THE STABILITY OF GRANULAR AND COHESIVE
MATERIALS IN TRIAXIAL COMPRESSION

By Norman W. Mcleod, Engineering Consultant
Department of Transport, Ottawa, Canada

Introduction

The fundamental principles developed 1n this paper
are applicable to soil mechanics in general, but their use
is 1llustrated here wilth regard to the selectlion of base
course materials and to the design of bltuminous paving mix-
tures.

Fig. 1 provides a diagram of possible planes of
shearing failure under a loaded area on the surface of an
alrport or highway. It is the principal problem of design
to avold detrimental shear in the subgrade, base course, and
wearlng surface. If sufficlent plastic shear develops in
any one or more of these three elements, rutting and upheav-
al of the surface wlll occur.

Detrimental plastic shear of the subgrade 1s pre-
vented by an adequate overlylng thickness of base course and
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Fig. 1. Diagram of Shear Planes under a Loaded Area
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pavement.l’2 However, the base course material and the
flexible surface must also each possess the requlired stabil-
ity (resistance to plastic shear) under the imposed stress.

It is a serious drawback to the design of bituminous
pavements and granular base courses at the present time,
that 1t cannot be placed on the basis of pounds per square
inch, in terms of flexural strength, shear, or simiiar prop-
erty, as 1s the case for the design of steel columns or
girders, rigld pavements, etc. In addltlon, there is the
difficult problem of finding a common basis for comparing
the stabilities of the various base course materials avail-
able for any project, and the stabilitles of bltuminous mix-
tures made from the different aggregate materlals at hand,
in order that the most economical selection of each mey be
made.

The development which follows, indicates that the
triaxlal compresslon test can provide a fundamentally sound
basis of comparison for the selectlon of base course and ag-
gregate materials Insofar as thelr stabllity 1s concerned,
and that 1t can be utilized for designing the stabllity or
strength of flexlble bases and wearing surfaces on a p.s.1i.
basis.

A trilaxial compression test differs from an ordinary
compression test, 1n that provision is made for controlled
lateral support while the speclimen Is subjected to vertical
load. Fig. 2 1s a dlagram of the essentlal equipment for
this test. To the luclite cylinder, the two metal end pieces
are fitted by means of water-tight and alr-tight gasketed
joints. A cylindrical speclmen of the material to be tested
1s inserted in a rubber sleeve between porous stones at top
and bottom. By means of connectlons through the porous
stones, the materlal within the rubber sleeve can be sub-
jected to elther vacuum or water pressure, 1f desired. Wa-
ter or alr can be pumped into the lucite cylinder to provide
the magnitude of lateral support required when testing each
specimen. The rubber sleeve prevents water within the lu-
cite cylinder from entering the sample. Each specimen 1s
subjected to a constant lateral pressure throughout the
test, and increasing vertical load is applied in a standard
manner untill 1t fails. A complete triaxlal compression test
usually consists of loading three or four cylindrical specl-
mens of a given material to failure, employlng a different
degree of lateral support for each specimen, eg., 0, 15, 30
and 60, p.s.1.

The data obtalned from testing a given material in
trisxial compresslion are plotted in the form of & Mohr dia-
gram, fig. 3. The applled laterial pressure L, and the
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corresponding vertical pressure V whilich caused fallure, are
marked off on the horizontal axis for each test specimen.
Using the difference between the vertical and lateral pres-
sure, V - L, for each speclmen as the diameter, seml-circles,
known as Mohr circles, are described. The tangent which 1s
common to the Mohr circles 1s drawn and produced to inter-
sect the vertical axls. The intercept made on the vertical
axls 1s deslignated coheslon ¢, from the Coulomb equations

s =c +n tan ¢, while the angle between the common tangent
and the horizontal 1s the angle of internal friction ¢.

The common tangent 1s generally known as the Mohr
rupture line or Mohr envelope. All seml-circles which are
tangent to or below the Mohr envelope, represent equllibrium
or stable relatlionships respectively, between corresponding
values of lateral pressure L and vertical pressure V. Any
semi-cirlce which cuts through the Mohr envelope, indilcates
corresponding comblnatlons of lateral pressure I and verti-
cal pressure V which would cause fallure of the material
belng tested.

For the development which follows, it is assumed
that the Mohr envelope is a straight line. Thils assumptlon
appears to be justified on the basis of recent published re-
ports by Holtz®, Rutledge4, and Nijboer,” and others.

