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A number of research projects have been concerned with determining the

nonlinear stress-strain characteristics of granular materials by using

repeated-load triaxial tests. Improvements in materials testing equipment
have led to experiments in which the confining stress and the vertical stress
were appliedõyclicaity. There is an apparent difference in the resilient
poisson;s ratio deteimined under constant and under variable confining

stresses. This difference is best explained by considering the behavior of

granular materials in terms of volumetric stress-strain and shear stress-
straitt relationships. By doiug this, one ca¡r show that Poissonrs ratio is a
function of the ratio of volumetric strain to shear strain. Resilient strains
were investigated separately from permanent strain because the permanent

strain developed depended on the loading history of the sample and beeause

the resilj.ent behavior was not affected by a¡ry previous subfailure stress
applications. To keep materials testing techniques simple, a constant con-

fining stress equal to the mean value of a cyclic conlining stress can be

eonsidered tobe equal tothe cyclic conlining stressfor determining the re-
silient modulus and permanent cleformation.

TNONLINEAR stress-strain characteristics of aspiralt pavements in which a granular

layer is the major structural cornponent are impcrtant in design,calculations (1)' A

number of reseärch projects have been concerned with determining these character-
istics by using repeated-toad triaxiat tesis €,3,4). Ire m-ost of these, the confining-

stress iemained constant, butthe vertical s-treslor the deviator stress was applied

cyclically. Improvements in materials testing equipment have led to some axperiments

in w¡icfr ihe cottfining stress has also been cycled, but relatively few results from such

tests have been repoited (3), If a constant confining stress is adequate, then this is a
desirable siurplification of-materials testing techrigues.

Allen and fhompsotr (X) have shorvn, from a preliminary series of tests on various
granular materials, thatJhere is an apparent difference in the resilient properties de-

Íermined under constant and under variable confining stress tests. This paper dis-
cusses this difference a¡rd explains it by using a more fmdamental approach to stress-
strain relationships than has þreviously been considered in pavement design. It is a¡t

extension of tire work describãd by Brown (b) and incorporates some detailed modifica-
tions to the suggestecl stress fu¡ctions for ñterpretation of the results. Further de-

tails of ttre basic phllosophy are given i'n another paper (Q).

publication of this paper sponsored by Committee on Strength and Deformation Characteristics of Pavemenl

Sectìons.
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STRESS CONDITIONS

The stress-strain characteristics of gra.nular materials, particularly when nonlinearity
is most marked, can best be expressed in terms of the volumetric stress-strain a¡rd
shear stress - strain relationships.

For the axisymmetric conditions applying to the triaxial compression test, the rele-
vant stress and strain expressions are

P ='/'(o!, + 2o¿)

for mean normal stress,

y-e1a2e3

for volumetric strain

, =(.,/ltz)iol - oi)

for octahedral shear stress, and

v = lþJr )/s]i., - ..1

for octahedral shear strain, where o/ and o/ are the major and minor principal effec-
tive stresses respectively, and €¡ ând e3 are the corresponding strains that can loe

either resilient or permanent.
Effective stress, ot = o - u, where o = total stress a¡rd u = pore pressure, i.s im-

portant, although it is frequently difficuli to determine for pavement desi.gn. This
arises because pore pressure cari only be reliably determined in saturated materials, ,

and granular materials are often tested partiatly saturated. Drained tests, which
allow time for pore pressure dissipation, can overcome this problem (5). Alterna-
tively, testing of dry materials eliminates the problem altogether.

In the triaxial compression test, the major total principal stress is normally the
axial stress, and the minor one is the confining stress. Deviator stress defined as

(1)

(2)

(3)

(4)

q=oí-oi

is customarily used instead of the expression for shear stress.
Further definitions are required in applying these principles to repeated-load tests.

These are shown in Figure 1, which plots mean normal stress p against deviator stress
q. The particular stress path followed in a test can be specified by the following fac-
tors:

e, = height of the cyclic deviator stress pulse,
p" = height of the cyclic mean normal stress pulse, and
pn = m€ân level of mean normal stress.

This situation applies in repeated-Ioad tests in which the deviator stress is cycled be-
úween zero and some maximum value. If the minimum value is greater tha¡r zero, then

(5)
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a further term, q., is required to define tlte stress paths. The foregoing definitions
differ from those used by Brown (5) for the suggested expression for p.

Most repeated-load test resultlreported in the literature have characterized the
resi¡.ent response of the material in terms of the resilient modulus M" and the resil-
ient Poissonts ratio /", which are defined respectively as

M" =+

and
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(6)

(8)

(e)

,- = -t'"' €t"

When cyclic confining stress is applied,
used and give

€r"M"=ot-2u"As

and

€3¡M" = o¡ (1 - v") - urot

Solving for M" and z. gives

Ol€e' - Os€1rt) - 

-

.,n'=ffi

en,1

(T)

the generalized Hookers law equations are

(10)

( 11)

(Total stresses have been indicated since these have normally been used. €1" Eùnd €3"

refer to resilient values of the principal strains.)
This second sifuation treats M" as being analogous to Youngrs modulus and assumes

the material is linear elastic, an assumption that is widely known to be false for gran-
ular materials. The fi¡.'st situation, constant confining stress, treats M" as something
nearer to a shear modulus than Yowrg's modulus.

