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ABSTRACT

A series of drained plane strain compression tests was performed on saturated samples of
fine angular to sub-angular sand at confining pressures from 0.05kgf/cm? (4.9 kN/m?) up to
4.0kgf/cm? (392kN/m?). Samples were prepared by the air-pluviation method with changing
the angle § of bedding plane to the g¢,'~direction during plane strain compression tests from
0 to 90 degrees. It was found that in the plane strain compression tests the dependency of
¢ =arcsin {(o,'—03")[(0,+ 65 )}mar On 05’ is very small when ¢,/ is lower than: around 0.5
kgf/cm? as well as in the triaxial compression tests. Strong strength anisotropy was observed;
¢ has its minimum at § between 23° and 34°. It was also found that this minimum value
of ¢ in plane strain compression is similar to ¢ at this value of § in triaxial compression.
The tendency of such strength anisotropy was found rather insensitive to stress levels em-
ployed (¢;'=0.05~4.0kgf/cm?). The stress-dilatancy relation at the peak stress condition was
found to be a strong function of § whereas this relation was insensitive to the change of &’
The change of the deformation characteristics of sample with the change of ¢’ was found to
be rather small when ¢,/ is lower than around 0.5kgf/cm? as well. It was found that the
strength anisotropy and deformation anisotropy as a function of § are somewhat different.

Key words : angle of internal friction, dilatancy, drained shear, plane strain compression test,
sand, shear strength (IGC : D 6)
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Fig. 1. Schematic diagram showing
(a) the o-direction at failure
and (b) stress paths for 9=0°
and 90° in a model bearing capac-
ity test

extremely low pressures are needed (Fig. 1).
To this end, two series of triaxial compres-
sion tests have been performed by the au-
thors and their colleagues. First, the de-
pendency of the strength and deformation
characteristics of the model sand (Toyoura
Sand) on the minor principal stress o3’ was
investigated by Fukushima and Tatsuoka
(1984). It was found that the value of o=
arcsin {(g,'—03") /(0. +05') }max and the de-
formation characteristics are rather independ-
ent of ¢’ for a stress range of ¢4'=0.05~
0.5 kgf/cm? (5~50kN/m?). Then, Tatsuoka
et al. (1986) investigated the effects of sev-
eral factors on the strength and deformation
characteristics of the model sand by triaxial
compression tests at low stress levels (oy/=
0.05~1.0kgf/cm?). These tests were needed
because while at the authors’ laboratory in
model tests the same mass of air-dry Toyoura
Sand had been -used repeatedly, the plane
strain compression tests were performed on

bedding plane to the ¢,’-direction,

fresh saturated samples which were prepared
by the freezing method which will be describ-
ed in the later part. It was found that
even at these low stress levels, the effects
of these factors (frozen or unfrozen during
sample preparation, air-dry or saturated dur-
ing test, and fresh ‘or used sand) on the
results are very small.

On the other hand, Arthur and Assadi
(1977) and Oda et al. (1978 and 1981) showed
that the degree of strength anisotropy is
larger in plane strain compression than in
triaxial compression. In the tests by Oda
et al. (1978), the minimum values of ¢ were
recorded for §=24°~30° (d=the angle of
Fig. 1)
at g4/=2.0 and 4.0kgf/cm? The existence
of such a minimum was also shown by Matsu-
oka et al. (1984). However, the minimum
of ¢ at §=24°~30° is not clear in the data
at ¢3'=0.5 and 1.0kgf/cm? by Oda et al
(1978), in those at ¢;’=0.5 and 3.0kgf/cm?
by Kimura et al. (1985) and in those at
0s'=0.5kgf/cm? by Arthur and Assadi
(1977).  Therefore, to clarify how such
strength anisotropy as above depends on the
stress level, a more comprehensive series of
tests was considered necessary.

Furthermore, it has not been well under
stood how ¢ of the model sand depends on
gy’ at low stress levels in plane strain com-
pression. This kind of information is needed
for a wide range of ¢;/, say 0.05~1.0kgf/
cm? (5~100kN/m?), for the analysis of the
results of small model tests in normal gravi-
ty. So far, only a very limited number
of the test results has been reported in
literature (for example, van Leussen and
Nieuwenhuis, 1984).

In view of the above, a series of drained
plane strain compression tests was performed
on air-pluviated saturated fresh Toyoura

" Sand for a wide range of ¢/ from 0.05 to

4.0kgf/cm? (4.9 to 392 kN/m?) with changing
6 (0°~90°) at each value of gy’

TEST PROCEDURES
Two series of tests were performed. The
first series (Series A) was performed by

NI -El ectronic Library Service



The Japanese Geotechnical Society

STRENGTH AND DEFORMATION OF SAND 67

(a) E 3 O¢: CELL AR
PRESSURE
I BACK AIR
PRESSURE
rD—qEH LCH O e
PX
[T +DRAINAGE l l
PS C ::1 CFP1V
el SP f ' ah
I i 2
CFP SPECIMEN ~LC2
B \ | -EP Paw
Ny ]
=
LC3 LC4
-. p j El

HC-DPT LC-DPT
T T T TT
CHE ioilo Oh— o
g O 4 B O] d
Ot : : f:o e} fe)
©,~ DIRECTION ©,~DIREGTION
J G,-DIRECTION JOQ—DIRECTION
d ¢ b a
= e
T T

——— [0k 8] e [m ai]

0, - DIRECTION

LC 3&4 1 G ,~DIRECTION
d c b a
(b) [ E § Y § ﬂ I

Fig. 2. Schematic diagrams of (a) plane
strain compression apparatus and (b)
load cells used in tests at o;'=0.05
and 0.1kgf/cm?(HC-DPT ; high-capaci-
ty differential pressure transducer to
measure g,' and LC-DPT ; low capacity
differential pressure transducer to
measure volume change) (1kgf/em2=
98kN/m?)

second and third authors and the second
series (Series B) was performed by the last
author.