The Mohr dlagram provldes a fundamental basis for
defining the term "stability" as applied to granular and co-
hesive materials 1In general, and to flexlble base course
and surfacing materials in particular. Granular and cohe-
sive materlals may be classifled in terms of Ilncreasing
stabllity according to their capacity for carrying a greater
applied vertical load V for a given value of lateral support
L. Consequently, for the equllibrium conditions of stress
established by the Mohr envelopes for a number of materials
under comparilson, for any speclfied value of lateral sup-
port L the most stable material 1s that for which the value
(V - L) 1s greatest.

While the terms, vertlcal load V, and lateral sup-
port L, as they are frequently deslgnated for the trilaxilal
test, will be employed throughout this paper, 1t is to bhe
understood that they have the significance, in the widest
sense, of ma jor and minor principal stresses respectively,
which are usually denoted by o and oa .

By reference to the Mohr diagram, cohesive and
granular meterials can be conventlonally divided into three
groups :

{a) purely cohesive materials, i.e., those having

a positive value for cohesion c, but for which
the angle of internal friction ¢ 1s zero, fig. 4.
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Saturated clays in the quilck triaxial test ap-
proximate these requirements.

purely granular materials, l.e., those having a
positive value for the angle of internal fric-
tion ¢, but for which the cohesion ¢ 1s zero,
flg. 6. Clean sands and gravels approach this
condltion.

materials which have both granular and coheslve
properties, l.e., those having positive vealues
for both ¢ and ¢, flg. 3. Bltumlnous paving
mixtures, mechanicelly stabllized base courses
with positive values for plasticity Iindex, and
remolded clays, are common examples.

2. The Stability of Purely Cohesive Materisls

Flg. 4 1llustrates the Mohr dlagram for a purely co-
hesive material. The angle of Iinternal friction ¢ is zero.
The Mohr envelope 1s parallel to the abscissa, and at & dls-
tance ¢ from i1t. Regardless of the magnitude of the lateral
support L, the dlameter of any Mohr circle, that 1s of

(v - L), which represents the stabllity of the materlal, is
a constant for any specified value of c.
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The mathematical equation of stability for a purely
cohesive material 1s, therefore.

V-L=2c¢ (1)

and the stablllity dlagram for a purely coheslve materilal,
based upon thls equatlion, 1s shown 1n flg. 5.

If a vertlical load V of 150 p.s.1. were to be sup-
ported by & base course which could develop a maximum later-
al support L of 50 p.s.l., equation (1) and fig. 5 indicate
that a purely cohesive material with cohesion ¢ equal to 50
p.-s.1., minimum, would be required to provide the necessary
stabllity.

3. The Stability of Purely Granular Materlal

From fig. 6, a Mohr diagram for purely granular ma-
terlals, 1t 1s apparent that the stability value (V - L) de-
pends upon the magnitude of the lateral support L, and the
slze of the angle of Internal friction ¢.
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From a study of the trigonometrical relationships of
filg. 7, 1t follows that,

_ L sin ¢ (2)
T 1 -~ sind
and
, V-L=2r (3)
Therefore,
V_L=2Ls1n¢ (%)

1 - sin$

Equation (4) 1s a mathematical equatlon for the sta-
bility, (V - L), of purely granular materials. When equa-
tion (4) is plotted in terms of (V - L) curves for different
values of lateral support L, and of angle of 1nternal fric-
tion®, the stability dlagram of fig. 8 is obtained.

If & base course 1s to carry a vertical load V of
150 p.s.1., and can develop a maximum lateral support L of
50 p.s.i., then its stability requirement, (V - L), is 100
p.s.i. Either equation (¥) or flg. 8 indicates that a pure-
ly granular material with an angle of internal friction
o= 30° or greater, would be required to provide the neces-
sary stabllity for this base course.
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4, The Stability of Materiasls With Combined Granular and Co-
hesive Properties

From fig. 3, 1t 1s clear that the stability, (V - LJ,
of materlals with both granular and coheslive properties, de-
pends upon the magnitude of the lateral support L, the co-
hesion ¢, and the angle of internal friction ¢. The geo-
metrical and trigonometrical relatlonshilps required for the
development of the equation of stability for these materi-
als, are 1llustrated in flg. Q.

It follows from fig. 9, that,

V-5L
2

cos ¢ - ¢

ten ¢ = .
vV -5L V-1
P A ER
L > 5 sin ¢

which can be worked through to

21 sin® [1+stnd
- L = =t . i
v ‘ 1 -sind ec 1 -sind (6)
The stabllity diagram of fig. 10 is obtained when
equation (6) is plotted in terms of given values of stabllity
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(v - L) for different degrees of lateral support L, and for
various magnitudes of ¢ and ¢. The (V - L) stabllity curves
of this diagram are not straight lines, although for the in-
termedlate and higher values of lateral support L they are
very nearly so, For a lateral support L = 0, the stabllity
curves are concave upwards throughout, while for L equal to
any value greater than zero, they are reverse curves.

The stabllity dlagram of fig. 10 may be more readlly
understood with reference to the Mohr dlagram of flg. 11,
which contains several Mohr circles of the same dlameter,
that is, same (V - L) velue, but with different degrees of
lateral support L. To one of these, (V - L) = 100 p.s.i.,
end L = 40 p.s.1i., several Mohr envelopes have been drawn
for some of the infinite combinatlions of ¢ and ¢,that are
possible for this particular Mohr circle. The comblinatilons
of ¢ and ¢ corresponding to each of these Mohr envelopes, are
shown as polnts 1, 2, 3, 4, and 5 on the curved line graph
of fig. 10, representing (V - L) = 100 p.s.1., and L = 40
p.s.1. That is, points 1, 2, 3, 4, and 5, represent Mohr
envelopes AT, BT, CT, DT, and ET of fig. 11, where T is at
the point of tangency for each Mohr envelope drawn to the
Mohr circle in question.
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For the curved lilne representing any one of the in-
finite combinations of (V - L) and L values that are possi-
ble in fig. 10, there are very simple equations for locating
the extremities of the line on the ¢ and ¢ axis.

When ¢ = 0, equation (6) reduces to equation (1)

V-L=2c¢ (1)

and this locates the required extremity of the line on the
¢ axis.

When ¢ = 0, the extremity of this line on the ¢ axls
can be obtained from the equation

V-5

sin ¢ = S (7)

160
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Referring again to the problem of designing a base
course to carry a vertlcal load V of 150 p.s.l., and for
which the maximum lateral support L that can be developed
is 50 p.s.1., the solution can be calculated by means of
equation (6), and is glven graphically in fig. 12, which in-
dicates that an infinite number of answers &are pcssible.

211 materlals possessing those comblnations of ¢ and ¢ which
are on or to the right of the curve labelled (v - L)= 100
p.s.1., L = 50 p.s.1., in flg 12, would have the requlred
stabillity. Materials with those combinations of C and ¢
which 1le within the cross-hatched area to the left of this
line would tend to be unstable and therefore unsatisfactory,
insofar as this partlcular base course deslgn problem is
concerned.
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As deposlts of good granular material for base
courses become depleted, highway and alrport englneers are
being forced more and more to contemplate the utllizatlion of
what have been consldered Inferlor materilals. The primary
requirement of a base course materlal 1s adequate stabillity
under load. By testing inferlor gravels, sands, or other
materials I1n triaxial compression, and plotting the loca-
tion of thelr corresponding ¢ and ¢ values on a stabllity
dlagram like that of fig. 10, their deflciencles become im-
mediately apparent. The problem with regard to any glven
inferior material 1s then largely one of economlcs, as to
whether its ¢ value should be Ilmproved by lncorporating a
good granular material, or its c¢ value lmproved by adding
suitable binder such as clay, bitumen, portland cement, etc.,
or whether both a bilnder and granular materlal are to be
incorporated. If the defilclent material can be ilmproved to
the extent that under the worst conditlions expected for 1t
in the fleld, 1ts comblnation of ¢ and ¢ values will be lo-
cated to the right of the required (V - L) stabllity curve
for the maximum lateral support L developed by the base
course on that project, e.g., fig. 12, 1t will functlon as
satisfactorily as the most carefully selected aggregate,
insofar as base course stablllty 1s concerned.

It might be added that this application of the tri-
axlal test would place the deslgn of soil-bituminous mix-
tures on a sound fundamental basls. Soil bltuminous mix-
tures possess both coheslon and internal friction. By means
of the development just outlined, the stabllities of soll-
biltuminous mixtures could be determined and compared direct-
ly with those for granular base course materlals on & pounds
per square Ilnch basis.

