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SYNOPSIS.
properties of subgrade soils.
pressure and a cyclic shearing stress.
is monitored continuously during the test.

The paper describes the use of a gyratory testing machine for evaluating the
In this apparatus, a soil sample is subjected to a normal
The cyclic shear strain, and hence soil stiffness,
Also, volumetric strain is measured.

The paper summarizes results of gyratory tests of 320 samples of a red silty elay (CL) and

180 samples of a tan silty sand (SM).

The stiffress and compressibility are shown to be more
significantly affected by shear stress than by normal stress.
by gyratory testing, correlates with results of penetration tests.

The soll stiffness, as measured
The compressibility from

the gyratory test does not correlate well with the results of consolidation tests.

INTRODUCTION

Gyratory testing is a method for evaluating
the response of solls to cyclic loads. The
concept of gyratory testing originated in the
Texas Highway Department (Ortolani and Sand-
berg 1952) and was further developed by the

U. S. Army Corps of Englneers (Waterways
Experiment Station 19%52a). BEarly research
with this apparatus was directed primarily
toward applications to bituminous materials
and secondly to compaction of soils (Waterways
Experiment Station 1952b, Abbott 1958, Fenwick
1969). Only limited studies have been report-
ed on the use of the gyratory machine for
testing the quality of compacted soils (wWater-
ways Experiment Station 1952¢, McRae 1957,
Miller 1957). This paper reports a study of
gyratory testing to evaluate the properties

of soils subjected to cyclic loading.

GYRATORY APPARATUS

A schematic diagram of the gyratory test mech-
anism is shown in Fig. 1. The soil sample is
placed in a L in. (10 cm) diameter mold (A),
which then 1s inserted in the gyratory chuck
(B). A vertical normal pressure, P, is ap-
plied with the lower hydraulic ram (F). Ailr
pressure is applied to the upper roller mech-
anism (D). This roller pressure, R, applies
shearing stress to the sample, which causes
distortion or shearing strain. Rotation of
the roller mechanism (K) at the rate of 25
revolutions per minute produces gyratory
motion and cyclic reversals of shear stress
and strain. The <¢yclic variation of the
shear strain, which is herein referred to as
the gyratory shear angle, is recorded on the

gyrograph (I). The gyrograph provides a con-
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tinuous record of thbe shear strain for a rel-
atively constant shear stress and confining
pressure; and thus reflects any change in
sample stiffness during the test. Changes in
sample thickness, and hence density or volu-
metric strain, are monitored throughout the
test with a dial gage attached to the lower
ram (F).
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FIG. 1. Schematic diagram of gyratory machine.



n

TEST PROGRAM

The test program was devised (a) to investi-
gate the effects of the gyratory shear and
normal stress levels on the soil responses
and (b) to evaluate the relation of the gyra-
tory responses to the results of more con-
ventional soil tests. The effects of the
initial moisture-density conditions ‘of the
samples also were considered.

The effects of the normal and shear stress
levels were studied 1n terms of the gyratory
ram and roller pressures, respectively. The
ram pressure, P, is the vertical normal
stress applied to the sample. The roller
pressure, R, determines the magnitude of the
applied shearing stress but is not numerical-
ly equal to it. However, for convenience,
the test results are presented in terms of
the directly measured roller pressure rather
than the computed shear stress.

Compacted samples of two soils were used in
the test program. The first was & red silty
clay (CL) with LL = 39% and PI = 15%. The
second was a non-plastic tan silty sand (SM).
Conventional impact compaction methods were
used to-prepare samples at 20 different ini-
tial moisture-density conditions. Five mois-
ture contents and four compactive efforts
were used. For the silty clay, 320 samples
were prepared and tedted, 16 at each initial
moisture-density condition. Each sample was
tested under a different combination of four -
ram and four roller pressures, thus permit-
ting the study of gyratory normel and shear
stress effects at each initial condition.

For the silty sand, nine combinations of
three ram and three roller pressures were
used at each initial condition, and thus only
180 samples were tested.

Each sample was subjected to 500 cycles of
the gyratory stresses. This duration was
sufficient for samples either to become com-
pletely unstable or to reach a stable equi-
librium condition. The soll stiffness at the
end of the test was measured in terms of the
gyratory shear angle produced under the
applied stresses. For small angles; the
gyratory shear angle in 107< radians is equal
to the shear strain in percent. After com-
pletion of each gyratory test, a CBR-type
penétration test was performed on the sample.
The bearing ratio from the penetration test
was defined as the stress required to obtain
0.1 in. penetration of a 1 in. diameter
plston.

