :

Mg o?
1. confining pressure levels (nan);
2. diametral stress levels (uDM);

3. temperature;

4. asphalt content; and

5. different aggregate gradation and type. )
The effects of th; following on the dvnamic Poisson's ratioﬁ

v, will also be investigated:

) ;

1. confining pressure levels (GCQN

2. temperature; and

3. different aggregate gradation and type.

15



CHAPTER 2

THEORETICAL CONSIDLRMATIONS

2.1 Resilient Modulus by the Diamctral Method

Developmeﬂt of the indirect tensile test for nat-

erials tQ§ting is credited to Carniero and Barcellus (16)
in Brazil, and Akazawa (17) in Japan. Although oriscinallv
developed for strength tests on portland cement concrete, this
method has been extended to similar tests on asnraltic con-
crete (10, 11, 14, 15) and lime-soil mixtures (13). Basicallv,
the test entails applving line loads (uniformlv distributed
loads in practice) to a cylindrical speciren, along two on-
posite generatéices. Assuming the plane stress condition,
it can be shown that a relatively uniform tensile stress
results alona the diametral plane containing the arplied
load (32, 33). Failure of the specimen is usuallv caused bv
splitting along the loaded vlane as indicated in Fiaqure 2.1.

Of varticular interest to flexible navement designers,
is the resilient modulus (MR) which is defined bv the

equation:

6]
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where ”R = resilient modulus;
9q = repeated axial deviator stress; and .
¢ ., = resilient strain.
resil .

A

Resilient strain is that which is instantaneously recovered
after removal of the aobplied load.

Research bv Sciﬁidt (6} has shown that the indirect
tensile test is readilv adartable for determining the resilient
modulus of asphaltic concrete mixes. This is achieved bv
applving known repeated loads to the specimen, and mecasuring
the corresponding deformations across the dieamecter perpen- |
dicular to the loading direction. Schmidt (€) develoned

the ecuation for M_ using elastic theory and available

R

analytical solutions (32, 33). The stresses across the diameter

perpendicular to the loading direction in Filaurec 2.2 are:

2
“ - 2p d2 - 43‘:? (2.1)
X rtd d2 + 4¥2
4
= - 2P _|_ . 4d - N
(Wy - 'ﬂtd {(dz . 4x7;-§ ll (2.2)
where Ot oy = stresses perpendicular and varallel to
direction of loading, respectivelv;
P = applied load;

t = thickness of cylindrical disc;
d = diameter of disc; and
x = distance along horizontal diameter from

centre of disc.
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Assuming plane stress and elastic behaviour, the strain

across the horizontal diameter is:
1

Y
vy T E[OX - v“y! (2.3) -

where: ¢ = strain across the horizontal diameter;

E = Young's modulus; and

v = Poisson's ratio.

Substituting equation$ (2.1) and (2.2) into ecuation (2.3)

gives:

2p [waay - 16a%%)

x _ Entd )

5 + (1 - ) (2.4)
(d° + 4x7)

The total deformation across the horizontal diameter
is found by integrating the strain, e between the limits
+ d/2: '

( d/2 .
¢ dx (2.5)
5-d/2 X

ho=
where A = total deformation across the diameter. Substit-
uting equation (2.4) into equation (2.5) and integrating

yields:

>
I

- E%l(4/n) +‘v—l]

or in terms of E:

P(v .+ 0.2732)
ta

E = (2.64a)

It should be noted tHhat ecuation (2.6a) was derived

using elastic theory, and is applicable for both static and.

dynamic loadings. In the case of viscoelastic materials
such as asphaltic concrete, deformations are time dependent,

approaching elastic behaviour for asphaltic concrete if the

20
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loading time (pulse) is of short duration. Thus, if the
repeated loading time is short enough, eauation (2.6a) will
apply to asphaltic concrete within the bounds of experimental
measurements (6). The apparent Young's modulus, E, is

then simply the asphaltic concrete's resilient modulus,

M_, discussed earlier:

R
_ P(v + 0.2732)
MR = oy B (2.6Db)

These ecuations are for a point load on a thin disc, which
corresponds to %’Iine loading alona a generator of the
cylinder (Figure 2.2). In actual testing, the load is dis-
tributed over an area with an appreciable width through a
loading stéié to ensure proper load distribution (9-12),
As shown below by the writer, moduli found by usind eauation
(2.6b), are very close to those based on solutions which
consider the finite width of the loading strip. It should
also be recognized that actual specimens are of finite length
so that the assumption of plane stress is also an approximation,
but very reasonable for the geometries involved (8).

The stress analvsis of a circular element subjected to
short strip loadings has been given by Hondros (8). Body
forces are assumed negligible and the stress distributions

for plane stress {(disc) and plane strain (cylinder) are

identical:

rx  nat _ 1+(2r2/R2)(cos 2“)+(19/R4)

-1

2
-tan "~ ( (l—IZ/R )

tana) (2.7)
(1+ B/R%)

e

A vy - ey v

[



2, 2.
2p [ (1-*/R") sin 2+
1+(°

ax nat '-2/R2)(COS 2")_}“4/’24)

_ _ 2,2
+ tan 1(13~J§157l tan «a) (2.8)

(1+ " /R7)
where thé subscript x denotes values on the horizontal
diameter. The orientation of these stresses in polar co-
ordinates, and definitions of the terms involved are given
t
1in Figqure 2.3,
Assuming plane stress and elastic behaviour as in the

previous case, the expression for v across the horizontal

diameter is the same as equation (2.3):

= 1 -
€ T8 [0y = VoG, (?.3a)

Substituting eguations (2.7) and (2.8) iInto (2.3a)

yields:
oo o2p (-r’/R%)sin 20 (4,
X matE |, 2 /R%) (cos 20+ (1 /rY)
2,2
~tan™t (AR an ) (1m0 ] (2.9).
(1+4r/R%) }

The total lateral deformation is thus given by integ-

rating the strain, € between the limits + R:

’

A = ¢ dr v (2.10)

Substituting equation (2.9) into (2.10), completing the

integration and solving for E, results in:

E = ;§§K [(1+v) (2 x DELA) - (l-v)(2 x DELB)] (2.11)

where

22
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4
( >
beia = 1 (=d/R%) sin 24 dr (2.12)
ELA = > 3 BRI
10 1+(2r" /R%) cos 24 + (r /R")
R 2,2 :
DELB = % tan" (A5 /R an ar (2.13)
0 (1+r”/R"7)

Due to the relatively complex nature of the integrand,
equation (2.11) is written in the above form, which is amenable
to numerical integration. Numerical integration of DELA, -
and DELB, is performed by setting dr as a constant, varving
r from zero to R (by constant 1ncrements), and then summing
all corresponding incremental values. A simple computer
programme to perform this tedious summation process is
presented in APPENDIX A.

The resilient modulus equipment developed for this study
utilized loading strips which were 3/4 in (1.91 cm) wide
(ie a = 3/4 in). Use of this equipment for testing standard ,
asphaltic concrete Marshall brlquettes,'measpran 4 inches (
(10.16 cm) in diameter (ie R = 2 in) gives values of DELLA

and DELB of 0.37061 and 0.21500 respectively. Substituting

these values into ecuation (2.11) yields:

_ P ‘
MR iy (0.99416v +'0.26417) (2.11a)

In the event that field cores (3.8 inches (9.65 cm) in
diameter) from existing pavements are tested, the above

values are 0.37013 and 0.21510, and from eguation (2.11);

M, = EE (0.99353v. + 0.26319) (2.11b)

~.
By substituting a value of v for asphaltic concrete of
0.35 into equations (2.6b) and (2.1lla), a comparison of the

difference in theoretical results between the two loading

~ s M Ja xt P a
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methods 1s made:

*
-~

- Y
_ b ' _0.6232p
line load, M, = . (0.35 + 0.2732) = e
distributed load, M = E% (0.99416 x 0.35 + 0.26417)
_ 0.6120P
t

The difference 1is only about 1.8 percent. This is of fav-

—
——

” ourdble conseauence, since the loading strips may not alwavs
prg;xde 1deal, uniformly distributed loads, due to slight
irregqularities 1n some asphaltic concrete specimens. Also,
considering the limits of experimental accuracy, no serious
error -1s caused by assuming either of the two theoretical
derivations.

Due to the application of vertical loads across a dia-
meter of the specimen, the theorv for the determination of
vertical stresses 1s more complex than for direct tensile
or compression tests. The total compressive stresé along the
horizontal diameter of the speCimen can he found by sustit-
uting values of DELA and DELB into ecuation (2.8) and

dividing by the specimen radius, R, to obtain the awerage:

U}

=2P _ 10.37061 + 0.21500]

4 in diameter, average T ax iy 57h
= - 0.24854 (2.8a)
3.8 in diameter, average o__ = —4b x [0.37013 + 0.21510]
0x nat 1.9
p
= =-0.26145 T (2.8b)

In this study, the average Ouy 23S described above is referred

to as the diametral stress, oM The sign convention adapted
for all ecuations throughout this study assiqgns reaative
"values for compressive stresses. Since this convention

is awkward for discussion, only absolute



stress values are presented 1n the text and are taken as

compressive, unless otherwisc stated.

2.2 Poisson's Ratio by Direct Compression Tests

To date, the experimental determination of Poisson's
ratio, v, for asphaltic concrete mixes has not received
enough attention to warrant confident use of commonlv
assumed values during pavement design. The general practice
has been to assume a value of v between 0.30-to 0.50, without
considering effects such as stress levels and temperatures.

A few researchers (11, 12, 15) have reported experimental
values of v using the diametral method. However, they have
also indicated that there is need for more rescarch in this
area as the reliability of the test mgzhods is not adeaquate
and the reaquired eauipment is not readily available.

A simple and reliable direct method for finding v
by conventional repeated loading compression tests was dev-
eloped as part of this study. By definition, Poisson's’
ratio is the ratio of the strain in the lateral direction to

the strain in the axial direction:

_ _ ¢, _ _ ¢_ _ LATERAL STRAIN
b Ex ;5‘ AXIAL STRAIN (2.12)
X X p

The required measurements are the axial and radial
deformations of 4 in (10.16 cm) diameter by 8 in (20.32 cm)
‘long specimens, as indicated in Figure 2.4. The axiai
deformation is measured over a known length, x, between
variable poinis A and B (Figure 2.4), while the radial deflec-

tions are measured across the 4 in (10.16 cm) diameter.:

26
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From these readings the axial and lateral strains, respec-

tively, may be calculated:

AXIAL DEFORMATION OVER AB

AXIAL STRAIN = < (2.13)

RADIAL DEFORMATION

LATERAL STRAIN = 3 in (2.14)

" All measurements are taken under repeated loading conditions,
using the same freauency and duration as for the resilient
modulus measurements. Details of the apparatus developed

for the Poisson's ratio test are given in the next cﬁapter.

For field cores having a diameter, D, eaual to 3.8 in (9.65 cm),

the denominator in equation (2.14) is 3.8 in (9.65 cm).

