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SYNOPSIS The effect of small amounts of radial strain on the confined stress-strain relationship is evaluated
for a silty, clayey, fine sand under dynamic loading conditions. The developnent and design of a dynamic oedcmeter are described. Dynamic tests in this device were performed to a peak axial stress of 400 psi in which the
radial constraint was varied by using steel rings of different wall thicknesses. The rings were 1/8, 1/4, 3/8,
and 1/2-inch thick and were instrumented to measure exterior circumferential strains. The rings were calibrated
so that the radial stresses could be determined fran the measured radial strains. The test results show the
effects of radial strain on the uniaxial stress-strain curve, the secant modulus, the ratio of radial-to-axial
stress for loading and unloading cycles, and the mean stress and volunetric strain relation. The dynamic test
results are also compared with static tests reported in the literature for earth pressures at rest.
INTRODUCTION
The need for dynamic soil properties in the design of
foundations subjected to time-dependent loading con
ditions has resulted in the development of numerous
dynamic loading devices. Most of the test techniques
are concerned with the dynamic one-dimensional stressstrain relationship. Sane of the test techniques,
equipment, and associated problems have been suninarized by Schindler (1968). Although practically none
of the field loading conditions simulate a truly one
dimensional state of stress, engineers are interested
in this simple loading configuration because it pro
vides sane idea of the order of magnitude of the ac
tual problem which might be too canplicated and time
consuming to attain otherwise.

loading and were not designed to evaluate the effect
of different confining conditions on the stress-strain
behavior.
The purpose of this study was to develop equipment and
techniques for studying the effect of small amounts of
radial strain on the dynamic constrained stress-strain
behavior of a remolded silty, clayey, fine sand. It
should be emphasized that in these tests the state of
stress is different than the tests of Terzaghi where
lateral yield was introduced at a constant vertical
stress or those of Hendron (1963) and of Brooker and
Ireland (1965) where no lateral yield was allowed.
YIELDING RING OEDOMETER

The effect of small amounts of lateral strain on the
stress-strain characteristics of soils in a confined
configuration has not been extensively investigated.
The significance of small amounts of lateral strains
on the ratio of horizontal-to-vertical stress under
static loading conditions has been studied by Terzaghi
(1920,1925,1934). The static behavior of sand in one
dimensional canpression was investigated by Hendron
(1963) using a new apparatus in which the lateral ex
pansion of the consolidation ring was prevented by a
back pressure technique. For static loading conditions,
using the apparatus developed by Hendron, Brooker and
Ireland (1965) conducted an interesting laboratory in
vestigation of earth pressure at rest as related to
stress history for five different cohesive soils. They
present the relationship between the plasticity index,
the friction angle, and the coefficient of earth
pressure at rest. They extrapolate their data to noncohesive soils by utilizing the results of Hendron's
(1963) work. The results of tests on undisturbed soil
specimens have been reported by Davisson and Maynard
(1965) in which variable stiffness rings similar to
those to be described in this study were used. How
ever, Davisson and Maynard's tests were directed to
ward measuring the radial stresses induced by axial
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The yielding ring oedometer is schanatically shown in
Fig. 1. It consists of a three-part stainless steel
container fastened together with steel flanges and
high-strength bolts. The lower section holds the speci
men ring, which will be described later. The upper
section contains the canpression chamber with provisions
for measuring the pressure applied to the surface of the
specimen and the axial deformation of the specimen. A
transition section between the upper and lcwer sections
is machined to conform to the contour of a rolling seal
diaphragm through which pressure is transmitted from
the canpression chamber to the specimen.
RAPID-ACTING VALVES
The soil specimen is rapidly loaded and unloaded by gas
pressure entering and leaving the compression chamber
through rapid-acting valves. This system consists of
two identical valves that are electrically actuated and
pneunatically operated. The arrangement provides timing
control and also permits remote firing of the valves for
safety. The schanatic in Fig. 1 shows the equipment
assembled for a load-unload cycle.
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Because of its low-density and rapid-flow characteris
tics, helium is normally used both in the differential
pressure chambers and to load the oedometer. The helium
gas enters the oedometer fran the rapid-acting valve
through a short section of tubing which forms an orifice
(Fig. 1). The pressure rise time is controlled by vary
ing the internal diameter of the orifice. Internal ori
fice diameters of 1/8, 1/4, and 3/8 inch have been used
to control the rise and decay times of the pressure
pulse. The dwell time at the peak pressure can be
varied by controlling the time interval between firing
of the solenoids on the load and unload valves The
solenoids are actuated by an automatic systsn Con
sequently, it is possible to vary the dwell time or
even, if necessary, to cause the unload valve to be
actuated before the loading cycle is complete.
Table I shows the effect of the orifice diameter on
the pressure rise and decay times of the yielding ring
oedometer. For expediency in specimen preparation,
dense 20-30 Ottawa sand was used for the tests given
in Table I. The deformation characteristics of the
actual test specimen will have only a minor influence
on the rise and decay times of the applied pressure
pulse. Since the rise and decay phases of the pres
sure pulse exhibit exponentially decaying curves, the
times corresponding to 90 percent of the rise and de
cay pressures are presented along with the total times
as is explained by the sketch accompanying Table I.
The rise and decay times of the pressure pulse depend
to a certain extent on the volune to be filled by the
Pressurizing gas. Consequently the rise times shown
ji Table I can be decreased by partially filling the
iressure chamber with Water before the test. However,
pan unloading, the water is exhausted as a fine spray
“rich greatly increases the decay times. Consequently,
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when it is desired to both load and unload the speci
men very rapidly in the same test, water cannot be
used in the compression chamber. It is also interest
ing to note that over the range of pressures studied
(300 to 900 psi) the pressure rise and decay times
were affected very little by the magnitude of the peak
pressure.
Table I
Orifice
Diameter