Twelve consolidation- tests were conducted on
each soil. Two samples were compacted to
each of the six different moisture-density
conditions. One sample at esach initial con-
dition was consolidated from the as-compacted
moisture content and the other was soaked
prior to consolidation. The compressibility
characteristics of these samples were compar-
ed with the final volumetric strains fér the
gyratory tests.
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RESULTS

Soil Stiffness - Fig. 2 illustrates the

stiffness of the silty clay, as measured by
the gyratory shear angle and the CBR-like
penetration test. Each data point repre-
sents the average of sixteen tests at the
same initial moisture-density condition.
Curves have been constructed through points
of equal ¢ompactive effort with E-1 repre-
senting the lowest effort and E-4 the highest
effort. Compactive efforts E-2 and E-L corre-
spond to the energy inputs used in Standard
and Modified Proctor Tests, respectively.

The bearing ratio curves show moisture-
density effects typical of compacted cohesive
soils, i.e., on the dry side of optimum, the
strength is greatly affected by compactive
effort or density, while on the wet side the
strength depends primarily on the moisture
content. Similar results are observed from
the gyratory tests. However, the curves are
inverted because a low gyratory shear angle
is indicative of high stiffness or strength.
Thus, in Fig. 3 a linear correlation was
obtained between the inverse of the gyratory
shear angle and the bearing ratio for each
initial moisture-density condition. Similar
data also were plotted in Fig. 3 for the
silty sand, and again a linear correlation
was obtained. However, a different line was
obtained for each soil because different com-
binations of gyratory shear and normal
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FIG. 2. Final gyratory shear angle and bear-
ing vs. water content, silty cley.
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FIG. 3. Inverse of final gyratory shear
angle vs. bearing ratio.

stresses were used for each soil. If ccrmon
normal and shear stresses had been used for
both soils, a single correlation curve
should have been obtained.

Volumetric Strain - Volumetric strains for
the gyratory tests are plotted as a function
of the initial moisture-density conditions
for the silty clay in Fig. I} and for the
3ilty sand in Fig. 5. Each data point in
Fig. l} represents the average volumetric
strain for sixteen tests and each point in
Fig. 5 represents the average of nine tests,
For both soils, the volumetric strain de-
creased with increasing initial density.

For very dense samples of the silty clay at
low moisture contents, the gyratory tests
actually produced expansion, or loss of den-
sity. However, the influence of moisture
content on volumetric strain was quite dif-
ferent for the two soils. This can be ex-
rlained on the basis of the difference in
permeability of the two soils. Because the
gyratory test is a short term test, it will
behave as either a drained or an undrained
test depending on the permeability of the
test specimen. If, as 1n the case of the
silty clay, the sample is undrained, volumet-
ric strain is produced by reducing air voids.
When saturation is approached, the sample is
remolded at essentially constant volume.
Consequently, samples prepared wet of opti-
mum at high initial degrees of saturation
undergo relatively little volume change.
However, if, as in the case of the silty
sand, the soil is pervious enough to permit
at least partial drainage, the volumetric
strain is not limited as saturation is ap-
proached and high volumetric stralns can be
obtained at high initial moisture contents.
Water was observed draining from the silty
sand samples at high initial moisture con-
tents.

The volumetric strains preduced in gyratory
tests did not correlate with those produced
in consolidation tests. Two reasons may be
given to explain this observation. First,
the consolidation test always is a drained
test in which volumetric strains are pro-
duced by expulsion of water, whereas the
gyratory will behave as a drained, undrained,
or partially drained test, depending on the
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FIG. 4. Volumetric strain vs. water content,
silty clay.
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FIG. 5. Volumetric strain vs. water content,

silty sand.

permeability of the sample. In cases of
essentielly undrained behavior, the volumet-
ric strains are limited to that produced by
compression and/or explusion of air. Second-
ly the shear stresses present in the gyratory
test can produce significant expansion or com-
pression. Thus, depending upon the specifie
test conditions, the net volumetric strain in
the gyratory test may be greater or less than
that produced by a comparable normal pressure
in a consolidation test.

Because the volumetric responses in gyratory
and consolidation testing generally are not
the same, it is worth considering the rela-
tive significance of these tests. It seems
clear that the consolidation tests is more
relevant to the design of embankments, for
which the ma jor design load is the long term
dead load of the embankment itself. However,
for highway or airfield subgrades, the ma jor
design consideration becomes the repetitive
wheel loads rather than the dead load of the
pavement. In this gase, the appropriateness
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of the consolidation test for prediction of
the volumetric response to traffic loads can
be seriously questioned. A gyratory test,
in which the stress levels have been adjust-
ed to simulate the stresses produced in the
prototype subgrade by traffic loads, would
seem to produce much more meaningful results.