2.3 Parameters for Test Programme

2.3.1 Vertical and Horizontal sStress Levels for Testing

To reiterate, a major aim of this studv was to
simulate the expected field stress conditions due to traffic
loadings. Besides providing more realistic values for pavement
design, such stress levels would*ensure that specimens were
not tested to destruction, or at levels whick would produce
excessive permanent defofmation.A For vertical and horizontal
stress levels (o0, and o}, respectively) in pavements, a brief
study using various analytical technioues was de in order
to determine appropriate values to be used. A r3dnge of stress
values must be selected-as the stress intensity fis dependent
on the thickness gnd properties”gf the layers constitutihé
the pavemeqt structure, none, of which are known at this
stage.

Since the critical area under consideration within the

asphaltic concrete is at the bottom of the layer, it is

IRV,

P
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only natural that testing should attempt to duplicate stress
levels at this point. However, linear elastic analvses indicate
that tensile horizontal stresses, ramudevelop at the bottom

of the asphaltic concrete layer which cannot be simulated

in the triaxial cell (which can'only apply compressive

confining stresses). This does not present a problem in

the upper half of the asphaltic concrete layer since hor-
izontal stresses in this region afe compressive. Brown (34)
presents a possible solution to this problem from a mathe-

matical point of view.. However, this method suggests

®

applying tensile vertical stresses to the specimen, which is

not permitted in the indirect tensile test. Morris (30)
uses a "simulative statistically-based approach”, however,
he concludes that this method also provides unrealistic
conditions. He also states that there is no testing
technique available at the present time nor in the fore-
seeable future which is capable of reproducing the desired
stress patterns simultaneously.

In.view of the foregoing observations, the writer
adopts a method whereby horizontal stresses are calculated
at different depths within an asphalt pavemeht of infinite
depth. Although this procedufe provides solutions that
are idealized, the philosophy is to obtain a ranqe.of positive
horizontal stress yaiues to investigate the influence of
confining pressure on bhoth MR and v.

Although stresses-are due to moQing wheel loads, the
general practice has been to calculate stresses for areas

directly beneath a static wheel loading. This loading is




assumed to be due to the standard 18 kip (80 kN) axle load
in either single or dual wheel configurations. 1In both
cases, it is assumed that 80 psi (551.6 kPa) tire pressures
are appropriate.

For the determination of stresses in the asphalt
bound layer(s), the granular base and subbase layers are
excluded. This is felt justified since actual pavement
geometry is unknown at this stage, furthermore, we are
interested only in rough estimates of stress levels for
testing. Although flexible pavement construction normally
includes more than one layer of asphaltic concrete material,
only a single layer (base layer) is considered for stress
level determinations. This approximation is considered
adequate, since the base layer constitutes the main struc-
tural component of the flexible pavements.

The assumed properties of the asphaltic concrete laver

are: 0.35 and 250 ksi (1.724 GPa) for , and Mp, respectively.

These are typical HM-5 asphalt mix (City of flamilton) values

at room temperature, as determined during the course of the

30

study. Subgrade properties are assumed to be similar to those
' 4

of the Brampton Test Road (18), and are taken as: 0.43 and

20 ksi (137.9 MPa) for v and MR’ respectively.

As a first approximation and upper bound of both vertical

and radial stresses at various depths below the pavement sur-

face (ﬁigure 2.5), the modified Boussinesao ecuations (35)

were used:

- _ _ 1
oy = "9 1 2]3721 (2.15)

(1 + (r/z)

b pnpe Ao -

mh g e
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FIGURE 2-5 - SINGLE WHEEL LOADINGS FOR BOUSSINESQ
AND CHEVRON CALCULATIONS

z BV h
(ins) r/z (psi) (psi)
0 o -80.0 -68.0
2 2.99 -77.5 -35.0
4 1.50 ~66.3 -14.8
6 1.00 -51.6 - 5.7
8 0.75 -38.9 - 2.1
10 0.60 ~-29.4 - 0.6
12 ©0.50 -22.6 0
14 0.43 -17.8 "
16 0.37 -14.2 0
18 0.33 ~11.6 0 ’

TABLE 2.1l: STRESS DISTRIBUTIONS FOR
BOUSSINESQ ANALYSIS
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2(1+.)z z

.
4 = -5~ | 1+ 2v - = o
2 (12422)172 7 ([2,,2,3/2

where O, O = vertical and horizontal stress, respectively,
below the centre line of loading;
a = radius of loaded area (5.98 in (15.20 cm))
for single wheel configuration;

z = vertical depth below surface: and

1l

a tire pressure at surface (80 psi (551.6 kPa)).

0
The results using equations (2.15) and (2.16) for a
and “h for deéths up to 18 in (45.72 cm) are presented

in" Table 2.1. Since the asphaltic concrete in full depth
asphalt pavements is normally between 4 to 18 inches (10.16
to 45.72 cm) iﬁ thickness, it can be infe%red from Table 2.1
that vertical stress values, Ty vary from about 11 to 65 psi

(76 to 448 kPa); and horizontal stresses, a vary from 0

bl
to about 15 psi (0 to 103 kPa). However, these values for

0y are auestionable due to certain basic assumptions in the
Boussinesq theory, particularly that the continuum is homo-

geneous, when it 1is in fact a layered structure of various
materials. ’

The second method of examining appropriate stféss levels

¢

for -testing involved the use of the CHEVRON g—LAYRR computer
programme (l). A major advantage of this method over the
. Boussinesq soluti%? is that the program@e treats the structure
as a layered system, and influences ddé to the moduli (E and

v) of each layer are accounted for. " Table 2.2 shows the

analysis of several typical full depth structures (i.e.

. -
et

. .
s e




Depth a, at bottom of 9t a?—d:;;;;hz in‘—.1
A asphalt layer infinite asphalt
(ft) (psi) layer (psi)
4 -36.5 -16.4
6 -22.1 - 7.0
B -14.6 - 3.1
10 -10.3 - 1.5
12 - 7.6 - 0.8
14 - 5.8 - 0.5
16 - 4.5 - 0.2
18 - 3.6 - 0.1

TABLE 2.2: STRESS DISTRIBUTIONS FOR
CHEVRON COMPUTER ANALYSIS

P

S g g e e e e At




two layers, including subgféde), using the CHEVRON programme.
The same single wheel load as in the Boussinesc method '
was used (Figure 2.5), and the upper pavement laver thick-
ness was varied from 4 to 18 inches (10.16 to 45.72 cm) for
vertical stress determinations. The results (Table 2.2)
show that the vertical stresses vary from ahout 4 to 37 psi
(28 to 255 kPa) at the bottom of the asphalt laver. Cal-
culation of horizontal stresses, assuming an infinite
asphaltic concrete continuum, gives values of "N ranging
from approximately 0.1 to 16 psi (0 to 110 kPa).

A‘third method of stress levels determination was made
using the BISTRO computer programme (2). An additional
feature of this prograﬁme is its ability to analvze pavement
structures loaded by multi-wheel configurations. Using a
dual wheel loading, as shown in Figure 2.6, the same pavement
structures as in the previous method werc analvzed and presented

: 9
in Table 2.3. The results indicate that Ov varies from

approximately 3 to 27 psi (21 to 186 kPa), and "y, ranges
from about 0.5 to 14 psi (3 to 97 kPa).
A comparison of the three technigques shows that the

Boussinesq method does indeed provide an upper bound for

oy As expected, due to the assumption of a homogeneous
H

a

continuum for the horizontal stress levels, values of‘nh by
all three methods were in very close agreement. For this
study, the solutions provided by BISTRO were taken as tle
limiting stresses:

" Substituting the maximum allowable value of o (27 psi

(186 kPa)) into equation (2.8a), the maximum allowable diametral

b et AN S
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FIGURE 2:6 - DUAL WHEEL LOADING FQR 'BISTRO’
CALCULATIONS

/. S
a, at bottom of Average o - at depth z
asphalt layer in infinite asphalt layer
Depth (psi) (psi)
2 Under 1 ¢ of 2 Under 1 ¢ of 2
(ft) Wheel Vheels Wheel YHeels
4 -26.6 ~-21.6 -10.0 -13.7
6 -16.3 -15.1 - 4.8 - 8.2
8 -11.0 -10,9 - 2.9 - 4.9
10 - 7.9 - 8.2 - 2.0 - 3.0
12 - 6.0 - 6.3 - 1.5 - 1.8
14 - 4.7 - 5.0 - 1.0 - 1.2
16 - 3.8 - 4.0 - 0.7 ~ 0.7
18 - 3.1 - 3.3 - 0.5 - 0.4

TABLE 2.3: STRESS DISTRIBUTIONS FOR 'BISTRO'
COMPUTER ANALYSIS
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load is found for the typical 2.5 in thick specimen:

P

27 psi

>
15/ P

2.3.2 Pulse Time for Repeated Loading

271.6 1lbs.

1

As previously indicated, due to the viscoelastic
nature of flexible pavement materials, load induced deform-
ations are time dependent. The behaviour of such materials
is approximately elastic, provided that the loading time is
short enough so that viscous effects are small. For this
reason, consideration of repeated loading time and freouencv
for testing is of primary importance if the elastic eauations
are to be used with any confidence.

Brown (36) indicates that the loading time should be
based on the average stress pulses for the vertical, radial
and tangential directions. Also, the;e is no uniaue loading
time for asphaltic materials in situ, as the pulse is depend-
ent on various factors including tpe depth of the point con-
cerned. An attempt to define the loading time to be used in
dynamic triaxial tesfing of asphaltic materials bas been
described by Barksdale (37). This method applies only to
vertical stresses, however, it is based on a combination of

theory and experimental observations. The results of this

development have been presented in the form of curves relating

loading time to de;?ﬁgﬁor various vehicle“speeds. These

curves were replotted by Brown (36) (Figure 2.7a) based on

the loading time definition:

t = ot (2.17)

4, - PRI P
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where t loading time; and
&

f frequency of the sinusoidally applied stress.

it

Figure 2.7a also shows corrected curves to provide mean loading
times for the asphaltic concrete layers. These were derived

by taking the loading times at half the depth from

Barksdale's curves. Figure 2.7b shows the relationship

between mean loading time and thickness of asphaltic concrete
layer for various vehicle speeds (36).

For this study, a load duration of 0.1 sec at a freauency
of 20 cycles per minute was chosen, since this is the loading
adopted by Schmidt‘énd other researchers (6, 7, 38-40). Also
a load duration of 0.1 sec is roughly the same as that obtained
with the Benkleman beam deflection test (41, 42). Although
a loading time of 0.1 sec corresponds to a speed of only
about 5 mph (8 km/h), this is representative of creep speeds
which are more critical to design. BAnalysis indicates that
a time of loading of 0.05 secs approximates the actual time
of loading in the field when a tr&ék passes over the road
at about 60 mph (96.6 km/h}). The preceding values were
ébtained from Figure 2.7b assuming a typical 12 in (30.5 cm)
asphaltic concrete layer. The 2.9 sec dwell time bhetween
repeated loadings permits substantially complete visco-

elastic recovery of the specimen.