5. The Design of Biltuminous Mixtures

Regardless of the magnlitude of thelr stablllty as
determined by the triaxlal compression test, 1t 1s common
knowledge that gravel road surfaces which contain no binder
of any kind, develop washboard and other 1lndications of 1n-
stabllity under the particular types of stresses to which
the surface layer 1s subjected by motor vehicle and aeroplane
traffic. Experience has shown that for satisfactory per-
formance, the surface layer of a highway or airport must con-
tain & binding materlal to glve it cohesion. The most com-
monly employed binders are clay, bitumen and Portland cement,
and should probably include molsture.

Equation (6) and the stability dlegram of fig. 10
are not entirely satisfactory for the design of the surfac-
ing for a highway or airport, since they would permit the
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use of materlals wilith even zero coheslon. The problem
therefore, 1s to establlsh the minimum value of the cohe-
slon ¢ which 1s required for surfacing materlals, such as
bituminous mixtures, and mechanically stabllized milxtures
of aggregates and soll binders.

The required minimum value of ¢ might be determined.
empirically. It happens however, that there is an approach
to this problem, based upon the properties of the Mohr dia-
gram, which provides minimum values for coheslon ¢ that are
in reasonable agreement with the results of experimental
studies contained in a dlagram in a recent publication of
the Asphalt Instiltute.

The geometrical and trigonometrical relationships
requlired for this approach to the problem are 1llustrated
in flg. 13.

When log y-3i

1s plotted versus log L for the Mohr

envelope for any material possessing both coheslve and granu-
lar properties, the reverse curve graph of filg. 14 1is ob-
tained. The value of the lateral pressure L at which the
point of inflection in flg. 14 occurs, 1s obtained by
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equating the second derivatlive of the equation for the curve
to zero. It should be noted that a reverse curve is also
; L or % is plotted versus log L.

The equations and mathematical derivations involved
in obtalning expresslons for the value of the slope of this
reverse curve at any polnt, and of the lateral pressure L
at the point of inflection, are outlined in fig. 14,

The term "Ly" 1s applied to the particular value of
the lateral pressure L at the point of inflection of the
curve in fig. 14, and the corresponding vertical pressure V
is represented by "Vi'". For each Mohr envelope, fig. 3,
there can be only one value of 1i and one value of Vi. That
is, for any one comblnation of values of coheslon c¢ and an-
gle of internal friction ¢, there can be only one value of
L1 and 1ts correspondling value of Vi. Consequently, the
corresponding values of Li and Vi are a characteristic of
each Mohr envelope.

The expressions for Li, Vi, and (v1 - Li), when re-
duced to thelr simplest forms in terms of c and ¢ are as

follows, -
i - sin§
Li=2c¢ 2 sin (8)

20€.+sm¢4—V2sm¢ V1+sm$ (9)
vV 2 sind V' 1 - siné
(Vi -Li) =2 ¢ V1 + sind + V2 sin¢d (10)
V1 - sin$
Ly {2 sind + V2 sind VI + sind (11)
1 - sin¢

obtained when elther y

Vi =

(Vi - L)

In fig. 15, Mohr circles representing corresponding
values of Li and Vi have been drawn to the Mohr envelopes
for ¢ equal to unity 1n each case, but with values of in-
ternal friction ¢ varying from 1° to 500. In fig. 16, Mohr
circles 1Iin terms of Li and Vi are drawn to the Mohr envelopes
for ¢ = 300 in each case, but with values of ¢ equal to 10,
20, and 30 p.s.1.

Fig. 15 demonstrates that for a constant value of
¢, the value of (v - L4) 1lncreases as ¢ increases, and vice
versa. Filg. 16 indlcates that for a constant value of ¢,
the value of (Vi - Li) increases as c¢ increases, and vice
versa. It has long been known that for a given lateral
pressure L, the stablility or strength of materlals (v - L)
increases, as elther ¢ or ¢ or both increase. Consequently,
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for any specifled magnitude of Li, the value of (vi - Ly)
provides a measure of the stabillity of a materlal with com-
bined granular and cohesive properties, (rig. 21).

Fig. 17 and 18 are graphs of different values of Ly
and (Vi - Li) respectively, in terms of ¢ and ¢.