Pressure Rise and Decay Times
Pressure Rise Time
msec

in.

t
r

tr90

3/8
1/4
1/8

14.5
32.0
102.0

9.5
23.0
68.0

Pressure Decay Time
msec

630
700
1440

td90
240
460
920

LATERAL YIELD EFFECTS

The yielding ring oedameter and the rapid-acting valves
systm can be used to a maxima pressure of 1,000 psl;
however, the tests described in this paper were carried
to a peak pressure of 400 psi only. A very detailed
description of the test apparatus is given by Calhoun
and Triandafilidis (1968).
OEDOETER RINGS
The lower section of the oedaneter holds the specimen
which is contained within a stainless steel ring 1-inch
high and with an inside diameter of 4 inches. The wall
thicknesses of the specimen rings were varied (1/8,1/4,
3/8, and 1/2 inch) to provide a fairly wide range in
the lateral yield. The rings were instnmented to
■easure circumferential strain and were connected in a
standard four-aim (two active) temperature-compensated
bridge.
The instnmented rings containing the soil specimen
are placed in the oedameter as shown in Fig. 1. The
lorer face of the transition section and the upper face
of the specimen chamber are lined with annular rings of
Teflon as shown in Fig. 1. The specimen ring is thus
lightly clamped between two annuli of Teflon which
provide low-friction seats for the ring. The upper
annular Teflon ring seals the space between the speci
men ring and the transition section, thus preventing
rupture of the diaphragm.
CALIBRATION OF OEDOMETER RINGS
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Fig, 2

Calibration curves for instrunented rings
Ring Sensitivities

Ring Wall
Thickness,
in.

Sensitivity, ye^/psi
Calculated
Measured

1/8
0.534
1/4
0,259
1/2
0.123
Based on a steel modulus E = 29 x 106
Table III

1/8
1/4
1/2
Based on v = 0,30.

The ring calibration curves relate the internally ap
plied radial stress as a function of the measured ex
ternal ring strain; consequently, it is not necessary
to make thick-ring corrections to the radial stress.
However, in determining the radial strain of the speci
men, thick-ring effects must be considered since the
ciramferential strain on the inside surface of the
ring is greater than that on the outside surface where
the strain measurements were made. It can be shown
geometrically that the radial strain of the specimen
is equal to the ciramferential strain on the inside
surface of the ring. Table III shows the ratios be
tween the theoretical strains calculated for the inside
(eil and outside surfaces (eQ) of the ring using a
Poissan ratio (v) of 0.30.

0,494
0.246
0.130
psi.

Calculated Strain Ratios

Ring Wall
Thickness,
in,

Table II shows the theoretically calculated and the
measured ring sensitivities ( j j e /psi). The theoretical
calculations were made by using thick-walled cylinder
equations for strain on the outside face of a ring
which was internally pressurized. The measured sensi
tivities were determined fran the slopes of the cali
bration curves given in Fig. 2.

150

Measured external ring strain, €0 , fie

Table II

The specimen rings were calibrated by pressurizing them
internally without a soil specimen in the rings. The
rolling diaphragm (Fig. 1) was allowed to extend inside
the ring to the bottom of the oedometer and then pres
surized and depressurized by the rapid-acting valves.
This procedure provided ring calibrations as nearly
analogous to the actual test conditions as possible.
The resulting calibration curves for the 1/8, 1/4, and
1/2-inch rings are shown in Fig. 2. The calibration
curves in Fig. 2 are observed to be linear during both
loading and unloading cycles. The 3/8-inch-thick ring
was not instnmented with strain gages, and the tests
performed in this ring will be described later.

