McLEOD—BITUMINOUS PAVING MIXTURES

Of course there is nothing new 1n the use of
remnforcement in highway construction and, in
a sense, the membrane placed even upon the
surface may be considered as a form of rem-
forcement. However, because of 1ts complete
continuity, 1ts adaptability for use with flexi-
ble or non-ngid types of construction offers a
comparatively new field of scientific research
There is a need for accurate measurements of
the effectiveness of a membrane placed upon
or slightly below the surface of a flexible pave-
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ment; a study of the relative effectiveness of
various combinations of matenals in the for-
mation of membranes; and particularly a
study of the durabihty of different membranes
under actual service conditions. If membranes
are found to be economically effective m
highway and runway construction their use
will result 1n a decrease 1n the requred thick-
ness of the ordinary types of base and sub-
base construction but not as a substitute for
such construction.

THE RATIONAL DESIGN OF BITUMINOUS PAVING MIXTURES

NorMaN W McLeop, Engineering Consultant, Department of Transport, Oltawa, Canada

SYNOPSIS

The use of the triaxial test and the Mohr diagram for designing the strength or
stability of bituminous mixtures on a pounds per square 1nch basis is outlined in
quantitative terms A method for calculating the amount of lateral support pro-
vided by the pavement material adjacent to the loaded area is included. The in-
fluence of the viscous resistance of bituminous mixtures on their stability 1s
described The effect of the frictional resistance between pavement and tire and
between pavement and base on the stability of bituminous pavements 18 dis-
cussed The influence of braking stresses on the design of bituminous mixtures 1s
considered. Stability equations and design charts are ineluded

An engmeer becommng acquainted for the
first time with current engineering practice in
the field of pavement design for airports and
highways, must be surpnised to learn that our
approach to the design of rigid pavements is
entirely rational throughout, that 1s, on a
pounds per square inch basis, while flexible
pavement design is largely empuical.

For rigid pavement design, the thickness of
slab required can be obtained from the Wester-
gaard equations. In addition, there are well
established principles for designing portland
cement concrete mixtures of any specified
compressive or flexural strength in terms of
pounds per square mnch.

For flexible pavement design, on the other
hand, there 1s the greatest divergence of
opmion concerning the overall thickness of
base and surface required, and the method to
be employed for determining 1t That this
problem of the overall thickness of flexible
pavements is highly controversial at the pres-
ent time, is quite evident from articles and
discussions on this topic that have appeared
in the technical press 1n recent years.

When 1t comes to designing bituminous mix-
tures of any specified strength, the stability
tests m most common use, Hubbard-Field,

Marshall, and Hveem Stabilometer, are not
able to measure the strength of bituminous
mixtures 1 terms of shear or any other funda-
mental property on a pounds per square inch
basis. They are strictly empirical tests.

Empirical methods have a serious drawback
in that 1t 1s dangerous to extrapolate their
results to cover conditions beyond those under
which they were estabhished With empincal
methods also, it 18 difficult to avoid either
overdesign or underdesign In addition, 1
every engineering field there should be the
ultimate objective of establishing rational
methods of design, 1n which the strengths of
all matenals employed are utihzed on a unit
strength basis

In the absence of a more fundamental
approach, these empirical tests have served
usefully 1n the past to provide some indication
of the relative stabihities of bituminous mix-
tures However, the fact that the number of
such methods continues to increase is proof
of the current dissatisfaction of highway and
airport engmneers with the madequacies of
these empirical tests. In addition to the three
methods already named, the Texas Punching
Shear, Florida Bearing Value, Modified Hub-
bard Field, Campen’s Bearing Index, Un-
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confined Compression, Beam, Impact, Tensile,
and Indentation Tests, etc, have been de-
veloped in recent years. This search for a
satisfactory stability test is not hkely to end
until a generally acceptable fundamental ap-
proach to the measurement of the stability of
bituminous mixtures is developed. This will
probably require a considerable period, and a
great deal of discussion

The Canadian Department of Transport
has been interested in the development of a
rational method of design for bituminous
paving mixtures, partly because of the con-
fusion that exists at the present time concern-
ing the actual significance of the various tests
such as Hubbard-Field, Marshall, Hveem
Stabilometer, etc., employed to measure their
stability, and partly because it has been sug-
gested that large future aircraft may be

Figure 1. Diagram of Shear Planes under a
Loaded Area

equipped with landing wheels carrymng tire
pressures of 300 to 400 ps1 The Department
of Transport would like to determine whether
or not dense, durable, bituminous mixtures
can be designed to carry heavy wheel loads
under such high tire pressures

Past experience has indicated how bitum-
nous mixtures must be designed to have
adequate workability, density, durability, etc

This paper 1s confined to the description of a
method for measuring the strength of bi-
tuminous mixtures on a pounds per square
inch basis, after they have met the general re-
qurements in these other respects, and to a
discussion of its utihzation for the desmgn of
bitummous pavements.

Of all the methods of test presently available
for this purpose, the triaxial test seems to be
the most promising An outline of the manner
in which the data provided by this test can
apparently be utilized to design bitummous
paving mixtures of any required stability on
a umt strength basis, is the principal objective
of this paper.

DESIGN

Any reference to the triaxial test imme-
diately calls to mind the names of a number of
investigators on this continent, who have
made important contributions to our under-
standing of thistest, Endersby (1)!, Housel (2),
Hveem (3), Smith (4), Terzaghi (5), Casa-
grande (6), Taylor (7), Rutledge (8), Holtz
(9), and others.

Nyjboer (10) and Smith (4) have developed
methods for utihzing data from the triaxial
test for the design of bituminous paving mix-
tures on a unit strength basis. Nijboer makes
use of the Prandtl equation for this purpose.
Smith’s development is derived from the
mathematical theory of elasticity, and is,
therefore, subject to whatever uncertainties
may result from the application of this theory
to stressed materials close to the loaded area.

Before proceeding to a discussion of the
triaxial test and its applcation to bituminous
pavement design, brief mention should be
made of the three principal conditions of
pavement stability that must be considered.
These are:

1. Stability under stationary loads.

2 Stabihty under loads moving at a rela-
tively high and reasonably uniform rate of
8

3 Stability under the braking and accel-
erating stresses of traffic

When pavements are subjected to two or
to all three of these types of load, it 18 neces-
sary to determine which of the loading condi-
tions is most severe from the pownt of view of
pavement stabihty The stability of any bi-
tuminous mixture should be designed for the
most eritical condition of load to which it is
likely to be exposed for a period of time during
its useful hfe

THE TRIAXIAL TEST

The general nature of the problem can be
more easily visualized by reference to Figure
1, which is a diagram of possible surfaces of
shearing failure under a loaded area on a
flexible pavement on an airport or highway.
The overall design problem consists of pre-
venting detrimental shear within any one of
the three elements of the composite structure,
the subgrade, the base course, and the wearing
surface If sufficient plastic shear develops in
any one or more of these three elements,

1 Italicized figures 1n parentheses refer to the
hist of references at the end of the paper.
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rutting and upheaval of the pavement surface
will oceur.

Detrimental plastic shear of the subgrade is
prevented by an adequate overall thickness of
base course and wearnng surface (11, 12, 13).
Serious plastie shear of the base course and
bituminous pavement can be avoided, only if
the materials selected for these two layers
have adequate shearing remstance to the
stresses of the applied loads.

For this paper, 1t 1s assumed that an ade-
quate thickness of base and surface have been
provided to protect the subgrade, and that
the base course matenal itself will not fail
under the shear stresses imposed by the loads
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Figure 2. Sketch of Apparatus for Triaxial
Compression Test

applied. The fundamental problem to be in-
vestigated, therefore, 15 the design of bitumi-
nous paving mixtures having sufficient
strength or stability in terms of pounds per
square inch, to support without failure, the
wheel loads and tire pressures to which they
are to be subjected. The development that
follows attempts to provide a rational answer
to this problem on the basis of information
provided by the tnaxial test and the Mohr
diagram.,

The triaxial differs from an ordinary com-
pression test in that provision is made for the
appheation of controlled or measured lateral
support to the specimen while it 18 bemg sub-
lected to vertical load. The triaxial equipment
most commonly used on this continent is
lustrated in Figme 2 It 18 sometimes referred
to as the open-type, because the lateral sup-
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port is mantaned constant throughout the
test on any one specimen. The two metal end
pieces are fitted to the lucite cylinder by means
of water-tight and air-tight gasketed joints. A
cylndrical specimen of the material to be
tested is mserted m a rubber sleeve. Porous
stones at the top and bottom of the specimen
may or may not be required, depending upon
the material to be tested, and the nature of
the test data desired By means of connec-
tions through the porous stones, the specimen
within the rubber sleeve can be subjected to
vacuum or water pressure, or to free dramnage
or not drainage, as requred. Aiwr, water, or
other flud can be pumped into the lucite
cylnder to provide the magmtude of lateral
support specified for the testing of each speci-
men, The rubber sleeve prevents the flud
within the lucite cylinder from entering the
sample under test. Each specimen 1s subjected
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Figure 3. Typical Mohr Diagram for Triaxial
Compression Test—¢ = 12°18/, ¢ = 4.8 psi.
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to a constant lateial pressure throughout the
test, and mecreasing vertical load 1s appled 1n
a standard manner until it fails. A complete
triaxial test on a given matenal with this
apparatus usually consists of loading three or
four eyhndrical specimens of the materal to
failure, employing a different degree of lateral
support for each, e.g. 0, 15, 30, and 60 psi.
The data obtained from testing a given ma-
terial in triaxial compression are plotted in the
form of a Mohr diagram, Figure 3. For each
specimen, the applied lateral pressure L, and
the corresponding vertical pressure V that
caused failure, are marked off on the hori-
zontal axis, (abscissa). Using the difference
between the vertical and lateral pressure,
V-L, for each specimen, as the diameter, semi-
circles; known as Mohr circles, are described
a8 shown The tangent common to the Mohr
circles 18 drawn and produced to intersect the
vertical axis (ordinate) The intercept on the
vertical axis 1s designated cohesion ¢, while the
angle between the common tangent and the
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horizontal 1s the angle of internal friction ¢.
Both ¢ and ¢ are from the Coulomb equation,
8 =c¢ + ntan ¢.

The common tangent 1s generally known as
the Mohr rupture line, or Mohr envelope. Mohr
envelopes for different materals have a wide
range of values for both ¢ and ¢

Figure 4 indicates that all semi-circles that
are tangent to or below the Mohr envelope
for a gaiven matenal represent equihbrium
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Figure 4. Mohr Circles representing Un-

DESIGN

lished for purely granular soils (8), and the
work of Nyjboer (10) and Smith (4) indicates
that a straight line Mohr envelope can ordi-
narily be expected for properly designed bi-
tuminous mixtures

Depending upon the position of the Mohr
envelope that results from testing them, co-
hesive and granular materials can be con-
ventionally divided mto three groups.

1. Purely cohesive materials, 1e those for
which the angle of internal friction ¢ 18 zero,
but the cohesion ¢ has a positive value, and
the Mohr envelope therefore, is parallel to the
abscissa (Fig 5). Saturated clays in the quick
triaxial test approximate these requirements
(8), and bituminous mixtures with voids ap-
proximately filled or overfilled with bitumi-
nous binder, are probably other examples

2 Purely granular materials, ie those for
which the cohesion ¢ 13 zero, but the angle of
internal friction ¢ has a positive value, and
the Mohr envelope passes through the origin
(Fig. 6) The clean sands, gravels, crushed
stone and similar granular materials employed

stable, Equilibrium, and Stable Combinations
of V and L Values for a Given Material under 88 the aggregates for bituminous muxtures
Stress approach these requirements
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Figure 5. Mohr Diagram for Materials having Zero Angle of Internal Friction in Triaxial Com-

pression

(circle 2) or stable (circle 3) relationships
respectively between corresponding values of
lateral support L and vertical pressure V.
Any semi-circle (circle 1), which cuts through
the Mohr envelope indicates corresponding
combinations of lateral support L and vertical
pressure V that would cause failure of this
matenal.

For the development which follows, 1t 1s
assumed that the Mohr envelope is a straight
line. Whether or not this assumption 1s justi-
fied in the case of materals hke clay soils,
seems to depend upon the conditions of testing
and the method employed for interpreting the
results (9). It has been reasonably well estab-

3. Materials which have both granular and
cohesive properties, 1¢ those with positive
values for both cohesion ¢ and angle of interval
fnction ¢, and with Mohr envelopes of posi-
tive slope and making positive intercepts
with the ordinate axis (Fig. 3) Bitumunous
paving muxtures (10) and remolded clays (9).
are examples of materials with this type of
Mohr envelope.

The Mohr diagram provides a fundamental
basis for defining the term “stabihty” as
applied to granular and cohesive materals in
general, and to bituminous muxtures in par-
ticular. If several different bituminous mix-
tures were formed under standard conditions
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mto cylinders of the same size (e.g. 6-in. dia.
by 12 in. lugh), the same magnitude of lateral
support L provided for each cylinder, and the
vertical load V (applied under standard condi-
tions) at which each cylinder failed was de-
termuned, 1t would be generally agreed that
the most stable mixture was the one that
carried the greatest vertical load V at failure.
Consequently, for any specified value of lat-
eral support L, the most stable material 1s that
for which the value of V-L is the greatest
at failure That is, the stability of a material
under load is measured by the quantity V-L,
where L 18 the amount of lateral support pro-
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Figure 7, therefore, serves to emphasize the
fact that the stability rating, V-L, for each of
a group of materials, depends upon the magni-
tude of the lateral support L at which the
stabiity determinations are made.

DERIVATION AND APPLICATION OF AN
EQUATION OF STABILITY

Figure 8 illustrates the geometrical and
trigonometrical relationships required for the
development of an equation of stability for
materials with both granular and cohesive
properties. From Figure 8 it is clear that the
magnitude of the stability value, V-L, depends
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Figure 6. Mohr Diagram for Materials having Zero Coheslon in Triaxial Compression

vided and V is the maximum vertical load it
can carry without failure

This definition of stability is illustrated by
Figure 7, in which Mohr envelopes ab, ¢d, and
ef are given for three different materals At
lateral support L, 1t 1s apparent that the ma-
terial represented by Mohr envelope ef 1s the
most stable of the three, since V,-L, 18 greater
than V.-L, for Mohr envelope cd, and than
Vi-Ly for Mohr envelope ab. On the other
hand, at lateral support L., the stability
rating of the three materials 15 exactly re-
versed, with the matenal represented by Mohr
envelope ab bemng the most stable, since
Vo-L2 18 greater than V-L, for Mohr envelope
cd, and than V.-L, for Mohr envelope ef.

upon the magnitude of the lateral support
L, the cohesion ¢, and the angle of internal
friction ¢.

From Figure 8 it follows that

V-L

cos ¢ — ¢

V-L V-L
Lt 5= -7

)

tan ¢ =

sin ¢

which can be easily worked through to

2L°m¢+2c,‘/l+"“"' @

V—-L= ~
1—sin¢é 1—sme¢

Equation (2) is an equation of stability for
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matenals with both granular and cohesive
properties

The stability diagram of Figure 9 18 ob-
tamned when equation (2) is plotted mn terms
of given values of stability V-L, for different
degrees of lateral support L, and for various
magmtudes of ¢ and ¢. Each stabihity curve,
V-L, shown in Figure 9, indicates that only
those materials with combinations of ¢ and ¢
that Le on or to the nght of the curve would
have the stability required for the combination
of vertical load V and lateral support L
specified for that stabiity curve.

Equation (2) can be rearranged as:

V=L1—+°—i""+2c1/1lw’ )

l1—smg¢ 1—smé¢

Equation (3) 1s also a stability equation for
materials with both granular and cohesive
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Figure 7. Illustrating the Definition of
Stabiltty

properties. This can be readily seen from Fig-
ure 7, since for any given value of lateral
support L, the most stable material is that
which can support the largest vertical load V
at failure. Equation (3) has the advantage
over equation (2) that the maximum vertical
load V that can be supported by any given
material is provided directly in terms L, ¢,
and ¢

The stabihty diagram of Figure 10 is ob-
tained when equation (3) is plotted in terms
of given values of vertical load V for different
magnitudes of lateral support L and for
various values of ¢ and ¢.

Figure 11 illustrates the practical applica-
tion of equation (8) and Figure 10 to the
solution of a given stability problem. If a ma-
terial having both cohesive and granular prop-
erties is to carry a vertical load V of 100 psi.
when the lateral support L 18 30 psi. what
values of cohesion ¢ and angle of internal
friction ® are required? The graphical solution

DESIGN

to this problem given in Figure 11 mdicates
the possibihty of an infinmite number of an-
swers All matenals possessing those combina-
tions of ¢ and ¢, which are on or to the nght
of the curve labelled V = 100 psi;, L = 30
pst, would have the required stability. Ma-
terals with combinations of ¢ and @ that he
within the cross-hatched area to the left of
this line would tend to be unstable and there-
fore unsatisfactory insofar as this particular
problem 1s concerned.

LATERAL SUPPORT PROVIDED BY PAVEMENT
ADJACENT TO THE LOADED AREA

The general equations of stability (equa-
tions (2) and (3)) and the stability diagram of
Figure 11 for a particular set of design require-
ments, V = 100 psi and L = 30 psi, while
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Figure 8. Trigonometrical Relationships for
Mohr Diagram for Materials having Positive
Values of ¢ and ¢ in Triaxial Compression

adequate for stationary loads, are not entunely
satisfactory for the design of bituminous mix-
tures for pavements on highways and airports,
for two reasons:

1. Figure 11 demonstrates that they would
permit the use of materials with very low and
even zero cohesion ¢, since ¢ becomes zero
when ¢ 18 about 32.5 deg. Experience has
indicated that only those materials containing
sufficient binder to provide an appreciable
value for cohesion ¢ are capable of withstanding
the particular types of stress to which the
surface course is subjected by traffic.

2. While the quantities ¢ and & for any
bituminous mixture can be measured by the
triaxial test, no method for determining the
value of the lateral support L that can be
provided by the pavement surrounding the
loaded area has been indicated. Unless values
for lateral support L can be determined, sta-
bility equations (2) and (3), and the stabihty
diagrams based upon these equations (e g.
Figs 9, 10 and 11), are of no practical value.

)
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The mmimum value of cohesion ¢ required
for bituminous mixtures for surface courses
may not be particularly high Some years ago,
automobile speed record attempts were made
on the sandy beach at Daytona Beach,
Florida, at a certamn time after the tide went
out The surface tension of the water retained
i the sand over this critical penod of time
was sufficient to provide the cohesion ¢ (and
stability) required for the test run. In addi-
tion, it 15 well known that the moisture films
provided or mamntamned by the appheation of
certain salts, e g. calcium chloride, to the
surfaces of stabihized gravel roads prevent the
damage to the surfaces of these roads that
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Figure 11. Stability Diagram in Terms of c,
¢, L and V for Materlals having Positive Values
of c and ¢ in Triaxial Compression
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results when these moisture films are absent.
Quantitative values of the cohesion ¢ provided
by the moisture films in these cases do not
seem to be available, but they are probably
not high.

A method based upon V,-L, curves, pre-
viously suggested by the writer (1£) to estab-
hsh mmimum values of cohesion ¢ for bi-
tuminous mixtures, may require ¢ values that
are higher than necessary. Probably the most
reasonable method for obtaining the mmimum
values of ¢ required for bituminous mixtures,
would be to determine them experimentally
by means of tnaxial tests on samples from
bituminous pavements that have performed
differently mn the field. For example, ravelling
may be an indication of msufficient cohesion ¢
m the paving mixture.