€

2.3.3 Pulse Shapes for Repeated Loading

Research on the pulse shapes to simulate moving
wheel loads for use in triaxial testing has been reported by
Barksdale (37). Based on linear elastic finite element studies,

he reported that the load induced pulse shapes varied from

. e




~a

approximately sinusoidal at the surface, to more nearly
triangular at depths below approximately the middle of the
base.

For this study, only approximately sinusoidal shaped
pulses were employed for te§QHng. This was felt justified

in view ©f the deficienciés of the triaxial test. However,

- R - 4 1a-
A e a«.:;.mw

future research using similar equipment should focus on
investigating the effects of using three widely different ;
waveforms during testing: triangular; sinusocidal; and

square. These tests should provide some guidance as to

the variations caused by differences in pulse shapes for

T

both indirect tensile and direct compression tests.

»

2.3.4 Temperature Levels for Testing

Research by manv individuals (7, 18) has :
indicated that the major parameter affecting the resilient
modulus of the asphaltic concrete mixes is temperature.
For the indirect tensile test, Schmid£ (7) indicates that
an approximately inverse linear relationship exists between
logloMR and temperature, between 0 and 50°C. Poisson's ratio
is thought to increase towards the upper limi£ of 0.5 as the
temperature qincreases, although the actual dynamic v vs

temperature relationship is not known, For this study, a

temperature range of about 10 to 50°C is used since these

levels are easily att§ined with the developed laboratory equip-

ment. Furthermore, typical pavement temperatures during the
critical spring thaw and early summer periods are included

in this range. Details of the laboratory . equipment will be j

presented in the next chapter.




CHAPTER 3

TEST EQUIPMENT AND PROCEDURES

3.1 Apparatus Development

3.1.1 General Layout

The laboratory eauipment developed for this pro-
ject is basically an advanced version of the apparatus dev-
eloped for previous resilient modulus studies by Gonsalves.
This previous work at McMaster University was concerned
mainly with the development of the resilient modulus and
Poisson's ratio measuring devices for investigating material
propefties under uniaxial, unconfined stress conditions. This
study, was directeq‘towards the refining of both of the
above devices so that they were able to be mounted within
a standard 7 in diameter triaxial cell. 1In addition,'the
triaxial cell was modified so that the temperéfure of sthe
cell could be accurately con-trolled and a confining
pressure applied in a static or dynamic fashion. A schématic
of tﬂe gene;al testing'layout is shown in Pigqure 3.1. . .w};

The séhematic shows that there are five main parts
to the eauipment:
1) the triaxial cell containing the appropriate measuring
deviées; | |
S
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2) the oil supply system;
3) the temperature control svstem;
4) the load/pressure -application control (including timing)
system; and
5) data acaquisition and monitoring svstem.
R
A photograph showing the general arrangement d{\ﬁhe total

svstem is presented in Figure 3.2.

3.1.2 Resilient Modulus Measuring Device

For the determination of the resilient modulus,

-

M the concept of measuring the lateral deflection of dia-

R’ >
metrally loaded specimens, as proposed by Schmidt (6) was
adbpted. Significant modifications had to be made to Schmidt's
design since it was necessary to fit the measuring device

into the triaxial cell. A major change was the use of full
bridge strain gauges mounted on spring steel cantilever beamrs
to measure the hor}zontal diametral deflection 6f the speci-
men as shown in Figure 3.3. These réplaced the Statham

(UC-3) transducers used by Schmidt, which would have heen

too bulky to fit into the ce;l (and arenextremely expensive).
Details of a tvovical strain gauge deflection beam, along

with the electrical wiring diagram, are given in Fiqure B.1 of
APPENDIX B, . ;

Agother éignificant change wags the redesiagn of the mea-
suring collar and mounting cradle svstem which facilitated
easier set-up and mouﬁting of the specimén prior to testing.
The need for this wés apparent in the early stages of dev-
elooment, since the positioning and constant readjustment of

the specimen (which posed no major problems to earlier open
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systems) would not be possible once the assembled ecuipment
was inside the triaxial cell. Much time was spent in this
'aspect of the design, in order to preserve the "free floating
collar" concept necessary tn obtain realigtic results.
Details of the final design of the resilient modulus mea-
suring device, including the mouﬁting cradle, are shown

in Figure 3.3.

Setting Up Specimen in the Apparatus

Setting up of a specimen is preceeded bv securing the
four alignment pins in the holes provided, and vositioning
-the 3/16 in (0.476 cm) spacers between the collar and the
cradle (Figure 3.3). The sample is then placed over the
lower loading strip, taking care to ensure that it is properly
seated and centered on the strip. Next, the bottom centering
screws are adjusted, and tightened just enough thatwthe
bricquette (test specimen) is held snuglyv in place. These
screws are necessary to stop sliding of the sample during
the set-up period, or unavoidable tilting of the triaxial
cell. The centering screws on the collar are next adjusted,
and tightened two at a time (both screws directlv across from
each other), such that no movement of the bricuette is ob-
served during the sequence. The latter screws should be
moderately tight, But not overly tight as to cause anv restric-
tion of lateral deformation of the briouette.

The strain gauge screws are then rotated inwards, until
they are just touching the sample, and then rotated clockwise
by another half-turn. The final step before placing the appar-

atus in the triaxial cell is to remove the alignment pins,
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and then the spacers, to allow free movenent of the measuring
collar. A photograph showing a briocuette in position is

given in Figure 3.4.

3.1.3 Poisson's Ratio Measuring Device
g9

The Poisson's ratio measuring device, in contrast
to the resilient modulus abparatus, uses 8 in (20.3 cm) high,
4 in (10.2 cm) diameter, cvlindrical specimens, rather than
the conventio;al 2-1/2 in (6.4 cm) thick 4 in (10.2 cm)
diameter Marshall bricuettes. Triaxial size specimens were
used, since it is anticipated that future research will focus
on the use of specimens prepared by kneadino comvaction for
both resilient modulus and Poisson's ratio determiﬁations;
larger size specimen§ generallv result in less scatter of
experimental results; and most important, end restraint
influences tend to be minimized, particularlv with lenath
to diameter ratios greater than two. In tests conducted with
this "Poisson's ratio equipment", compressive loads (static
or repeated) are applied vertically along the axis of the
cvlindrical specimen. The resglting,vertical deformations
are measured parallel to the loaded axis, and the laterél
deformations across the specimen diameter, from which the
vertical and horizontal strains, respectivelv are calculated.
To the writer's knowledge, this is the first experimental
apparatus that has been specifically developed to determine
the Poisson's ratio of asphaltic concretes for various tem-
peratures, confining pressures and repeated loadings.

Figure 3.5 shows the main features of this apparéﬁus,

which consists essentially of two measuring collars, A and C,
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and a third collar, B, for supporting the two adjustable
vértical rods. Collar B has also been made adjustable, so
that the vertical deformations may be measured over any con-
venient length or section of the cylinder. Tge operation

of this device is best explained with reference to Figure 3.5.
Compressive loads applied along the axis of the cylindrical
sample cause A and B to move closer together, producing a
deflection in both cantilever strain gauge beams mounted on
ring A. The average deflection, as measured byv the gauges,
should reflect tle average relative movement between collaré
A and B, from which the vertical strain is determined. The
horizontal deformation, on the other hand, is measured
directly by the strain gauge beams, mounted on opposite sideé
of ring C as shown in Figure 3.5. Bv using this "floating
collar" system, end effects (i.e. the restraining of lateral
deformation of the sample by thé loading caons) and measuring
device restraints:are v}rtually eliminated. Also, this
‘technique assures that movements, due to slight rocking of
the sample, are not measured. The strain gauce deflection

beams used with this device are the same as those used in the

indirect tension resilient modulus test as detailed in Figure B.1l

APPENDIX B, and this provides great flexibhilitv in the design

of the system and monitoring equipment. &

1

Setting Up Specimens in the Apparatus

Prior to mounting the triaxial specimen in the apparatus,
the sample is checked to ensure that it stands perfectlv

upright, and the bottom of the specimen is sanded if necessarv.
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After the sealing procedure {(described in followina sections)

is performed, the specimen is then placed in position on the

base of the

triaxial cell, and electrical tape is placed

around the sample at the expected locations of collars A

and B. This is to prevent the securing screws (which hold

the collars to the sample) from piercing the sealing mem-

brane. The collars are then located, one at a time (starting

from collar B), with the aid of spacers to ensure that

the§ are as

level as possible. Securing screws are hand

tightened only, but must be tightened enouah so that dif-

ferential movement of collar and sample (i.e. slip) does

not occur.

The cantilever strain gauge beam screws are

then adjusted in the same manner described previously for

the resilient modulus apparatus. Due to the variable

positions of collars A and B, the average distance between

the securing screws on these collars must be measured for

vertical strain calculationdg. A photograph showing a specimen

in position

is given in Figure )3.6.

3.1.4 Temperature Control

was a vital

Accurate control  and maintenance of temperature

aspect in the development of the eauipment.

Figure 3.7 shows the main features of the hardware used for

controlling

the temperature of the specimens during testing.

Basically, the system consists of two parts: 1) a temperature

control rath for maintaining the desired temperature; and

2) a coil of copper tubing built into the triaxial cell, for

conducting heat to the o0il in the cell. The principle of

this design,

is to control the temperature of the cell indirectly
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SPECIMEN MOUNTED IN POISSON'S RATIO DEVICE

FIGURE 3.6:
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by circulating a liguid (water) from the bath through the
conducting coil (glycol can be circulated for working at
low temperaﬁures)t

Heating of the temperature bath was achieved through
the use of an adjustablgﬁgzth El2 constant temperature
circulator. By trial and error,]the correct settings on
the circulator were determ%ned for the corresponding desired
temperature levels in the triaxidl cell. This was a necessary )
step since the temperature of the o0il in the triaxial cell
never attains the same level as that of the bath due to
various heat losses. v

Cooling of the temperatu;; bath was achieved bv simply
adding icqﬁfgom a freezer (approximately - 35°C) to the bath.
Again, a temperature gradient was inevitable, hoyevef;%&sa

triaxial cell attained equilibrium at about 9°C, dependin_
~

-

on the laboratoryv ambient which was generallv maintained at
20 + 2°c. Although a temperature oé less thap 9°C was never
attained (or required for the current study) using this
method, glycol could be added to the system and then cir-
culayed from the bath through a second coil placed in a
freezer. Control of the much lower temperatures involved
would then be achieved by controlling the setting on the
freezer.

