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Hd 1 AN _INVESTIGATION OF STRESS—STRAIN AND STRENGTH CHARACTERISTICS
OF COHRSIONLESS SOTLS BY TRTAXTAL COMPRESSION TESTS

LIANG-SHENG CHEN

Research Fellow in Soil Mechanics
Graduate School of Engineering, Harvard University, Cambridge, Massachusetts, U.S.A,

STNOPSIS

During 1943 and 1944, the author investigated the stress-strain and strength
characteristics of cohesionless soils by means of triaxial compression tests.
High accuracy in the determination of the entire stress-strain curve was the prin-
¢ipal purpose of this investigation. Among the variables which were investigated
are: minor principal stress, density, grain size and shape.

This research was conducted at the Soil Mechanics Laboratory of the Graduate
School of Engineering, Harvard Unliversity, under the supervision of Professor

Arthur Casagrende.

GENERAL: DESCRIPTION OF APPARATUS

The apparatus used is shown in Figs. 1
and 2. The following two points are worth not-
ings (1) The test specimens were cylindrical,
enveloped in a thin rubber tube, seated on a
metal base and covered by a metal cap. The
rubber tube was bound to the base and the cap
by means of rubber bands. A hole through the
base permitted the evacuation of air from the
test specimens. The partial vacuum thus creat-
ed induced lateral pressure on the test speci-
mens and was measured by a mercury manometer.
(2) The loading device consists essentially of
a platform scales and a loading yoke. The yoke
is operated by means of & mechanical jack and
a handwheel not shown in Figs. 1 and 2.

LOAD TRANSMISSION ARRANGEMENT

The different pieces of equipment used to
transmit load from the loading yoke to a test
sgecimen are shown in Fig. 3. A cup was insert-
ed between the cap and the yoke attachment.This
cup insures a ring contact between its conical
surface and the spherical surface of the yoke
attachment, The friction which is mobilized at
this contact ring is sufticient to prevent
tilting of the cap toward the end of tests. 4
3/4" hole at the center of the yoke attachment
and the cup enables the stem of an extensome—~
ter (Fig. 1) to establish a direct contact with
the cap, thus improving the accuracy in the
measurement of the axial deformation of test
spe cimens.

EQUTPMENT AND METHOD FOR PLACING AND COMPACTING
TEST SPECIMENS.

Fig. 4(a) shows & test specimen being pre-
pared; Fig. 4(b) the various pieces of equip-
ment used for its preparation. Attention is
called to the construction of the following
items: (1) forming jacket; (2) spoon; (3) tam-
pers.

The forming jacket consists essentially
of two half cylinders which are matched by
means of dowsl pins and are pressed against
each other by bolts. To seat the jacket tight-
1y on the base, a rubber gasket was used. The
top end of the jacket is reduced in thickmess
and rounded to permit rolling the open end af
the rubber tube over it. An outlet on the side
of one half of the jacket, together with a sys-
tem of longitudinal and circumferential fine
grooves on the inside of the jacket, facilit-
ate the evacuation of air from the enclosed
space formed by the inside of the jacket, the
rubber tube, snd the rubber gasket. Evacuation
of this space was essential to the preparation
of neat test specimens,
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The spoon (Figs. 4 and 5) was given a
long handle so that solil could be placed with
a minimum drop. A short arm hinged at the top
of this handle end a connecting wire permit
the dumping of soil in a controlled manner.
The importance of control in placing soil in
the preparation of loose specimens and in the
prevention of segregation of grains of well-
graded materials cannot be over-emphasized.

The importent feature in the design of
the tampers for compacting s0il is their two-
piece construction which is illustrated in
Figs. 4 and 6. During compaction, the anvil
rested on top of the soll, while the tamping
weight was allowed to fall freely from a pre-
determined height which was controlled by the
position of a movable clamp along the stem of
the anvil. Between successive blows, the tam-
per was moved slightly over the surface of the
s80ll to effect a more uniform compaction. The
temping weight was made slightly smaller in
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diameter than the anvil to avoid damaging the
rubber tube. To produce a wide range of den-
sity, two different tamping weights were used.