DESIGN

A method for determining the maximum
value of the lateral support L provided by the
portion of the pavement surrounding the
loaded area is illustrated in Figure 12 In
Figure 12(a) the principal, shear, and normal
stresses that are developed in a bituminous
pavement under load are indicated when the
weight of the pavement material is neglected
As the stress caused by the vertical load V

develops the shearing resistance s. on the
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Figure 12. Ilustrating that the Lateral Sup-
Bort L provided by the Portion of a Bituminous
avement surrounding the Loaded Area is
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diagonal plane making an angle of 45 — g—

with the vertical in element (1), lateral pres-
sure L is exerted in a horizontal direction on
element (2) immediately adjacent to the
loaded area. The maximum lateral pressure
L that can be sustained by element (2) is
determined by its shearing resistance s. acting
along the diagonal plane making an angle of

45 — l;’ with the horizontal. Figures 12(b) and

(c) 1llustrate the principal, shear, and normal
stresses acting on the 1solated elements (1)
and (2) respectively, neglecting their weight.
Figure 12(d) is a Mohr diagram representing
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the principal stresses acting on element (2)
for a bituminous paving mixture having the
values of ¢ and ¢ that result in the Mohr
envelope indicated. The values of ¢ and & are
determined directly from a triaxial test on the
mixture. L 18 the major principal stress acting
on element (2), and the minor principal stress
is zero, if the weight of the element, and
other factors, are neglected. This Mohr circle
mdicates that the maximum amount of lateral
support L that can be developed by the por-
tion of the pavement adjacent to the loaded
area 18 equal to the unconfined compressive
strength of the pavement mixture. From the
geometry and trigonometry of the Mohr da-
gram illustrated n Figure 12(d), 1t 1s apparent
that this value of lateral support L 1s given by

L=%1/w_ @
1—s8m¢

Substituting this value for lateral support
L in equation (3), and simphfymng, gives

4c
V=l—sm¢

1+ s8mé ®
1—sing’

Equation (5) is the equation of stability for
& bituminous paving mixture when 1t 1s as-
sumed that the maximum lateral support L
provided by the pavement adjacent to the
loaded area is equal to the unconfined com-
pressive strength of the paving mixture. This
18 illustrated in Figure 13.

Figure 14 18 the stabihty diagram that re-
sults when equation (5) is plotted 1n terms of
different values of vertical load V and various
magnitudes of ¢ and ¢. If the vertical load V
to be carried is 100 ps1 for example, Figure 14
indicates that only those bituminous mixtures
having corresponding values of ¢ and ¢ lymng
on or to the right of the curve labelled V = 100
pst. will provide bituminous pavements with
sufficient stability to carry this load.

It should be observed that equation (5) and
Figure 14 provide an answer to the two mam
criticisms of equations (2) and (3), and Figures
9, 10, and 11, as a basis for the design of bi-
tuminous mixtures that were previously men-
tioned The curves i Figure 14, unhke those
of Figures 9, 10 and 11, indicate that a certain
amount of cohesion ¢ 1s automatically pro-
vided for by the curve for each value of V
throughout the diagram In addition, equation
(5) implies that the amount of lateral support
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L provided by the pavement adjacent to the
loaded area is equal to the unconfined com-
pressive strength of the material.

Whule 1t was developed in connection with
Figure 12, that the amount of lateral support
L provided by the pavement adjacent to the
loaded area is equal to the unconfined com-
pressive strength of the paving mixture, the
weight of element (2) was neglected This
development was also simplified by neglecting
certain other factors that must now be con-
sidered, because they indicate that the actual
amount of lateral support L provided by the
pavement surrounding the loaded area may be
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Figure 13. Diagram illustrating Maximum
Vertical Load V that can be carried by a Bitu-
minous Pavement when Lateral Support L
is equal to the Unconfined Compressive
Strength of the Material

appreciably greater than its unconfined com-
pressive strength.

If the weight of element (2) 1n Figure 12(a)
were taken into account, the minor principal
stress acting on thiselement would not be zero
as shown in Figure 12(d), but would have
some positive value depending upon the den-
sity of the pavement Reference to Figure
12(d) indicates that this would provide a
value of lateral support L greater than the
unconfined compressive strength, since the
Mohr circle corresponding to a munor principal
stress greater than zero would be to the right
of that shown mn Figure 12(d).

Figure 12(a) 1s based upon a strip loading,
and assumes that the stresses applhed by a
tire have a greater tendency to squeeze a
bituminous pavement from under the wheel
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n a transverse direction than longitudinally
towards the front or behind the tire. Figure 15
illustrates the reasonable basis for this assump-
tion, based upon the studies of Teller and
Buchanan (74) and of Porter (15). Towards
the front or rear of the contact area of a tire
resting on a pavement, the pressure decreases

DESIGN

cate that the pressure on the contact area
decreases from 1its full average value to zero
over a considerably greater width in a longitu-
dinal than in a transverse direction, and this 1s
supported by Porter’s data for a very large
airplane twe (15). The outer section of the
contact area over which the pressure is de-
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from its full average value to zero over a much
longer section of the area of contact, than is
the case 1 the transverse direction. For bus
and truck tires equipped with nearly flat
treads, the pressure on the contact area prob-
ably decreases from its full average value to
zero over a very narrow width in a transverse
direction Even with the more rounded treads
usually employed for awrplane tires, the data
obtained by Teller and Buchanan (14) indi-

creasing from its full average value to zero,
acts as a surcharge on the pavement with
respect to the somewhat smaller inner portion
of the area of contact over which the full
average pressure 1s exerted. This surcharge
effect under a tire is, therefore, acting over a
much greater width of pavement in a longitu-
dinal than in a transverse direction Conse-
quently, a bituminous pavement tends to be
less stable under the stresses applied by a tire
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which act in a transverse than 1n a longitudmal
direction, and the former, which corresponds
to a strip loading, presents the more critical
conditions of stability to be considered mn the
design of bituminous mixtures, at least for
stationary loads. That is, a stationary loaded
tire resting on a bituminous pavement has a
greater tendency to squeeze out the pavement
in a transverse direction than towards the
front or rear of the tire

Strip loading assumes a relatively narrow
loaded area of indefinite length, whereas the
length of a tire contact area 1s rather short.
If the contact area 1s over-loaded, there 1s a
tendency for a whole wedge of the adjacent
pavement, ABCDEF (Fig. 16(a)), to be forced
out of the pavement. Consequently, in addi-
tion to the resistance due to shear along the
diagonal plane ABCD just outside of theloaded
area, which provides lateral support L equal
to the unconfined compressive strength for a
stnp load, shearing resistance along the tri-
angular vertical end areas of the wedge, AED
and BFC, is also developed. The shearing
resistance along the vertical triangular end
areas AGD and BHC should also be con-
sidered. Depending upon the length of the
tire contact area and thickness of pavement,
the shearing resistance of these triangular
end sections might vary from about 10 percent
of the shearing resistance provided by the
diagonal plane ABCD (Fig. 16(a)) for a large
awrplane tire, to about 50 percent for a truck
tire. That is, the shearing resistance provided
by the verttcal end sections AGD and BHC
may ncrease the lateral support L provided
by the pavement surrounding the loaded area
by from 10 to 50 percent or more of the un-
confined compressive strength.

It is apparent from Figure 16(a) that the
ratio of the shearing resistance on the vertical
trniangular end sections AGD and BHC, versus
that on the diagonal plane ABCD, would be
higher mn the direction of the longitudinal
rather than the transverse axis of a tire’s
contact area, since the contact area is nar-
rower mn the longitudinal than m the trans-
verse direction, That is, 1t would provide
greater resistance to the squeezing out of a
bituminous pavement from under a loaded
tire toward the front or rear of the tire, than
in the transverse direction.

In an actual pavement the wedge of ma-
tenal under stress just outside the loaded area
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does not necessarily have the regularly defined
shape Wlustrated by ABCDEF in Figure 16(a),
since the contact area of a tire on & pavement
18 elliptical for airplane tires rather than rec-
tangular as shown, although Paxson (16) has
demonstrated that the contact areas for
heavily loaded truck tires tend to be rec-
tangular. Nevertheless, the important point
to be considered in connection with Figure
16(a) is not the actual shape of the wedge of
material under stress, but that shearng re-
sistance is developed along the vertical end
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PNEUMATIC TIRE

DECREASING FROM MAXIMUM
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(b) LoNGITUDINAL CROSS SECTION

Figure 15. Illustrating that the Stresses in-
duced in a Bituminous Pavement by a Wheel
Load are More Severe in a Transverse Than in
a Longitudinal Direction

areas of the wedge, or their equivalent, and
thereby increases the lateral support L avail-
able withn the matenal surrounding the
loaded area, beyond its unconfined compres-
sive strength.

It has been known for many years that a
load apphed to the surface of a granular mass
is spread out over a much wider area on any
horizontal plane below the loaded area This
is demonstrated 1n Figure 16(b). It 18 quite
apparent that because of the spreading of the
load with depth, the diagonal shear plane be
18 subjected to a considerably greater normal
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stress, than would be the case if this spreading
out of the load did not occur. House (1£) has
observed this effect m connection with his
investigations of the stability of granular ma-
terials. Because of this greater normal stress
the shearmng resistance along the diagonal
ghear plane be 1s larger than would be the
case for an unconfined compression test. Con-
sequently, because of the spreading of the

DESIGN

mner portion of the contact area subjected to
the full average pressure This surcharge pro-
vides a greater normal stress on the diagonal
plane be of Figure 16(b) than would occur
with an unconfined compression test.,Because
of this surcharge factor, the lateral support L
provided by the pavement surrounding the
loaded area 1s greater than its unconfined
compressive strength.,

CONTACT  AREA

UNIFORMLY APPLIED
VERTICAL LOAD V

ILLUSTRATING THE INFLUENCE OF SHEARING
RESISTANCE IN VERTICAL PLANES

SPREADING OF APPLIED STRESS
BENEATH THE LOADED AREA

()

RESISTANCE DUE TO

ILLUSTRATING THE INCREASE IN SHEARING

SPREADING OF APPLIED

STRESS BENEATH THE LOADED AREA
Figure 16. Nllustrating Factors that tend to increase the Lateral Support L above the Uncon-

fined Compressive Strength of the Pavement

applied load with depth, the lateral support L
provided by the material surrounding the
loaded area is greater than its unconfined
compressive strength.

As previously pomted out mn connection
with Figure 15, there 1s a narrow band just
within the edge of the contact area, over which
the pressure decreases from 1ts full average
value to zero. The lower pressure on this
narrow band acts as a surcharge on the pave-
ment with respect to the somewhat smaller

To summarize, therefore, the lateral support
L provided by the pavement adjacent to the
loaded area 1s greater than the unconfined
compressive strength of the pavement because:

1. The weight of the pavement material m-
creases the normal stress on the plane of
failure

2 The area of the vertical and diagonal
planes over which shearing resistance 18 de-
veloped 15 greater than would be the case if
this resistance were hmited to the unconfined
compressive strength for strip loadng.
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3. The outward spreading of load beneath
the loaded area provides a normal stress on
the plane of failure which 1s greater than that
which would occur for unconfined compression.

4 The surcharge effect on the outer portion
of the contact area over which the pressure
is decreasing from its average value to zero,
increases the normal stress on the plane of
failure,

These additional sources of lateral support
L provided by the pavement adjacent to the
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Tigure 17 1llustrates equation (7) in graphi-
cal form, and demonstrates the influence of
different values of the factor K varying from
0 to 10 on the design of bituminous mixtures.
When K = 1, equation (7) reduces to equa-
tion (5), so that the stabihty curve for
V = 100 psi (when K = 1 in Fig. 17) s
identical with the curve for V = 100 psi. in
Figure 14

Stability curves in Figure 17 for V = 100
pst when K = 0 and when K = $, apply to
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minous Mixtures

loaded area can be taken into account by
multiplying the unconfined compressive
strength by a factor K. That is,

L=K (2c 1/ ﬂn_")
l—-sm¢
When the value of the lateral support L

given by equation (6) 1s substituted in equa-
tion (3), we obtain on simphfication

1+s8sme¢
V=2 1/ —
1—1smé¢ X
(K(l +sin¢) + (1 — sn ¢))

1 —sing

()]

™

the condition where the wheel load 15 to be
applied at or near the unsupported edge of a
bituminous pavement. For a wheel load im-
medately at the unsupported edge of a pave-
ment, the value of K to be employed would
approach zero, since the amount of lateral
support L provided under these conditions
would also approach zero

It will be observed 1n Figure 17 that each
stability curve automatically specifies a nmumi-
mum value of cohesion ¢ for all values of
mternal friction ¢ less than 90 deg Whether
or not the values of cohesion ¢ indicated by
these curves would be adequate i all cases
can only be determined from observations of



120

the field performance of bituminous mixtures
with known values of ¢ and ¢. Practical ex-
perience might indicate the necessity for arbi-
trarily specifying some minimum value of
cohesion ¢ for all bituminous mixtures, for
example 5 psi. It seems more hkely, however,
that any arbitranly specified value of cohesion
¢ should vary with angle ¢ and with the
applied vertical load V, 1n some manner to be
determined experimentally.

The sources of lateral support L that are
taken into account i equation (6) have ref-
erence to pavement stabihty in a transverse
direction under a loaded area. For reasons
previously outhned, pavement stability 18 con-
sidered to be more critical 1n a transverse than
m a longitudinal direction under a stationary
tire load. The sources of lateral support Lin a
longitudinal direction, that are provided by
the pavement adjacent to the loaded area can
be included by multiplying the unconfined
compressive strength by the factor J, giving,

L= J( ,‘/1‘"'“’") ®
l—-smé¢

Since pavement stability appears to be more
eritical in & transverse than 1n a longitudinal
direction, it seems reasonable to assume that
the factor J in equation (8) 1s larger than K
i equation (6). Thus, the latter equation
represents a smaller and, therefore, more criti-
cal degree of lateral support L than the former.

VISCOUS RESISTANCE

Cohesion ¢ and angle of internal friction ¢
are the two fundamental properties of bitumi-
nous mixtures that must be considered when
designing their strength or stability on a
pounds per square inch basis. These two
properties should, therefore, be very carefully
measured by a traxial test on every proposed
bituminous paving mixture.

The bitummnous binder employed for bi-
tuminous mixtures is a very viscous material.
While & bituminous paving mixture is de-
formed, this highly viscous binder provides the
mixture with a “viscous resistance” that 18
proportional to the rate of deformation. The
magmtude of the viscous resistance measured
for a bituminous mixture depends, therefore,
upon the rate of strain or rate of loading em-
ployed when making the triaxial test. The
viscous resistance of bituminous mixtures
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becomes important particularly when con-
sidering the stability of bituminous pavements
subjected to rapidly moving loads. ,
Consequently, the strength or stability of
bituminous mixtures depends upon the magni-
tude of the three fundamental sources of

internal friction; a.nd wscous reslsta.nce

How is this viscous resistance factor to be
evaluated in quantitative terms when meas-
uring the stabiity of bituminous mixtures?
A satisfactory approach to this problem seems
to be indicated by the work of Nijboer (10)
and is briefly outlined here.

For measuring the stability of bituminous
muxtures, Nijboer employs the “cell” triaxial
test (Fig. 18(a)) devised by Buisman at Delft,
Holland, some years ago. An outstanding ad-
vantage of the cell triaxial test 18 that a
complete Mohr diagram can be obtained with
a single test specimen, instead of the three or
four specimens required by the more standard
type of triaxial equipment employed in North
America. The cell triaxial test is described
and 1ts use illustrated by reference to Figure
18(a) and (b).

With the cell triaxial test, the prepared
specimen is placed in the rubber membrane
in the apparatus shown in Figure 18(a).
Water or other suitable liquid is pumped into
the annular space between the specimen and
the outer cylindrical wall. When this space 18
filled, the valve is closed so that no hquid
can escape. Specimen and liquid should be
maintained at the desired testing temperature,
considered to be critical for the region 1n
which the pavement is to be built.

A constant vertical load V. is applied to the
test specimen. The specimen deforms rapidly
at first under this constant load and bulds up
lateral pressure L in the surrounding liquid
which cannot escape. Finally the rate of de-
formation slows to zero (no vertical movement
under the constant vertical load V), and the
lateral pressure reaches its maximum value
Ly, which is read off the pressure gauge. Since
the rate of deformation of the specimen 13
zero, no viscous resistance 1s developed within
the specimen. The values for V, and L, can
be marked on the abscissa of the Mohr dia-
gram (Fig. 18(b)) and the resulting Mohr
circle drawn.

With the constant vertical load V, still
being maintained, the needle valve is opened
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shghtly to dramn off iqud from the space
surrounding the specimen at a rate that causes
it to be deformed in a vertical direction at
some desired rate of stramn This constant rate
of vertical deformation of the specimen brings
its viscous resistance mto play, and the con-
stant vertical load V¥, 18 now resisted partly
by the lateral pressure L of the surrounding
fluid and partly by the developed wviscous
resistance of the matenal. At this constant
vertical load V, and constant rate of vertical
deformation, the lateral pressure drops below
its previous value L,. When the new lateral
pressure L has become constant under these
conditions, its value L. 18 read from the
pressure gauge. The value for L; is marked on
the Mohr diagram (Fig. 18(b)) and the Mohr
circle for ¥, and Ly 15 deseribed as shown.

The needle valve is closed and the same pro-
cedure is repeated for a new constant vertical
load V.. This gives lateral support values of L,
for equilibrium conditions (when vertical rate
of deformation becomes zero), and L, when
the material is deformed at the same rate of
strain employed for V, and Ls The Mohr
circles for ¥, and L, and for V,; and L, are
drawn on the Mohr diagram

This procedure should be repeated for still
higher values of constant vertical load V to
obtain additional Mohr circles in order that
the Mohr envelopes may be established with
greater accuracy. Several different rates of
vertical deformation may also be employed to
investigate the behavior of any proposed bi-
tuminous paving mixture over a wide range of
conditions.

Mohr envelopes are drawn tangent to the
Mohr circles V,L, and V,L,, and to V,L, and
V2L (Fig. 18(b)). It will be observed that the
angle of internal friction ¢ 1s the same for
both Mohr envelopes. It has been shown this
way in Figure 18(b) because Nijboer (10) re-
ports a theoretical study (supported by some
test data) which indicates that the angle of
internal friction ¢ should be independent of
the rate of deformation of the bituminous
mixture as long as the air voids are not below
the critical minimum, which is usually 2 to 3
percent. With respect to cohesion ¢ on the
other hand, it will be noted that cohesion ¢,
for the Mohr envelope for Mohr circles VL,
and VL, is much greater than cohesionc, for
the Mohr envelope for Mohr circles V,L; and
Valh. Consequently, Figure 18(b) indicates
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that the viscous resistance developed by de-
forming bituminous paving mixtures at any
constant rate of strain is represented by an
increase in the value of cohesion ¢ obtained
for the mixture.

Stability equations (5) and (7) show that
cohesion ¢ is a multipher for the balance of the
expression on the right hand side of each
equation. Therefore, any triaxial testing pro-
cedure that specifies an unduly high rate of
strain will provide enhanced values of cohe-
sion ¢, which when substituted in stability
equations (5) and (7) may indicate stability
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Flgur-e 18. The Measurement of Viscous Re-
sistance and its Influence on the Stability of
Bituminous Mixtures

values that are far greater than the paving
mixture is actually able to develop under field
conditions. Figure 18(b) emphasizes the neces-
sity for adopting rates of strain, when tri-
axially testing bituminous mixtures in the
laboratory, that correspond to the rates of
strain to which they will be exposed under
traffic in the field.

‘We are mdebted to Mr. John Walter, Assist-
ant Highway Engmneer, Department of High-
ways of Ontarnio, for the triaxial data that
form the basis for Figure 19 The figure illus-
trates the influence on the Mohr envelope of
increasing the rate of strain employed for a



122

triaxial test on a bituminous concrete paving
mxture from 0 05 to 04 in per mun , that is,
one platen of the testing machme moved at
rates of 0 05 and 0 4 in. per min. with respect
to the other. The specimens used were identical
1n every respect and were 8 in high by 4 in.
n diameter The open triaxial apparatus 1llus-
trated m Figure 2 was employed.