Fig. 19 1s a stability diagram for hot mix agsphaltic
concrete paving mixtures, based upon the trlaxlal compres-
sion test, whilch appears in the Asphalt Institute's recent
manuel®. It willl be observed that a single boundary appears
between mixtures having combinations of ¢ and ¢ labelled
satisfactory and unsatisfactory. Obvlously, however, an
asphalt mixture of greater stabllity 1s required in the vi-
cinity of bus stops and traffic lights, than for average
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traffic condltions. The dlagram of flg. 19 does not Indl-
cate the combinations of c and ¢ required for increased or
decreased pavement stabllity. It 1s clear therefore, that
the utility of this diagram would be materially increased 1if
it could be zoned 1lnto areas of greater or less stability.

In fig. 20 (vy - Li) curves are superimposed upon
the Asphalt Institute dlagram of fig. 19. It should be
noted that the curve representing a (Vi - Li) value of 80
p.s.1. colncldes quite well with the lower boundary for
satisfactory mixtures shown Iin the Asphalt Institute dlagram,
although better agreement would probably be obtained with
the curve for a (Vi - Li) value of 70 p.s.l. For locations
such as bus stops or traffic lights, where hilgh stabllity 1s
required, bitumlinous mixtures might be speclflied that have
corresponding values of ¢ and ¢ which result in a (Vi - Li)
value of 120 p.s.l. or higher. For average condltlions, bi-
tuminous mixtures having combinations of ¢ and ¢ which re-
sult in a (Vi - Li) value of 80 p.s.1., might be satisfac-
tory. The (Vi - Li) values required by bituminous pavements
for different traffic conditions, could be determined by 1in-
vestigations 1in which fileld performance was correlated with
triaxlal tests on representative pavement samples.

In fig. 21, values of Lj, the lateral support at the
polnt of inflectlion, from fig. 17, have been superimposed
upon the (Vi - Li) curves of fig. 20. These is & maximum
lateral support L, which each bltumlnous pavement can de-
velop 1ln service, and the different possible values of this
lateral support L, for corresponding (Vi - L1) curves, are
indicated by the Li curves of filg. 21.

If a bltuminous pavement must support a vertlcal
load V of 150 p.s.1l., and the maxlmum lateral support L
which 1t can develop 1ls 50 p.s.1l., the requlred stablility
(V - L) of the paving mixture 1s 100 p.s.l. The solutlon
to this problem of paving mlixture design 1s Indicated graph-
ically 1in filg. 22. Only those biltuminous mixtures having
combinations of ¢ and ¢ which are on or to the right of the
line labelled (V - L) = 100 p.s.1., L = 50 p.s.1., and above
the (W1 - Li) curve labelled 100 p.s.l., would have the re-
gulred stability and cohesion. Those paving mixtures with
combinations of ¢ and ¢ falling within the cross-hatched
area of flg. 22, would be deficlent 1ln elther stabllity or
coheslon ¢ 1lnsofar as the particular conditions of design
for this problem are concerned.

In the Asphalt Instltute diagram, figs. 19 and 22,
the left-hand boundary between satisfactory and unsatisfac-
tory paving mixtures 1is a vertical line. Flg. 22, on the
other hand, indicates that this left-hand boundary should
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conslst of portlons of two curves. Its position 1s not
vertlcal, but slopes far toward the left. Consequently,
flg. 22 Indicates that the Asphalt Instltute dlagram 1s
much too restrlctive, and that satisfactory stabllity will
be obtained for bituminous mixtures with a much wilder range
of ¢ and ¢ values than it would permit.

This approach, based upon (Vi - L1) curves, provides
minimum values for cohesion ¢ for bituminous mixture design,
that appear to be in reasonable agreement with the experi-
mental Information already obtained. This 1s illustrated
in flg. 20, where 1t is apparent that a (Vi - Li) curve for
70 p.s.1l. corresponds very well with the lower boundary for
satisfactory mixtures on the Asphalt Institute diagram,
which was prepared empirically, by correlating the ¢ and ¢
values of bitumlnous pavements, &as measured by trlaxlial com-
pression test, with thelr service performance in the field.

6. Influence of Braking Stresses

When the brakes are applled to the wheels of & mov-
ing vechicle, a horlzontal thrust 1s developed wlthlin the
pavement. A simllar effect but 1n the opposite directlion
occurs when & vehlcle is accelerated. Thils horizontal thrust
decreases the effectlive lateral support within the pavement
which 1s avallable for supporting the vertlcal load on the
wheel. Flg. 23 demonstrates 1n a quantitatlive manner, the
Inflence which this horizontal thrust due to braking or ac-
celerating stresses may have on the design of a bituminous
paving mixture.