Series A

The nominal initial sample dimensions are
hy (height)=10.5cm, w, (width or length
in the g;/-direction)=4cm and [, (length
in the g¢,/-direction)=8cm (Sample A). A
ratio hyjw,=2.6 was employed to minimize
the effects of end friction on the results,
especially measured strength values. The
stainless steel plate (SP, see Fig.2(a)) hav-
ing a drainage hole with a diameter of 5 mm
for a porous stone (PS) was glued to the
cap and pedestal of duralumin and its rectan-
gular surface was sufficiently polished to bet-
ter the lubrication quality. The confining
plates (CFP 1 and CFP 2) were made of stain-
less steel and their surfaces were also suffi-
ciently polished. Based on the study of
Tatsuoka, Molenkamp, Torii and Hino
(1984), the composition of lubrication layer
was changed depending on the maximum
normal stress in the plane strain compression
test. Type 1 with Silicone grease KS63G
was employed for the tests at ¢,/=0.05 and
0.1kgf/cm? and Type 1 with Dow grease
was used for the tests at ¢,/=0.5, 1.0 and
4. 0kgf/cm?

While the major parts of the test proce-
dures in this study were the same as the
previous studies (Fukushima and Tatsuoka,
1984 ; Tatsuoka, Goto and Sakamoto, 1986),
the following modifications were made.

(1) For the tests at ¢,/=0.05 and 0.1
kgf/cm? {four load cells (LC1, LC2, LC3
and LC4 shown in Figs.2(a) and 2(b)) were
newly built based on the original idea of
Tani et al. (1983) to measure the boundary
loads of sample inside the triaxial cell. All
these load cells were machined from lumps
of phosphor bronze. The load cell LC1 is
to measure the axial load of sample, which
is very similar to the one used in the triaxial
compression tests at o¢,/=0.05kgf/cm? by
Tatsuoka et al. (1986). The load cell LC2
is to measure the horizontal load Q= (g, —
03’) X (wxh ; the side area of sample). Since
the load cell LC2 supports directly the con-
fining plate CFP 1, all the load Q is directly
transmitted to LC2. The plates CFP2 and
EP (Fig.2(a)) are connected by four tie-
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bars (TB). The seating stress of the con-
fining plates at their setting was also con-
trolled by means of LC2. The load cell
LC2 was used in thirteen tests at ¢,/=0.05
kgf/cm? In the other tests at ¢,/=0.05
kgf/cm? and tests at g,/=0.1 kgf/cm?, CFP 1,
LC 2 and EP were replaced with an acryl plate
to measure the strain field of sample on
the ¢,/-plane, since either the measurement
of ¢y or the measurement of strain field
was possible in the configuration of the ap-
paratus employed in this study. The load
cells LC 3 and LC 4 measure the total vertical
friction working on the confining plates
(CFP1 and CFP2). The head and two legs
of each load cell were tightly connected to
other rigid parts. In each load cell, four
active strain gages labelled a, 5, ¢ and d
form a Wheatstone bridge. This configura-
tion has been found to be very effective to
make the load cell very sensitive to the
normal load to be measured but very insensi-
tive to other load components (Tatsuoka et

al., 1986). It was carefully confirmed that
each load cell has a high linearity and a
high rigidity. For example, the rigidities
of LC1 and LC2 were found to be 0.42
kgf/pym and 0.22kgf/ym, which are rather
large values since the capacity is very small
(20kgf). By means of these four load cells
or three load cells (LC1, LC3 and LC4)
together with a proximeter (PX), the stress
path and axial deformation during the sample
preparation phase and the isotropic compres-
sion phase were carefully monitored and con-

trolled.

For the tests at ¢,/ equal to and larger
than 0.5kgf/cm2, a conventional load cell
placed outside the triaxial cell was used to
measure the axial loads and the load cells
LC2, LC3 and LC4 were not used. The
weights of the confining plates were sup-
ported by coil springs in place of LC3 and
LC4 so that the plates are in a floating
condition. With this arrangement, vertical
friction z, on the confining plates works in
the same direction only along a half height
of sample, resulting in reduced effects of
the vertical friction on the measured stress

values. When 7,=0.004 kgf/cm? is assumed
based on the results by Tatsuoka et al.
(1984), the effects of 7, on the measured
value of ¢ becomes negligible for ¢,/=0.5
kgf/cm? In all the tests at o, =0.5kgf/
cm?, an acryl plate was used as a confining
plate (CFP1) to measure the strain field
of sample on the g,/-plane.

(2) In the tests at ¢,/=0.05 and 0.1
kgf/cm?, the cell air pressure o, and the
back air pressure ¢zp with both being 0.5
kgf/cm? were supplied from the same source
so that both values are exactly the same
(Tatsuoka et al.,, 1986). The positive effec-
tive confining pressure ¢, =0c,—0cpp+ 7w 4h
(Fig. 2(a)) was produced by locating the water
level in the burette lower than the cell
water level. Therefore, the value of ