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INTRODUCTION.
The determination of the stability of
granular and cohesive materials, and of those
with both granular and cohesive properties,un
der stress, is a fundamental problem of soil
mechanics. It is the principal purpose of this
paper to outline certain applications of the
triaxial compression test to the solution of
this problem. 'While the development is of gen
eral application, it will be illustrated with
regard to the selection of base course materi
als and to the design of bituminous paving
mixtures for airports and highways.
Fig. 1 is a diagram of possible planes 01
shearing failure under a loaded area on the
surface of an airport or highway. The princip
al problem of design consists of preventing
detrimental shear in the subgrade, base course,
and wearing surface. If sufficient plastic
shear develops in any one or more of these
three elements, rutting and upheaval of the
surface will occur.

FIG.1
Serious plastic shear of the subgrade is
prevented by an adequate overlying thickness
of base course and surface. However, the base
course material and the bituminous surface
must also both possess the required stability
(resistance to plastic shear) under the impos
ed stress. In addition, there is the problem
of comparing the stabilities of the various
base course materials available, in order that
the most economical selection may be made.
The data from a triaxial compression test
are plotted in the form of a Mohr diagram,fig.
2. For the development that follows, it is as
sumed that the Mohr envelope is a straight
line. This assumption appears to be justified,
on the basis of the recent published reports
of Holtz 1) and Rutledge 2).
The Mohr diagram provides a fundamental
basis for defining the term "stability" as ap
plied to granular and cohesive materials 3).
Granular and cohesive materials may be classi
fied in terms of increasing stability accord
ing to their capacity for carrying a greater
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FIG.2
applied vertical load V for a given value of
lateral support L. Consequently, for a speci
fied value of lateral support L, the most
stable material is that for which the value of
(V - L) is greatest, for the equilibrium con
ditions established by the Mohr envelopes for
the materials under comparison.
While the terms vertical load V, and la
teral support L, as they are frequently de
signated for the triaxial test, will be employ
ed throughout this paper, it is to be under
stood that they have the significance, in the
widest sense, of major and minor principal
stresses respectively, which are usually de
noted by d, and dul
By reference to the Mohr diagram, cohes
ive and granular materials can be convention
ally divided into three groups:
a) purely cohesive materials, i.e. those hav
ing a positive value for cohesion c, but
for which the angle of internal friction <p is
zero. Saturated clays in the quick triaxial
test approximate these requirements.
b) purely granular materials, i.e. those hav
ing a positive value for the angle of in
ternal friction
but for which the cohesion
c is zer
Clean sands and gravels approach
this condition.
c) materials which have both granular and co
hesive properties, i.e. those having posit
ive values for both c and <p. Bituminous paving
mixtures, mechanically stabilized base cours
es with positive plasticity index, and remold
ed clays, are common examples.
2. THE STABILITY OF PURELY COHESIVE MATERIALS.
Fig. 3 illustrates the Mohr diagram for
a purely cohesive material. The angle of in
ternal friction <p is zero. The Mohr envelope
is parallel to the abscissa and at a distance
c from it. Regardless of the value of the la
teral support L, the diameter of any Mohr
circle, that is of (V - L), which represents
the stability of the material, is a constant
for any specified value of c.
The mathematical equation of stability
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FIG.4
for a purely cohesive material is, therefore,
V - L = 2 c
(1)
and the stability diagram for a purely cohes
ive material, based upon this equation, is
shown in fig. 4.
If a vertical load V of 150 p.s.i. were
to be supported by a base course which could
develop a maximum lateral support L of 50 p.s.
i., equation (1) and fig. 4 indicate that a
purely cohesive material with a cohesion c
equal to 50 p.s.i. would be required to provide
the necessary stability.
3. THE STABILITY OF PURELY GRANULAR MATERIALS.
From fig. 5 , a Mohr diagram for purely
granular materials, it is apparent that the
stability value (V - L) depends upon the mag
nitude of the lateral support L, and the size
of the angle of internal friction <p,
From a study of the trigonometrical rela
tionships of fig. 6, it follows that,