I1f the vertical load V to be carried is 150 p.s.i.,
and the maximum lateral support L available is 50 p.s.i.,
under ordinary traffic conditions, (V - L = 100 p.s.i.) only
those paving mixtures with comblnatlons of ¢ and ¢ to the
right of the area 1n single hatching in filg. 23, would have
sufficient stability, that is, above the curve (Vi - Li) =
100 p.s.1. and to the right of the curve V - L = 100 p.s.1.,
L =50 p.s.1. However, if due to braking stresses, the ef-
fective lateral support L is reduced to 25 p.s.i., then fig.
23 demonstrates that to carry a vertlical load V of 150 p.s.li,,
(Vv - L =125 p.s.i.), only those bituminous mixtures with
combinations of ¢ and ¢ to the right of the double hatched
area, would have the required stabllity, that is, above the
curve (Vi - Li) = 125 p.s.i., and to the right of the curve
V-L=125p.s.1., L =25 p.s.1.

Consequently, the double hatched area represents
the increase 1n pavement stablllty that may be required be-
cause of braking or accelerating stresses (braking stresses
are usually more severe). Fig. 23 makes 1t clear why paving
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mixtures wlth little more than sufflclent stabllity for
average locatlons, distort badly at stop signs and traffic
lights, when there is much stopplng and starting of traffic.

Flg. 23 demonstrates that the horlzontal thrust B
‘at the pavement surface due to braking, tends to create a
shear stress H at the 1lnterface between the pavement and
the base course. Thls shear stress H In turn, reduces the
effectlive lateral support L within the underlylng base
course. Because of thils lowerlng of effectlve lateral sup-
port, a more stable base course material 1s also required
to support a given vertlcal load at all points where there
1s much stopplng and starting of traffic. Thils can be 11-
lustrated by reference to the lower diagram of flg. 23. If
the vertlical load V to be carried by the base course is 150
p.s.1., and the maximum latersl support available under
ordinary traffic conditions 1is 50 p.s.i., (V - L = 100 p.s.1i),
only those base course materials, with comblnatlions of ¢ and
¢ to the right of the curve labelled V - L = 100 p.s.1l., and
L =50 p.s.1., would have the required stablllity. However,
1f due to braking stresses at the pavement surface, the ef-
fectlve lateral support 1n the base course 1s reduced to 25
p.s.1., flg. 23 demonstrates that to carry a vertical lioad
V of 150 p.s.1., (V - L = 125 p.s.1.), only those base
course materials with combinations of ¢ and ¢ to the right
of the line designated V - L = 125 p.s.1., L = 25 p.s.1i.,
would have the necessary stabillity.

Consequently, at bus stops, traffic lights, and all
other locatlons where there 1s much breaklng or accelerating
of traffic, not only must the bltuminous pavement have great-
er stability to withstend the stresses of stopplng and start-
ing, but the underlylng base course materlal must have great-
er stablllty than would otherwlse be necessary. For similar
reasons, thils 1s also true of sectlons of pavement on slopes,
particularly with steep gradlents, as compared wilth level
aresas.

To make the presentation as simple as possible, the
above dlscusslon has avolded conslderatlion of secondary
vertical reactions which are caused by braking stresses.
However, these could be added to the other vertilcal forces
involved, and the same method of solutlon followed.

7. Genersl

l. It should be particularly noted that the develop-
ment based upon the trlaxlal compresslon test which has been
outlined here, places the deslgn of base courses and flexl-
ble wearing surfaces on & pounds per square Ilnch basls.
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2. It is to be observed that fig. 22 can be employed
by 1tself to determine the minimum value of c for a purely
coheslve material, the minimum value of ¢ for a purely granu-
lar material, or the requlred combinations of c¢ and ¢ needed
by materials having both cohesive and granular properties to
function as elther base or wearing courses. One extremity
of the curve (V - L) = 100 p.s.i., L = 50 p.s.1., in fig. 22,
cuts the ¢ axis at ¢ = 50 p.s.1l., the minlmum value of co-
heslon which a purely coheslve materlal must have for this
particular problem. The other extremlty of this (V - L)
line cuts the ¢ axis at ¢ = 30°, the minimum values of ¢
required for a purely granular material. Only the combina-
tions of ¢ and ¢ to the right of this (V - L) line satisfy
the stabllity requirements of thils problem for base course
materials, while the curve for (Vi - Li) = 100 p.s.1i., 1im-
poses the speclal restrictions which are needed to provide
sultable paving mixtures for the surface course. Consequent-
1y, the speclal stabllity dlagrams of figs. 5 and 8, for
purely coheslive and purely granular materials respectively,
are unnecessary, since the same Information can be derived
from the general stabillty dlagrams of figs. 10, 12 and 22,
etec.