The Mohr envelopes of Figure 19 demon-
strate that the value of cohesion ¢ obtained
for this bitummous mixture was practically
doubled, from 19.75 to 38.75 psi., when the
rate of strain was imncreased from 005 to 0.4

DESIGN

3 1n. in thickness 18 2.4 in per mn. (17). For
the specimens 8-in. luigh on which Figure 19
18 based, the rate of strain corresponding to the
Hubbard-Freld procedure would be 64 in.
per min The Marshall test employs a rate of
strain of 2 1. per mm. for a specimen 4 in.
high (18) This corresponds to a rate of stramn
of 4 . per mn. for & specimen having a
height of 8 . It 18 apparent from Figure 19
that rates of stramn of 6 4 and 4 . per min.,
equivalent to Hubbard-Field and Marshall
test procedures, respectively, might give Mohr
envelopes that would be well above the top of
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Figure 19. Influence of Rate of Strain on the Stability of Bituminous Mixtures

in. per min. The angle of internal friction ¢
18 shown to have decreased several degrees for
the higher rate of strain This is not in har-
mony with Nyboer’s conclusions from his
theoretical study that the magmtude of the
angle of mternal friction @ 18 independent of
the rate of stran (Fig 18(b)) More labora-
tory work 1s required to determine whether
Nijboer’s theoretical deductions hold in all
cases, or whether the difference in the angle
of internal friction @ indicated mn Figure 19 1s
either of normal or mnfrequent ocecurrence, or
if 1t 18 due to experimental error

In connection with Figure 19, 1t is of more
than usual interest to observe that the rate of
stram employed for the Hubbard-Field sta-
bihity test for an asphaltic concrete briquette

the diagram The corresponding values of
cohesion ¢ might also be above the highest
ordinate value shown in Figure 19. Conse-
quently, there seems to be considerable justifi-
cation for the cnticism frequently made of
both Hubbard-Field and Marshall tests, that
the stability values they provide are influenced
very largely by the cohesion ¢ of bituminous
mixtures

For the Hveem stabilometer (3) the rate of
strain employed 18 005 in. per min for a
specimen about 28 in high, This corresponds
to a rate of strain of slightly less than 0 2 .
per mm. for & specimen 8 in, tall. For this
rate of stramn the resulting Mohr envelope
would be between those shown in Figure 19

Smuth (4) has recommended that bitumi-
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nous muxtures be tested at zero rate of stramn
This would give a Mohr envelope somewhat
below that for the strain rate of 005 . per
min 1lustrated n Figure 19.

The above examples indicate that in terms
of test specimens 8 mn high, stability tests m
common use at the present time specify rates
of strain varying from 0 t0 6.4 1n per min, It s
apparent from Figures 18(b) and 19 that
httle fundamental correlation between these
various test methods can be expected until
rates of stramn are standardized The rate of
strain selected for laboratory triaxial tests
should clearly approximate the rate of strain
to which bitummnous paving muxtures are
subjected by traffic n the field.

For a truck wheel carrying a load of 5,000 Ib.
and a tire pressure of 70 psi, any given point
on the pavement over which this tire passes 1s
subjected to a load of 70 psi for about 0.6 sec.
if the truck is travelling at 1 mph., and for
about 001 sec if 1t 18 travelling at 60 mph.
Even with a large airplane tire mflated to 100
ps1. and carrying a load of 100,000 1b , a given
point on a pavement over which 1t passes 1s
subjected to this pressure for only about 0 03
sec when traveling at 100 mph., and for about
2 sec. when travelling at 1 mph.

It is clear, therefore, that insofar as moving
vehicles are concerned, bitummnous pavements
are subjected to loads of very short duration,
and the viscous resistance developed by the
bituminous mixture must be quite high. This
would be equvalent to conducting a labora-
tory stability test at a high rate of strain. It
might seem, therefore, that a reasonably high
rate of stramn would be justified for the sta-
bility testing of bituminous muxtures to be
employed where moving traffic 18 expected,
such as airport runways, and for highways,
apart from bus stops and traffic ights How-
ever, pavements on airport runways, on high-
ways, and on city streets, are subject to
braking and acceleration stresses The nflu-
- ence of these on pavement design 1s considered
in a later section of this paper.

Pavements for stationary or extremely slow
moving traffic should be designed on the basis
of laboratory stability tests performed at a
very low rate of strain Niboer (10) has ob-
served that a pneumatic tire resting on a bi-
tuminous pavement 2 m thick that 1s giving
satisfactory service settled about 1 mm into
the pavement 1n 30 min He, therefore, recom-
mends that the rate of strain employed for
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triaxial tests should be about 0.005 in. per
mimn, for specimens 8 in. high. This rate of
strain would result in a Mohr envelope some-
what below the lower Mohr rupture line in
Figure 19. The rate of strain recommended
by Nyjjboer for pavement design for stationary
loads may not be unreasonable. Nevertheless,
1t 18 clear that the rate of stramn to be em-
ployed for laboratory stability tests requires
further careful consideration by everyone in-
terested in this topic.

Niyboer (10) mdicates that the limits of
accuracy when testing successive samples of a
given paving mixture with the cell triaxial
apparatus, are 30 min for the angle of nternal
friction ¢, and 10 percent, or & mnimum of
1 4 psi whichever 1s greater, for cohesion c.

INFLUENCE OF FRICTIONAL RESISTANCE BE-
TWEEN PAVEMENT AND TIRE AND BE-
TWEEN PAVEMENT AND BASE

In a previous section, the influence on pave-
ment stability of the lateral support L pro-
vided by the pavement adjacent to the loaded
area was considered. However, there are fre-
quent examples where even at the completely
exposed and unsupported edge of a bituminous
pavement, no indications of instability have
developed after years of traffic. These un-
supported pavement edges are stable under
traffic, either because of the high compressive
strength of the paving mixture, or because
bitummous pavements can develop additional
resistance to lateral flow, quite apart from the
lateral support normally provided by adjacent
pavement material, or both. Figure 20 indi-
cates that there 15 a further source of re-
sistance to the lateral movement of a pave-
ment under a loaded area that must be
considered.

Figure 20(a) illustrates the resistances de-
veloped when a horizontal force L is applied
to an isolated section of bituminous pavement
held between two rough flat surfaces carrying
a vertical load. It 18 apparent that the hori-
zontal pressure L applied as shown, will de-
velop frictional resistance s between the
pavement and each of the two rough surfaces.
That is, frictional resistance can be developed
between the pavement and the two rough
surfaces equivalent to a horizontal pressure L.

In Figure 20(b) the section of bituminous
pavement 1s subjected to sufficient vertical
load V to cause 1t to flow laterally This 1s
equivalent to the movement of an overloaded
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bituminous pavement beneath a tire. Figure
20(b) demonstrates that as the paving mixture
18 bemng squeezed out, 1ts lateral movement is
opposed by the frictional resistance & de-
veloped between pavement and tire and be-
tween pavement and base. It is apparent from
both Figures 20(a) and (b) that this frictional
resistance between pavement and tire and
pavement and base is equivalent to a lateral
support L .

If this frictional resistance 1s to be utilized
for the design of bituminous mixtures, 1t must
be evaluated quantitatively and taken into
account 1n equations of design and when con-
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Figure 20. Diagram {llustrating that Fric-
tion between Tire and Pavement and between
Pavement and Base is equivalent to additional

Lateral Support for the Section of Pavement
under a Loaded Area

structing charts of design curves. Figure 21
llustrates a method for evaluating this frie-
tional resistance m terms of an equivalent
lateral support L g.

Krynine (19) refers to the work of Jurgen-
son (20) which shows that when a matenal is
squeezed between two rough parallel plates,
the shearing stress developed in the matenal
is at a minimum on the plane parallel to and
mdway between the two plates The maxi-
mum shearing stress occurs at the boundaries
between the plates and the matenal. In the
case of a bituminous pavement squeezed be-
tween a tire and the base course, it seems
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reagonable to assume, therefore, that the maxi-
mum shearing stress is developed at the inter-
faces between pavement and tire and between
pavement and base.

It should be clear that the maximum fric-
tional resistance that can be developed at
these two interfaces, cannot exceed the shear-
ing resistance of the pavement itself. That 1s,
the maximum frictional resistance that can be
developed between the pavement and tire 18
the lesser of either the coefficient of friction f
between pavement and tire multiplied by the
normal pressure V (that 18 fV) or the shearing
resistance of the bituminous mixture given by
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tude of the Lateral Support Lg Equivalent to
the Frictional Resistance Developed between
Tire and Pavement and between Pavement and
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the Coulomb equation, 8 = ¢ 4 V tan ¢,
where V is the normal pressure. Similarly, the
maximum frictional resistance that can be
mobihized between the pavement and base is
the lesser of exther the coefficient of friction g *
between pavement and base multiplied by the
normal pressure V (that is g¥) or the shearing
resistance of the bituminous mixture given
by the Coulomb equation, 8 = ¢ 4 V tan ¢.
The limitation on the maximum value of fV
that can be developed, can be expressed by
letting
v

m=PWhel‘eP§ 1

)]
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from which ot
JV = P(c + V.tan ¢) (92)

Similarly, the limitation on gV can be ex-
pressed by lettng

gv

m= Q WhereQ§ 1 (10)

from which
gV = Q(c + V tan ¢) (10a)

Equations (9) and (10) state that the co-
efficient of friction between pavement and
tire f and between pavement and base g mul-
tiplied by the normal stress V, cannot exceed
the shearing resistance of the bituminous pav-
ng mixture, although the reverse could occur,
both of which, of course, are true n actual
practice The terms P and @ express the values
of the ratios of equations (9) and (10). It 1s
apparent that the highest value either P or Q
can have individually is unity and the lowest
value is gero. Therefore, the maximum value
for P 4+ Q@ = 2, and the minimum value for
P+Q=0.

Values of the coefficient of friction f between
tire and pavement have been measured by
Moyer (21) and by Giles and Lee (22). They
report values of f up to 1.0 for stationary or
slowly moving vehicles, although 0.8 is a
more normal top value. Moyer’s data indicate
that the value of the coefficient of friction f
drops appreciably as the speed of the vehicle
increases. No data are available concermng the
value of g, the coefficient of friction between
pavement and base. Both f and g could be
evaluated either in the laboratory or on actual
projects in the field.

In Figure 21 the pavement under the loaded
area has been divided into several elements
numbered inward from the edge It is as-
sumed that the pavément materal under the

V = 2K

which on simphfication becomes,
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loaded area tends to fail along planes making
an angle of 45 — —; with the vertical. If the

thickness of the pavement is £ in., and if the
width of each element under the loaded area
is b in , it is apparent that,

¢
b-ttan( —2)

from which it follows that the ratio

- (0-3)

The other equations for determmning the value
of the lateral support Lg, that is equivalent
to the frictional resistance between pavement
and tire, and between pavement and base, are
listed in Figure 21, for successive elements of
the pavement numbered inward from the
edge of the loaded area. The general equation
for L g for the nth element from the edge is;

Lg=n(P+Q)(c+ V tan¢) X

o3

Consequently, the total lateral support L
that can be mohilized for the stability of bi-
tuminous mixtures is given by the sum of the
lateral support Lg provided by the pavement
adjacent to the loaded area, plus the lateral
support Lz equivalent to the frictional re-
sistance between pavement and tire and be-
tween pavement and base, or

L=1Lsg + Le

where Lg is given by equation (6) or (8) and
L g by equation (13).

When the expression for the total lateral
support L given by equation ,(14) is substi-
tuted in equation (3), we have,

aan

(12)

(14)

+ sIn ¢

l14+8sm¢ 14+sing /1
1—-—sme¢ 1—sin¢+2c 1—-s8n¢

+ (P + Q) (c + V tan ¢) (t.a.n(45 - g))

1+ sing¢

1—smé¢ (142)

Ve c,‘/l + s ¢ [ﬂ(P + @ + 20 — sing) + 2K(1 4 sm ¢):| (15)

1—smné

1-Q+nP4@Q)smé
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It is instructive to determine the stability
of successive elements of a bituminous pave-
ment inward from the edge of the loaded area.
This is necessary if the least stable element
under the loaded area 1s to be determined

Equation (15) cannot be used for this pur-
pose, because 1t apphes only to the determna-
tion of the corresponding values of ¢ and ¢
required to support some specified unit load
V uniformly applied to the contact area, when
values for n, K, and P + Q are also given
(eg Fig. 28). For investigating the change mn
stability across the loaded area, on the other
hand, a bituminous mixture with given values
of ¢ and ¢ must be considered, and the pave-
ment stability developed at various ponts on
the contact area may be quite different from
the umformly apphed umt load. To deter-
mine the stability of successive elements of a
bituminous pavement inward from the edge of
the loaded area, therefore, 1t 18 necessary to
rewnite equation (15) 1n somewhat different
form, when 1t becomes,

V = 2%K 1+sln¢'1+sm¢
“' l1—8sn¢ 1—smg¢
+2 :1/ 'lﬂz+n(P+Q) (c+ V' tan¢)
—8né¢

1
¢ 14 sing
. (tan (45 - 5)) m (15a)
where

V = the stability developed by the
bituminous pavement at any
point on the contact area

V’ = the umt vertical load uniformly
applied to the contact area

and the other symbols have the significance
previously defined for them.

It should be noted that in equation (15),
which is employed for pavement design, V =
V', whereas this 18 not generally true for
equation (15a).

For specified values for ¢, ¢, K, P + Q,
and V", it should be apparent that the value
of V 1 equation (15a) vanes directly and
linearly with the value of n, where n indicates
the distance measured mn unit elements (Fig.
21) from the edge to the pomnt on the contact
area at which the stability value V 1s required.
Thas 18 1llustrated by the straight hine stability
curves 1n Figures 22, 23, and 24, for a large
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Figure 22. Relationships between applied
Load and Stability of Bituminous Pavements
at varylng distances from Edge under the
Loaded Area and for Different Degrees of
Frictional Resistance developed between Pave-
ment and Tire and between Pavement and Base
(Pavement Stability equal to Applied Load for
Edge Conditions) Airplane Tire
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Figure 23. Relationships between Applied
Load and Stability of Bituminous Pavements
at varying Distances from Edge under the
Loaded Area and for Different Degrees of Fric-
tional Resistance between Pavement and Tire
and between Pavement and Base (Pavement
Stability greater than Applied Load for Edge
Conditions) Airplane Tire

airplane tire, and Figure 25 for a truck tire,
all of which were determined by means of
equation (15a)

The values of ¢ = 721 ps1 and ¢ = 30
deg. enable the bituminous pavement in Figure
22 to just support an appled vertical load of
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100 psi. on an airplane tire contact area 24 in.
wide, if the lateral support L is equal to the
unconfined compressive strength of the pave-
ment (K = 1 in equation (6)). Consequently,
if no frietional resistance is developed between
pavement and tire and between pavement and
base (P + Q = 0) this pavement will] just
carry the applied vertical load V of 100 psi.
However, if this frictional resistance is only
great enough to make P + @ = 0 2 (equations
(9) and (10)), 1t 18 apparent from the stability
curve labelled P + @ = 02 in Figure 22 that
the stabihty of the pavement under the loaded
area increases quite rapidly with distance in-
ward from the edge. This improvement in
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Figure 24. Relationships between applied

Load and Stability of Bituminous Pavements
at Varying Distances from Edge under the
Loaded Area for Different Degrees of Frictional
Resistance developed between Pavement and
Tire and between Pavement and Base (Pave-
ment Stability less than Applied Load for Edge
Conditions) Airplane Tire

stability with increasing distance inward from
the edge is still more rapid for values of P
+Q=05P+Q=10and P 4+ Q =20,
as 1illustrated by the corresponding stability
curves 1n Figure 22.

Figure 23 is similar to Figure 22, with the
exception that the pavement stabihty even
at the edge, about 173 psi., 18 considerably
greater than the vertical load V = 100 ps1. to
be carried. This represents a condition of
overdesign. The stability curves for all posi-
tive values of P + @ are steeper in Figure
23 than i Figure 22.

Figure 24 represents a condition of pave-
ment underdesign for edge conditions, since the
pavement stability is only about 63 psi. at the

127

edge, whereas the applied load V = 100 psi.
The stability curve labelled P + @ = 02
indicates that even for the amount of fric-
tional resistance between pavement and tire
and between pavement and base represented
by P + @ = 0.2, (equations (9) and (10)),
only at a very considerable distance inward
from the edge does the pavement develop
stability equal to the apphed load V.

Figure 25 has reference to pavement sta-
bility for the much smaller contact area of
truck tires. With respect to the relationships

—,
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Figure 25. Relationships between Applied
Load and Stability of Bituminous Pavements at
Varying Distances from Edge under the Loaded
Area and for Different Degrees of Frictional
Resistance developed between Pavement and
Tire and between Pavement and Base (Pave-
ment Stability equal to Applied Load for Edge
Conditions) Truck Tire

between the stability curves for values of P
+ @ varying from 0 to 2, it is quite smilar to
Figure 22 for the larger contact area of large
awrplane tires.

The 1mportant conelusion to be drawn from
TFigures 22, 23, 24 and 25 18 that for a uni-
formly apphled load the portion of the bitu-
minous pavement just under the edge of the
loaded area 18 the most critical msofar as the
stabihty of bituminous mixtures is concerned.
At any distance inward from the edge the
bituminous pavement under the loaded area



128

tends to develop increased stability if there is
frictional resistance between pavement and
tire and between pavement and base, the
actual increase in stability depending upon
the distance from the edge, and upon the value
of the frictional resistance between pavement
and tire and pavement and base, represented
by P + Q.

Depending upon the magnitude of the fric-
tional resistance developed between pavement
and tire and between pavement and base,
Figures 22, 23, 24, and 25 indicate that the
ratio of width of tire contact area to thickness
of pavement may to some very considerable
degree determine whether a given bituminous
mixture provides a stable or an unstable pave-
ment This seems to be quite in keeping with
practical experience. Properly constructed sur-
face treatments for example, even when made
with sand cover materal and in spite of thewr
high binder content, do not tend to squeeze
out even under relatively narrow truck tires.
The high stability developed a very short
distance mmward from the edge of the contact
area, lllustrated in Figures 22, 23, 24, and 25,
provides a reasonable explanation for this
behavior. Similarly, a bituminous mixture that
shows questionable stability when laid as a
thick pavement, may develop quite adequate
stability when placed in a relatively thin
layer. Figures 22, 23, 24 and 25 also indicate
that a given bituminous paving mixture might
have adequate stability on the paved area
of an airport under wide airplane tires, but be
quite unstable under the much narrower truck
tires inflated to the same tire pressure, if em-
ployed for a highway pavement, since the
proportion of understressed pavement under
the loaded area could be much less for the
latter than the former.

Since bitummous paving mixtures appar-
ently develop their lowest stability near the
edge of the contact area, the conditions of
stability across the first element just within
the edge of the loaded area should be ex-
amined, These are illustrated in Figure 26.
The exact location of this first element is
shown in Fig. 26(a). The relationship between
b, t and the potential angle of failure, 45 ~ ¢/2,
for this element is given by equation (11).
The symbol n refers to the number of the ele-
ment of width b under consideration, with
the numbenng beginning from the edge of the
loaded area (Fig. 21) Thus n = 1 for the
first element just within the edge of the con-
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tact area, n = 2 for the second element,
ete. It is apparent that » can also have frac-
tional values.