A major consideration in the temperature control svstem .
was the choice of a suitable fluid for use in the triaxial
cell. It was obvious that a fluid was necessary, in order
to conduct heat and maintain temperature levels, and also
to allow for the application of confining pressures to the

specimen. Some of the desired fluid properties are:



1) must not conduct electriéity;
2) non-torrosive to any material used in the triaxial cell;
3) adedguately transparent; '
4) éood conductor of heat; and
5) readil§ available and inexpensive.

Of all the fluids considered, only silicone oil and
a special heat conducting oil (petroleum base) proved feasible
The silicone oil was rejected since it is expensive and has
an undesirablé penetrating power. Yeat conducting oil
satisfies all/ of the above conditions, and was locallv avail-
able at low cost. However, a major drawback to the use of
any petroleum bage oil is that it attacks asphalt. The

problem was readilv solved by heat sealing the resilient

~ ¢

moduius specimens. in plastic bags (described later), which
was also a necessary sﬁep in order to applyv confining
pressures. For the larger size triaxial specimens, sealing
was achieved by the use 6f conventional rubber membranes.

vh‘_-‘ §
3.1.5 Confining Pressure Control

Development of a simple Qréssure control svstem
for applying pulééting confining pressures to asphaltic
concrete specimens was required. This was achieved using the
equipment® shown in Figure 3.8 coﬁs@s&ing essenttally of the
following compénenﬁé: ’ T
1) aié pressure reservo}r tank;

2) electrically téiggéred air valye; -

3) bellefram separating the air/oil,iﬂtefface; and

4) solid state timer for triggering the air valve..
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The timer was adjusted to open the valve for one-tenth
of a second, twenty times per minute. Within the open inter-
val, air from the reservoir flows to the flexible Bellofram,
thereby transferring pressure to the oil in the triaxial
cell. -As anticipated, thefe was appreciable "inertia"
in the system, preventing full pressurgnresponse in the
triaxial cell. This inertia, besides depending on the
dimensions of the apparatus (i.e. compliance) is also a
function of the viscosity of the oil which is temperature
dependent. For this reason, it was necessary to monitor
the actual pulsating pressure within the cell, using a
pressure transducer (Statham model PA208TC-100-350, a strain
'gauge,type) located at the top of the triaxial éell.' Control
of peak pressures in the triaxial cell wés obtained bv
adjusting the pressure of the reservoif tank. The ciréuit
diagram of the pulse timer is given in APPENDIX B. This
timer was especially designed to minimize any electrical
noise éhat would interfere with sighal monitoring and involves
solid.-state circuits rather than typical relay circuits. ‘
From-the initialltimer design, a rather sophisticated

printed circuit model has been dewveloped by R. Winterle

for the resilient modulus studies.

3.1,6 Axi8l Load Control

) © Axial Loaés for indirect tensile (resilient .
modulus)ﬂof direct cdmpressidﬁ tests are produced by the air
and pistpn.s‘ystex_&, as shown in Figﬁré' 3.9. | Bésica‘l;yy, t.he

_systém_consists of the following components:

"l) air préésuré‘reéervoir,tank;
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2) electrically triggered air valve;
3) 2-1/2 in diameter (nominal) BIMBA air piston; and
4) solid state timer for activating the air valve.

This eauibment is quite similar in principle and:
operation to the previously discussed confining pressure
control system. The timer, adjusted to the same 1/10 sec.
duration, and 20 cvcles per minute, triqgeré the valve which
allows air to activate the piston. However, the axial load
svstem uses a somewhat specialized timer that is triggered
by the timer used in the latgral pressure ecuipment. The
purpose of this triggering is to prdvide an adjustable lag,
so that both vertical load and confining pressure "peak"
at the same instant. This technique effectively compens;tes
for any lag in developing full confining pressure for each
load repetition.

The axial load level is controlled bv adjusting the
pressure of the reservoir tank in a similar way to the
previous svstem. Except for the timing secuence, both
loading systems are completely independent of each other,
using separate air pressure reservoir tanks. This allows
adjustment of pressure levels to obtain any combination of
vertical gtress énd confining conditions for testing. |

' The electronics design of the phase-lag timer used for

this eauipment is given in Figure B.2, APPENDIX B.

4

3.1.7 Monitoring and Recording of 6ut9ut Signals

Determination of material properties using both

accurate measurementid



1) S ey
2) confining pressure;
3) strain gauge outputs from tﬁé cantilever beams monitoring‘

deformation at designated points under the applied

stress system; and
4) sample temperature.
These measurements are explained further in the following
sections.
1. Axial Load

Due to the appreciable friction between the vertical
ram and the close fitting top seal of the triaxial’ﬁpparatus
(Figure 3.10), it was found necessary to monitor axial loads
from within the cell (i.e. below the top seal} to obhtain
accurate load readings. This was accomplished bv using a
bolt-type strain gauge, load cell (4,500 lb. capacity),
mounted within the piston ram (Figure 3.10). Flectrical leads
from the load cell were then located within the hollow piston
and brought out above.the top seal, allowing complete free-
dom of movement of the piston. .Although their size is
small enough for this paqﬁicu%ar'set—up, bolt tvpe strain
gauges generally lack in monitoring sensitivity. Thus,kit
was found necessary to aﬁplify the 6htput signal prior to-
recording. Details of the amplifyer used are given in a
later séqtion{
2. Confining Pressure.
As previously discussed in 3.1.5, due to compliance

and temperatdre'effects, accurate determination of applied

confining pressures was essential. Confining pressures
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(cell pressures) were measured using a STATHAM (PA208TC-100-
350) pressure transducer, mounted on the top of the triaxial

cell. For the 100 psia range transducer used, the direct

output signals wei7/§§;333 enough for the monitoring equip-

ment so that no aﬁplificétion was needed in this case.

3. Strain Gauge Output
Output signals from the strain gauge cantilever beams
on both the rqgilient modulus and Poisson's ratio devices

were found to be relatively low and had to be amplified

before recording. Depending on the magnitude of the deform-

ations. being measured, the strain gauge signals were fed into
‘the amplifyer channel that provided the most suitable gain.

4. Specinmen Temperature

The use of a mercury thermometer for measuring the

specimen temperatures was found to be impractical due to

physical constraints of the triaxial cell. Furthermore,

sincé’confining pressures were to be applied, this ruled out
the possibility of placing any glass thermometer inside the
cell.’ For this reason, a solid state. temperature probe
system was developed espécially for the triaxial apparatus.
A positive feature of this system was that the miniature

transistor probe could be placed between the measuring collars

close to the specimen. Comparisons of temperatures monitored,

and using a probe implanted in the specimens, permitted

determinations of times to temperature .equilibrium. The

design of this temperature probe circuitry is given in Figure B.4,

L]
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5. Data Acquisition Equipment
A photograph of the data acquisition system§3s given
in Figure 3.11, showing the‘five major components:
1) a S-channel amplifyer/balancer unit;
2) a 6-channel light beam (SE3006) oscillographic recorder;
3) HEWLETT PACKARD (6204B) DC power‘fupply units;
4) a digital voltmeter (FLUKE 8000A); and
5) a separate amplifier for the temperature probe.

The signal amplifier/balancer unit is used for bhoosting
low.level signals to a level that will give readily measurable
light Beam deflections on the oscillographic strip recorder.
In addition to this, the unit is equipped for balancing of‘
the amplified signais to prevent damage to the strip recorder
by over shooting.

Much difficulty was encountered in the design of a
suitable amplifier msystem. One major problem was the presence
of électrical nglé:f which at one stage produced greater
light beam deflections than the actual output signals.
Difficulty was also experienced due to interaction between
channels, which besides causing incorrect measurenients,
made balancing impossible. There was also the problem of
.obtaining adequate balancing range, and at the same time,
having a fine enough adjustment on the potentiometers. The
amplifier system eventually developed for this project is
virtually noiseless with excelient balancing cababilities.

It is also free of channel intgraction{‘despite the fact ‘
that a common 12 volt powér;s;uréewwas ugeé for ali five

channels. Details of the electrical design of this amplifief

are given in Figure B.3, APPENDIX B.
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The light beam oscillographic recorder used records
analogue data by printing directly on light sensitive strip
paper, and produces its own grid with 0.2 cm diyisions.
Measurements were made for each channel by countiﬁg the
number of divisions created by a recorded deflection,. and
then multiplying the result by the appropfiate calibration
constant.

Three HEWLETT PACKARD power units were used for draving
the data acauisition system. Two of the units were combined -
to produce a + 6 volt supply for the amplifiers. 1In addition
to the strain gauge cantilever beams, both the load cell |
and the temperature probe amplifier were alsé driven from this
combined power source. The ‘third unit was used to provide
a 7 volt supply for the pressure transducer.

The digital voltmeter provided a conyenient and accurate
readout display for balancing voltages from the amplifier
system. It was also used to monitor temperatures in

conjunction with the temperature probe ecuipment.

3.2 Calibration of Equipment

.A fundamental consideration during the development

L

of any équipment for materials testing is the accurate and
simple calibration of all measuring devices. Before’any
measurements during testing could be made, the following
components (already discussed in 3.1:7) had to be calibrated:
1) all strain gauge cantilevér beams;

2} the load cell; A

5) the pressure transducer;. and

4) the temperature probe,
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For this investigation, channels 1, 2 and 3 on the
amplifier system were set to a gain of about 3, and channels
4 and 5 were turned to the maximum gain of 10. These settings
were found to be approximately the amplifications recuiréd
for the test programme, and were not changed during the
‘course of this study.

1. Strain Gauge Cantilever Beams

‘Figure 3.12 shows the necessarv special eauipment
used for calibrating tbe strain gauge cantilever beams on
the resilient modulus collar. The micrometer screw is
adjusted so that it just touches the sérew on the cantilever
beam, and the initial reading on the micrometer is taken.
Next, connecting strain gauge number 1 to amplifier channel
1, the output is balanced, using the digital voltmeter (DVM).
Oscillographic recorder channel 1'is then connected-to
amplifier channel 1, and the beamladjusted (by turning the
galvanometer, located at the top of the oscillographic
recorder) to about the 1 cm mark on’the grid. After running
a short strip of paper to record this initial position,
the micrometer is then carefully rotated until the light
beam on the oscillographic recorder is deflected to about
the 14 cm grid mark. This is again recorded'by running
a short strip of paper from the oscillograph, after which
the second readin§ on the micrometér is taken. The light
beam is again adjhsted to approximately theul cm mark,
this time however, the balancing potentiometer on the amplifier
unit is used. The précess'is‘repeated.about fifteen times,

[y

from which a graph of micrometer deflection (inches) and
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galvanometer deflection (divisions) is plotted, giving the
calibration factor for cantilever beam number 1 on amplifier-
channel 1. The same procedure is then performed for canti-
lever beam number 2 usﬁng amplifier channel 2 and oscillo-
graph channel 2.

If more aﬁplification is needed, sav for cantilever
beam 1, the calibration is performed using amplifier channel
4 with recorder channel 1. Measurements are alwqgs per-
formed, using the same cantilever beam, amplifier and channel
number combination that was used for calibration. Besides
avoiding confusion, this systematic approach avoids dif-
ferences in calibration due to different sensitivityv of
various combinations. The séme basic operation was conducted ‘

for the Poisson's ratio measuring collars.
2. Load Cell \

Calibration of the load cell is performed in a
standard WYKEHAM FARRANCE (T57) loading frame of the type
- used for soil testing. The piston containing the load cell
is removed from the triaxial apparatus,-and mounted verticallv
*n the loading frame against a 500 lg. capacity provinq‘
ring. The idea is to load the system (cognected in series),
s; that the oscillographic recorder galvanometer deflections
can be equated to proving ring deflections, from whichsthe
load calibration constant is determined. The procedure of
measurlng galvanometer deflectlons is basically the same as
in the case of the strain gauges.

3. Pressure Transducer

" :
Caltbration of the pressure transducer is performed

© the " tus set up as in a lar - - .



no dynamic loads are applf;d and the air line connections
are rearrapged to bypass the electripal valve in the con-
finiMy pressure system. In so doing, static pressures may
be applied to the cell directly from the pressure tank fitted
with an accuraté pressure gauge. Due to the application of
static pressures, the reservoir tank and triaxial cell

must cqme to equilibrium at the same pressure.

Connecting the outlet leads from the transducer to

the oscillographic recorder, the relationship between pres-
sure gauge readings and galvanometer deflection may be
determined.

4. Temperature Probe

.The teﬁperature probe system was designeé for use

with a digitél voltmeter (DVM). The probe itself is
actually & small transistor that is sensitiQe to temperature
changes, which are read as millivolts on the DVM. Calibration
is performed by taping the probe to an accurate mercury
thermomoter (O.lOC éivisions), ahd_then placing both in
various temperature‘bathg from approximately 0°c to 50°.
‘From this, a graph of millivolt readings and Eorresponding
temperature readings is drawn, providing the necessary;cal-

ibration chart for the temperature probe.

%

-~

3.3 Sample Preparation

~ Asphaltic concrete specimens that wefg used in the

resilient modulus investigation were prepéied agcoN\Jing to the
.~Marsb§ll'method {21). The resultinﬁ briquettes were 4 igghes
(10.2, cm) in diameter by approximately 2-1/2 inches (6.4 cm}

in thickness. However, the’ Pdisson's ratio test required
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epecimens approximately three*iimes as thick (& inches,
20.3.cm). 1In tois gtuoy, the-laéter specimens wegé conven- s
iently pro&uced bj‘qementing’three Marshall bricuettes
together, ueing emulsifieé asphalt as the bonding agent.
Poisson's ratio tests were then performeé on the middle\
briguette of this combination, takiog advantage of the
adjoqtable pos;tion of the meesuring collars. .In the next
phase of the,study; full size triaxial specimens prepared
with a kneading compactor will be con%idered.

‘Before ins&tion into the triaxial cell, it was . >
necessary to provf;e'adeguate protection of the specimen
frem the heat transfer oil. This was a critical step, since
oil readily attacks‘aspﬁaltic concrete. Various methods of
eeallng the specimen were investigated, however, only heat
sealing in plastic bag5vproved successful for.the resilient

— .

) modulus~9pecihens.

Prlor to the seallng process, the specimen was glyen

- )" ."

a thorough thin coatxng of emu151f1ed asphalt to provide a
sticky bond with ‘the plastlc bag. _Th;s was an’ essential °’
procedure to‘exclude_air pocﬁefé at éritica} points where
monitoring'eouipmeot is aétacﬁed. The specimen'was then al—

" lowed to dry for ohe hour, and then ca£efu11y plYaced 1nslde
the plastic bag, wlth the spec1men s. ax LS pernendlcular oo |
“the bottom of thenplastxc bag. A comme:cial heat sealer
.'was then used €o~seal‘tﬁe open end of the bag aS«close 35,9h '
poseQEEE\to the specimeﬁ., After, cutting a p1nhole in a -
corner of the plastlc bag,’ any a;r'was then drawn out using

a ' ’ Vet T}\.P,‘ i ot Qf the l n
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"is left open to allow for volumetric changes of the oil

withdraﬁing as mth ai; as possible, the open cornep7was
finally pinched close, and guickly heat sealed. -
Sealed specimens were left at least 24 hoﬁrs, and then

inspected pfiér to testing. If there was any iﬁdication

éf air getting into the bag, the plastic was removed, and
the sealing process repeated. Plastic bags 0.004 inches -
thick (OiOl-cm) were féund to be adequate Ebr the above
précedure. The 8 in. high (20.3 cm) triaxdal size specimens

were sealed in the conventional "soil mechanics" manner

using rubber membranes.

3.4 EBquipment Operation

Having performed the necessary mounting procedures
described in 3.1.2 or 3.1.3, the~specimen is placed inside
fhe triakial'cell,;which is then positioned under the loading
piston in the loading framé. All necessary éktefﬁal connections

are then made as shown in Figure '3.13.

Next, the triaxial cell is filled with oil by opening
the o0il inlet{valve, and applying a vacuum (7 to 10 in Hg)

to the oil overflow chamber. When o0il begins to enter this

. : : , PO '
overflow chamber, the vacuum hose is discogfected, and the

+
.. L4

oil ipley valve is:closed.» The valve at the overflow chamber

within the cell during temperature changes between load

appllcations. | ‘ - . 'w .
; Water (or glycol) is then c1rcu1ated through the conduct~

ing c01l in the trlaxlal cell from the temperature bath.

Tpis ¢s alloweq to clrculate dbring the entl;e course of the

:exéetiment to sﬁahilize the oil tempgraturé for each desired
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FIGURE, 3:18: . TRIAXTAL' APPARATUS SHOWING‘ FINAL CONNECT- .
. 1IONS BEFORE TESTING




measurement level.
The oscillographic recorder is then turned on, and the
required channels are adjusted approximatelv to their resp-

ective positions on the strip chart grid. _All electrical

signal devices from the triaxial apparatus are then con-
nected to their designated amplifier channels (if necessarv),

and balanced with the DVM., Connections are then made to

the oscillographic recorder, and the galvanometers are again
adjusted so that the light beams are placed at convenient
grid locations. |

The timers are then turneé on, and the pressure reser-

voirs supplying both the confining pressure and axial piston

S an e et s

systems are adjusted to the reocuired levels. These adjusted
levels are determined by the magnitude of thé\liqht heam

deflections, but should be within the levels specified in

2.3.1. If necessary, adjuétment of the pressure laa eauip- t'
‘ment is made so that both load cell and pressure transducer
outputs "peak" at the same instant. During the anplicétion

of confining pressures, the-0il overflow valve is closed.

However, the valve must be reopened before changing cell

temperatures to avoid damage to the .triaxial appératusf

R i %‘

It is evident from.the prqcedﬁres outlined in this
chaptgr that considerable time is reauired in the preparation
and tésting'o£ §@ecimgné using the triaxial ecuipment. In
oxrder to'lessen:ihe work load, it was found conveﬁiént to
test one sSpecimen from each mix desiqn using the trlaxlal

edulpment, .and to test the. remalnlng spec1mens in the "51mnle"

‘ oy 'y _ -
resxllent modulus apparatus developed by Gonsalves, These : d
. ? . ‘ . } - 4 . LN .t .

18)



tested at'ambient conditions and were found to correlate
well with the specimen tested in the triaxial apparatus under
the same temperature and stress conditions. The "simple"
apparatus measures the resilient modulus under unconf ined
stress conditions only, however, this provides a auick and
easy method of ensuring that the specimen tested in the
triaxial aﬁparatus is not "one of a kind". Measurement of
the resilient moduli at different temperatures, using the
"simple" apparatus, may be achieved by storing the specimen
at the appropriate temperature level (using a remperature
controlled oven or refrigerator) for at least three hours.
The specimen is then removed auickly from the temperature
controlled environment and tested in the device. The entire
operation of mountiﬁg and testing each specimen takes only

about 90 seconds. For this reason, errors due to changes

in temperature will be small.

To ensure that both the "simplg" and triaxial resilient °

modulus devices provided reliable measurements, a lucite
sample similar to thétiused 5y Schmidt ( 6) was tested in
both devices and the results were compared to Schmidt's
results. Both devices produced results which were consistent
with each other, and were found to be within.S percent of

Schmidt's results under similar. conditions. The accuracy

) of the triaxial device was also checked by calcilating the

-
“

re51llent modu11 from the measured responses from the Poisson
ratlo device, and comparlng these to the results found by
using the 1nd1rect tensile test under the same condltlons.
Again, the re51llent modulus as- determlned by both tr1ax1a1

‘nd be

:
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Following the procedures outlined in this chapter,

it is a straight forward process to obtain the measurements
‘ =

giving the Mg or v for any asphaltic concrete mix. 1In the

next chapter, the experimental firdings for measurement of

specific asphaltic concrete mixss are detailed.,

I
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CHAPTER 4

EXPERIMENTAL FINDINGS.

i ",

4.1 Asphalt Mix Designs for Test Programme

Laboratory testiﬂg for both re¥ilient modulus and
Qoi§son's ratio determinations was performed on typical
asphaltic: conicrete mixes meeting the City of Hamilton
" specifications. Both iaborafory and field prepared (i.e.
plant mix) specime;s were used for this study in order to .,
obtain a comparison between moduli for specimené from both 'éé
sources; The dg haltic concrete mix designs examined were

(1) HM-3; (2) (3) steel slag (open hearth, OH-STELCO)

and (4) type C. These designations refer to the gradation

of the aggxegaté component having to meet certain limits as
specified by the City of Hamilton. These gradation Speéification
limits and physical requirements, along with the actual grad-

. -atiops and Marshall test results of the mixes examined,

"are given in Tables C.1 to C.5 of APPENDIX C. For all lab- *
oratory mixes, a single asphalﬁ éement grade‘(BS/lOO
penetration) .was used, wh}ch was obéained exclusively\from‘

- the GuifjOiI.Coﬁpan§‘iniclarkson.
Theatgéting pfogramme focused mainly on*investigating

14 ‘

eristics ysing variogsupércéntages of asphalt

cemenﬁ (typically 5 to+7 percent) in the ﬁixes, For all ~ a



Resilient Modulus

. Average 1
. Asphalt | Sample |Diametral| My (ksi)
Mix | Specimen| Content | Temp. | Stress | Mean [Std. Dev.
Design No. (% by wt) °C | (psi) X S Range