The dimensions of all test specimens at
the start of the test were: diameter - 2.8 in.,
height - 7 in, Except for the loosest speci-
mens, all test specimens were compacted in ten
layers. An srbitrarily chosen total number of
blows by a tamping weight was distributed
among the ten layers according to a linear va-
riation; that is, the number of blows given to
each layer exceeded that given to the preced-
ing layer by a constant value. The variation
was so adjusted that the test specimen, when
evacuated and compressed, would deform symme-
trically with respect to its midheight, an in-
dication of a uniform density along the height
of the test specimen.

TEST PROCEDURE

.. The loeding of a test specimen was done
in increments applied at regular time inter-
vels. The axial deformation of the specimen
was measured by a dial extensometer (Figs. 1
and 2), whereas its lateral expansion was usu-
ally measured by means of a caliper at the mid-
height cross-section. In a few tests, dial ex-
tensometers were used, as shown in Fig. 2, to
obtain greater accuracy.

The vacuum inside of a test specimen was
kept constant during a test. The lateral press-
nre on the specimen, however, changed slightly
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during the test owing to the changing confin-
ing pressure exerted by the thin rubber tube
as the specimen expanded laterally.

DESCRIPTION OF MATERIAIS TESTED

A description of the materials tested is
found in Fig. 24. Each tested material was
given a number and is designated by that num-
ber elsewhere in this paper. All materials
tested were air-dried.

GRAPHICAL, FRESENTATION OF STRESS—-DEFORMATION
RELATTIONSHIPS.

Figg., 7 through 9 serve to illustrate the
method of presenting stress-deformation rela-
tionships. Figs. 7 and 8 show the stress-strain
curves of two similarly compacted dense speci-
mens of subangular sand No. 81 (see Fig. 24),
on logarithmic and arithmetic plots respectiv-
ely. In each figure, the abscissa represents
the deviator stress (i.e. the difference be-
tween the major principal or axial stress and
the minor principal or lateral stress) at the
midhei ght cross-section of the test specimen;
the ordimate represents the axial strain (that
is, the ratio of the compression of a test
specimen to its height at the start of load-
ing). Comparison of Figs. 7 end 8 shows that
a logarithmic plot presents the first portion
of a stress-strain curve more accurately than
an arithmetic plot. This advantage of a loga-
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rithmic plot becomes more apparent when a
group of stress-strain curves are plotted and
compared on one sheet.

Fig. 9 shows the relationship between the
lateral and axial strains of the two specimens
mentioned sbove, The lateral strain is defined
as the ratio of the increase in the diameter
at the midheight cross-section to that diame-
ter at the start of the test.
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It is to be observed from Figs. 7-9 that
a test specimen can be very accurately duplic-
ated by following the procedures of placing
and compacting soil as outlined previously.

STRESS—STRAIN AND STRENGTH CHARACTERISTICS OF
COHESIONLESS SOILS AS FUNCTIONS OF DENSITY AND
LATERAL FRESSURE.

A series of triaxial compression tests
was conducted on subangular sand No. 83 (see
Fig. 24) using five different densities rang-
ing from the loosest to the densest states,
and with lateral pressures ranging from 0.1 to
0.9 kg/sq cm,

Figs. 10-12 show the stress-strain curves
for three of five states of density tested un-
der different lateral pressures. In these and
other figures, eP stands for the void ratio of

a test specimen at the start of loading (0’3)o

the lateral pressure at the start of loading
(0'3)f the lateral pressure corresponding to

the maximum value of the ratio of axial to la-
teral stress. It is to be noted that the later-
al pressure on a test specimen increased toward
the end of the test because of a slight increase
in the confining pressure exerted by the rubber
tube as mentioned above.