25

L ood in g
U nloading

Strain Ratio,
ei/eo
1.08
1.17
1.37

SOIL PROPERTIES
The soil used for the dynamic oedameter tests was a
silty, clayey, fine sand obtained from a dry lake bed
(playa) near Albuquerque, New Mexico, U.S.A. It has a
liquid limit of 25 percent and a plasticity index of 11
percent. The specific gravity of solids is 2.67 and a
grain-size distribution indicated 18-percent clay, 19percent silt, 61-percent sand, and 2-percent fine
gravel (MIT designation). According to the Unified
Soil Classification system the soil is described as CL
material. The standard and modified moisture-density
relations are shown in Fig. 3.
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VARIABLE YIELD OEDCMETER TESTS

The 1/8, 1/4, and 1/2-inch-thick oedaneter rings had
circunferentially bonded strain gages. An initial
static surcharge pressure of 7 psi was applied in all
tests to fiimly seat the specimen in the oedaneter and
to maintain tight contact between the specimen and the
displacement measuring syston. The rapid-acting valves
were triggered with a delay of 15 msec between the
start of the loading and unloading cycles. The data
frcm the pressure gage, the axial strain-measuring
linear potentiometer, and the circumferentially mounted
strain gages were recorded on magnetic tape. The data
were recovered using a time-code reader and an oscillo
scope with a Polaroid camera attachment. A typical set
of data displaying pressure, axial strain, and circum
ferential strain versus time is shorn in Fig. 4.

Fig, 3

To obtain a fourth confining condition, two tests were
performed with the uninstrunented 3/8-inch ring. In
these tests the annular space between the ring and the
walls of the oedaneter test cavity was backpacked with
dense 20-30 Ottawa sand. For this testing configura
tion, the transition section shown in Fig. 1 was not
used, and the upper and leaver steel containers were
somewhat modified to allow the specimen ring and the
backpacking sand around the ring to be axially loaded
by the gas pressure acting on the rolling diaphragm.
Loading and unloading were accomplished in the same
manner as for the instrunented rings, by using the
rapid-acting valves.

Moisture-density relations

The dynamic oedaneter tests were performed on specimens
canpacted at a water content of 9.9 ±0.4 percent and a
dry density of 120.6 pcf ±1.4 percent. This range of
water contents and densities for the test specimens is
superimposed on Fig. 3, which indicates that all speci
mens were prepared at an initial degree of saturation
of 70.7 percent. For an initial water content of 9.9
percent, the corresponding liquidity index was -0.37
and the activity index of the soil was 0.61.

TEST RESULTS
The results of the variable confinement tests reduced
frcm data similar to those shown in Fig. 4 are present
ed as stress-strain curves in Figs. 5 through 8. For
each lateral confinanent condition, two identical tests
were performed. The results are superimposed on the
same figure and are designated as tests A and B. The
axial-stress versus axial-strain relations are shown as
solid lines, and the corresponding axial-stress versus
radial-strain relations are shown as dashed lines. The
radial strains were measured by the strain gages on the
outside surface of the rings and were converted to in
side ring strains by correcting for the thick-ring ef
fects given in Table III.

Drained triaxial tests on specimens prepared at the
ccmpaction water content indicated an effective angle
of internal friction of 30.5° and a cohesion intercept
of 12 psi.
The test specimens were prepared by compacting the soil
directly into the rings in which they were to be tested
by using a 4-pound drop hanmer falling a distance of 12
inches. The diameter of the compaction foot of the
hanmer was 1 inch, and the specimens were canpacted in
three lifts using 30 blows of the hanmer evenly dis
tributed over each lift. A special fixture was design
ed to provide a canpacted specimen slightly thicker
than the height of the ring. The specimen was subse
quently trimned to expose two flat surfaces flush with
the specimen ring.

Fig. 9a shews a comparison of the averaged (tests A
and B) axial stress versus axial strain for the four
conditions of lateral confinement during loading. Fig.
9b shws the corresponding comparison of axial stress

w
a.
rO
rO

5 m s e c /d iv is io n

Fig. 4

2 0 msec/division

Typical test data for 1/2-inch ring
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Stress-strain curves, 1/2-inch ring

Fig. 8

Stress-strain curves, 3/8-inch backpacked ring
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(a) Axial stress vs. axial strain
Fig. 9

(b) Axial stress vs. radial strain

Averaged loading stress-strain relations

versus radial strain for the three cases in which
radial strains were measured. Fig. 10 shows the varia
tion of the secant modulus with axial stress for the
various condition? of lateral confinement. It is un
fortunate that measurements of radial strain could not
be made for the sand-backpacked ring. Although this
condition provides the most rigid lateral confinsnent
(Fig. 9a), a small amount of radial expansion undoubt
edly occurs; however, its effect on the radial stress
is not known.