100 5 10.42- |13 4.0 126-134
100 5 19.06 n7 | -0.5 117-118
100 5 22.49 109y - 0.5 1085109
102 6 10.87 107 | 1.6 105-108
. 102 6 S | 15.62 101 0.5 101-102
;‘—': 102 6 ™ 120.00 - | 94 1.7 93~ 96
103 7 11.51 95 1.7 93- 96
103 7 15.53 93 | 0.4 92- 93
103 7 19.40 91 0.6 90- 91
300 5 14.88 737 | 18.5 711-755
300 5 21.58 | 689 8.9 678-694
300 -5 26.09 656 | 12.0 641-669
300 ' 5 29.93 617 | 4.5 615-627
302 5.5 14.40 ' | 469 9.1 452-477
= 302 5.5 21.27 | 436 7.1 426-445
8 302 5.57" _le5.43 419 | 8.1 409-434
i 302 5.5 |~ 30,12 |39 | 6.6 391-408
= 304 6 13.87 438 5.7 . | -433-447
- 304 6 — | 20.60 411 | 10.4 399-427
by 304 6 T l24.91 |38 | 6.6 375-394
- 304 6 - 28.83 275 6.8 366~ 382
= 306 6.5 | 13.69 299 | *7.1 290-309
306 6.5 20,26 | 280 | 3.9 274-285
306. - 6.5 24.79 .| 269 | 5.6 262-275
306 6.5 28.95 {262 | 5.0 | 256-267

1: 8xrgadings were taken for each diametral s&ess level

L

TABLE 4.1: RESILIENT MODULI OF iM-3 AND STEEL
© SLAG (OH-STELCO) MIXES FOR VARIOUS
DIAMETRAL STRESS LEVELS
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mined by the use of a linear regression analysis by the

method of least squares. The method is baQ?d on the general

equation for a straight line: \
y =mX + C \ (4.1)
A\
where sxy — .
m = —, L (4.2)
w2 - {Ex) .
)3 N \
and - c =y - mx \ (4. 3)
- EY_ k
where y = =% E 04.4)
\\
% = BX
x = = (4k§)
, \ \ N
n = number of paired observations \

An advantage of using this method is that a third value,
\

the coefficient of determination (rz), mav be found. This .

is defined by the relationship:

E;xy ;~§5§X]2

n

2 2
2 (=x) 2 (zv)©
Eie ol |

2

.r = (4.6)

The'value of r2 lies between 0 and ) and will jindicate how

cldsely the equation fits ghe experimental data. The closer
2 ) =~

r” is to 1, the better ‘the fit. Théxnecessary data inputs
are paired values of x and y, or in our specific case, cor-
‘responding value of diametral stress levél(oam), and

mean M respectively.

R’ . .
The results using equations (4.1) to '(4.6) are summar ized

AN

in Table’ 4.2, and are obseérved to fit the straight line
equations reasonably well.. However, it should be noted

that the above relationships become meaningless as the ‘diametral

" .

- * ’ F



Asphalt (
Mix Specimen | Content | Sample m c 2
Design No. (3 by wt) ngp. ksi/psi ksi r :
100 5 -0.1686| 149.91 | 0.99
T 102 6 < -0.1370| 122.29 | 0.99
= ‘ 0
x= ™
103 7 ~0.0496| 100.84 | 1.00 J
f
300 5 -0.8293| 856.03 | 0.99
20
53 302, 5.5 - ~0.4803| 532.11 | 1.00 %
n o 304 6 ¢+ & | -0.4593| 498.83 | 0.99 i
Ay . d
ES 306 6.5 -0.2630| 331.31 | 0.99 f

TABLE 4.2: FITTED STRAIGHT LINE EQUATIONS
FOR HM-3 AND STEEL SLAG (OH-STELCO)
MIXES )
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stress level approaches zero. Figure 4.1 gives a graphical
prgsentation of the MR-dimmnxal stress level relationship for

both types of specimens tested.

- &

4.3 FEffect of Varying Temperature on MR

The results obtained in this study relating the
dependence of MR on temperature are presented in araphical
form (MR against temperature) in Figures 4.2 through 4.7,
Resilient moduli used in these figures are mean values taken
f;om a number of axial load pulses for each tamperafure at
zero confining pressure. , Although not strictly correct, Pois-
son's ratio for all calculations was assumed to be a constant
pf 0.35. The obéerved curves are in agreement with previous
research on this temperature dependence (6, 29), and confirm
the fact that temperature is the main variable influencing
the Mp- The curve§ are seenqto follow a certain character-
istic pattern for laboratory prepared samples, and this is
particularly noticeable in the case of the steel slag -
specimens. For each mix typef differences are due mainly
to Qertical shifting of the curves, for different asphalt
contents. For fiéid specimens from asphalt glants that
were compacted in the laboratory, often after reheating, a
straight line was .observed to prévide the best fit in most
cases. This phenomenon is prob;bly due to slight hardening
of the ésphélt binder as these samples were reheated before
being cqmpaéted‘into_briquettes. Consequently, all HM-5

specimens that were prepared from field mixes were found to

. display a straight line pattern on the semi-log plot.

-

-
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RESILIENT MODULUS
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RESILIENT MODULUS
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MODULUS
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@ FIELD MIX 51-53 48 % AC
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RESILIENT MODULUS
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FIGURE 4.7: COMPARISON OF MR—TEMPERATURE RELATIONSHIP FOR
HM-3, HM-5, AND STEEL SLAG (OH-STELCO) MIXES
FOR ASPHALT CONTENTS CLOSE TO MAXIM(&M MARSHALL
DESIGNS



Another typical characteristic of reheated specimens as

anticipated,is that they displayed greater M, values than

*

the freshly prepared épecimens.
As previously indicated, in order to compare the
characteristics due to different aggregate materials, steel
slag was graded to aﬁproximate the median of the HM-3
specifications. Figqure 4.2 shows that steel slag asphaltic
concrete mixes produced higher resilient moduli throughout
the temperature range (10 to 50°C) for 5 and 7% a;nhalt
cement content compared to reqular HM-3 mix (l1imestone
aggregate) at the same asphalt contentg. However, for 6%
asohalt cement, regular aggregate was found to have higheT
MR values at temperatures.above 16°C. Th?s phenomenon i§
probably due to differences in optimum asphalt contents. It
should be pointed out that HM-3 using steel slaa is about

1.32 times as dense as regular mixes (Table C.2), and thus

contains 32% more asphalt per unit volume at the same asphalt
N

-

content.

It is logical that material properties should be con-
trolled by volumetric proportions of asphalt to aggregate.
In this respect, 5% asphalt in HM-3 (steel slag) mixes should
be eaquiwvalent to 6.6% asphalt in regular HM-3 mix. However,
as indicated by Figure 4.2, 5% asphalt cement content for

steel slag mixes had much higher M, values than any combination

R
for regular mixes. These results seem to indicate that the
Shell nomograph method is only approximate, as aggregate BN
characteristics do contribute significantly to_ the modulus

of the total mix. This accentuates the need for materials



characterization if reliable numbhers are to be emnloved
in flexible pavement structural design methods.
Figure 4.3 shows the MR-temperature relatkgiihlp for
unadjusted gradationsopen hearth steel slag (STELCO) asphalt
\

concrete mixes. The curves for the laboratory p epat%d/)

mixes, ranging from 5 to 6-1/2% asphalt cement content

give a good indication of the effects of using dlfﬁé?;nt .
asphalt cement contents. However,‘the results show onlv
fair cprrelatipn with ?he field plant mixes compacted in the
langgLory, for the same aggreéate gradation/ A}so included
in this figure are results from tests conducted on an aged
steel slag specimen (1 year old), which was taken from an
exiétiné pavement. As indicated-by the curve, the temperature
’susceptibility for the aged sample was -vervy different from
that of freshly made samples. This shows‘the importance of
considering agifig effects on asphaltic concrete if proner'
evaluation of existing pagements is to be made. This high-
lié%ts another fertile area for future ;esearch. T

Figures 4.4 to 4.6 give the MR—temperature relationships
for ty@ical HM-3, HM-5 and type ¢ mixes; respectivelyi; In
generalz’it is seen that field plant mixes cgmpacted in the
laboratory, especially in the case of HM-5, gave highler
resilient moduli values than ldboratory prepared mixes As
previously indicated, éhis is due to hardening'éf the asphalt //
binder, as the field plant mixes were subjected to various -
levels of reheating prior to being compacted into briocuettes.

-

Figure 4.7 gives a comparison of the M_-temperature relation-

R
ship for laboratory prebared HM-3, HM-5, and unadjusted steel

¢



L
slag (OH-STELCO) asphaltic concrete mixes at asphalt cement
contents close to that of the optimum Marshall design (as
used in the field). A typical series of calculations for

A ‘ %
MR values Unhder differen%htomperature and stress conditions

is presented in Table C.7 (APPENDIX C).

4.4 Effect of varying Confining Pressure on M

3

R

Figures 4.8 and 4.9 are plots of MR against the
dimensionless ratuio, ‘ot Uomcon) - for HM-3 and unadjusted
steel slag (OH-STELCO) laboratory asphaltic concrete mixes
at different temperatures. This dimensionlesgEgtio was*
chosen since, as expected, the effect of pulsating confining
pressure was'found to depend on the diametral stress level
which ;és applied simultaneously with the confining pressure.
This effect is shown in Figure 4.10, wﬁich gives the plot

<

of M, against actual pulsating confining pressure, "nqy- for
different “H»f”amﬂ stress lebels on sample No. 45 (HM"S'fleld
mix). Figures 4.8 and 4.9 are presented in order to sum-
marize experimental measurements in draphical form. However, é
due to the crowded appearaﬁce of these figures, it is dif-
ficult to make any clegr observations from them, apart
from the closely parallel, linear relatianship on the semi-
log scale.

In order to compare the effects of puls;ting co(éfninq
pressure on different mix designs at the same asphalt content

(5¢ by weight), plots of MR éqainSthON/“‘ ) for HM-3,

™ CoN , .
HM-3 (steel slag), HM-5, and unadjusted steel slag (OH~STELCO) .

were made on the sgame graph, as shown in Figure 4.11. The !
Y

figure shows that the resilient moduli of different asphaltic
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concrete mixes are affected to diE}Erent extizfs when

subjected to similar confining pressures.

~

4.5 Effect of Varying Temperature on Dynamic v

The relationship between dynamic Poisson!s ratio
an§ temperature for HM-3 and steel s}ég~(0H—STELCO) v a
asphaltic concrete mixes, containing 5% asphalt cement each, -
is presented in Figure 4.12. Due to the limited time allotted
for this study, results from only two specimens were:obtained,
although a great deal of time was spent in perfecting ghe
equipment, and also in developing techniaues for obtaining

L]

reliable measurements. However, results from both samples
were in reasonable agreement {(despite the difference in.
materials), showing that v varies from about 0.24 at 10°C

(509F) to 0.46 at approximately 42°C (108°F).

4.6 Effect of Varying Confining Pressure on Dynamic v

Investigation of‘}he influence of confining pres-

sure on the dynamic Poisson's ratio was carried out for a
steel slag (OH-STELCO) asphaltic concrete mix, containing
5% asphalt cement. From this test, it was observed that
by increasing the confining pressure, there was very little
increase in v, and for all practical purpose, this influence
could be assumed to be neqligibie. Howéver, more tests are
required in order to confirm this observation. A typical
series of calculations for determining v under different
confining pressures is given in TableC .8 (APPENDIXC ).