Observation of Figs. 10-12 shows that for
values of deviator stress within the range from
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; angle of internal friction) and the intersec-
Il e ' tion on the T —axis of the straight-line en—
b e ) o, velopes and the density of the specimens are
shown in Figs. 16 and 17 respectivelye.

el M | " $ |
D20 e 3038, 825005000 |

7!(:.1:.\.:.—"'

Busnd e G fullowing bewtng

3-1-01 te 39
3301w 20,02 08,15,26,17)

- fagree
¥

gy = G0N kfvy o
- ~ / (o), « 0. 00 afag ==
~> > £ Ay - DT keleg -
. (), « 0.9 xaleg =
o - 0.9 kgfvg -

Aapareet dagle of Latarsal Frisibes §

o.@ 0.6 npe

Mopmmnal lagle of Dniermal Pristies f, of Scheegules. desd Se. )3

8 Pwwlles of Smadils amd latersl Fvesss

1
o.7% 0.0 o0 *w I
Iiiial Tedd Nalls - m
|

FIG.18

about 15% to 50% of the maximum deviator stress
the stress—strain curves on logarithmic plots
can be approximated closely by straight lines,
Figures 12-15 show the envelopes of Mohr's
stress circles at failure. It is seen that
these envelopes are approximately straight
lines intersecting the T -axis very slightly
above the origin. The relationship between the
slope (expressed by angle @, called the true

Owing to the fact that Mohr's rupture en-
velopes were not exactly straight lines pass-
ing through the origin, the angle ¢c between

the 6-exis and the tangent from the origin to

a failure stress circle, called the apparent

angle of internal friction, was not a constant

for a given density of soil, but decreased wivn

increasing lateral pressure as shown in Fig.18.
As shown in Fig. 19, the failure strain

Ess i,e. the axial strain corresponding to the

maximum value of the ratio of axisl to lateral
stress, decreased with the density but increas-
ed with the latersl pressure.

RELATIONSHIP BETWEEN AXTAL AND LATERAL STRAINS

In Figs., 20 and 21 are shown the typical
relationships between the lateral and axial
strains of a dense specimen of subangular sand
No. 81 (Fig. 24) and a loose specimen of Stan-
dard Ottawa sand, The lateral expansion of
both test specimens was measured at the mid-
height cross-section by means of four extenso-
meters (Fig. 2). It is seen that equal increm-
ents of axial strain do not cause equal increm-
ents of lateral strain. For convenience, the
ratio of a small increment of lateral strain
to the corresponding small increment of axial
strain will be called the tangent Poisson's
ratio of soil., Observation of Figs. 20 and 21
shows that the tangent Poisson's ratio of sand
subjected to a constant lateral pressure in-
creases with increasing axial strain. For the
dense snd loose specimens, this ratio increas-
ed from a value smaller than 0.1 for small
velues of axial strain to about 1.6 and 0,8,
respectively, at the failure streins.

The tangent Poisson's ratio also veries
with the density of, and the lateral pressure
on, test specimens, as illustrated in Figs,.22
and 23, For a given axial strain, this ratio
increases with increasing density and with de-
creasing lateral pressure.

Figure 22 shows that the volume of the
loosest specimen at the failure strain was
smaller than that at the start of the test.
For specimens of other densitles, the volume
at the failure strain was larger than that at
the start of the test. The dashed line in
Fig. 22 was drawn based on the assumption that
the lateral surface of a test specimen at the
fellure strajin is symmetrical with respect to
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the midheight cross-section and can be formed
by revolving a section of a parabols about the
axis of the specimen. This assumption was ver-
ified by a number of tests on subangelar sand

STRESS~-STRAIN AND STRENGTH CHARACTERISTICS OF
COHESIONLESS SOILS AS FUNCTIONS OF ANGULARITY
AND GRAIN-SIZE DISTRIBUTION.