Fig. 11 shows the averaged axial-stress versus radialstress relationships during both the loading and un
loading cycles. The axial-stress versus radial-stress
relationship for the various conditions of lateral con
finement was obtained directly from the ring calibra
tion curves shown on Fig. 2 by converting the measured
circumferential strains into radial stresses. Fig. 11
indicates small residual radial stresses after complete
axial unloading. Fig. 12 shows the relationship be
tween k, the ratio of radial stress to axial stress,
and the applied axial stress.

R ing w all
thickness, in.
3 /8 (backpacked dense
sand)

1/2
1/4

150
A xial stress, (fg, psi

Fig. 10

Averaged secant moduli vs. axial stress

Fig. 11
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Averaged radial stress vs. axial stress
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Degree of soturotion %

Fig. 12

k vs. axial stress

It has been pointed out by Davisson and Maynard (1965)
that the value of k increases rapidly and reaches unity
at degrees of saturation above 80 percent. At high
degrees of saturation a small stress excursion com
pletely saturates the sample and the stresses are
carried by the fluid phase.
Sane of the recently developed elastic and elasticplastic computer codes for one- and two-dimensional
ground-motion calculations are based on the assunption
that the volumetric strain of the soil is a unique
function of the mean stress. Fig. 13 shows the rela
tionship between mean stress and volunetric strain for
the test series in which radial stress and strain
measuranents were made. This figure indicates that
for the particular soil and for the conditions of
radial confinement in this study this assunption may
be reasonably justified. However, tests need to be
performed to higher stresses, and the behavior of other
types of soils needs to be investigated. Also, con
ditions of confinanent approaching the one-dimensional
condition need to be investigated more closely.

Volumetric strain, y ^ - , in .3/ ¡n?

Fig. 13
Table IV
_____
OCR

1
2
4
8

OCMPARISQN OF DATA
Brooker and Ireland (1965) have shown the relationships
between the plasticity (Ip), the effective angle of
internal friction ($'), and the overconsolidation ratio
(0®) for various soils tested statically in which no
lateral yield was permitted. All tests by Brooker and
Ireland were conducted at an initial water content cor
responding to a liquidity index of 0.5. Recalling
that the soil properties of the present study pertained
to a plasticity index of 11 percent, corresponding to
an initial liquidity index of -0.37 and an effective
angle of internal friction of 30.5°, Table IV shows a
comparison of the static data obtained by Brooker and
Ireland with the dynamic data obtained from the pres
ent study for the specific soil conditions mentioned
above and for the various degrees of lateral stiffness.
The dynanic data from the stiffest ring (1/2-inchthick) compare fairly well with the static data for the
various overconsolidation ratios. The more flexible
rings indicate, in general, increasing values fpr the
dynanic coefficient (k); however, the differences are
insignificant.
the good agreement between the static and dynamic data
is attributed to the fact that the dynanic tests were
performed on a relatively free-draining soil at a low

*

Mean stress vs. volumetric strain
Comparison of k Values for I0 = 111 and
<(.' = 30.5°
*
k
Static Tests
Dynamic Tests
Ring, in.
0.45
0.58
0.82
1.16

TP

1/2

1/4

1/8

0.48
0.60
0.84
1.23

0.57
0.64
0.84
1.18

0.56
0.65
0.87
1.18

0.56
0.68
0.94
1.25

From Brooker and Ireland (1965).

molding water content and, consequently, the pore water
pressures were apparently not significant. Fig. 13,
which also shows the relationship between mean stress
and degree of saturation, indicates that for the 1/8inch ring the degree of saturation at the 300-psi
stress level was 77 percent and did not exceed 82 per
cent under the peak stress of 400 psi reached in this
study.
SIM4ARY AND CONCLUSIONS
1. The axial-stress versus axial-strain relationships
shown in Figs. 5 through 8 are concave to the strain
axis throughout the loading phase. This behavior is
cannon for most soils at the lower stress levels. At
higher stress levels locking probably would have oc
curred, and the loading stress-strain curves would
have bécane concave to the stress axis (Davisson and
Maynard, 1965; Calhoun and Kraft, 1966).
2. The radial confinement of the various stiffness
rings is shown by the axial-stress versus radial-strain
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plots of Fig. 9b. Hie influence of radial confinement
an the stress-strain curve is shown in Fig. 9a. The
curves in »hi« figure are consistently arrayed accord'
lug to the various degrees of radial confinanent.
3. The influence of radial confinanent on the secant
modulus is shown in Fig. 10. This plot indicates a
decrease in modulus with increasing radial expansion.
For any given axial stress level, the decrease in
modulus between the backpacked ring (stiffest) and the
1/8-inch ring (most flexible) is approximately 2S
percent.
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