FIG.6
(2)
also
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Equation (6) is a mathematical equation
for the stability (V -L) of purely granular
materials, rthen equation (.6) is plotted in
tenus of (V - L) curves for different values
of lateral support L, and of angle of internal
friction (f, the stability diagram of fig. 7 is
obtained.
If a base course is to carry a vertical
load V of 150 p.s.i. and can develop a maximum
lateral support L of 50 p.s.i., then its sta-

which can be worked through to

i /1 + sin <p'
(8)
1 - si it <p
v 1 - ain cp
The stability diagram of fig. 9
ed when equation (8) is plotted in terms of
given values of stability (V - L) for differ
ent degrees of lateral support L, and for dif
ferent magnitudes of c and 9 . The (V - L) sta
bility curves of this diagram are not straight
lines, although for the intermediate and high
er values of lateral support L they are very
nearly so.
The stability diagram of fig. 9 may be
more readily understood with reference to the
Mohr diagram of fig. 10, which contains sever
al Mohr circles of the same diameter, that is,
same (V - L) value, but with different degrees
of lateral support L. To one of these, (V - j,)
- 100 p.s.i. and L * 40 p.s.i., several Mohr
envelopes have been drawn for some of the va
rious combinations of c and cp that are poss
ible for this particular Mohr circle .The com
binations of c and cp corresponding to each of
these Mohr envelopes, are shown as points 1,
2,3,4, and 5 on the curved line graph of fig.
9 representing ( V - L ) = 100 p.s.i. and L 40 p.s.i. That is, points 1, 2, 5, 4, and 5
represent Mohr envelopes AT, BT, CT, DT, and
ET, of fig. 10, where T is at the point of
tangency for each Mohr envelope drawn to the
Mohr circle in question.
For the curved line graph representing
any one of the infinite combinations of (V - L)
and L values possible in fig. 9, there are
very simple equations for locating the two ex
tremities of the required line on the c and cp
axes.
When Cp ■= 0, equation (8) reduces to equa
tion (1 )
V - L - 2 c
(1)
and this locates the required extremity of
the line on the c axis.
When c = 0, the extremity of this line
on the cp axis can be easily obtained from
the equation
V-L.
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FIG.7
bility requirement (V - L) is 100 p.s.i.Either
equation (6) or fig. 7 indicates that a purely
granular material with an angle of internal
friction cp - 30° or greater, would be required
to provide the necessary stability for this
base course.
4. THE STABILITY OF MATERIALS WITH COMBINED
GRANULAR AND COHESIVE PROPERTIES.
From fig. 2, it is clear that the stabil
ity (V - L) of materials with both granular
and cohesive properties, depends upon the mag
nitude of the lateral support L, the cohesion
c, and the angle of internal friction <p. The
geometrical and trigonometrical relationships
required for the development of the equation
of stability for these materials, are illus
trated in fig. 8.
It follows from fig 7 that
V-L

tan <p=

cos cp - c
V-L

V- L

sinq>

2 L sin <p

2c

“ sin ^
(9)
Referring again to the problem of design-

(7)

.
(V-L)C.os$-2c
51 (V+L)-(V-L)Sin®
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ing a base course to carry a vertical load of
150 p.s.i., and for which the maximum lateral
support L that can he developed is 50 p.s.i.,
the solution can be calculated by equation
(8) and is given graphically in fig. 1 1 ,which
indicates that an infinite number of solutions
are possible. All materials possessing those
combinations of c and <p which are on or to the
right of the line labelled (V-L) «= 100 p.s.
i., L » 50 p.s.i., in fig. 11, would have the
required stability. Materials with those com
binations of c and cp which lie within the
cross-hatched area to the left of this line
would tend to be unstabl-e and therefore unsa
tisfactory.
5. THE DESIGN OF BITUMINOUS MIXTURES.
Regardless of the magnitude of their sta
bility as determined by a triaxial compress
ion test, it is common knowledge that gravel
road surfaces which contain no binder of any
kind, develop washboard »nrt other indications