If elastic constants are to be defined for nonlinear materials, perhaps as functions
of stress level, then the bulk and shear moduli are better to use than the resilient
modulus (or Yowtg's modulus) and Poisson's ratio. They are defined as

K=P'vr
(tz¡
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for the bulk modulus and

c =(Jlts) (q,/v,) ( 13)

for the shear modulus, where v, and 7, are the terms of equations 2 and4 in terms of
resilient principal strains.

There are three advantages to using G and K for nonlinear materials: No assump-
tions of linear elastic behavior are used in their calculation, tlte volumetric and shear-
ing components of stress and strain are separated from each other, and they have a
more realistic physical meaning in a three-dimensional stress regime than Youngts
modulus a¡rd Poissonts ratio have.

None of the previous expressions for elastic constants has included the third term
defining stress Pâh, P.. Brown (5) has shown that qJ is a parameter that can be used
for normalizing the applied cyclic stresses in consta¡rt confining stress tests. The
term, p", could equally well be used a¡rd is more appropriate in the context of the
stress path in Figure 1 and for tests with cyclic contining stress.

The strain values analyzed in this wolk were the equilibrium values, i.e., the rel-
atively constant values achieved after 104 to 105 stress cycles (b).

EXPERIMENTS

These experiments are an extension of those described by Brown (5). The same ma-
terial was tested: a <5-mm-sized particle of well-graded crushed-stone, 100 mm wide
ard 100 mm long.

The only signi.ficant difference between this experimental technique and that de-
scribed by Brown (g) was that, in addition to the vertical strain meásured with a¡r
LVDT, lateral strains were determined by induction coils. This technique presentecl
some difliculty and is described elsewhere (7).

Resilient strains were investigated separãtely from permanent strain. Considerably
more information about resilient strains as opposed to permanent strain could be ob-
tained from a¡ individual sample because loading history was shown to a^ffect perma-
nent but not resillent strains. This is shown in Figures 2 and 3. The permanent
strain (figure 2) resulting from a suecessive increase in the stress level is consid-
erably smaller than the strain that occurs when the trighest stress level is applied
immediately. Resilient strain, expressed as resi.lient modulus (figure B), does not
show this effect.

Therefore, considering resilient behavior, tests were carried out on two samples
as given in Table 1. These samples gave similar results and, therefore, when the
data were considered in terms of volumetric and shear strains, tJre results from only
one sample were plotted.

One of the main objects of these experiments was to investigate whetler the confin-
ing stress really needs to be cycled to obtain realistic material behavior. The tests
were, therefore, planned i¡ such a way, that comparisons could be made between be-
havior wrder a certai¡ cyclic confining stress and u¡rder a constant confining stress.
The majority of tests were, therefore, carried out with constant confining stresses
equal to the mean cyclic values. This is shown in Figure 4 and differs from tJte pro-
cedure adopted by Allen and Thompson (q), whose consta¡rt value equaled the peak
cyclic vaLue.

The difference between these two approaches is shown in Figure 5 in which ttre
stress paths are compared. Our philosophy results in the same mean value of p and
p" for both types of test; Allen and Thompson have a higher value for p, in all their
constant confining stress tests. Thi.s would be expecterl to result in a stiffer material,
a fact that their results largely eonfirmed. Some additional tests were performed by
using a relatively high cell pressure to extend the range of stress ratios considered.
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Figure 2, Effect of loading history on
permanent stra¡n,
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Figure 1, Stress path in repeated-
load test.

Figure 3. Effect of loading history
on resilient modulus.
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Table '1. Data for res¡lient stra¡n tests.

Figure 4. Modes of aPplication of
confining stress.
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A series of samples was also tested to determine the effects of cyclic cell pressure
on the development of permanent strain (Table 2) . These were tested without lateral
strain measurement. For these tests, a single level of cyclic deviator stress',vas ap-
püed.

RESILIENT MODULUS AND POISSON'S RATIO

Hicks (2) and Brown (Ð have shown that the resilient modulus depends on the magnitude
of both confining and deviator stresses. Testing samples by using a constant deviator
stress made it possible to examine the effects of both mean }evel and amplitude of the
cyclic confining stress a¡rd to compare the results with those obtained by using a con-
stant confining stress. Figure 6 shows that it was the mean value of the confining
stress that determined the resitent modulus for a given deviator stress a¡rd that re-
sults based on cyclic confining stress were compatible with those based on a consta¡rt
value. The amplitude did not have any quantifiable effect on the resilient modulus.
The results obtailed by using the two modes of applying confining stress were appar-
ently much less compatible for Poisson's ratio. Under consta¡¡t confining stress, Fig-
ure ? shows that Poisson's ratio varied from less than 0.1 to more than 0.5 when dila-
tion of the samples was occurring. However, under a cyclic confining stress, the
variation was much less; most of the points lie in the region between 0.1 and 0.2.
Furthermore, the stress dependence (Figure 7) is different for the two test situations.