Effects of Ram and Roller Pressures - The
effects of the gyratory ram and roller pres-
sures are presented for the silty clay in
Fig. 5 and 8a and for the silty sand in

Fig. 7 and 8b. These effects were separated
from moisture-density effects by averaging
the results of all tests in which a common
ram and roller pressure were used. Thus,
each data point plotted in these figures
represents the average response of 20 tests,
each conducted on a sample at a different
initial moisture-density copdition.
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FIG. 6. Final gyratory shear angle vs.
roller pressure, silty clay.
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FIG. 7. Final gyratory shear angle vs.
roller pressure, silty sand.

BEssentially similar results were obtained
for both soils. In Pig. 5 and 7, the gyra-
tory shear angle is seen to increase with
inereasing roller pressure and to decrease
with increasing confining pressure. The
variation of gyratory angle with roller pres-
sure is non-linear at low roller pressures
but becomes approximately linear at higher
roller pressures. The nonlinearity at low
roller pressures is attributable to side
friction effects, i.e., a certain minimun
roller pressure is required to overcome the
side friction of the mold. This minimum
roller pressure appears to increase with in-
creasing confining pressure because the side
friction increases with increasing confining
pressure. In Fig. 5, the reversal of curva-
ture of the uppermost curve at the highest
roller pressure is due to the physical limi-
tations of the gyratory test machine. At
these extreme testing conditions, the air
roller piston became fully extended and
larger strains could not be produced.

For both soils, the gyratory shear angle
seems to be more significantly affected by
roller pressure than by confining pressure.
However, the confining pressure had a greater
effect on silty sand than on the silty clay.
This is reasonable because the silty sand
tended to behave more like a cohesionless
granular soil, in which the stiffness is
strongly related to the confining pressure.

The influence of the ram and roller pressure
on volumetric strain is illustrated in Ffig. 8.
The volumetric strain increased with both
increasing roller pressure and increasing
confining pressure. For both soils, this
strain component was almost linearly related
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to roller pressure, and the roller pressure
effect was much greater than the confining
pressure effect. As was true for the stiff-
ness, the effect of confining pressure was
more significant for the silty sand than for
the silty clay. -

In summary, the data presented in Fig. 6-8
indicate that in general both the volumetric
strain and the stiffness are more signifi-
cantly influenced by roller pressure than
by the confining pressure. Hence, the selec-
tion of an appropriate roller pressure, or
shear stress level, becomes more critical
than the selection of the ram pressure.
Moreover, at a given confining pressure
level, both responses tend to increase
linearly with increasing roller pressure or
shear stress level. However, in the case of
stiffness, this linear response is observed
only when the roller pressure is sufficient-
1y large to overcome side friction effects.

APPLICATIONS

Gyratory testing appears to have potential
application to the evaluation of s0il be-
havior under cyclic loads., Potential prob-
lem areas include highway and airfield pave-

_ment subgrades and soils beneath machine

foundations. The gyratory ram and roller
pressures are adjusted to simulate the
normal and shear stresses anticipated in the
prototype condition.

Either compacted or natural soils can be
tested. Environmental effects, such as
moisture changes or freezing, can be studied.

Test results can be used to determine com-
paction levels required to obtain satisfac-
tory performance for specified loading and
environmental conditions. Also, the effects
of increased loads on existing installations
can be evaluated. For example, an undisturb-
ed sample of an existing pavement subgrade
can be tested to determine the effect of a
heavy aircraft or truck wheel load which ex-
ceeds the original design loads for the pave-
ment.

CONCLUSTIONS

1. The stiffness and compressibility of
so0ils subjected to cyclic loadings can
be evaluated from gyratory tests. The
influence of initial moisture-density
conditions can be easily observed.

The stiffness as measured by the gyratory
shear angle correlates well with a bear-
ing ratio from a CBR-type penetration
test. Similar correlations can be antic-
ipated with other conventional shear
tests.

The volumetric strains produced by gyra-
tory testing do not correlate with those
produced in consolidation tests. Differ-
ences are attributed to the sheari:g
effects and variable drainage conditions
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present in gyratory tests. The results
of gyratory tests appear more valid than
conventional consolidation tests for re-
peated load applications, such as pave-
ment subgrades.

The ram, or confining, pressure had a
smaller effect on soil response than did
the roller pressure, which produces the
shearing stresses.

At low roller pressures, side friction
between the sample and the mold has a
significant effect on soil response,
particularly the stiffness.
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