of instability under the particular types of
stresses to which the surface layer is sub
jected by motor vehicle and aeroplane traffic.
Experience has shown that the surface layer
of a highway or airport must contain a bind
ing material to give it cohesion. The most
commonly employed binders are bitumen, Port
land cement, and clay.
Equation (8) and the stability diagram
of fig. 9, are not satisfactory for the de
sign of the surfacing of a highway or airport,
since they would permit the use of materials
with even zero cohesion. The problem therefore,
is to establish the minimum value of the co
hesion c which is required for surfacing ma
terials and it is believed that the following
development provides a fundamental basis of
design for the stability of bituminous paving
mixtures, and (with certain reservations con
cerning range of moisture content), for me
chanically stabilized mixtures of aggregates
and soil binders which are to be employed for
road or airport surcaces. The geometrical and
trigonometrical relationships required for
this development are illustrated in fig. 12 .
when log ^ ~ ^ is plotted versus log L
for the Mohr envelope for any material possess
ing both cohesive and granular properties, the
reverse curve graph of fig. 13 is obtained.The
value of the lateral pressure L at which the
point of inflection of the curve in fig. 13
occurs, is obtained by equating the second de
rivative of the equation for the curve to zero.
(A reverse curve is also obtained when either
— y ^ or y is plotted versus log L).
The equations and mathematical derivations
involved in obtaining expressions for the value
of the slope of the curve at any point, and of
the lateral pressure L at the point of inflec
tion, are outlined in fig. 13 .
The term "Li" is applied to the particul
ar value of the lateral pressure L at the
point of inflection of the curve in fig. 15 ,
and the corresponding vertical pressure V is
given the terminology "Vi". For each Mohr en
velope fig. 2, there can be only one value of
.Lj_ and one value of Vi. That is, for any one
combination of values of cohesion c and angle
of internal frictioncp, there can be only one
value of Li and its corresponding value of V^.
Consequently, the corresponding values of Lj
and V^ are a characteristic of each Mohr en
velope.
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The expressions for L , Vj_, and. (Vi - Li),
when reduced to their simplest forms in terms
of c and cp are as follows,Lt- 2 c

SIT I €pv

(10)

2 s i ncp

V,- 2c

1 + sin <p + V2sin 9 Vl + si n cp'
V2 sin cp' Vl- sin cp'

V - L - 2 C

v T T T T tT Ip + \/T~sTn~tp
VI

- Sin cp'

(11)

(12)

also

vTTTfrup ^-j.j ^
1 - 3ÌT1 cp
In fig. 14, Mohr circles representing
corresponding values of Li and Vi have been
drawn to the Mohr envelopes for c equal to uni
ty in each case, but with values of internal
friction varying from 1° to 50°. In fig. 15,
Mohr circles in terms of 1^ and Vi are drawn
to the Mohr envelopes for (p = 30° in each case,
but with values of c equal to 10, 20, and 30
p.s.i.
Vi-Li-L,

2 sin <p + V2 sin <p‘
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FIG-16
Fig. 14 demonstrates that for a constant
value of c, the value of (Vi - Li) increases
as <p increases, and vice versa/ Fig. 15 indi
cates that for a constant value of cp , the value
of (Vi - Id) increases as c increases, and
vice versa. It has long been known that for a
given lateral pressure L, the stability or
strength of materials (V - L) increases, as
either c or cp or both increase. Consequently,
the value of (Vj, - 1^) provides a measure of
the stability or a material with combined gran
ular and cohesive properties.
Fig. 16 and 17, are graphs of different
values of Li and (Vi - Li) respectively, in
terms of c and cp .
Fig. 18 is a stability diagram for hot
mix asphaltic concrete paving mixtures, based
upon the triaxial compression test, which ap
pears in the Asphalt Institute's recent manual
4). It will be observed that a single bound
ary appears between mixes labelled satisfact
ory and unsatisfactory. Clearly however, an
asphalt mixture of greater stability is re
quired in the vicinity of bus stops and traf
fic lights, than for average traffic condit-
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FIG.18
ions. The diagram of fig. 18 does not indicate
the combinations of c and cp required for in
creased or decreased pavement stability. It is
obvious that the utility of this diagram would
be materially increased if it could be zoned
into areas of greater or less stability.
In fig. 19, (Vj_ - Li) curves are super
imposed on the Asphalt Institute diagram of
fig. 18. It should be noted that the curve re
presenting a (Vi - Li) value of 80 p.s.i. co
incides quite well with tne lower boundary of
the Asphalt Institute diagram. Setter agree
ment with, this lower boundary would probably
be obtained with the curve for a (Vi - Li)
value of 70 p.s.i. For locations such as bus
stops or traffic lights, where high stability
is required, only bituminous mixtures having
corresponding values of c and<p which result
in a (Vi - Li) value of 120 p.s.i. or higher,
might be specified. For average traffic con
ditions, bituminous mixtures having combina
tions of c and cp which result in a (Vi - I>i)
value of 80 p.s.i., might be satisfactory. The
(Vi - In) values required for different traf
fic conditions could be determined by corre-