VOLUMETRIC AND SHEAR, STRAINS

The more fundamental approach to stress-strain relationships discussed in this paper
was used to explain the apparent difference in behavior uader cyclic and constant con-
fining stress conditions indicatedby the Poisson's ratio results in Figure ?.

A unique stress-strain relationship existed if v" was plotted against p" normalized
with respect to p, as shown in Figure 8. Except where dilation and the resultant nega*
tive volumetric strains are occurring, the relationship is continuous, ard points for
both constant and cyclic confining stresses lie on the same curve. The level of q" does
not seem to have any systematic effect on this relationship.

All the tests carried out under constant confining stress lie on the lower portion of
the curve. This fact will be shown to have significance when the Poisson's ratio anom-
alies of Figure ? are explained. The slope of the line in Figure B is a measure of the
volumetric compJ.iance, which is the reciprocal of the bulk modulus. As p" increases,
the bulk modulus decreases; as p" increases, the bulk modulus increases. Considering
t,}te relative effects of the mea¡ level a¡d the amplitude of applied deviator stress, this
effect is similar to that discussed by Brown (5).

Figure 9 shows the resilient shear strain plotted against deviator stress, whieh is
âgain normalized with respect to p,. A single relationship results for both types of
tests, and this was apparently unaffected by changes in p". The two points where ex-
cessively high shear strains occur coincide with the points on Figure 8 a¡rd indicate
sample dilation.

The gradient of the curve shows that, as q" increases, there is a slight decrease in
the shear modulus and that, as p" increases, there is ar increase. In contrast to the
volumetric stress-strain results of Figure B, the range of shear strains is similar for
both types of tests.

Figures I and g show that the constant confining stress tests resulted in only a small
range of volumetric strains; however, the shear strains covered a larger range. Fig-
ure 10 shows that this caused the different ranges of values for Poisson's ratio shown
in Figure 7 since high values resulted when the shear strain was high relative to the
volumetric strain and that this only occurred in the constant confining stress tests.

Figure 7 shows that Pcisson's ratio was determi¡ed over the same range of çq,/ol)
for both types of tests. This follows from the way in which the experiments were
planned inasmuch as q. and oJ are the stresses actually applied in the tests. However,



Figure 5. Stress paths indicating effects

of mode of application of confining
stress.

Table 2. Data for permanent stra¡n tests.
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Figure 9. Resilient shear strain versus normalized
deviator stress.
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Figure 1 1, Permanent strain versus ratio of deviator stress
to mean confin¡ng pressure.

Figure 10. Poisson's rat¡o versus ratio of volumetric
sÍain to shear stra¡n.
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Figure 5a indicates that, for given values of q" and ol, or ûl€âfl o3, for the ,r"U" *r::,
different values of p" can a¡rd did arise. Therefore, Poisson's ratio was significantly
affected by the value of p" or the corresponding strain v", and M" and perma.nent strain
are not.

This being the case, consta¡rt confining stress tests cannot be used reliably for the
evaluation of Poissonts ratio. However, if the results are interpreted in terms of vol-
umetric a¡¡d shear stress-strain relations (Figures B and 9), this simpler test can be
satisfactorily used.

PERMANENT STRAIN

Earlier work on this project G.) *d that described by Barksdafe (B) has shown that
under consta¡rt cell pressure c-onditions the permanent strain is a fu¡ction of the de-
yiator stress normalized with respect to the cell pressure. Figure 11 shows all such
results from this project and those obtai¡ed under cyclic cell pressure conditions. For
these latter tests, the normalizing parameter has been taken as the mean level of cyclic
cell pressure. Reasonable correlation was obtained among a-11 the results.

CONCLUSIONS

1. Simitar values of both resilient modulus M" and permanent strain en were ob-
tained from cyclic and constant confining stress tests when the constant stress was
equal to the mean of the cyclic value.

2. This test equivalence was not vatid for the determination of Poisson's ratio;
much higher values came from constant confining stress tests'

3. It appears that Poisson's ratio is affected by the magnitude of the cyclic mean
normal stress p" as well as its meat p", but both M" and (p are only affected by the
latter.

4. Results from constant and cyclic confining stress tests were compatible when
interpreted in terms of volumetric a¡rd shear stress-strain relationships. The only
exception to this was when dilation occumed.

5. Bulk a¡rd shear moduli, as functions of applied stress, are better than resilient
modulus a¡d Poisson's ratio for characterizing nonlinear materials. If this better
method is used, the constant confining stress test is considered adequate.

6. Loading history had a negligible effect on resilient modulus, provì.ded subfailure
stresses \r/ere involved, but had a considerable effect on permanent Strain.
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