These experimental results cam be readily incorporated

into linear elastic flexible pavement anaiysis computer
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progryumes in order to study material influences on optimization
of design. In the next chapter the use of typical values of
asphaltic concrete Mp and v is examined to demonstrate the

advantages of utilizing the structural analysis approach

to flexible pavement design.
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CHAPTER 5

INFLUENCE OF ASPHALTIC CONCRETE MR and v ON

RATIONAL FLEXIBLE PAVEMENT DESIGNS

5.1 Prelihipary Design‘Considerétions
In this chapter, two representative flexible pave-
ment structures are examined in order to determine the dif-
'

ference in thickness of the asphaltic concrete layer(s), which
might result from employing different mixes. 1In order to
provide realistic numbers, the environmental and subgrade
conditions of the Ontario Ministry .of Transportation and '
Communication Brampton Test Road (19) are aéopted. For
design purposes,‘it is convenient to determine a single
temperature to represent the effect of seasonal temperature
variatioﬁs, and this is taken when the combined pavement
structure is at its weakest condition. This Condition for
the Brampton Test Road has been shown to occur in June,
‘where the mean maximum air temperature is 21.1°C (70°F)

and the pavement surface temperature as 29.4°C (85°C) (19).
Assuming a total asphaltic concrete thickness of about 6 ins.
(15.24 CA}, the temperature at mid depth is estimated to be
%?°C {84°F) from Figure 5.1.

S§§7iFér this example, two pavement structures are examined:

Y

1) a pavement consisting of a wearing course (HM-3) 2-1/2 ins.

-~
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(6.35 cm) thick; an asphalt base course (HM-S5) of thick-
ness to be determined; and a granular subbase, 20 ins.
(50.80 cm) thick; and <%

2) a pavément consisting of a E:}l depth steel slag
asphaltic concrete course of thickness to be determined;
and a granular base course, 20 in. (50.80 cm) thick.

Other necessary input data and assumptions are as follows:

Load: Two 4,500 lb. (20 kN) circular loads of radius 4.23 in.

(10.74 cm), spaced 12 in. (30.5 cm) apart, centre to
centre. This is répresentative of the dual tires on
the standard 18 kip (80 kN) axle.

Traffic: Assume 106 accumulated 18 kip standard axle loads

over a design period of 20 years.

Subgrade: MR = 20,000 psi (137.9 MN/mz) (Brampton Test Road

(19))is

v = 0.43 (Brampton Test Road (19)).

]

Unbound Granular Layer: My 2.5 x Mg for subgrade (5);
v = 0.3 (5).
sphaltic Concrete Layer(s):

200,000 psi (1379 MN/m?) for HM-3

M, =
= 130,000 psi (896 MN/m%) for HM-5 .
= 240,000 psi (1655 MN/m%) for steel slag
v = 0.41

The above values for asphaltic concrete were estimated from
the results of the previous chapter. These results are
representative of typical MR values at 239°C (84°F) for the
optimum Marshall design of the asphaltic concrete mixes as

determined from laboratory prepared specimens. These values



are obviegsly somewhat less than those from the field that
were subjected to various temperature levels. The value for
v was estimated from Figure 4.12 for 29°C (84°F), and was

assumed to be the sameiégr all three mixes.

5.2 Limiting Stress and Strain Conditions

5.2.1 Tensile Strain at Bottom of Lowest Asphalt Cement

Bound Layer

The fatigue criteria for the tensile strain at
the bottom of the lowest asphalt cement bo&pd layer, as
discussed in Chapter lb is dependent on the mix variables.

These mix variables incdlude aggregate type and grading, as-

|
phalt cement type and content, degree of mix compaction,

and percentage of air voids (27, 28). Clearly, it is alﬁSBt

[

impossible to obtain the/fatigue strain criteria flor a‘partiu
cular mix, in view of thé numergus combinations of the
above variables. Also, due to éhe deficiencies of the yab-
oratory fatigue tests conducted to date, little ﬁas been
f//dﬁﬁs\to correlate laboratory results to the actual field
behavlour of pavements (30). However, until better design
limits are developed, laboratory derived criteria must be
ﬁsed. ”
% Res&arch by Pell and Brown (27) has indicated that the
\ﬁwo factors which appear to be of primary §mportance to
flexible pavement fatigue are binder content and voids
content. 'For mixes with similar asphéjt cement contents, the
aggregate type and asphalt cement grade have a negligible

effect on the strain-life relationship. In view of the above

observations, the limiting strain criterion for asphaltic

-
\
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_concrete, with voids between 3 to 5% was interpolated from
results given by Pell and Brown (27). For a fatigue life
of 106 applications of the standard 18 kip (80 kN) axle
load, a tensile strain, € ! of 10"4 was found to be appropriate.
- This value is in close agreement with the limiting strain

at 10° 1oad repetitions from results due to Monismith (43).

5.2.2 Compressive Strain at Top of the Subgrade

The permissible vertical compressive strains
at the top of the subgrade are the maximum values to which

the subgrade can be subjected without significant permanent

_ deformation occurring. In the absence of any fundamental

" or laboratory data, the criteria developed by Dormon and
Metcalf (29) has been adopted for this study. Based on this
method, the limitﬁng compressive strain in the subgrade, F

for 106 standard axle load applications, was found to be

6.5 x 104, 1

*

H§.2'3 Horizontal Tensile Stress at the Bottom of

\\ the Unbound Layer
\

As indicated in Chapter 1, the tensile stress

at the bottom of the unbound base or subbase layer, O, v is
restricted to a maximum Vaiﬁ; of 0.5 times the vertical stress
plus the horizontal overburden pressure at thérpoint con-
cerned. The horizontal overburden pressure is assumed to
be-equal to the'vertical overburden pressure (ie k0=l)

fQr compacted granula; material. The vertical stress is
determined aloﬂg with the induced strains at the designated

points using the BISTRO computer programme.

—
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5.3 Computer Runs Comparing Designs for Various Mixes

Several runs were made, using the BISTRO computer
programme, in order to determine the optimum asphalt layer
thicknesses of the two pavement structures cited above. The
final designs are summarized in Table 5.1, from which it
is seen that a saving of 1-1/2 in. (3.81 cm) of asphaltic
concrete is obtained by the second design, using a material
of higher Mp-

This example éerves to demonstrate the economic
advantage of utilizing the structural analysis ;pproach
to flexible pavement design. This is contrasted with
~

empirical methods which do not allow for the optimization

of design for more efficient use of materials.
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Design Computed
Pavement . Thickness Stress or Stress or
Structure . Layer Material ins. (cm) Strain Value |Strain Value
=
1 surfacing | HM-3 2.5 ( 6.35) 3 -- --
base HM-5 5.5 (13.97) |e =107 ¢, = 0.96 x 107"
subbase crushed 20 (50.80) 9= 3.67 ps1 Ty T 2.89 .psi
stone :
subgrade " | cohesive ® e; =—6.'S>c10_4 €, = -1.38 x 10'—4
soil
. . _ -4 ~ ‘ -4
2 surfacing steel 6.5 (16.51) AN 10 T 1.00 x 10
slag
base crushed 20 (50.80) |, = 3.65 psi|7, = 3.06 psi
stone !
subgrade cohesive » e =-6.5x10"% - = ~1.47 x 1074
soil z z
| —
’ TABLE 5.1: FINAL ANALYSIS FOR HYPOTHETICAL DESIGN

EXAMPLES

bul
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CHAPTER 6
CONCLUSTONS

Laborétory eauipment capable of providing reliable
measurements of material properties for asphaltic concrete
mixes, under varilable stress and temperature cgg;itlons has,
been developed. The basic material properties obtained bv
these measurements are the resilient modulus (MR) and
dynamic Poisson's ratio (v), which are necessary inputs for
the elastic analysis of flexible pavement structures. Due
to the variable traffic and environmengal conditions to

2=hich pavements are subjected, it was necessary to'investigate
these effecés on the material properties.' =

Tests conducted on asphaltic concrete mixes, using the
diametral pgnsion resilient modulus test method, have indicated
temperature to be the main parameter affecting the resilient
modulus. For asphaltic concrete, a deesrease of 10°C (18°F)
was found to cause increases in MR of more than three tinm@s
the original value. The temperature susceptibility of any
particular mix is dependent on the asphalt cement content,
aggregate gradation, and actual aggregate emploved. 1In
addition, aging or hardening ¢f the asphalt cement plays an-.
important\ro}e in the MR-temperature relationship. Reheating

of asphaltic concrete samples taken from the field (in order

to make Marshall specimens) causes significant hardening,
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reflected by unusuallyv high resilient modul1i.

Changes indiametral stress level (using the diametral
tension method) ;ffects the resilient modulus to a moderate
degree, depending on the mix variables, and possibly the
specimen temperature. This relationship between resilient
modu}us and diametral stress level 1s approximately inverse and
llnéar. Pulsating confining pressures also affect the resilient
mgéulus as determined by the diametral tension resilient
modulus test method. The resilient modulus increases
approximately logarithmically with increasina pulsating
confining pressure, with approximatelv the same slope,
regardless of temperature. The results seem to indicate that
different mix designs are affected to different extents
when subjected to similar confining pressures.

The dynamic Poisson's ratio increases with temperature
from about 0.24 at 10°C (50°F) to approximateclv 0.46 at
42°C (108°F). This observation 1s based on tests conducted
on only two specimens, however, the results are consistent
with the expected behaviour of asphaltic concrete under
static loading conditions. Confining pressure is found to
have little or no effect on the dynamic v, based on the
results of tests conducted on one specimen. However, this
will have to be verified by more tests in £he future.

Although the experimental work reported in this study
relates only to asphaltic concrete mixes, tests were also
conducted on lime stabilized materials with very promising

results. Indeed, the dynamic testing using the developed

equipment is not restricted to asphaltic concrete materials

-
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may be examined, provided that proper sampling and freezing
techniques are employed. This 1s a possible consideratiop
for future phases of this continuing research. Future -
resgarch should also focus on testing asphaltic concrete
cores from existing pavement structures to examine the agina
effedts on both resilient modulus and dynamic Poisson's
rati;. It 1s also required that similar techniacues be extended
to obtain samples from pavements constructed from emulsified
asphalts. 1t 1s anticipated that future studies will 1nclude
the 1nvestigation of fatique effects using the same, or a
slightly modified version of the eauipment. In addition,
the triaxial apparatus will be transferred over to the MTS
system to examine the effects of using precise servo
controlled loadings of different waveforms.

Although further research 1s required on the triaxial
apparatus, it 1s clear from the results of this studv ghat
the "simple"” unconfined apparatus developed 1n earlier
studies is guite adeauate fdf cbmmercial use. In the ggﬁign
of this eauipment, the policy of keeping cost to a minimum
was strictly adhered to; In view of the current trend fowards
the rational approach to flexible pavement design, it 1§\hoped
that the "simple" apparatus, or similar relati&ely inexpensive

8
equipment will be made readily available to small laboratories

N

specializing in materials testing.
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APPENDIX C

TESTING PROGRAMME AND PHYSICAL CHARACTERISTICS

OF ASPHALTIC CONCRETE MIXES
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GRADATION FOR MIXES (% Passina)

Specimen
No.