Tests have been performed on a number of
materials widely different in angularity and
grain-size dlstribution (Fig. 24). Each mate-
rial was tested at different densities rang-
ing from loose to dense state, using a lateral
pressure of 1.0 kg/sq cm. Each test was made
by loading and unloading the test specimen
twenty-five times to and from a deviator stress
(03).» equal to about 30 percent of the estim~

ated strength, before the specimen was finally
recompressed to failure. The ratio of the re-
peated deviator stress (ah)r to the strain €05

it produced along the last (25th) recompress-
ion curve was called modulus of compression
and denoted by E25.

Figures 25 and 26 show the apparent angle
of internal friction ¢c and the modulus of com-

pression E__, respectively, of different mate-

riels as a function of density. It is seen that
the apparent angle of internal friction Qc in-

creases with increasing angularity of grain and
with increasing Hazen's coefficient of uniform-
ity Cu (d60/dlo). varying from 26.5° for loose

speclimens of the well-rounded Ottawa standard
sand to 51.5° for the well-graded gravel. The
modulus of compression E25, however, decreases

with increasing angularity of grain, and is not
appreciably affected by the shape of the grain
size distritution curves. That is, materials
having angular grains are more compressible
than materials having rounded grains, whereas
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soparent dagle of Daternal Priobine §

¥

the grain size has little effect on compressib-
ility.
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CONCLUSIONS

The investigations presented above lead
to the following conclusions:

1) The stress-strain and strength characteris-
tics of cohesionless soils can be accurately
determined by means of a simple vacuum type
triaxiael compression apparatus for the dry
state and for confining pressures less than
one atmosphere.

2) By means of improved equipment for placing

and compacting cohesionless soils, great
uniformity in the density of test specimens
was achieved. It was also possitle to duplic-
atitaccurately a given density and test re-
sults.

3) For the tests performed, the major portion
of the stress-strain curves can be approxim-
ated by straight lines on logerithmic plots.

4) The angle of internal friction of cohesion-
less soils increases with increasing angu-
larity of the grain and with increasing Hazen's

coefficient of uniformity.

5) The compressibility of cohesionless soils
increases with the angularity of grain, but

is not appreciably affected by Hazen's coeffi-

cient of uniformity.

6) The lateral strain of test specimens of co-

hesionless soils increases at a faster rate

than the axial strain. A cohesionless soil sub-

Jected to a constant lateral pressure does not

possess a constant Poisson's ratio.

-0-0-0-0-0-0~-

THE CAUSES OF THE JERKY PROCESS OF DEFORMATION IN THE CASE OF SATURATED AND DAMP SANDS

Il d12

By subjecting sand-cylinders to pressure
tests we find that in the case of dry sand,the
Process of deformation is steady, and parallel
tests carried out by means of precisely work-
ing apparatus show practically no dispersion.
On the other hend, tests with damp sands as
well as with sands saturated with water, even
if carried out with the greatest care, have
shown that only the initial and final stages
of the tests, i.e., the first stages of deform-
ation and break load are free frem dispersion.
4s soon as the process of defarmation ceases
to take a linear course and begins to develop
progressively, deformation tekes place by jerks
and is accompanied by considerable dispersion
which camnot be avoided even though tests be

WALTER BERNATZIK
Innsbruck,

Austria

carried out with the greatest possible care
and precision. The cause of this phenomenon is
as follows: As long as the shearing forces from
grain to grain are nowhere strong enough to
surpass friction, deformation takes place pract-
ically without changing the density of the bedd-
ing and in linear manner. However, with an in-
creased main tension ratio, a progressive dis-
pPlacement of grains teskes place until the en-
tire mass of sand is set in motion at break
point. Displacement is accompanied at the be-
ginning by a slight compression, which in its
final stages develops into a loosening of the
structure as shown by Figure No 1.

It will be seen that while the demsity of
the bedding remains unchanged, two main tension