Figure 26(b) illustrates the value of L dis-
tributed uniformly across the vertical face of
length ¢ of element (1) (» = 1) that is equiva-
lent to the frictional resistance fV acting over
the width b between pavement and tire, and
gV acting over width b between pavement and
base. For the fraction of a unit element
represented by n = 3, Figure 26 (¢) demon-
strates that the width of this element is
only b/2. Consequently, the total frictional
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Figure 26. Illustrating, over the First Ele-
ment, the Influence of Distance from the Edge
on the Magnitude of the Lateral Support Lz due
to Frictional Resistance between Pavement and
Tire and Pavement and Base

resistance between pavement and tire and
between pavement and base, and therefore
L, is only one half of that for the full unit
element Figure 26(b). Therefore, when n =
4, the magmtude of Ly is reduced to one half
of the value it had for the full unit element,
n = 1, Similarly, Figure 26(d) shows that for
the fraction of a unit element represented by
n = %, Lp has only one quarter of its value
for the full unit element. Finally, when
n = 0, which represents the vertical plane
through the edge of the contact area, b =
0, and therefore, Lz = 0. Consequently, over
the first element within the edge of the loaded
area, the value of Ly varies from zero at the
edge, to a maximum at a distance b in from
the edge, where b 1s the width of the unit



McLEOD—BITUMINOUS PAVING MIXTURES

element, n = 1, as 1illustrated in Figure
26(a).

Since Ly is zero at the exact edge of the
contact area, it might secem reasonable to
completely disregard the frictional resistance
between pavement and tire and pavement and
base as a source of lateral support in the
design of bituminous mixtures. This would
imply that the only lateral support L avail-
able is that provided by the pavement ad-
jacent to the loaded area. A conservative
design could be made on this basis, and 1t
would utihze equation (7) as the stability
equation to be employed.

Nevertheless, further consideration of the
conditions of loading near the edge of the
loaded area seem to indicate that some portion
of the frictional resistance between pavement
and tire and between pavement and base does
contribute to pavement stabihty, and that
gsome value for Ly 1s usually justified for
design.

The pressure contour lnes over the tire
contact area indicated by the investigations
of Teller and Buchanan (74) and of Porter
(15) demonstrate that there is an area of some
width just inside the edge of the contact area
over which the pressure drops from its full
average value to zero. This 18 particularly
true of the rounded tires generally employed
for aircraft and may be somewhat less so for
truck and bus tires equipped with much
flatter treads. In both of the investigations
just referred to, the maximum pressure V
on the contact area occurred at some distance
m from the edge mn a transverse direction
across the contact area, and is thought to be
due to the stiffness of the side walls of the
tires. Consequently, for airplane tires in par-
ticular, and probably for truck and bus fires
with flatter treads as well, the maximum
vertical pressure on the pavement is exerted
at some distance inward from the edge of the
contact area, that 1s, at some value of n
(Fig. 26). Between this point and the edge of
the loaded area the contact pressure drops
gradually to zero. Consequently, if design
should be based upon the maximum pressure
V on the contact area, some value for Lz
is developed between the pomt where this
maximum pressure occurs and the edge of the
loaded area.

The actual distance n, measured m umt
elements (Fig. 26) from the edge of the loaded
area to the point on the contact area at which
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the cntical vertical pressure V occurs, on
which design should be based probably varies
from tire to tire, and with the conditions of
loading. The determination of the varnation mn
this distance n from the edge, and of the
average value of Lz to be employed over this
distance, are matters that require some experi-
mental study.

For the design curves based upon equation
(15), shown 1n Figure 27 to illustrate the mn-
fluence on pavement stability of frictional
resistance between pavement and tire and
between pavement and base, it has been as-
sumed that n = 1, that 1s, the critical point
of loading 15 at a width of one umit element
within the edge of the loaded area (Fig. 26)
and that the load 1s uniformly distributed
over the contact area. This leads to a some-
what smaller design load than the maximum
that may actually occur on the loaded area,
and to a somewhat larger value of Lg than
may really be developed. It should be noted,
however, that the value of Lz to be utihzed
for pavement design for any project can be
modified as required by adjusting the value of
P + Q@ to be employed. In addition, the value
of K = 1 has been taken for the design curves
shown 1n Figure 27, and, as pointed out i an
earlier section, this value of K seems to be
quite conservative.

The curves in Figure 27 illustrate the im-
portant influence of frictional resistance be-
tween pavement and tire and between pave-
ment and base on the design of bituminous
paving mixtures Each curve mdicates the
mimmum values of ¢ and ¢ required to carry
a vertical Joad V of 100 psi., under the con-
ditions assumed, as this frictional resistance
18 gradually mecreased from zero (P + @ =
0) to its maximum value (P + Q@ = 2).
For example,.if the cohesion ¢ is 5 psi. m
each case, an angle of internal friction ¢ of
about 37 deg. is required to carry this vertical
load when P + Q@ = 0. ¢ decreases to about
31 deg when P + Q@ = 025, to about 26
deg. when P + Q = 0.5, to about 19 5 deg.
when P 4+ @ = 1, and to about 13 deg. when
P+Q =2

Figure 28 contains a series of stabibity
curves based upon equation (15) for values of
applied vertical load V varymng from 40 to
400 ps1., assuming that n = 1, K = 1, and
P 4 @ = 05. It should be clear that stability
diagrams similar to Figure 28 and based upon
equation (15) can be drafted for other values
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of n, K and P + @ Only those bituminous
mixtures with combinations of ¢ and ¢ lying
on or to the right of any given stabihty curve
will be stable under the vertical load V
ndicated for that curve.

By comparing Figure 28 with Figure 14
(K = 1 for both figures), the importance of
frictional resmstance between pavement and
tire and between pavement and base on the
design of bitumimous paving mixtures for any
applied vertical load V can be observed. In
both Figures 27 and 28, it will be noted that
the design curves cross the abscissa at values
of ¢ within the normal range of those employed
for bitummous mixtures, that 18 cohesion ¢
becomes zero at these values of ¢. Since
bituminous mixtures require some minimum
value of cohesion ¢, it may be necessary to
arbitrarily assign a mimmum value of ¢ =
5 psi., for example, to all design charts similar
to those of Figures 14, 17, 27, 28, etc. How-
ever, as previously pomnted out, experience
may show that any arbitranly established
mummum value of cohesion ¢ should vary
with both ¢ and V.

INFLUENCE OF BRAKING STRESSES

In the development outhned so far, a strip
loading has been assumed, which implies that
upon fallure a bituminous mixture will be
squeezed from under the tire towards each side
of the longitudinal lane followed by the wheel.

In actual service, however, 1n addition to the
tendency to be squeezed from under the wheel
at nght angles to the direction of travel,
bituminous pavements are subjected to brak-
mg and acceleration stresses. These latter
forces are usually applied in the direction of
travel, and they, therefore, attempt to shove
the pavement either ahead of (for braking),
or behind (for acceleration) the wheel. Since
they may often provide the most cntacal
conditions of design for bituminous pavements
carrying moving loads, the mnfluence of these
braking and acceleration stresses must be
considered mm a quantitative manner, if pos-
sible. From their very nature it is probable
that braking stresses are generally more severe
than acceleration stresses.

Figure 29 illustrates the forces to be con-
gidered for the design of a bituminous pave-
ment capable of resisting braking and ac-
celeration stresses. To simphfy the approach
to this problem, the contact area between tire
and pavement 1s assumed to be rectangular in
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shape. Paxson’s (/6) measurements indicate
that the tire contact areas of trucks and buses
are very nearly rectangular, although for air-
plane tires they are elliptical If the area of
contact 15 assumed to be rectangular, the
element of pavement involved, when con-
sidermg the influence of braking or acceler-
ation stresses, is the rectangular block of
pavement, abedjihg, immediately beneath the
loaded area.

When a braking stress 1s apphed, the two
forces tending to shove the paving mixture
ahead of the tire are.

1. The honzontal braking stress fV acting
on the contact area, beih
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Figure 29. Illustrating the Forces induced in
a Bituminous Pavement by Braking Stresses

2. The vertical load V from the pressure of
the twe acting on the contact area beih.

The influence of these two forces can be
resolved into equivalent horizontal unit
stresses acting toward the left in Figure 29,
agamst the vertical face abed of the wedge of
pavement just ahead of the loaded area The
area of abed is given by wi, where w is the
width of the contact area, and ¢ is the thick-
ness of pavement

The unit stress on the rectangular face abed,
corresponding to the braking stress on the
contact area, is given by

WMo}  fV1
Rl e

Where f = coefficient of friction between
pavement and tire. Its value
may be as high as unity, but is
usually below 0.8. The value
of f tends to decrease as ve-
hicle speed 15 mcreased (27).

V = average vertical pressure of tire
on contact area
!l = length of contact area
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w = width of contact area
¢ = thickness of pavement.
However, the maximum braking stress fV
cannot exceed the shearing resistance of the
pavement under the loaded area, ¢ + V
tan ¢. Any tendency for fV to exceed ¢ +
V tan ¢ would merely result in shearing of the
pavement. This hmitation on the maximum
value of fV that can be developed, can be ex-
pressed by letting

v

‘m; =P Where P 51 )

from which
JV = P(c + V tan @) (9a)
Substituting this value for fV in equation
(16) gives

S i - P(c + V tang¢)l

LT t 1)

The horizontal unit stress on the rectangular
face.abed due to the vertical pressure V of the
tire on the contact area is obtamned by re-
arranging equation (3), giving, -

1—s8m¢ /1 — sing
LaV—— —24/-—52¢ 1
1 4 sin¢ "/1 + 8ing (18)
where the lateral pressure L 1s the unit stress
required

Consequently, the equivalent horizontal
unit stress acting on the rectangular face
abed, due to the combined effect of the vertical
load V and the braking force f¥ and tending
to shove the pavement ahead of the loaded
area (to the left in Fig 29), is given by the
summation of the quantities on the right
hand sides of equations (17) and (18), or

Plc 4+ V tan¢)1

l—-s8mg¢

+V

t 1+4sing

The forces tending to resist the shoving of
the pavement ahead of the tire by the vertical
load and braking stress are,

1. The frictional resistance gV, between
pavement and base, acting over the rectangu-
lar surface adjg.

2. The shearing resistance of the paving
mixture along both sides, abhg and dei), of the
rectangular block.

3. The resistance to displacement of the
wedge of pavement abedef immediately m
front of the loaded area.
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4. The tensile strength of the pavement
acting on the vertical face ghij at the rear of
the rectangular block of pavement under the
loaded area.

These four resisting forces can be resolved
into equivalent horizontal unit stresses acting
toward the right against the front end, abed,
of the rectangular block of pavement under the
loaded area.

The horizontal reaction on the rectangular
face abed, equivalent to the frictional re-
sistance between the pavement and base
course, is given by

@) _ gVl
wi t
Where g = coefficient of friction between
pavement and base course,
and the other symbols have the significance
previously defined for them.

The maximum frictional resistance between
pavement and base gV however, cannot ex-
ceed the shearing resistance of the pavement
under the loaded area, ¢ + V tan ¢. Any
tendency for gV to exceed ¢ + V tan ¢
would merely result in shearing within the
pavement, itself. This limitation on the maxi-
mum value of gV that can be developed, can
be expressed by letting

LA

¢+ Vtand
from which

gV = Q(c + V tan ¢) (10a)

Substituting this value for gV in equation

(20) mves
gvi - Qlc +V tan ¢)1
4 t

2¢:1/1 — sing
1+ s8¢

The shearing resistance of the paving mix-
ture along the two vertical sides, abhg and
de1}, can be obtained from the Coulomb equa-
tion s = ¢ + n tan ¢. The value of the normal
pressure n in this case is given by equation

(6), and is equal to 2cK ,‘/1

(20)

Q Where @ <1 (10)

@1

(19).

w. There-
1 —sin¢

fore, the horizontal unit reaction on the rec-
tangular face abed, equivalent to the shearing
resistance of the paving mixture along the
two vertical sides, abhg and decij, of the
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rectangular block under the loaded area, 18
given by

2(¢: + 2¢K 1/ 1+s&me tan¢) /]
1 —-s8mn¢

wt

-2(c+2cx1/1_+_‘ﬂ’m¢)i
1—sm¢ w

The horizontal unit reaction on the rec-
tangular face abed equivalent to the maximum
developed reaction of the wedge of pavement
abedef, immediately m front of the loaded
area, is given by equation (8),

L=2¢J1/l_'th¢ ®
1 —sing¢

The fourth source of pavement reaction to

(22)
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the braking stress hsted was the pavement’s
tensile strength The Mohr diagram 1n-
dicates that this tensile strength should be

2c1/———1 —sin ¢
1 4 sin ¢

presence of fine hair cracks, ete., which might
often prevent the development of the full
tensile strength of the pavement, 1t seems
desirable to neglect the tensile strength
as a source of pavement reaction to braking
stresses

Therefore, the total horizontal unit reaction
on the rectangular face abed (Fig. 29) equiva-
lent to the four sources of pavement reaction
to braking stresses lsted, is given by the
summation of the quantities on the right
hand sides of equations (21), (22), and (8), or

Because of the possible

i + w

2(c + 2cx4/1_+ﬂ? tang)! _
Qe + V tang)l 1—sm¢ + 2¢J 1/ 1+sme + tensilestrength (23)

To prevent pavement failure under the
combmation of vertical tire pressure V and
braking stress fV, tending to shove the pave-
ment ahead of the loaded area (to the left
in Fig. 29), the sum of the apphed stresses
must not exceed the sum of the reactions that
can be developed by the pavement. This

Plc + V tan ¢)l sin¢

1—smg¢

requirement for pavement stability is com-
plied with when the sum of the effective ap-
plied stresses given by equation (19) 18 equated
to the sum of the effective reactions developed
by the pavement as indicated by equation
(23). That is,

1 —si 1—s8m¢
¢ +V1+sm¢ 261/

14+s8m¢

2(c + 2cK1/];|'Ln¢ tang)l _
- Q(c+Vtan¢)l+ 1—smé¢ +26J1/1+sm¢

[ w l1—=128n¢
+ tensile strength (24)
Upon simphfication, and neglecting th= ten-
sile strength, equation (24) becomes
/ l 1 1
2 :_+5“‘_"(2K t&n¢+J+l—_|_:%:)+2;—t-(P—Q)
V=c —smé > (28)
— 8l
(P = @une il

Equation (25) is a stability equation for the
design of bitummous pavements subjected to
braking or acceleration stresses. While at
first glance it may appear to be rather for-
mdable, 1t is made up entirely of quantities

that are either provided by the conditions of
design assumed for any given project, or that
can be determuned experimentally m the
laboratory.

The length ! of the loaded area, and its
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width w, are established as soon as the wheel
load and tire pressure are specified. The thick-
ness of pavement ¢ is usually designated more
orless arbitranly as 2in., 3 in , etc. In equation
(25), however, it should be observed that the
quantities I, w and ¢ occur only as the ratios
l/w and 1/t, which makes them easier to
handle. An average value for I/w for airplane
and many truck tires 18 1.5, with a maximum
range of 1.0 to 2.0. The value of I/t on the
other hand might vary more widely depending
upon the thickness of pavement and length of
contact area. For pavements from 2 to 3 in.
thick, the value of I/t might vary from 3 to 6
for truck tires, and might be as high as 10
or more for the largest airplane tires. Values
of ¢ and ¢ for any proposed bituminous
mixture are measured by the triaxial test.
P and Q are factors that are related to the
maximum frictional remstance that can be
developed between pavement and tire and
between pavement and base, respectively.
P and Q can be evaluated by field and labo-
ratory tests and by utilizing equations (9) and
(10), respectively. K and J are factors by
which the unconfined compressive strength
of the pavement must be multiphed to de-
termine the lateral support L provided by the
pavement adjacent to the loaded area 1n
transverse and longitudinal directions, respec-
tively. Representative values for K and J
could be determined in the laboratory. In
most cases, 1t would probably be quite con-
servative to assume that both K and J are
equal to unity.

Figure 30 illustrates the application of equa-
tion (25) to the design of bitummous paving
mixtures that are to be subjected to braking
stresses Values of K = 1, J =1, l/w =
1.5, and I/t = 4 have been assumed, and the
stability curves, therefore, reflect the influ-
ence of different values of P — Q on the
design of bituminous mixtures that must sup-
port a vertical load V of 100 ps1, i addition
to being subject to braking stresses. It will be
recalled from equations (8) and (10) that
neither P nor @ can have a value greater than
unity. Consequently, a value of P — @
= 1 means that the value of @ must be zero,
and imndicates that there 1s no frictional re-
sistance between pavement and base. This is
obviously the most critical condition of design
for a pavement subject to braking stresses,
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and is verified by the position of the curve
labelled P — Q@ = 1 in Figure 30, which
clearly requires bituminous paving mixtures
with hugher corresponding values of ¢ and ¢
for a vertical load V' = 100 psi., than any
other stability curve on the chart. The sta-
bility curves in Figure 30 for successively
smaller values of P — Q indicate that bitu-
minous mixtures with correspondingly smaller
values of cand ¢ would be stable under braking
stresses and a vertical load V of 100 psi
On the basis of equation (25), the stability
curve for P — @ = 0 represents the con-
dition of design where the frictional resistance
between pavement and base is equal to the
braking stress between pavement and tire.
The stability curve for P — Q@ = —1,1s the
opposite extreme of the case where P — Q =
1, and represents the highly undesirable
design condition of no frictional resistance
between pavement and tire, although there is
full development of the frictional resistance
between pavement and base.

In connection with the development of
equation (25) 1t was pointed out that there are
two forces which tend to cause the pavement
to shove ahead of the tire. One of these
forces is the braking stress of the tire on the
pavement, and the other 15 the tendency of
the vertical load V to squeeze the bituminous
mixture out from under the loaded area
The resistances that are mobilized to oppose
one of these forces do not necessanly oppose
the other. The resistances opposing the brak-
ing stress are the four previously lsted.

1. Resistance of the wedge abedef (Fig.
29) to forward displacement.

2. Frictional resistance between pavement
and base, on plane ad)g (Fig. 29).

3. Shearing resistance of bituminous pave-
ment along the two vertical faces, abbg and
dey (Fig. 29).

4 Tensile strength of the pavement acting
on the face ghi) (Fig. 29).

However, under certamn conditions of braking
stress, only the first of these, that is, the
resistance of the wedge abedef (Fig. 29) to
forward displacement can be mobilized to
resist the tendency of the vertical load V to
squeeze the pavement out from under the
loaded area toward the front of the tire. The
maximum horizontal resistance to forward
displacement that can be mobilized by the
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Figure 30. Illustrating Stability Curves for a Given Vertical Load for Bituminous Paving Mix-
tures subject to Braking Stresses

wedge of pavement abedef is given by equation

®

®

L=2¢J4/1+"‘¢
l1—s8mé¢

and the maximum vertical load V that can be
applied to a bituminous pavement without
causing it to be squeezed out in front of or
behind the tire 15 obtammed by substituting
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equation (8) in equation (3), which after
simphfication gives,

V =2 /1+sm¢x
l1—s8mn¢
(J(l + sn ¢) + (1 —sn ¢)) @)
1—s8sing .

When J ‘= 1, equation (26) reduces to equa-

tion (5)
4c 1+s8ng¢
5,
1—sm¢1/1_sm¢ ®)

When applymng equation (25) to the design
of bituminous mixtures that will be exposed
to braking stresses, therefore, 1t must be
kept clearly in mind that the pavement must
at the same time always have sufficient sta-
bility to resist being squeezed out either
ahead of or behind the tire, (or transversely)
solely because of the vertical pressure V
exerted by the tire on the loaded area. Con-
sequently, there is a limit beyond which
equation (25) cannot be employed for the
design of bituminous pavements subject to
braking stresses, because beyond this limit,
equation (26) has become the more eritical
criterion of design. This is illustrated in Figure
30. All the P — Q stability curves shown mn
this figure result from the use of equation
(25). The stability curve labelled “hmiting
curve”, on the other hand, results from the
application of equation (26). For purposes of
illustration m Figure 30, a value of J = 1
was assumed, which is probably quite con-
servative. For this value of J, equation (26)
reduces to equation (5), which is the equation
for the “limiting curve” shown in Figure 30.