Si1eve . ’

Si1ze HM-3
(Tyler) 100-101}102-103}104~105|33-35{69-71 | Spec.

- —
/8 100 100 100 100 100 100
4 84.3 84.3 84.3 85.4 88.2 75-100
o8 65. 3 65.3 65.3 | 60.2| 56.7 | 50~ 80

16 52.0 52.0 52.0 39.4 - -

30 33.1 33.1 33.1 27.2 - --

50 13.6 13.6 13.6 19.5) 16.4 5- 20
100 5.3 5.3 5.3 13.3 -- -~
200 2.9 2.9 2.9 5.5 4.5 0- 5

[ /-//

Property ’ .

of Physical Characteristics
Mixture
— ]
Marshall
Stability
{lbs) 2203 2106 1754 4403} 2081 | 1200 min.

FIOW [l

index .

(0.01™) 10.19 10.4¢ 10.55 17]15.94 | 7 - 16

VMA

(3 Vol) -— -- ~-— 17 - 18 min.

Density -

(1b/cu

ft) 152.7 150.7 147.0 152.01149.5 -

Voids

(¢ Vol) 1.8 2.4 3.4 2.5 1.4 12 - 4

$ AC 5 6 7 6.3 7.9 15 - 10

TABLE d.l: GRADATION AND PHYSICAL PROPERTIES
OF HM-3 MIXES



OF HM-3

GRADATION FOR MIXES (%* Passing)
:SpeCLmen
N No.
Sieve *
Si1ze \\\ HM-3
(Tyler) 200-201 202-203 204-205 Spec.
3/8 100 100 100 100
4 80.7 80.7 80.7 75-100
8 65.8" 65.0 65.0 50- 80
16 41.2 41.2 41.2 -
30 25.4 25.4 25.4 -
50 12.5 12.5 12.5 5- 20
100 8.5 8.5 8.5 -
200 3.9 3.9 3.9 0- 5
- —
. Property
of Physical Characteristics
Mixture
Marshall -
stability
(1bs) 4633 4040 2780 120p min.
Flow
Indexll
(0.0177) 12.73 16.85 15.20 7- 16
vMA
(% Vol) 21.7 21.6 22.9 18 min.
Dens1ity
(lb/cu.
ft.) 193.8 196.6 195.6 --
Voids %
(¢ Vol) 6.8 3.4 1.8 2- 4
% AC 5 6 7 5- 10
TABLE C. GRADATION AND PHYSICAL PROPERTIES

(STEEL SLAG) MIXES

O
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Gradation for Mixes (% Passing)

Specimen
No.
Sjieve Steel
Size . Slag
(Tylerx) 300-301| 302-303{ 304-305| 306-307} 308-309 27~ 29 Spec.
1/2 97.7 < 97.7 97.7 97.7 97.4 98.3 100
3/8 89.9 89.9 89.9 89.9 89.7 79.7 98-100
4 65.2 65.2 65.2 65.2 65.3 -- 75- 95
8 45.1 45.1 45.1 45.1 44.3 53.3 55- 80
l6 ’ 30.8 30.8 30.8 30.8 31.1 32.2 35- 60
30 21.3 21.3 21.3 21.3 22.3 19.7 20- 45
50 16.3 16.3 16.3 16.3 15.6 11.6 10- 30
100 11.5 11.5 11.5 I11.5 11.0 7.2 5- 195
200 6.2 6.2 6.2 6.2 7.0 4.9 0- 10
Property 1
of > Physical Characteristics
Mixture
Marshall 5360 4417 3430 2900 4000 3500 min.
Stability
(lbs)
Flow Index 19.25 19.29 23.10 24.55 | g ' 22 8- 16
(001")
VMA ’ -— -- - - 20.9 20 min.
(3 vol)
Density 189.2 189.7 187.7 184.7 184 --
(lb/cu.fr.)
Voids 3.1 2.4 1.6 1.2 3.4 3- 5
(3 Vvol)
3 AC. 5 5.5 6 6.5 6.2 5- 7

TABLE C.3: GRADATION AND PHYSICAL PROPERTIES OF STEEL SLAG
(OH-STELCO) MIXES

o Twempme P gy o A T
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Gradation for Mixes (% Passing) ~ v
© -
Specimen
No. e i
Sieve
Size HM-5
(Tyler) 4-6 15-17 18-20 45-47 51-53 400-401 ] Spec
1 100 - - -- 100 100
3/4 92.6 - - 99.4 98.8 97.4 90-100
5/8 81.3 -— -- - - 92.0 ~-=
1/2 65.8 - - -~ - 77.0 -
3/8 58.3 - - 64.9 72.3 62.9 60-80
4 51.5 - - * 51.3 53.4 50.4 35-65
8 44.9 - - 39.8 37.0 45.6 20-50
16 37.2 - - - 8.5 37.6 -
30 26.1 - - - - 23.9 -—
50 13.1 - o " 11.3 - 9.8 3-20
100 7.7 - - - —- 3.8 -
200 4.8 - - 4.9 3.2 2.0 2- 8
-
Property
of Physical Characteristics
Mixture
Marshall 2915 3513 4400 3600 3012 3082 1200 min.
Stability
(1bs)
Flow Index 16.24 14.5 « 15 18 13.1 13.3 8~-16
(0.01") A
VMA 14.6 - 15 16 14.6 16.3 20 min.
(% Vol)
Density .
(1b/cu.ft.) 155.4 152.0 . 152.3 155 152 149.8 -
Voids 2.2 1.6 2.8 1.3 3.4 4.4 3- 5
(¢ Vol)
% AC 5.0 5.2 5.2 6.3 4.8 5.0 5~ 7
TABLE C.4: GRADATION AND PHYSICAL PROPERTIES OF HM~5 MIXES

bel



Gradation for Mixes (% Passing)

Specimen
NO‘
Sieve
Size Type ¢.
(Tyler) 10-12 Spec.
1/2 100
3/8 98-100
4 75- 95 ,
8 _5%- 80
16 35- 60
30 20~ 45
50 10- 30
100 5- 15
200 0- 10
“Prbperty {
of Physical -Characteristics
Mixture
Marshall 1685 200 min.
Stability
(1lbs) %
Flow Index 9.88 7-12
(0.01")
VMA -- 18-25
(¢ Vol)
Density 141.3 o -
(1b/cu. ft) .
Voids 6.2 2-8
(3 Vol)-
2 AC 6.6 6-10

TABLE C.5: PHYSICAL PROPERTIES OF

TYPE C MIX




ASPHALT MIXES

Asphalt
Mix Specimen Content Tests Performed
Design No. Source |(% by wt) MR 7
w e/ clo ool
oo olu o 0
3 o]0 -Al3 0 -
P.Ala e VDA o
o+ o € wjor| T a
g | A C-Alg o] €
oAt B UnloAl Owy
QT gl glullo ©
E ©|X-A >E o >
0>y o>
= g ] =
¢U>
§e]
Qa
HM-3 100,101 Lab X X
102,103 Lab X X
104,105 Lab
33-35 Field 6.3 X
69-71 7.9 pls
HM-3 200,201 Lab 5 P X X
(steel |202,203 ,Lab 6 X
slag) 204,205 Lab X
. A 1 4
Steel 300,301 Lab 5 X | x X X X
Slag 302,303 Lab 5.5 X | x X
(OB- 304,305 Lab 6 X | x ple
STELCO) | 306,307 Lab 6.5 %X | % X
[ 308-309 Field 1 .7 X 1
|~ 27- Field 6.2 X
N
HM-5 . 4- 6 ,Field 5.0 %
15- 17 Field 5.2 X
18- 20 Field 5.2 X
45~ 47 Field 6.3 - X
51- 53 Field 4.8 M x
400-401 Lab 5.0 X
Type C | 10- 12 | Field 6.6 X
TABLE C.6: TESTING PROGRAMME FOR VARIOQUS
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SAMPLE THICKNESS,

t =

2.33 in.

Vertical Ram Load Confining Pressure Strain Gauges Assumed
Galvo Converted Galvo Converted 06 dg Poisson's |Resilient
Temp. Deflection Load Deflection| Pressure 1 2 Ratio Modulus
{°C) (divs.) (1lbs) (divs.) (psi) (divs.) | (divs.) v MR(ksi)
18.7 1102 0 0 21.8 | 16.8 437
18.9 111.4 0 0 23.3 17.5 418
18.5 109.0 0 0 22.4 16.6 429
-
18.0 106.1 2.4 0.99 19.5 15.0 471
e 18.4 108.4 2.4 0.99 19.1 15.2 2 484
v .
N 18.4 ,108.4 2.4 0.99 19.8 15.0 i 478
18.0 106.1 3.5 1.45 18.7 14.06 428
18.0 106.1 3.5 « 1.45 18.8 14.5 488
18.0 106.1 3.5 1.45 18.7 14.7 487
M, = P _(lbs) [0.99416v + 0.26417] where ¢, = 1.69 x 107% ins/aiv
t[(él)(cl) + (62)(C2)] -6
C2 = 1.7% x 10 ins/div

TABLE C.7:

TYPICAL CALCULATIONS FOR FINDING

LCl



TEMPERATURE =
DIAMETER OF SPECIMEN, D =

23.6°C

4 in.

AVERAGE DISTANCE BETWEEN COLLARS A & B, x = 4.07 in.

GALVANOMETER DEFLECTIONS (Divisions)

< Strain G Converted | Converted
Deviator |Confining ral auges Deviator Confining | Poisson's
Load Pressure Axial Deformation | Radial Deformagion Load Pressure Ratio
P % o 61 62 R 63 64 :}ﬁ P(1lbs) OkON(pSl) v
47.1 0 20.5 44,7 6.5 lzfgﬂf— 277.5 0 0.36
}L‘
47.1 0 20.3 44.6 6.4 ° 4.1 277.5 0 0.36
47.1 0 20.2 44.5 6.1 3.9 277.5 0 0.35
47.1 7.7 20.5 45,2 6.1 3.5 277.5 3.19 0.33
47.1 7.6 20.5 45.0 6.1 3.5 277.5 3.15 0.33
47.1 7.7 20.5 45.0 6.3 3.6 277.5 3.15 0.34
) ] ~ -6 . A
- [(63)(C3) + (64)(C4)][ 2 | where Cl = 7.22 x 10 ins/div
R (£3(C) + (5 (Cy) C, = 5.61 x 107° ins/div
k1
cy = 7.16 x 107% ins/div
c, = 6.14 x 107% ins/div
TABLE C.8:

TYPICAL CALCULATIONS FOR
-

FINDING v