3. The amount of lateral support L which can be de-
veloped by a base course or flexlble pavement for an alrport
or highway 1s largely unknown at the present time. However,
by means of the development which has just been outlined, it
is belleved that the lateral support L for existing base
courses and biltuminous pavements can be evaluated by sult-
able ilnvestligatlons whilich would include fleld observations
and laboratory tests. The values of ¢ and ¢ for the material
being investligated can be determined by the triaxial com-
pression test, and the maximum unit vertical load V sup-
ported by the material can be measured or calculated from
vehicle tire pressure, corrected by a sultable factor for
dynamic loading where necessary.7 This would leave the
lateral support L as the only unknown in the general stabll-
1ty equatlon (6), and its value could therefore be readily
calculated. Dynamic factors assoclated with moving vehlcles,
and other varlables, may make the problem more complicated,
but this method for evaluating the degree of lateral support
L appears to be reasonable as a flrst approach. It might be
expected that lateral support L would vary with the thilckness
of the wearlng course or base course layer, with the composi-
tion, density, and moisture content of the material, and with
the size of the contact area of the applied load., Sultable
tables for values of L might be prepared, for which these
different variables were taken into account.
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4, It should be emphasized that the values of c and
¢ obtained for any given material depend on the procedure
employed for the triaxial test. This fact has been very
carefully pointed out by EndersbyB and others. No standard-
ized procedure for this test has yet been established, and
several different methods are belng employed. The size of
sample and 1ts dimensions, the method of preparatlon of the
sample, the speed of testing, the size of the largest parti-
cle, absence or freedom of dralnage, the temperature of test,
and the procedure for applying lateral and vertical pres-
sures, are some of the variables that must be consldered.
For the deslgn of base courses and bituminous mixtures for
stability, for example, the procedure devised for the tri-
axial test would seem to require close correlation with the
conditions that exist on a roadway or runway.

Consequently, before the stabllity equatlons and
diagrams based on a stralght line Mohr dlagram, which have
been outlined above, can be employed, a satisfactory proce-
dure for the triaxial compression test must be devised. It
must provide values for ¢ and ¢ which are truly representa-
tive of conditions as they exist in the field. It should
also be noted that a standardized procedure for the triaxial
test must be developed before the results obtained by 1lnves-
tigators 1n different laboratorles can be placed on a common
basis of comparison.

5. Fig. 24 illustrates how an extrusion test, or
any of the ordinary compresslon tests, could reglster high
stability for a sample of a bltuminous paving mixture in the
laboratory, which would later be found to be unstable in the
field. If a bituminous pavement for a given project can
develop a maximum lateral support I, of 50 p.s.i., and must
carry a vertical load of 150 p.s.il., only those paving mix-
tures with combinations of ¢ and ¢ to the right and above
the cross-hatched area of dilagram A would have the required
stabllity.

An extrusion test or any one of the ordlnary compres-
sion tests might register high stabllity for a bituminous
mixture having the c and ¢ values, ¢ = 25 p.s.l., and
¢ = 9° 45", represented by point X in diagram A of Fig. 24,
For polnt X, dlagram A Indicates & V - 'L value of 100 p.s.1i.,
if a lateral support of 100 p.s.l., can be developed. That
is, a vertical load V of 200 p.s.l. could be supported by a
bituminous mixture represented by point X, if it could de-
velop a lateral support of 100 p.s.1. Thils comblnation of
V and L values 1ls represented by the full line Mohr circle
in diagram B of flg. 24. However, the maximum lateral sup-
port L available, 1s only 50 p.s.l. The broken line Mohr
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circle of diagram B of fig. 24 indicates that the bituminous
mixture represented by point X could support a vertical load
YV of only 129.6 p.s.1., if the lateral support were 50 p.s.1i.
Lccording to the conditions of the problem, 1t must be capa-
ble of supporting a vertical load V of 150 p.s.i. at a
lateral support of 50 p.s.i. Consequently, the bitumlnous
mixture represented by polnt X in diagram A of fig. 24 does
not have the stability required for the conditions of this
project.