Therefore, all bituminous mixtures having
combinations of ¢ and ¢ represented by points
within the cross-hatched area of Figure 30,
would be stable under the maximum braking
stress for the value of the P — @ curve through
each particular point, but would tend to be
squeezed out ahead or behind the tire by the
applied vertical load V = 100 psi. Conse-
quently, for the values of J, K, l/w and I/t
specified for Figure 30, only those bituminous
muxtures with corresponding values of ¢ and
¢ represented by points either on or to the
right of the curve labelled “limiting curve”
would have the stability needed to avoid be-
g squeezed out to the front or rear of the

V=
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tire by the vertical load V, and to resist the
tendency to displacement caused by the max-
imum braking stress applied. To the right of
this hmiting curve the corresponding values
of ¢ and ¢ required would depend upon the
particular P — @ curve indicated as the
criterion for design, and only bitummnous mix-
tures whose ¢ and ¢ coordinates were either
on or to the night of this particular P — Q
curve would be stable under both the max-
imum braking stress and the vertical load V.

It should be clear that stability diagrams
sumilar to Figure 30, based on equation (25)
for other combinations of values for J, K,
l/w and 1/t, could be easily prepared. It should
also be noted, that for the particular values
for J, K, l/w and 1/t employed for Figure
30, corresponding stability curves for any
other value of vertical load V can be obtained
on the basis of simple proportionality. Sup-
pose, for example, that the corresponding
curve was desired for P — @ = 1, when
V = 50 psi. For all values of ¢ along the ab-
scissa, points marking off one-half the ordinate
between the abscissa and the curve labelled
P —Q =1 forV = 100 psi. would be shown.
The curve through these points would be the
required curve for P — Q@ = 1, when V =
50 psi. Sumlarly, if for all values of ¢ along
the abscissa, points marking off twice the
value of the ordinate between the abscissa
and the curve labelled » — Q@ =1for V =
100 psi. are drawn, the curve through these
points will represent the curve for P — Q =
1 when V = 200 psi. This procedure of
simple proportionality for obtaining stability
curves for other values of V than those for
V = 100 ps1 , shown in Figure 30, 15 possible
because it will be observed from equation
(25) that cohesion ¢ is a multiplier for the
balance of the quantity on the right hand side
of the equation. Consequently, if every factor
on the right hand side is constant exeept c,
the value of V depends directly on the value
of ¢, and vice versa.

A similar procedure can be employed to
obtain additional stabiity curves for nearly
all of the other stability diagrams contained
in this paper (e.g. Figs. 14, 17 and 27). It will
be observed that like equation (25), the sta-
bility equations on which each of these sta-
ility diagrams are based, have cohesion ¢
as a multiplier for the remainder of the
equation on the right hand side.
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CRITICAL CONDITIONS FOR DESIGN

In the mtroduction 1t was pownted out that
there are three principal conditions of pave-
ment stability to be considered when designing
bitummous paving muxtures.

1. Stability under stationary loads

2. Stabihty under loads moving at a rel-
atively high but uniform rate of speed.

8. Stability under braking and accelerating
stresses of traffic.

Practical field observation has mdicated
that pavement mstability is usually of three
different types.

1. Squeezing out of the pavement from
under the wheel 1n a transverse direction for
both stationary and moving loads.

2. Shoving of the pavement at bus stops,
traffic hghts, etc., probably caused by braking
accelerating stresses, and the development of
of washboard occasionally in unstable pave-
ments carrying moving traffic.

3. Actual tearmg of the pavement under
moving traffic, generally when a relatively
thin layer of pavement has been placed on a
base to which 1t 18 exther bonded poorly or not
at all

The stability conditions for stationary wheel
loads are indicated in Figure 27 for a vertical
load V of 100 psi. The munimum values of ¢
and ¢ requred for stability are seen to depend
on the magnitude of P + Q. The values of P
and Q in turn depend upon the amount of
frictional resistance developed between pave-
ment and tire and between pavement and
base, respectively. Therefore, ¥igure 27 em-
pha,sml the importance of specifymmg a con-

struction procedure that will ensure the mhaxi-

mum bond between the pavement and base,
giving a high value for @ Figure 27 also
stresses the value of designing bitumnous
mixtures capable of developmg a high fric-
tional resistance between pavement and tire,
that is a high value of P Consequently,
Figure 27 demonstrates that if the values of
both P and @ can be kept high, bituminous
mixtures with much lower values of ¢ and ¢
than would otherwise be necessary, will pro-
vide adequate stability to carry the applied
load without failure.

With regard to the design of pavements sub-
ject to braking stresses Figure 30 demonstrates
the advantages of keeping the value of P - Q
as low as possible. For safety reasons 1t is
desirable to design and construct bituminous
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pavements having a very high coefficient of
friction between pavement and tire.

This in turn tends to provide a high value
for P Smce the value of P should be hugh for
good design, the desired low value for P —Q
can only be obtaned if the value of Q 1s also
high. That is, construction procedure should
be specified that will ensure a strong bond
between pavement and base. It is quite ap-
parent from Figure 30 that if the frictional
resistance between pavement and tire is high,
and 1if a strong bond is obtained between pave-
ment and base, resulting in a low value for
P — @, bituminous mixtures with much lower
values of ¢ and ¢ than would otherwise be
necessary will have the stabnlity required to
avoid faillure under any given apphed load.

Equation (25) indicates the importance of
both pavement thickness and adequate bond
between pavement and base when designing
for| pavement stabiity to resist braking
stresses. When resurfacing over an old pave-
ment, or when building a new pavement over
a smooth base, the bond between old and new
pavement, or between pavement and base,
may be rather weak unless adequate care is
taken. If the old pavement or the base is
uneven, the new pavement may be relatively
thin in some areas. In equation (25) it will
be noted that both the terms [/ and P — @
subtract from the value of the numerator and
also appear in the denominator. Therefore,
for a bituminous pavement with given values
of c and ¢, any factors that increase the values
of either I/t or P — @, or both, other variables
being constant, will decrease the stabihity of
the pavement under braking or accleration
stresses. The length of contact area I, 15 con-
stant for any given wheel load and tire pres-
sure. Therefore, 1/t will increase as the thick-
ness ¢ of the pavement is decreased. The value
of P — Q tends to increase as the value of @
18 decreased, that is, as the bond between
pavement and base becomes weaker. Con-
sequently, equation (25) demonstrates that
the resistance of a bituminous pavement to
braking and accleration stresses is improved
by adequate thickness and by taking proper
measures to obtamn a strong bond between
pavement and base.

The position of the hmiting curve in Figure
30 shows that if the bond between pavement
and base is very strong, and approaches the
shearing resistance of the bituminous mixture
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itself, (low value for P — Q), the tendency of
the tire load V to squeeze the pavement out
from under the wheel may be a more cntical
condition of design than the action of the
braking stress. That is, Figure 30 indicates
that under these particular conditions, the
stresses imposed by given vehicles moving at
a uniform rate of speed may represent a more
severe stability requirement for bituminous
mixtures than the maximum braking stresses
applied by the same vehicles

It is a very difficult matter to determine
whether & more conservative design results
when based upon moving rather than upon
stationary loads or vice versa. Any such
comparison is complicated by the fact that the
value of cohesion ¢ developed by any given
pavement to resist the stresses of moving
loads is very much greater than the value of
cohesion ¢ developed by the same pavement
under a static load. This was demonstrated by
the data of Figures 18(b) and 19. It is also
possible that the value of the angle of internal
friction ¢ is somewhat different under moving
than under static loads. Therefore, until more
quantitative data becomes available concern-
ing the influence of rate of loading on the
values of cohesion ¢, and angle of internal
friction ¢, and this information has been cor-
related with field performance, the stability
requirements for moving versus static loads
cannot be accurately compared. Experienced
bitummous engineers have observed pave-
ments that are stable under moving vehicles,
but into which the wheels of the same vehicles
would rapidly settle if they stopped. This is
sometimes observed on freshly constructed
bituminous pavements. On the other hand, a
thin bituminous pavement that 1s poorly
bonded to the base or layer of pavement
below, may tear under moving loads within
a short time, although apparently stable
under static loads. Consequently, it seems
qute doubtful that any general statement to
the effect that stationary loads always repre-
sent a more cntical condition of design for
bhituminous pavements than moving loads
could be justified. It appears on the other
hand that there are conditions for which
moving loads represent a more serious criterion
of design than stationary loads, and other con-
ditions for which stationary loads represent
the more severe design requirement

For the case of pavement stability at bus
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stops, traffic hghts, and other areas where
vehicles may come to a full stop, the question
anses as to whether the pavement for these
sections should be designed for moving or for
stationary loads. Dunng most of the period
when the brakes are bringing the vehicle to a
full stop, the value of cohesion ¢ developed in
the pavement may be many times greater
than its magnitude under a stationary load.
On the other hand, for a very brief interval
just before the vehicle stops, the rate of move-
ment becomes so low that the value of co-
hesion ¢ developed may not be much larger
than for a stationary load. Consequently, if
there 18 a rather weak bond between pavement
and base at an area subject to much stopping
and starting of traffic, the design curve n-
dicated by one of the appropriate larger values
of P — Q m Figure 30 should be selected as the
basis for design, using a low rate of stramn
when testing the bituminous mixture m the
triaxial test However, if an excellent bond
between pavement and base 1s assured, pave-
ment design for bus stops, traffic ights, and
other areas where there 18 much starting and
stopping of traffic, should probably be based
upon the condition of stationary loads

For pavements subject to traffic moving at
relatively high rates of speed, and where,
although braking stresses may be appled,
they are used only to obtain temporary de-
celeration and do not bring vehicles to a full
stop (eg normal highway traffic in rural
areas and the runways at aiwrports) 1t would
seem reasonable to base bituminous mixture
design on moving loads That 1s, a relatively
high rate of strain would be used when testing
the paving mixture in tnaxial equpment,
order that a value of cohesion ¢ for the mixture
might be obtained 1n the laboratory for design
purposes, that would approximate the value of
cohesion ¢ developed in the resulting pavement
under moving traffic. Further experimental
work is required to determine what the per-
missible rate of stramn should be for the
triaxial testing of bituminous mixtures that
are to carry moving wheel loads

For pavements subject to stationary loads,
or to very slowly moving traffic, bituminous
mixture design should probably be based upon
static Joads. The pavements for most ety
streets, all parking areas, and the aprons,
taxiways, and turnaround areas at the ends
of runways at airports, are representative ex-
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amples. A very low rate of stramm should be
used for triaxial tests on bituminous mixtures
that are proposed for pavements in these areas

Finally, until there has been an opportunity
%0 build up mmformation on the field per-
formance of bituminous mixtures designed by
the rational method and employing the tn-
axial test, 1t would seem prudent to base the
the design of bituminous mixtures on
the stationary load condition, for the maxi-
mum pressure apphed to the contact area
(14, 15), and possibly includmg an impact
factor (23). If particular care is laken to obtain
a strong bond between pavement and base, it is
beheved that the curves of Figure 14, for
which K = 1, would provide a conservative
basis for design. Later, as confidence in this
method of design becomes established, and as
more experimental data become available, the
refinements indicated n the paper, particularly
with regard to Figures 17, 27 and 30, which
might lead to a less conservative design for
both static and moving loads, could be gradu-
ally adopted.

RELATIONSHIPS BETWEEN UNCONFINED
COMPRESSION AND TRIAXIAL TESTS

Several different forms of the unconfined
compression test have been proposed from
time to time as methods for measuring the
stabiity of bituminous mixtures. The most
recent development of this test to obtain
some prominence is the Marshall stabihity test.

It has been the principal purpose of this
paper to mdicate how the triaxial test can be
employed to measure the strengths of bitumi-
nous paving muxtures under conditions of
stress similar to those to which they are sub-
jected by traffic in the field. However, this
test is rather time consuming, and it would be
highly advantageous if some simpler and more
rapidly performed test could be correlated
with the triaxial test and used for the checking
and control of the stability of bituminous
mixtures in the field Since the unconfined
compression test appears to be of the same
general type, 1t is worth while to determine
whether there is any useful relationship be-
tween this test and the triaxial test that could
be employed for this purpose Figure 31 il-
lustrates the discussion of this pomnt, which
demonstrates that the unconfined compression
test can be quite misleading, insofar as in-
dicating the stability that bituminous paving
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mixtures can develop 1n the field is concerned.

In Figure 31(a) the Mohr envelopes xw, yv
and zu represent three different bitununous
mixtures with corresponding values for co-
hesion ¢ and angle of internal friction ¢,
Ci91, Cohs, aNd Cads, respectively. Simularly, in
Figure 31(b) the Mohr envelopes Ir, mq and
np represent bituminous mixtures with cor-
responding values for cohesion ¢ and angle of
internal friction ¢, cids, Cops, and ceps, re-
spectively.

Figure 31. Demonstrating the Inadequacy
of an Unconfined Compression Test for meas-
muﬂng the Stability of Bituminous Paving Mix-

es

Figure 31(a) indicates that the unconfined
compressive strength Oa is exactly the same
for each of the quite different bitummous
mixtures represented by Mohr envelopes xw,
yv and zu. For an unconfined compressive
strength test, the amount of lateral support
pronided is zero. On the other hand, bitu-
minous pavements in place m the field are
able to mobilize lateral support from the
pavement adjacent to the loaded area. In an
earlier part of this paper, it was indicated that
the unconfined compressive strength was a
measure of this lateral support. Consequently,
the stability under service conditions of the
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three bituminous muxtures represented by
Mohr envelopes xw, yv and zu is indicated
by Mohr circles ad, ac, and ab, respectively.
If traffic loads exert a vertical pressure V
equal to point d in Figure 31(a), then only
the bituminous mixture represented by the
Mohr envelope xw would be stable m the
field, and the other two represented by Mohr
envelopes yv and zu would be unstable It
should be noted again that the unconfined
compression test would give all three of these
bituminous mixtures exactly the same sta-
bility rating, Oa. Consequently, Figure 31(a)
demonstrates that the unconfined compression
test may indicate exactly the same stability
for bituminous mixtures that would have
widely different stabilities under field con-
ditions.

Figure 31(b) represents the reverse of the
situation illustrated in Figure 31(a). The un-
confined compressive strength of the three
bituminous muixtures Ir, mq and np are in-
dicated by Oe, Of and Og, respectively. Since
the unconfined compressive strength is a
measure of the lateral support provided by
the pavement adjacent to the loaded area,
Tigure 31(b) demonstrates that these three
bitummnous mixtures are all capable of de-
veloping exactly the same resistance Oh to the
appled vertical load, under the conditions
that exist in the field. Nevertheless, if the
stability of these three mixtures were evalu-
ated by the unconfined compression test, three
widely different stabihty ratings Oe, Of and
Og would be indicated. If the vertical load
V to be carned 18 equal to Oh, the triaxial test
would indicate that the three bituminous
muxtures had the same stability, and that all
three would be satisfactory. If the minimum
stabiity requirement according to the un-
confined compression test were given by Og,
then this test would indicate that only the
bituminous mixture represented by Mohr en-
velop np would have the necessary stability
under field conditions and that the muxtures
represented by Mohr envelopes Ir and mq
would be unstable. Therefore, Figure 31(b)
shows that the unconfined compression test
could reject as being unstable bituminous
paving mixtures that would develop quite
adequate stabihty under field conditions.

Tigure 31 clearly demonstrates, therefore,
that the unconfined compression test, and all
similar tests, are fundamentally incapable of
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providing trustworthy measurements of the
stability that bitummnous paving mixtures can
develop under field conditions. Figure 31(a)
shows that the unconfined compression test
is capable of wrongly indicating adequate
stabilities for bituminous mixtures that would
be unstable in the field Figure 31(b) demon-
strates that the unconfined compression test
18 also capable of rejecting bitummnous mix-
tures that would have adequate stability under
field conditions,

It is sometimes stated in defense of un-
confined compression and other similar empiri-
cal stabiity tests that they are capable of re-
flecting changes in aggregate gradation, filler
content, bitumen content, etc. Figure 31(a)
demonstrates that such changes could be made
in the composition of bituminous mixtures
which would have little or no effect on their
unconfined compressive strength, but that
would at the same time seriously influence
the stability of the pavement under the con-
ditions of stress to which 1t 18 exposed in the
field. On the other hand, Figure 31(b) in-
dicates that wide changes can be made in the
composition of bituminous muxtures, which
would cause large variations mn theiwr uncon-
fined compressive strength values, but that
would have Lttle influence on pavement sta-
biity under field conditions. Consequently,
it is apparent from Figure 31 that the un-
confined compression test either may or may
not be influenced by wide changes in the
composition of bituminous mixtures, which
are reflected by large vanations in their ¢
and ¢ values. Furthermore, the influence on
the unconfined compression test values caused
by these changes in composition, may lead
to quite erroneous conclusions concerning the
mnfluence of these changes on pavement sta-
bilhty under field conditions.

There seems to be little doubt that engineers
can be led seriously astray when endeavouring
to measure the stability of bituminous mx-
tures by the unconfined compression test, by
any of the vanations of this test, or by any
stability test that can be correlated with the
unconfined compression test. Figure 31 m-
dicates that these tests may actually be so
musleading that 1t may be questioned whether
they serve any useful purpose as stability
tests. The other empirical stabiity tests in
common use at this time should also be sus-
pect, unless it can be shown that they meet the



McLEOD—BITUMINOUS PAVING MIXTURES

fundamental requirements that any satisfac-
tory stability test for bituminous paving mix-
tures must possess

At the present time, we know of no test
that can provide a satisfactory measure of the
stability of bituminous pavements, except the
triaxial test. While 1t is rather complex and
time consummng as currently performed, it
seems to be capable of furmishing data from
which the actual stability of bituminous mix-
tures under field conditions can be calculated,
and on which a rational method of design for
the strength of bitummous pavements can be
based. Future research may develop a simple
rapidly performed test, useful for field control,
that can be closely correlated with the triaxial
test.

GENERAL

In this section a few general comments will
be made that could not be included elsewhere
in this paper

1. Some engineers may feel that the mathe-
matical development required for the rational
method of design based upon the tnaxal test,
outhimed in this paper, is a serious barrier to
the practical routine use of this method.
Such, however, 18 not the case. When using a
camera, for example, even a movie camera, we
seldom concern ourselves about the mathe-
matics through which someone had to work in
order to design the camera. We merely make
the proper adjustments for distance, lens open-
ing and shutter speed, and proceed to take
the picture.

In the case of the rational method of design
for bituminous mixtures outlined here, the
finished design charts correspond to the
camera, If agreement can be reached con-
cerming the mathematical basis of these charts,
and pertaining to the rate of strain at_ which
the triaxial test 158 to be run to provide the
appropriate values for ¢ and ¢ for the bitu-
minous mixtures proposed for any given proj-
ect, we can disregard the mathematical de-
velopment itself when using the charts. The
values of ¢ and ¢ obtamned from the triaxial
test, provide the coordnates of a point on the
appropriate chart. The position of this point
relative to the particular stability curve speci-
fied by the design requirements for the proj-
ect, indicates whether the bituminous mixture
tested has the required stability or not.