FIG.20
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FIG.21
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lating laboratory tests with field performance.
In fig. 20, values of Lit the lateral
support at the point of inflection, from fig.
16, have been superimposed upon the (Vi - Li)
curves of fig. 19. There is a maximum lateral
support L, which each bituminous pavement can
develop in service, and the different possible
values of this lateral support L, are indicat
ed by the Li curves of fig. 20.
If a bituminous pavement must support a
vertical load V of 150 p.s.i., and the maxi
mum lateral support L which it can develop is
50 p.s.i., the required stability of the pav
ing mixture is 100 p.s.i. The solution to the
problem of design for the paving mixture is
indicated graphically in fig. 21. Only those
bituminous mixtures having combinations of c
and (f on and to the right of the line labelled
(V - L) - 100 p.s.i., L - 50 p.s.i., and above
the (Vi - Li) curve labelled 100 p.s.i., would
have the required stability and cohesion.
6. GENERAL.
It is to be noted that fig. 21 can be em
ployed by itself to determine the minimum c
value for a purely cohesive material, the mi
nimum value of (p for a purely granular materi
al, or the required combinations of c and <p
needed by materials having both cohesive and
granular properties to function as either base
or wearing courses. One extremity of the curve
(V - L) = 100 p.s.i., L = 50 p.s.i. in fig.21,
cuts the c axis at c = 50 p.s.i., the minimum
value of cohesion which a purely cohesive ma
terial must have for this particular problem.
The other extremity of this (V - L) line cuts
tne cp axis at cp = 30°, the minimum value of cp
required for a purely granular material. Only
the combinations of c and <p to the right of
this (V - L) line satisfy the stability re
quirements of this problem for base course ma
terials, while the (Vi - Li) curve imposes the
special restrictions which are needed to pro
vide suitable paving mixtures for the surface
course, consequently, the special stability
diagrams of figs. 4 and 7 for purely cohesive
and purely granular materials respectively,
are unnecessary, since the same information
is available in general stability diagrams of
figs. 9, ¿ 0 , etc.
The amount of lateral support L which
can be developed by a base course or flexible
pavement for an airport or highway is largely
unknown at the present time. However, it is
believed that the lateral support L can be
evaluated by means of a suitable investigation
which would include field and laboratory tests.
The values of c and <p for the material being
investigated can be determined by means of
the triaxial compression test, and the maxi
mum unit vertical load V sustained by the ma
terial in equilibrium, can be measured or cal
culated from the vehicle tire pressure cor
rected by a suitable factor for dynamic load
where necessary. This leaves the lateral sup
port L as the only unknown in stability equa
tion (8), and its value can therefore be cal
culated. Dynamic factors associated with mov
ing vehicles, and other variables, may make
the problem more complicated, but this method

appears to be reasonable as a first approach.
This approach would seem to have merit
for solving certain stability problems in. other
divisions of soil mechanics, for if the maxi
mum major principal stress d, , sustained in
equilibrium by an element at any given point
in a structure could be measured or calculat
ed, and the c and cp values for the material at
that point were determined in the laboratory,
the maximum minor principal Stress dm acting
on the element could be calculated from stabil
ity equation (8).
SUMMARY.
1. Stability equations are derived, and stabil
ity diagrams are prepared for purely cohes
ive and purely granular materials, and for ma
terials having both cohesive and granular pro
perties, on the basis of a straight line Mohr
envelope for triaxial compression data.
2. The application of these stability equations
and diagrams for the selection of base course
materials, and for the design of bituminous
paving mixtures for airports and highways, is
illustrated.
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