In the extrusion test, the sample is rigidly con-
fined within a steel cylinder when vertical load 1s applied.
The amount of lateral support provided for the sample is
therefore indeterminate, probably variable from mizture to
mixture, and likely quite high. For any of the ordlnary
compression tests, the lateral support provided is zero, or
essentially so. Consequently, since neither the extrusion
nor the ordinary compression tests provide test conditions
similar to those to which & bituminous pavement is subjected
in the field, they may provide entirely erroneous measure-
ments of the stability which a bitumlnous mixture will be
able to develop under service conditlons, as the above ex-
ample has 1llustrated.

Section C of fig. 24, is a Mohr diagram for polnt Y
in part A of this flgure. Point Y represents corresponding
¢ and ¢ values of ¢ = 25 p.s.1., and ¢ = 20°48'. Polnt Y
also indicates that 1f the lateral support L avallable is
25 p.s.i., the maximum vertical load V which can be carried
is 125 p.s.i. This 1s 1llustrated by the full line Mohr
circle in diagram C. The question might be asked that 1if
the bltumlinous mixture with the ¢ and ¢ values represented
by polnt Y 1n diagram A can support a vertical load of only
125 p.s.1. when the lateral support 1s 25 p.s.1l., will it be
able to carry a vertical load of 150 p.s.i., as required by
this problem, when the lateral support is 50 p.s.i.? The
answer 1s given by the broken line Mohr ¢ircle of diagram C,
which shows that for a lateral support of 50 p.s.1l., thils
bituminous mixture will be stable under & maxlmum vertical
load of 177.4 p.s.1.

6. While stability has been considered in terms of
(V - L) values in this paper, it is to be noted that each
(v - L) value can be converted into shearing resistance. The
meximum shearing resistance that a materiasl can develop for
corresponding values of V and L 1s (V - L)/2, and it occurs
on planes making an angle of 45° with the directlon of the
princlipal stresses. The maximum shearing resistance on the
plane of fallure 1s glven by the equation



THE STABILITY OF GRANULAR AND COHESIVE MATERIALS 21>

v - L
Sm = - 5 cos ¢ (12)

where sm = the maximum shearing resistance on the plane of
failure, and the other symbols have the significance already
attributed to them.

If required, stability dlagrams can be very easily
prepared in terms of sp rather then (V - L) values.

7. It should be noted that the development presented
in this paper is concerned with evaluating the stabllity of
various materlials., In the deslign of bituminous mixtures,
other characteristics such as density, durabllity, etc.,
must always receilve a great deal of attention. However,
after all these other matters have been given due consldera-
tion, the development which has been outlined here makes 1t
possible to determine whether or not the resulting paving
mixture will have the stabllity required, and if not, in
what direction its design must be modified in order that it
will have adequate stability.

8. The development presented in this pasper would
seem to have value for solving stabillty problems in other
divisions of soil mechanics, e.g., the selection of materi-
als for, and the design of earth dams, embankments, founda-
tions, ete. It should also be observed that 1f the maximum
ma jor principal stress g, , supported in equilibrium by an
element at any gilven polnt in a structure could be measured
or calculated, and the ¢ and ¢ values for the meterial at
that point were determined in the laboratory, the maximum
mlnor principal stress o, &acting on the element could be
calculated by means of equation (6).

Summary

1. Equations of stabllity have been derived, and
stabllity diagrams have been prepared, for purely cohesive
and purely granular materials, and for materials having both
cohesive and granular properties, on the basis of the geo-
metrical and trigonometrical properties of a straight line
Mohr envelope for trlaxlal compression data.

2. The applicatlion of these stabllity equatilons and
stabllity dilagrams to the selection of base course materilals,
and to the deslgn of bltumlnhous paving mixtures for ailrports
and highways, etc., has been lllustrated.
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Discussion

MR. V. A. ENDERSBY: One polnt I think ought to be
clarifled. 1In order to get a stralght Mohr envelope you
have to have the dimenslons of your speclmen and other test
condltlons such that you don't get boundary interferences.
Is that not correct?

MR. McLEOD: T am not so sure that I follow exactly
what you mean, Mr. Endersby.

MR. ENDERSBY: That 1s, you have to have a fairly
tall specimen.

MR. McLEOD: That 18 correct. You have to have the
proper relatlonship of the helght of the speclmen to 1ts
diameter 1in order to measure the ¢ and ¢ values accurately.