2. Traxial tests must be made on bnquettes
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of bituminous mixtures formed i the labo-
ratory. It 158 highly important that the bitu-
minous mixture m the compacted briquette
for the triaxial test should duplicate as nearly
as possible the structure that the same bitu-
minous mixture will attein in the road sur-
face. Endersby (Z) and Hveem (8) have pro-
vided a very fine account of the work that has
been done, and that is still going on, to obtain
a laboratory compaction device that will pro-
vide samples for the triaxial test having a
structure identical with that developed under
rolling and traffic in the field. The develop-
ment of such a compaction test 15 of the
greatest importance since stability measure-
ments on a laboratory sample are of question-
able value unless the laboratory sample duph-
cates the characteristics and structure that
would be developed n the field by the bitu-
mmous mixture bemng tested

The comprehensive mvestigation of the de-
sign of bituminous mixtures conducted by the
U. 8. Corps of Engineers (18) has provided
some excellent quantitative data on the in-
crease in the density of bituminous pavements
that occurs under traffic. Their studtes have
shown that the air voids content of what
might ordinarily be considered to be well
designed bituminous mixtures may approach
zero with the increased density resulting from
traffic, and serious loss of stabiity may oceur.

In the triaxial testing of a bituminous mix-
ture, therefore, 1t would seem adwisable to
determine its stability at the density the
pavement will have when rolling 15 complete,
and also at the ultimate density it may be
expected eventually to obtamn under traffic,
smce both conditions may be critical in the life
of the pavement.

3 The dimensions of the specimen tested in
triaxial compression must receive careful con-
sideration, if representative values for co-
hesion ¢, and angle of nternal friction ¢, are
to be obtained.

To avoid the effects of friction between the
end plates and the test briquette during
loading, and the dwect transfer of load be-
tween the two plates, the height of the speci-
men should be at least twice its diameter.
If the angle of internal friction ¢ 18 likely to
approach 40 to 45 deg , the height should be
at least two and one-half times the diameter.
Nyjboer (10) recommends a height to diameter
ratio of three for asphaltic concrete mixtures,
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and a ratio of two and one-half for sand as-
phalt, including sheet asphalt muxtures

The diameter of the test briquette should be
not less than four times the diameter of the
largest particles 1n the bitummnous mixture.
Smith (4) reports excellent reproducibiity of
test results for this ratio. Nijboer (10), on
the other hand, prefers that the diameter of
the test specimen should be at least six times
the diameter of the largest particles. He
points out that in this case the cross-sectional
area of a single large particle is only about 3
percent of the cross-sectional area of the test
briquette.

4. In the development of the rational
method of design for bituminous paving mix-
tures outlined in this paper, no mention has
been made of the influence of the repeated
loadings of highway or airport traffic on
design.

This 18 a matter that may have to be
answered by practical observations of the field
performance of bituminous mixtures designed
by this method.

On the other hand, the Corps of Engineers’
investigation (18) indicated that one of the
effects of continued traffic on bituminous
pavements was a very marked increase in
density As long as this density increase does
not eventually reduce the air voids below the
eritical value (normally about 2 to 3 percent
by volume) at which stability usually begins
to decrease, the influence of repeated traffic
loads should ordinarily be beneficial, and
should provide an increase in stability rather
than otherwise. Consequently, it may be that
as long as continued traffic does not increase
the pavement density to the point where the
volume of air voids becomes eritically low, no
provision in design for the repeated loads of
traffic may be necessary. In addition, it is well
known that bituminous binders tend to harden
with time, and to develop an internal structure
of ther own. This gradual hardening of the
binder should increase the stability of bitu-
minous pavements with time, and may be
adequate in itself to compensate for the effect
of repeated traffic loads on pavement stability,
if this 18 an item that must be taken into
account.

In view of these considerations, it may not
be unreasonable to ask, whether a bituminous
pavement that eventually shows evidence of
distress under the repeated traffic of vehicles
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with some maximum wheel load and tire pres-
sure, was actually designed for that magnitude
of load in the first place? It may have been
underdesigned from the beginning

Nevertheless, if in spite of these observations,
field expenence should indicate that repeti-
tions of traffic loads must be considered in
connection with the stability of bituminous
pavements, probably they could satisfactorily
be taken into account by multiplying the
design load by a traffic factor. This would be
equwvalent to employmmg a safety factor.

5. Figures 27 and 30 illustrate the very im-
portant fact that in addition to the inherent
stability of the bituminous mixture itself, the
stablity of a bituminous pavement in service
depends very substantially on the frictional
resistance between pavement and tire and
between pavement and base. Therefore, a
bituminous muxture indicated to be highly
stable according to the present commonly used
empirical stabiity tests, such as Hubbard-
Field; Marshall, Hveem, etc. may actually
show unsatisfactory stabiity in the field be-
cause of low frictional resistance between
pavement and tire and between pavement and
base. Another bituminous mixture, rated to
have questionable stability by these empirical
tests, may develop high stabihity in the field
because of high frictional resistance between
pavement and tire and between pavement
and base. In addition, 1t is entirely beyond
the capacity of the present empirical tests to
ndicate the nfluence of pavement thickness
on the stability of a bituminous pavement in
the field. Therefore, in addition to their other
serious deficiencies, the present commonly used
empirical tests are quite unsatisfactory for
measuring the stability of bituminous pave-
ments in service, because they are funda-
mentally incapable of taking into account the
important contributions to pavement stability
of the frictional resistance between pavement
and tire and between pavement and base, and
of pavement thickness. This fact alone empha-
sizes the need for the development and gen-
eral adoption of a rational method of design
for bituminous pavements,

CONCLUSION

Because of the fundamental inadequacy of
the present commonly used empirical methods
for measuring the stability of bituminous pave-
ments, and for expressing their strengths on
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a pounds per square inch basis, an attempt
has been made in this paper to outhne a
rational approach to this problem. It 1s realized
that this presentation may have over-simpli-
fied the solution at some points, and that
further refinements may be desirable. It may
have disregarded certain factors that should
be included, and may have barely mentioned
others that should receive more emphasis.
On the other hand, space hmitations prevent
reference to every detail, and the paper has
been confined to a discussion of what appear
to be the more important principles requinng
consideration. It is appreciated that there
may be quite other approaches that could
provide either equally or more accurate solu-
tions, and it is hoped that the search for these
will be stimulated.

Nevertheless, the present paper has out-
lined a rational method for designing the
strength of bituminous pavements on a umt
strength basis. Among other items, 1t has
indicated how the amount of lateral support
L provided by the pavement adjacent to the
loaded area may be evaluated. It has reviewed
the influence that the rate of strain selected for
a traxial test may have on the value of co-
hesion ¢, and possibly on the value of the
angle of internal friction ¢, determined for a
bitumimnous mxture. It has mndicated in a
quantitative manner, the importance of the
frictional resistance between pavement and
tire and between pavement and base, and of
pavement thickness on the stabihity of bitu-
minous mixtures in service.

It 1s one of the most serious criticisms of
the present commonly used empirical tests,
that they are entirely incapable of taking these
very important factors into account. It has
powmnted out that different designs may be
justified for pavements for moving than for
stationary traffic, and the basis on which
these differences in design may be specified.
The stability equations and stability diagrams
mcluded, indicate quantitatively the direc-
tion in which the cohesion ¢ and angle of
internal friction ¢ for bituminous mixtures
must be varied to obtain either greater or less
stability. Finally, the stability equations and
diagrams show that it should be quite possible
to design bituminous pavements for either
arports or highways, that would be quite
stable under the heaviest wheel loads, and
with tire pressures up to 300 or 400 psi. or
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more. However, they also indicate that the
design of bituminous mixtures for these high
tire pressures, can be expected to require
considerably more care than has been given
to this matter for the much lower tire pres-
sures in use to-day

The current commonly used empirical tests
are unable to provide the fundamental in-
formation required for the quantitative evalu-
ation of any one of the items included in the
previous paragraph. Nevertheless, in spite of
their fundamental inadequacies, these empiri-
cal tests are likely to be favored by their
advocates for a long time to come, chiefly
because of their simpheity, and regardless of
the fact that simpheity of test procedure is a
doubtful virtue, if the test results obtained
are of questionable value for the purpose in-
tended. Consequently, the development and
general introduction of a rational method of
design for bituminous paving mixtures, will
probably be just as controversial a topic
during the next few years, as the problem of
the overall thickness of flexible pavements has
proven to be.

SUMMARY

1. The fundamental inadequacies of the
empirical tests commonly used for the design
of bituminous mixtures at the present time
are mentioned, and the necessity for the
development of a rational method of design,
which would evaluate the strengths of bitu-
minous mixtures on a pounds per square inch
basis, 18 pointed out.

2. The open traxial test, which is widely
used on this continent, is described, together
with the method of plotting the triaxial data
in the form of a Mohr diagram.

3. From the geometrical and trigonometri-
cal relationships of the Mohr diagram, a
general equation for the stability of bitu-
minous mixtures is developed.

4. A method for evaluating the lateral sup-
port L provided by the pavement adjacent
to the loaded area 1s outlined.

5. A description is given of the use of the
cell tnaxial test for determining the influence
of the viscous resistance of a bituminous
mixture on its stability, and for measuring
the effect of the rate of strain on the value of
the cohesion ¢, and possibly of the angle of
internal friction ¢, obtained for a bituminous
mixture.
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6. The increase m the stability of a hitu-
mmous pavement due to frictional resistance
between pavement and tire and between pave-
ment and base, 1s indicated.

7. The influence of braking and acceleration
stresses on the design of bitummnous pave-
ments has been considered.

8 It s pointed out, that in addition to their
other serious deficiencies, the present com-
monly used empirical tests, such as Hubbard-
Field, Marshall, Hveem, etc., are unable to
take mto account the important contribution
to pavement stabiity made by the frictional
resistance between pavement and tire and
between pavement and base, and the influence
of pavement thickness on pavement stability.

9. Tt 18 demonstrated that the unconfined
compression test, and all simlar tests, can be
quite msleading, msofar as indicating the
stability that bitumwinous mixtures can de-
velop m the field 1s concerned

10 Stability equations and ilustrative dia-
grams for different conditions of bitummnous
pavement design are included.

11. A brnief discussion of the eritical con-
ditions of stabihty to be considered for the
design of bituminous pavements for both
moving and stationary loads, 18 included.
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DISCUSSION

Wavrrer C. Rickerts, Office of the Chief of
Engineers—Dr McLeod has made an excel-
lent presentation of a theoretical method for
the design for bituminous paving muxtures
based on the triaxial test. The description of
the triaxial apparatus and the references to
investigators of the subject indicate that Dr.
McLeod refers to the triaxial machine and
method deseribed in two paperst: * by V. R.
Smith, presented 1n 1949 before the Assoc-
ation of Asphalt Paving Technologists and
Amenican Society for Testing Materials or
similar method based on the tnaxial test.

It is considered that the paper merits dis-
cussion for the following reasons:

1. The possibility that the casual reader
may infer that Dr. McLeod’s rational method
for design of bituminous pavements 1s now
ready for immediate use by the design and
construction engineer and the numerous charts
and equations are technically correct, fully
supported by engineering data, and ade-
quately correlated with pavement perform-
ance in the field.

2. The cnticism that all existing testing
machines and methods for designing bitumi-
nous pavements, particularly Hubbard-Field,
Marshall, and Hveem machines and design
methods are inadequate, misleading, and con-
fusing even to experienced design engineers.

The purpose of this discussion is to show
that:

1V R Smith, “Trnaxial Stability Method
for Flexible Pavement Design,” Proceedings
AAPT, Vol. 18 (1949).

2 Preprint, V. R. Smith, ‘““Application of the
Triaxial Test to Bituminous Mixtures,”
ASTM, San Francisco, Calif , October (1949).

1. Considerable laboratory work and cor
relation with pavement performance is re-
qued before a method of design for
bituminous pavements based on the triaxial
test could be used with confidence by the de-
sign and construction engineer.

2. Dr. MclLeod’s criticism regarding the in-
adequacy of existing machines and methods,
particularly Hubbard-Field, Marshall, and
Hveem, to properly design bituminous pave-
ments is unwarranted and is not substantiated
by experience.

3 Information for design of bituminous
pavements taken from Dr MecLeod’s figures
and equations may be misleading and techni-
cally incorrect due to the many assumptions
unsupported by engineering data used in their
formulation.

PRESENT STATUS OF TRIAXIAL TESTING
OF BITUMINOUS PAVING MIXTURES

A committee known as the “Triaxial Insti-
tute” composed of representatives of the State
Highway Departments of Washington, Ore-
gon, and California, Universities of Washing-
ton and California, California Research
Corporation, Shell Development Company,
headed by Mr. V. A. Endersby, Shell Devel-
opment Company, Emeryville, California, was
formed to conduct research work and de-
velop a suitable method for designing
bituminous pavement based on the tnaxial
test.

There are listed below quotations from pre-
prints of two papers by Messrs. Endersby
and Smith, both members of the Tnaxal
Institute, presented at recent A S T.M. meet-
ing 1n San Francisco. California.
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Papers by V. A. Endersby

1. “The reasons for the formation of the
Institute are discussed and research of the
fundamental problem of forming test speci-
mens to properly represent materials laid n
pavements is described.”

2. “Outstanding Questions. There are vari-
ous outstanding questions regarding the tn-
axial test that need further investigation:

a. What is the most acceptable interpreta-
tion for use by the routine testing engineer?

b. What is the effect of low height/diameter
ratio prevalent in the field under road loading
conditions?

c. What is the real meaning of the inter-
cept which denotes static or initial resistance
m the Mohr diagram? This is usually called
“cohesion” but shows some properties not
compatible with the defimtion, such as in
some mixes decreases in 1ts value with de-
creasing friction.

d What is the proper method for com-
pacting samples? (This point is so important
that we devote a special section to it )

3. “Basgically the Institute was formed with
two objects: First, to determine to the satis-
faction of a group of representative interests
the fundamentals of a test which would be
fully scientific in principle and whose results
could be quickly interpreted in terms suitable
for routine laboratory; second, to bring about
as complete correlation as possible with other
tests, 1t being well recognized that long es-
tablished tests will not be readily abandoned
even though scientifically superior ones can
be established.”

4. “The Problem of Realistics Test Speci-
mens The first meeting brought out a definite
consensus that a very primary problem in the
general field has not been solved. That is,
most current methods of fabricating test speci-
mens did not reproduce the properties of
field mixes.”

5. “We beheve that any method, however
inexpensive, which produces a matenal for
testing which 18 radically different from that
actually placed in the field is unacceptable.
The Committee departs from the widely held
view that the testing method is the thing and

3 Preprint, V A Endersby, “The History
and Theory of Triaxial Testing and the Prepa-
ration of Reahstic Test Specimens,” a report
of the Triaxial Institute ASTM, San Francisco,
Calif , October (1949).
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that methods of fabrication are more or less
incidental and unimportant While our co-
operative physical research has not proceeded
far as yet, we can show very striking evidence
1n results from the laboratores of some of the
members of the Committee ”

Papert by V. R. Smith

1. “All stability tests now in use, including
triaxial, will yeld differences in measured
stability values when different specimen com-
paction procedures are employed. This matter
deserves maximum emphasis.”

2. “Kneading type compaction 1s known to
yield specimens approximating closely the par-
ticle orientation and stability properties ob-
tamned in actual field construction This matter
certainly deserves further study and such
studies now are being undertaken by various
interested groups.”

3. “Figure 4¢ shows the results of tests on
hot plant mixes, road mixes (both machine
mixed and blade mixed) and sheet asphalt
mixes employed by various highway depart-
ments throughout the United States All of
these mixes were made strictly according to
the specifications and construction practices
of these highway organizations and are con-
sidered satisfactory for the traffic conditions
encountered The traffic conditions represented
vary from moderate with the road mixes to
heavy with the sheet asphalts and hot plant
mixes. Except in a few instances first hand
observation of the performance properties of
these surfaces has not been possible.”

4. “Experience with the evaluation charts
presented in Figures 4 and 5 18 limited. Pos-
gibly these charts will have to be revised after
more extensive data on service behavior are
obtained.”

5. “Note: (Forming of test specimens hav-
ing properties closely simulating those ob-
tained in field construction is essential in pro-
curing precise traxial test results. At the
present time several road material labora-
tories have under development improved bri-
quet compaction procedures which promise to
supersede current methods.)”

It 18 believed that the following comments

¢ Figures 4 and 5 indicate mixes considered
to be satisfactory and unsatisfactory for heavy
trafic and hight traffic based on values of ¢,
umt cohesion, and ¢, angle of internal friction
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are In accord with the quotations mentioned
above:

1. The Triaxial Institute recognizes the
need for research on a number of problems
mn connection with tnaxial testing of bitum-
nous mixtures and is planning the necessary
experimental work to solve the problems.

2. The problem of forming test specimens
to represent properly materials laid in pave-
ments 18 a high priority item as most of the
current methods do not produce test speci-
mens comparable with field mixtures.

3. It will be necessary to formulate an in-
terpretation of the results obtained by traxial
testing suitable for use by the routine testing
engineer.

4. The work performed to date by Insti-
tute members indicates that triaxial test val-
ues on specimens prepared by different com-
pactive methods are at variance.

5. The correlation of triaxial values for un-
satisfactory and satisfactory bituminous mixes
as recommended by Mr. Smith with service
behavior of actual pavements is limited and
his Figures 4 and 5 are subject to change when
more extensive data on service behavior are
obtained.

It 18 to be emphasized that this discussion
is not intended to be critical of the Triaxial
Institute or any experimental work on tri-
axial testing accomplished by 1ts members or
other investigators in connection with bitumi-
nous pavements. The objectives and the type
of research planned by the Triaxial Institute
as deseribed in Mr. Endersby’s paper are con-
sidered to be above criticism and technically
sound for developing a design method for
bituminous pavements based on the triaxial
test.

ANALYSIS OF DR. MCLEOD’S EQUATIONS
AND FIGURES

A careful study of the numerous equations
and figures indicates that many assumed val-
ues unsupported by engineering data have
been used 1n the formulation of the equations
and design charts. Some of the assumptions
are of such a magnitude as to seriously affect
the vahdity and possible usefulness of the
equations for design purposes while other
assumed values are numerically small and
their effect 18 proportional to their size

In this discussion no attempt 15 made to
follow completely all of these unsupported
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assumptions through all of the various equa-
tions and figures presented Only a relatively
small number of unsupported assumptions
which are considered to render the equations
and charts inadequate at present time for use
in designing bituminous pavements are dis-
cussed.

The rational method of design for bitumi-
nous paving mixtures proposed by Dr. Mec-
Leod is based upon triaxial testing which the
Triaxial Institute recogmzes as a method of
test 1 need of considerable development and
correlation with pavement performance before
it could be of use to design engineers charged
with the responsibility of providing adequate
pavements.

One assumption used is the symbol L which
represents the amount of lateral support in
pounds per square inch developed by the
portion of the pavement adjacent to the
loaded area Later it is indicated that the
value for L is equal or greater under some
conditions to the unconfined compressive
strength of the pavement. There are no ex-
perimental engineering data offered to support
this claum. Further, no explanation 1s given
as to what the value for Z mght be for vari-
ous thicknesses of pavement or for various
pavement temperatures

Figure 11, which is based on equation 3
with value of L of 30 ps1., indicates that all
paving mixtures to the right of curve labelled
V = 100 psi.,, L = 30 psi, would have re-
quired stability and those to the left would
be unsatisfactory. Here again is an assump-
tion as no engineering data are offered to
substantiate the fact that all mixtures con-
sidered satisfactory possess an L value of 30
ps.. Further, no evidence of correlation with
pavement performance is given which would
indicate that all paving mixtures to the right
of the curve are satisfactory for a V of 100

Because of certain factors not taken into
consideration regarding the assumption that
the lateral support L is equal to the uncon-
fined compressive strength of the pavement,
Figure 16 is offered to show the lateral sup-
port 18 somewhat greater than the unconfined
compressive strength. Although Dr McLeod
admits that 1n an actual pavement the wedge
of the material under stress just outside the
loaded areas does not necessanly conform to
Figure 16a, shearing resistance values of the
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tnangular end sections are assumed which
may vary from 10 to 50 percent of the shear-
g resistance provided by diagonal plane
ABCD depending on size of tire. Further, the
additional lateral support thus provided may
be 10 to 50 percent more than the unconfined
compressive strength of the pavement. Again
the values are assumed and not supported by
engineering data

An additional source of lateral support L
beyond the unconfined compressive strength
of the pavement is introduced mnto equations
6 and 7 by multiplying the unconfined com-
pressive strength by a factor K. Again no
engineering date are given as to what the
value of K might be. Figure 17 is based on
assuming varying values of K ranging from
0 to 10

It is pointed out by Dr McLeod that val-
ues of cohesion ¢ shown m Figure 17 may
not be adequate in all cases and should be
determined by field performance of bitumi-
nous mixtures with known values of ¢ and ¢

Among other factors represented by sym-
bols which are used in the preparation of the
various figures and formulas are f, coefficient
of friction between pavement and tire, and
g, coefficient of friction between pavement and
base Again engineering data regarding values
of f and g to be used in the proposed design
have not been furnished.

No attempt has been made to hst all of
the equations and figures in which various
symbols unsupported by engineering data
have been introduced.

HISTORY OF HUBBARD-FIELD, MARSHALL, AND
HVEEM TESTING MACHINES AND METHODS

Hubbard-Field Testing Machine—During 1926
and 1927, Messrs Hubbard and Field of the
Asphalt Institute conducted extensive investi-
gational work to develop a practical testing
machine for use in designing sand type as-
phalt paving mixtures. Subsequent investiga-
tional work resulted in modifying the machine
so 1t was adaptable for use in designing as-
phaltic concrete mixtures.

The application of the Hubbard-Field ma-
chine to design is contained in The Asphalt
Institute publication, “Research Series No. 1,
The Rational Design of Asphalt Paving Mix-
tures.”

The Hubbard-Field machine and the prin-
ciples of design as outlined by Mr. Hubbard
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have been used by design engmeers for the
past twenty years for designing paving mix-
tures used in constructing many miles of
satisfactory and adequate highways and city
streets. At the present time there are many
competent paving engineers and asphalt, tech-
nologists who consider the Hubbard-Field ma-
chine one of the best for designing sheet
asphalt pavements

Mr. Prevost Hubbard is recognized as a
leading authonty on asphalt paving and has
prepared many papers on the principles of
design and the application of the Hubbard-
Field machine to the design of asphalt pave-
ments.

Marshall Machine—The investigational work
which lead to development of the Marshall
machine was initiated by the Corps of En-
gineers, Department of the Army, the later
part of 1943 The work was directed toward
the development of criteria to be used in con-
structing asphalt pavements suitable for van-
ous types of mihtary airplanes

The critena established for adequate pave-
ments were based on results of traffic tests on
actual pavements using properly weighted
airplane wheel assemblies.

The laboratory and field work on which the
criteria are based 18 contained in a Corps of
Engineers report® published in 1948.

The established criteria for asphaltic con-
crete pavements adequate for traffic of heavy
airplanes consist of numerical values for; Sta-
bility, Flow, Unit weight, Percent voids, and
Percent voids filled with asphalt. The first
two properties are measured by the Marshall
machine, the remainder are calculated from
values determined by standard laboratory
tests. The criteria also include requirements
for gradation and quality of aggregate and
limits for percentage of mineral filler to be
used in an asphaltic concrete pavement.

It was also determined from the investiga-
tion that a pavement conforming to the es-
tablished cnteria and having a Marshall
stability of at least 500 lb. was satisfactory
for the range of heavy airplane wheel loads
used in the traffic tests

The investigational work indicates that the
stability values of asphaltic concrete pave-
ments designed mn accordance with the es-

3 Corps of Engineers report, “Investigation

of the Design and Control of Asphalt Paving
Mixtures’’ 1n 3 Vol., dated May 1948
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tablished criteria are in general considerably
higher than the minimum 500-lb. Marshall
stability required

The Corps of Engineers report® contains the
supporting laboratory and field data on which
the pavement criteria were established. The
Marshall machine and established pavement
criteria have been used successfully by en-
gineering agencies other than the Corps of
Engineers not only for design of bituminous
pavements but for control, preparation, and
laying of mixtures in the field

The Corps of Engineers 18 continuing in-
vestigational work on bituminous paving mix-
tures to provide pavements adequate for the
traffic of all types of newly developed military
airplanes.

Hyeem Stabilometer—The development of the
“Stabilometer” was started about 1930 by
F. N. Hveems, Staff Materials and Research
Engineer, California Division of Highways,
Sacramento, Cahfornia. Many improvements
were subsequently incorporated in the ma-
chine as the result of additional investiga-
tional work.

The correlation of Stabilometer test results
with the performance of bituminous pave-
ments under traffic is described in the fol-
lowing quotation from a preprint of Mr
Hveem’s paper’ prepared for ASTM 1949
meeting in San Francisco, California: “The
test has been in use for more than 15 years
and a large mass of data exists to demon-
strate the correlation between test results and
performance of solls, base materials and bi-
tuminous surfaces under motor vehicle traf-
fic.”

The practicability of the application of the
Stabilometer to construction of adequate bi-
tuminous pavements is evidenced by the fol-
lowing references contained in the State of
California Division of Highways Standard
Specifications, dated January 1949.

1. Page 32, Par. (9), “Stabilometer Test.”
This paragraph deseribes the test.

2. Page 173, Section 31, Asphaltic Concrete
Pavement, Par. (d)(5) “Stability ** This para-
graph specifies the required minimum stabilom-

¢ Member of the Tnaxial Institute

7 Preprint, F N Hveem, ‘“Application of
the Tnaxial Test to Bituminous Mixtures—
Hveem Stabilometer Method,”” ASTM, San
Francisco, Cahf , October (1949)
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eter value for an asphaltic concrete pave-
ment.

As the test has been in use for at least 15
yrs. and the mileage on California primary
highway system 1s nearly 14,000 mi., it seems
reasonable to conclude that a considerable
mileage of bituminous pavements was de-
signed on the basis of stabilometer tests.

ANALYSIS OF FIGURE 31 DEMONSTRATING THE
INADEQUACY OF AN UNCONFINED COMPRES-
SION TEST FOR MEASURING THE STABILITY
OF BITUMINOUS PAVING MIXTURES

Dr. McLeod only infers that Figure 31 is
applicable to the Marshall machine. However,
in his comments on a paper®* by Mr. John
M. Gnffith, Corps of Engineers, a reprodue-
tion of Figure 31, with some few changes in
symbols, designated as Figure A is used by
Dr. McLeod. The following is a quotation in
connection with Figure A: “The Marshall
test is quite unsuited to measure the stability
of bituminous mixture because it is essentially
an unconfined compression test The funda-
mental madequacy of such a test for measur-
ing the stability of bituminous mixtures can
be quite easily demonstrated. Figure A is
employed for this purpose.”

As Dr. McLeod’s Figure 31 is a reproduc-
tion of Figure A mentioned in the foregoing
quotation it is assumed that the Marshall test
is being referred to directly.

A number of assumptions regarding Mar-
shall values have been introduced in Figure
31. However, only those assumptions con-
gidered to be particularly pertinent to the
Marshall test are discussed.

Two of the assumptions introduced in Fig-
ure 31 are:

1. Three different mixtures represented by
Mohr envelopes xw, yv, and zu in Figure 31a
have the same unconfined compressive
strength (Marshall stability value) for the
corresponding value for ¢ and ¢ indicated.
Further, mixtures represented by envelopes
yv and zu would be unstable for the vertical
load indicated

2. Three different mixtures represented by
Mohr envelopes Ir, mq and np in Figure 31b
have three different unconfined compressive

8John M Gnffith, “Evaluation of the
Method of Asphalt Pavement Design Devel-
oped by the Corps of Engineers,” Proceedings
AAPT, 1949
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gtrengths (Marshall stability value) for the
corresponding values of ¢ and ¢ indicated.

Further, mixtures represented by envelopes
Ir and mq would be rejected by the Marshall
test as unstable for the vertical load indicated
although they would prove entirely adequate
based on the triaxial values of ¢ and ¢ shown.

A third assumption is made, “Consequently,
it 18 apparent from Figure 31, the unconfined
compression test (Marshall stability value)®
either may or may not be influenced by wide
changes in the composition of bituminous mix-
tures, which are reflected by large variations
in the ¢ and ¢ values.”

As in the case of the assumptions used in
the equations and other figures, these assump-
tions are not supported by any comparative
laboratory data showing the actual Marshall
values of the mixtures which have the trnaxial
values of ¢ and ¢ ndicated.

A digest of the investigational report* will
disclose that the Marshall machine adequately
reflects and properly measures the pertment
variations which are normally found to exist
in asphaltic concrete pavements. The varia-
tions are as follows:

1. Size, angulanty and type of coarse ag-

gregate
. Percentage of coarse aggregate
. Percentage and penetration of asphalt
Percentage and character of mineral filler
Angularity of fine aggregate
. Gradation of aggregate (both fine and
coarse)

. Mixing temperatures.

The Marshall stability machine reflects the
variations of a paving mixture in a similar
manner as to the values for ¢ and ¢ in the

In view of the above, it is highly improbable
that (1) paving mixtures represented by Mohr
envelopes xw, yu and zu with the corres-
ponding values for ¢ and ¢ indicated in Figure
31a would have the same Marshall stability
value or (2) paving mixtures represented by
the Mohr envelopes Ir, mq, and np with the
corresponding values for ¢ and ¢ indicated
would have the three different Marshall sta-
bility values assumed

Until Dr McLeod submits the composition
of the paving mixtures and both the Marshall
and triaxial values for each mixture used in

» «“Marshall stabihty value’” has been in-
serted by the author.
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Figure 31, 1t must be considered in connection
with the first two assumptions that:

1. The madequacy of the Marshall machine
is not proven by Figure 31.

2. Figure 31 is purely a theoretical chart
m which assumptions are used as a basis to
obtain conclusions which may not be valid or
techmecally correct.

The third assumption that it is apparent
from Figure 31 that the Marshall test may or
may not be influenced by changes m the
composition of the mixtures is not considered
valid for at least two unsupported assump-
tions previously mentioned have been intro-
duced 1n Figure 31. Further, the failure of the
Marshall machine to measure properly the
changes in composition of a paving mixture
is not borne out by the investigation of as-
phalt paving mixtures conducted by the Corps
of Engineers.

SUMMARY AND CONCLUSIONS

1. It cannot be doubted that a practical
method for the design of bituminous pave-
ments based on traxial testing adequately cor-
related with field conditions will ultimately
be developed. Neither can it be doubted that
the Corps of Engineers and other engineering
organizations will give due consideration to a
design method developed by the Triaxial In-
stitute as its personnel is composed of able
investigators, competent highway engineers,
university professors and representatives of
the asphalt industry thoroughly experienced
in pavement design. However the Triaxial
Institute recognizes the need for further in-
vestigational work on the items listed below
and a program for the accomplishment of the
necessary work has been imitiated.

a Improvement in preparation of test
specimens of paving mixtures so they will
have physical characteristics comparable to
finished pavements.

b. Adequate correlation of paving mixtures
designed by the triaxial test with performance
under traffic.

c. Interpretation of the triaxial method of
design into gimple terms suitable for use by
the practicing engineer and laboratory tech-
nician.

d. Correlation of the triaxial test with other
tests currently being used for design of bi-
tuminous pavement.

2. Numerous assumptions unsupported by
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engineering data have been mtroduced into
the equations and figures presented as the
basis for Dr. Mcleod’s rational design of
bituminous paving mixtures.

3 Past history indicates that the Hubbard-
Field, Marshall, and Hveem testing machines
and methods have been used successfully by
engineers for a considerable period of time in
designing adequate bituminous pavements for
highways, city streets, and airfields. Dr.
McLeod’s criticism that these testing ma-
chines and methods are madequate, misleading
and confusing is unwarranted and utterly with-
out foundation based on experience in the use
of these machines by expernienced design
engineers,

4. Dr. McLeod fails to furnish the compara-
tive laboratory Marshall and triaxial values
of the paving mixture used in Figure 31 on
which an attempt is made to prove the in-
adequacy of the Marshall machine for measur-
mg the stabiity of bitummnous paving
mixtures.

5 It is considered that before any method,
either empirical or theoretical, can be used
with confidence for designing economical as-
phalt pavements adequate for heavy traffic,
correlation of the effect of actual traffic on
pavements designed by the method is neces-
sary.

In view of the foregoing comments the de-
scription of the method for rational design
of bituminous paving mixtures proposed by
Dr. McLeod must be considered only a highly
theoretical and academic discussion, the va-
lidity of which is questioned at this time.

NorMaNn W. McLeop, Closure—The discus-
sion presented by Mr. Ricketts is welcomed
and appreciated, since between his comments
and our reply a better understanding of the
objectives and subject matter of our paper
should result. Incidentally, Mr. Ricketts’ re-
marks serve to support the stormy weather
forecast made in the final sentence under the
heading “Conclusion” in our paper, which
states, “the development and general intro-
duction of a rational method of design for
bituminous paving mixtures will probably be
just as controversial a topic during the next
few years as the problem of the overall thick-
ness of flexible pavements has proven to be.”

In the first part of his paper Mr. Ricketts
lists two principal reasons for presenting his
discussion, the first of which is,
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““The possibility that the casual reader may
infer that Dr McLeod’s rational method
for design of bituminous pavements is now
ready for immediate use by the design and
construction engineer and the numerous
charts and equations are technically cor-
rect, fully supported by engineering data,
and adequately correlated with pavement
performance m the field.”

The author beheves that adequate precau-
tions were taken in the paper itself to avoid
this possibility With several exceptions, the
diagrams ncluded mn our paper are not in-
tended to be final design charts Their princi-
pal purpose is to illustrate graphically the
influence that various important vanables,
such as K, n, f, g, P, Q, ¢, etc., may have on
the stability of a bituminous pavement in the
field. It 18 clearly recognized that not enough
18 known about the actual magnitude of some
of these variables at the present time to make
adequate or maximum use of them in the de-
sign of bituminous pavements. Considerable
laboratory and field investigation will be
necessary to provide average values and the
range of values possible for these different
factors. In the meantime, the mathematical
equations mcluding these variables can be
derived and, by means of graphs based upon
these equations, the influence of different val-
ues for each factor can be usefully demon-
strated.

Until more 15 known about the actual in-
fluence of these variables on bituminous pave-
ment design, sound engineering requires that
they be employed very conservatively. It was
with this in mind that the last paragraph,
under the sub-heading CRITICAL coNDrrioNs
FOR DESIGN, was included in our paper. This
paragraph reads as follows:—

“Finally, until there has been an oppor-
tunity to build up information on the field
performance of bituminous mixtures designed
by the rational method, and employing the
triaxial test, it would seem prudent to base
the design ‘of bituminous mixtures on the
stationary load condition, for the maximum
pressure applied to the contact area (14, 15),
and possibly including an impact factor (23).
If particular care i3 taken to oblain a sirong
bond between pavement and base, it is believed
that the curves of Figure 14, for which KX =
1, would provide a conservative basis for de-
sign. Later, as confidence in this method of
design becomes established, and as more ex-



162

perimental data become available, the refine-
ments indicated in the paper, particularly
with regard to Figures 17, 27, and 30, which
might lead to a less conservative design for
both static and moving loads, could be gradu-
ally adopted.”

It is beheved that this paragraph quite
adequately answers the criticism made by
Mr. Ricketts in this respeect.

The author happens to lack the laboratory
equipment and personnel required to obtamn
the considerable data needed for the com-
plete documentation of every step in the de-
velopment it presents. Nevertheless, we
entirely disagree with the statement appear-
ing in Mr. Ricketts’ closing comments, “the
description of the method for rational design
of bituminous paving mixtures proposed by
Dr McLeod must be considered only a highly
theoretical and academic discussion.” Does
Mr. Ricketts suggest, for example, that the
remarkable and experimentally proven mnflu-
ence of the rate of strain on the stability
measured for a bituminous mixture, demon-
strated in Figures 18 and 19, is “theoretical
and academic’? Few properties of bituminous
mixtures are of more practical significance in
providing a fundamental understanding of the
variations in their performance under different
traffic conditions.

As the paper itself clearly indicates, the de-
velopment presented 18 based essentially on
the Mohr diagram, the Coulomb equation,
the influence of rates of strain or rates of
loading, and the balancing of applied stresses
and resistances. The last of these is simply a
problem 1 engineering mechanies. The Mohr
diagram and Coulomb equation have been
employed as highly useful tools for a con-
siderable number of years to obtain practical
solutions to soil mechamcs’ problems. The
stability of bituminous pavements appears to
be a special problem in soil mechanics. Con-
sequently, we cannot follow the line of reason-
ing that leads Mr. Ricketts to conclude that
prineiples, recogmzed to be of the greatest
practical value for the solution of stability
problems in the field of soil mechanics, should
suddenly become “‘theoretical and academic”,
when utiized to solve the problem of the
stability of bituminous pavements.

In connection with our Figure 11, Mr. Ric-
ketts states, “Here again is an assumption, as
no engineering data are offered to substantiate
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the fact that all mixtures considered satis-
factory possess an L value of 30 psi.” Figure
11 is simply the graphical solution obtained
when equation (3) is employed to obtamn the
answer to a specific problem for which the
stress conditions were clearly defined, ie. V
= 100 psi, L = 50 psi. Figure 11 is intended
to apply only to the material within an ele-
ment carrying these specified stresses under
equihbrium conditions. Figure 11 is not con-
cerned with the nature of the materal outside
the stressed element, except that it must be
placed in such a manner as to provide a lateral
support L of 30 psi. Consequently, Figure 11
is not intended to deal with the question
raised by Mr. Ricketts concerning how much
lateral support the material oufside the ele-
ment can provide. This problem, however, is
taken up in connection with Figures 12, 13,
and 14

The text of the paper itself clearly points
out that equation (3) and design diagrams
like Figure 11 are of little practical value un-
less some means can be developed for deter-
mining the amount of lateral support L
provided by the pavement adjacent to the
loaded area. A method for this purpose is de-
seribed in connection with Figures 12, 13, and
14. This method indicates that the unconfined
compressive strength of the paving mixture,
multiplied by a factor K, provides a reasona-
ble evaluation of this lateral support L. Figure
17 demonstrates the marked influence that
different values of K would have on bitumi-
nous mixture design. No experimental data
concerning the magnitude of the value of this
factor K for bituminous pavements in service
seem to be available. Text books on soil mech-
anics, however, show indirectly that a value
for K = 1 should ordinarily be conservative.
Consequently, any engineer wishing to use the
method of design outlined would probably be
quite safe in assuming a value for K = 1.
That is, the assumption that the lateral sup-
port L available is equal to the unconfined
compressive strength would appear to be con-
servative,

It is not improbable that the structure of a
bituminous pavement 1s somewhat different
in a horizontal than in a vertical direction.
If this should be the case, and is of sufficient
importance, the value of the unconfined com-
pressive strength to be employed for evalu-
ating L might have to be measured by
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Haefeli’s procedure for runnming the triaxial
test, in which the vertical load V becomes
the minor principal stress, and the horizontal
pressure L 18 the major principal stress.

Mr. Ricketts states that values for f, the
coefficient of friction between pavement and
tire, and for g, the coefficient of friction be-
tween pavement and base, have not been
furnished. This statement 1s not correct con-
cerning the factor f, since reference is made
in the paper to the experimental values ob-
tained by Moyer and by Giles and Lee. No
values for g seem to be available.

In the absence of any recorded values for
g, it was not possible for this particular paper
to do more than indicate the important in-
fluence that different values for f and g would
appear to have on any rational design of
bituminous paving mixtures. As in connection
with the factor K, the several diagrams illus-
trating the effect of different values of f and
g on pavement stability indicate the desira-
bility of carrying out the necessary experi-
mental work to evaluate these factors precisely
for different paving mixtures and base course
surfaces, and possibly for different tires. In
the meantime, for purposes of design, it would
be advisable to employ conservative values
for f and g.

It is not clear to us why Mr. Ricketts, in
his opening paragraph, attempts to create the
1mpresgion that there is some close connection
between the subject matter of our paper and
that of two papers by V. R. Smith, and that
the triaxial equipment and test procedure out-
lined in our paper is similar to that recom-
mended by Mr. Smith The latter has very
clearly indicated that his method of dituminous
mixture design is based upon the theory of
elasticity. This 15 not true of the subject
matter for the author’s paper. Smith recom-
mends the testing of bitummous mixtures at
zero rate of strain, since this avoids the viscous
resistance factor. Our paper recommends that
the rate of strain adopted should bear some
relationship to the nature of the stresses im-
posed by traffic and may, therefore, be vari-
able. Reference to the influence of pavement
thickness, of frictional resistance between pave-
ment and tire and between pavement and base,
of the lateral support of the pavement surround-
ing the loaded area, etc , on pavement stabil-
ity is made in our paper, but not mn those by
Smith. To anyone who makes even a casual
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study of the papers by Smith and by the
author, 1t must be perfectly clear that the ap-
proaches adopted by each are fundamentally
different. In pointing out and emphasizing this
fact, no criticism of Mr. Smith’s method is
even implied here. He has done some excel-
lent work with the triaxial test Nevertheless,
it should be clearly understood that the ap-
proach described by Mr. Smith is entirely
different from our own.

Mr. Ricketts reviews briefly the objectives
of the Triaxial Institute. We can only add
“Amen” to the comments he has made on
the highly commendable program the Triaxial
Institute has laid out for itself. In item (2),
under the heading GENERAL in our paper,
reference is made to the particularly meritori-
ous work of this Institute towards the devel-
opment of a compaction procedure that will
provide test samples with the same structure
that develops under rolling and traffic in the
field.

Mr. Ricketts places special emphasis on the
Triaxial Institute’s realization that test speci-
mens duplicating pavement structure in the
field are necessary before a sound method of
design based upon the triaxial test can be
established We are in whole-hearted agree-
ment with this, and have expressed the same
sentiment in our paper.

We would have been more impressed with
Mr. Ricketts’ comments in this connection,
if he had somewhere in his discussion stated
with equal emphasis that this is also true of
the various empirical tests, such as Hubbard-
Field, Marshall and Hveem Stabilometer, in
common use at this time. Surely the develop-
ment of a method for preparing test specimens
that will duplicate pavement structure in the
field is just as important in connection with
the use of these empirical tests, as in the case
of the triaxial test, and particularly since the
results of these laboratory tests must be tied
in with field performance, if the tests them-
selves are to be of any practical value.

Mr. Ricketts refers to our Figure 31, which
demonstrates the fundamental inadequacy of
the unconfined compression test for measuring
the stability of bituminous paving mixtures.
Insofar as the Marshall stability test 1s re-
lated to the unconfined compression test, the
remarks in our paper with reference to Figure
31, apply to it also.

Mr. Ricketts states “The Marshall stability
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machine reflects the varnations of a paving
mixture in a similar manner as to the values
for ¢ and ¢ in the triaxial test ”’ A moment’s
reflection should indicate that this statement
cannot be true Graphs of Marshall stability
values versus bitumen content shown in High-
way Research Board Research Report 7-B,
“Symposium on Asphalt Paving Mixtures”,
indicate that, except at the peak, there are
two points on each curve where the Marshall
stabihity value 1s exactly the same, but the
asphalt contents are different, one being on
the lean side and the other on the rich side
of optimum. It would be quite unusual for
these lean and rich mixes to have identical
values for ¢ and ¢ In a triaxial test. This pro-
vides a very simple example, therefore, of
variations 1n the composition of a paving mix-
ture that do not change the Marshall stability
value, but would result in different Mohr
envelopes as shown i Figure 31(a).

On page 246, Volume 18, Proceedings of
The Association of Asphalt Paving Technolo-
gists, Vokac, by means of an isometric chart,
mdicates the wide range of changes that can
be made in the composition of bituminous
mixtures and yet mantain a constant value
for the unconfined compressive strength. Rice
and Goetz provide similar diagrams in the
same volume No one familiar with triaxial
testing would suggest that all of these mix-
tures of widely varying composition, but with
a constant value for unconfined compressive
strength, could be represented by a single
Mohr envelope, that 1s, by constant values
for ¢ and ¢. Consequently, although no actual
test data are provided m connection with
Figure 31, the information obtamned by other
mvestigators strongly infers that the relation-
ships shown 1n Figure 31 between unconfined
compression and triaxial tests are correct. In-
sofar as the Marshall test 1s related to the
unconfined compression test, the relationships
mdicated 1 Figure 31 apply to it also.

Mr. Ricketts objects to our advocacy of the
triaxial test, because he believes that the work
of the Traxial Institute mndicates it to be in
only the development stage. Can it be safely
stated of the three empirical tests in most
common use, Hubbard-Field, Marshall, and
Hveem Stabilometer, that they are completely
out of the development stage? In connection
with the use of the Marshall test, Mr Ricketts
states that the Corps of Engineers is still
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““continuing investigational work on bitumi.
nous paving mixtures to provide pavements
adequate for the traffic of all types of newly
developed military airplanes.” If wheel load
or tire pressure were changed radically, it
would be found that further development
work was required in connection with the
Hveem Stabilometer and Hubbard-Field tests
also.

It should be observed that The Asphalt
Institute recommends the design of asphaltic
concrete by means of the triaxial test, in its
“Manual on Hot-Mix Asphaltic Concrete
Paving.” While it was established on a much
different basis than that outlined in our paper,
and should be eventually modified, the author
behieves that the triaxial method deseribed by
The Asphalt Institute, together with the sta-
bility diagram accompanying it, is conserva-
tive, and can be safely used for asphalt
pavement design for highways and city streets,
provided the pavement t8 firmly bonded to the
base course.

Mr. Ricketts writes that “Dr. McLeod’s
criticism that these testing machines and
methods (Hubbard-Field, Marshall, and
Hveem) are inadequate, misleading and con-
fusing, 18 unwarranted and utterly without
foundation based on experience in the use of
these machines by experienced design engi-
neers.” While Mr Ricketts’ version of the
author’s criticism of these three tests is much
more strongly worded than he will find in any
single sentence in the paper itself, neverthe-
less, after careful study of this matter, the
author is convinced that the Hubbard-Field,
Marshall and Hveem Stabilometer tests are
fundamentally mecapable of providing a satis-
factory measure of the stability of bituminous
pavements 1 service. The author 15 also con-
vinced that of all the stability tests with
which he is famihar at the present time, the
triaxial 15 the only practical test which is
fundamentally capable of providing data for
this purpose.

The principal reason for the author’s con-
viction in this respect is the simple observa-
tion that the stabrlaty of a bituminous pavement
in gervice may be quile different from that indsr-
caled by the results of an empirical stability
test made on the paving mizture in a laboratory
The empurical tests are incapable of providing
information to explam this fact, while as
shown in our paper, the triaxial test does
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Every engineer having wide experience with
bituminous pavements has observed paving
mixtures develop instability in the field, al-
though high stability values had been or would
be reported for them in the laboratory. Con-
versely, he has seen mixtures, for which labo-
ratory tests would show questionable stability,
perform without developing any indications of
instability in the field. Thus practical experi-
ence has demonstrated the truth of the state-
ment 1 the previous paragraph, that the
stability value reported for a bituminous mix-
ture by an empirical test in the laboratory
does not necessarily represent the stability
that the same mixture will develop after being
laid as a pavement in the field.

As ponted out in the paper, all other factors
being equal, the stability of a bituminous
pavement in service may depend upon:—

1 Its thickness

2. The frictional resistance between pave-

ment and tire

3 The frictional resistance between pave-

ment and base

4. Whether the applied wheel load is sta-

tionary, or 18 moving at a relatively
uniform rate of speed, or is subjecting
the pavement to severe braking and ac-
celeration stresses.

The three empirical tests, Hubbard-Field,
Marshall and Hveem Stabilometer, are funda-
mentally mecapable of explaining why any
one of the four factors just outlined should
have an influence on the stability that a
paving mixture may develop under traffic
when laid as a pavement. As indicated 1n the
paper under discussion, the triaxial test pro-
vides fundamental information that makes it
a reasonably simple matter to understand why
these four factors may have a very marked
influence on the stability that a paving mix-
ture will develop in the field.

The influence of thickness on pavement
stability was referred to in the paper itself,
but can probably be more easily understood
by reference to the accompanying Figures A,
B and C. Figures A and B illustrate the in-
fluence of thickness on pavement stability
under a stationary wheel load, or under a
wheel load moving at a uniform speed. Figure
C demonstrates the effect of thickness on
pavement stability, when the pavement is
subjected to severe braking or acceleration
stresses.

155

In Figure A the principal curved line repre-
sents the pressure ordinates across the trans-
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Figure A. Influence of Pavement Thickness
on Pavement Stnblll;y for Stationary Wheel
Loads, or Wheel Loads Moving at a Unlform
Speed (Airplane Tire)
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Figure B. Influence of Pavement Thickness
on Paiement Stabllldti for Stationary Wheel
Loads or Wheel Loads Moving at a Unlform
Speed (Airplane Tire)

verse axis of the contact area of a large
awrplane tire. This pressure curve was con-
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structed by smoothing out the test data for
the pressure distribution across the contact
area for a wheel load of 200,000 lb., that
appears in Plate 92 of O, J. Porter’s report
on Stockton Test No. 2. The stability curves
shown in the upper right hand side for dif-
ferent thicknesses of a given bituminous pav-
ing mixture (¢ = 7.7 psi, ¢ = 24 deg) were
determined by a modification of equation (15),

14sm¢l-+sme
1—8in¢l —sing

+2c,‘/‘_+°_f“;:+nw(f+a)

1 —gin
$\\1+sing
(tan (45 - 2)) I—esme
where

V = the stability developed by the bitu-
minous pavement at any point on the
contact area

V” = the average unit vertical pressure
over the distance between the edge
of the loaded area and any point on
the contact area for which the sta-
bility value V is required

and the other symbols have the significance

previously defined for them.

For the stability curves shown 1n figure A,
the values of K = 1 and f 4+ ¢ = 0.2 were
assumed for purposes of illustration. The
thickness ¢ pertaining to the stability curves
can be obtained by reference to equation (11)
and Figures 21 and 26.

If adequate design requires that the pave-
ment should develop sufficient stability that
no part of the contact area is overloaded (that
is, the stability developed is to be not less
than the applied load at any point on the
loaded area), figure A demonstrates that the
maximum thickness of pavement that can be
used for the particular conditions pertaining to
this diagram, is 3 in. The stability curve for a
thickness of 6 i, for example, cuts through
the curve representing applied pressure, and
indicates that for this thickness the applied
pressure would be greater than the pavement
stabiity over a considerable portion of the
contact area Figure B 1s based upon figure A
and illustrates the relationship between ap-
plied load and stability at different distances

V = 2¢K

@n
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inward from the edge of the contact area, for
different pavement thicknesses, in somewhat
different form. It also demonstrates that for
the particular conditions pertaining to figure
A, pavement instability can be expected over
some portion of the contact area, as soon as
the pavement thickness becomes greater than
3 in, The pavement is obviously overloaded at
any point on the contact area where the ratio
of applied load versus stability is greater than
unity.

Therefore, Figures A and B indicate that
increased pavement thickness tends to be a
hability as far as pavement stability is con-
cerned, when designing for stationary wheel
loads, or for wheel loads moving at a umform
rate of speed. That is, to support a given
vertical load V under these traffic conditions,
a thick pavement must be designed to have a
higher minimum stability (higher ¢ and ¢
values) than a thin pavement

Figure C demonstrates the influence of the
ratio of 1/ on the design of a bituminous pave-
ment to be subjected to braking stresses, when
f — g = 025, The symbol  refers to the length
of the contact area, Figure 29, and ¢{represents
pavement thickness. It 1s apparent from Figure
C that with all other factors equal the higher
the value of the ratio of I/, the more stable
must the paving mixture be (higher values for
¢ and ¢), when the pavement is subjected to
severe braking stresses under a given vertical
load V. A higher value for the ratio I/t is
obtained either by keeping ! constant and
decreasing the pavement thickness ¢, or by
maimntamning the thickness ¢ constant and
increasing the length [ of the contact area.

When f — g is positive, Figure C demon-
strates that to resist a given braking stress,
a thin pavement must be designed to have a
higher minimum stability (higher values for
¢ and ¢), than a thick pavement. A study of
Figure 29 demonstrates that this latter con-
clusion is to be expected, since the resistance to
braking stresses increases with an increase in
the area of the sides abhg and dei}. For a given
length [ of contact area, 1t 18 apparent that the
area of these two sdes will increase when
thickness ¢ is increased, and vice versa.

It should be particularly noted that the
conclusions just expressed mn connection with
Figure C, concerning the influence of pave-
ment thickness on pavement stability, apply
to the design of bituminous pavements that are
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to be subjected to severe braking stresses,only
when the value for f — g 1s positive. From the
general equation at the top of Figure C, it
can be seen that when designing for severe
braking stresses, pavement thickness has no
influence on pavement stability when f — ¢
= 0, and that pavement stabihity decreases
with an increase in pavement thickness, when
f — g has negative values. However, as
pomted out in connection with Figure 30,
when designing for severe braking stresses, 1t
appears that when f — g = 0, or has negative
values, the tendency of the vertical load V
to squeeze the pavement out from under the
tire presents a more critacal condition of design
than the braking stress itself.

The conclusions from Figures A, B, and
C, concerning the influence of pavement
thickness on pavement stability, are in keeping
with practical observation and expernence, but
could be neither derived nor explained on the
basis of any test data provided by the Hub-
bard-Field, Marshall, or Hveem tests.

Mr. Ricketts refers to the fact that a con-
siderable mileage of pavements for highways
streets and airports have been designed by
Hubbard-Field, Marshall and Hveem tests,
and that good correlation between test meth-
ods and field performance has been established.
One is inchined to enquire just how carefully
and thoroughly this correlation has been stud-
1ed and what price 1s being paid in terms of
unnecessary overdesign where such correlation
has been demonstrated. There is very good
reason for suspecting that where good corre-
lation has been established, either with or
without excessive overdesign, it is not entirely
due to the merit of the empirical stability
test employed, but is partly due to the as-
sistance unwittingly given by the construe-
tion engmeer on the job, through his care in
providing a good bond between pavement and
base. There 18 nothing mn the design data ob-
tained from the Hubbard-Field, Marshall or
Hveem tests to indicate that the stability of
the fimshed pavement may depend very ma-
terially on good frictional resistance between
pavement and base. Nevertheless, construc-
tion engineers have instinctively made pro-
vision for good bonding between pavement
and base through prime coat, tack coat, etc
We suspect that in locations where this
bonding of pavement to base 15 weak or in-
different, the correlation between the stability
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values provided by these empirical tests and
the field performance leaves considerable to be
desired.

The tnaxial test, on the other hand, pro-
vides data from which, as shown 1n the paper,
the important effect of a good bond between
pavement and base on pavement stability can
be clearly demonstrated The clear recognition
of the importance of this fact could lead to
considerable economy in bituminous pavement
design and construction.

A serious disadvantage of the use of em-
pirical tests 1s that the actual degree of over-
design orunderdesign of a bituminouspavement
is never known. In most engineering fields
safety factors are used, but from the laws of
the strength of the materials employed, a rea-
sonable estimate of the safety factor can be
made. This cannot be done in connection with
our bituminous pavements as long as we con-
tinue to rely on the present empirical tests
The development of a rational method of
design would give some control over the safety
factor employed This in turn should lead to
worthwhile pavement economy, because of the
greater confidence in local materials, and the
wider selection of aggregates 1t should make
possible.

It should be pointed out that the author is
not alone in his criticism of our currently used
empirical tests. A concise review of the short-
comings of empirical tests is contamned 1n Nij-
boer’s book “Plasticity as a Factor in the
Design of Dense Bitumimnous Road Carpets.”
Smith has also criticized some of our present
empirical tests in his paper for Vol. 18 of the
AAPT Proceedings and in s discussion in
Highway Research Board Research Report 7-
B, “Symposium on Asphalt Paving Mixtures *’

The art of designing bituminous pavements
is still ahead of the science, and it is inevitable
that empirical tests should have been devel-
oped during the past in an endeavour to meas-
ure stability. However, we have now reached
the stage where serious efforts are being made
to emancipate the design of bitumnous pave-
ments from empirical tests and to establish it
on a sound rational basis. Endersby, Smith,
Nijboer and others have made important con-
tributions m this direction. The writer’s paper
represents another attempt to break away
from the previous beaten path. There will be
others.
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Whether the present empirical tests can be
correlated with any rational method of design
ultimately developed, or whether one or more
entirely new tests will be required, is for the
future to answer. Be that as it may, the author
believes that the time has come when serious
consideration should be given to developing a
rational method of design and to breaking
away from our present dependence on empiri-
cal tests. As long as we maintain these empir-

159

cal tests as our only basis for design, whenever
& wheel loading or tire pressure changes ma-
terially, we are faced with another laborious
cycle of laboratory testing and field correla-
tion. In this respect, our present standard
approach to bituminous pavement design is
not far removed from the engineering tech-
nique of the ancients, who had to load the
bridge they had just completed to failure, to
determine what weight it could carry.

DEPARTMENT OF MATERIALS AND
CONSTRUCTION
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PLANT STABILITY TEST FOR HOT-MIX ASPHALTIC
CONCRETE MIXTURES

Dgr. Tine Y CHu, Research Associate, Iowa Enqineering Experiment Station AND M., G. SPANGLER,
Research Professor of Cinl Engineering, Iowa State College

SYNOPSIS

A new method of testing for the control of asphaltic concrete mixtures at hot-
mix plants 18 suggested. The unique feature of this test 18 the rapidity of 1ts opera-
tion. Time from the molding of the specimen to the end of testing is about ten

minutes.

A single mold has been developed for both molding and testing which elioi-
nates the need for extruding the specimen. In addition, an armored thermometer
18 used to measure the temperature of a specimen before testing It is not neces-
sary, therefore, to keep a specimen 1n a hot water bath or constant temperature
oven for a certain period as required 1n ordinary stability tests.

These two developments give a rapid field stability test to help the plant in-
spector keep better control over the asphaltic concrete mixture at hot-mux

plants.

Stability tests have long been employed as
valuable aids in the design of asphaltic con-
crete mixtures By making such tests, it 18
possible to select better materials and to find
the optimum combmation of the selected
matenals, so that mixtures of high quahty
can be expected. Common stability tests for
such a purpose are the Hubbard-Field, the
Hveem, and the Marshall test.

Although the design of mixture is a neces-
sary step for securing a quahty asphaltic
concrete pavement, control of the mixture at
producing plants is no less important. At
asphaltic concrete plants, 1t is hardly possible
to keep everything exactly the same as has
been assumed in the design. Whenever devia-

tions from the design condition occur, 1t 18
possible that the quality of the mixture may
be impaired even if such deviations are within
specification limits. It is the duty of a plant
inspector to check the quahty of mixtures
produced and, if necessary, make proper ad-
justments to the mix-formula.

In the prevailing practice for asphaltic con-
crete plant inspection, samples of the mixture
are sent by the inspector to a nearby labora-
tory, where they are reheated, molded, and
tested The inspector ecannot get test results
from the laboratory until one or more days
afterward In case the mixture 18 found to be
unsatisfactory by the laboratory stability test,
1t may be too late for adjustment because a





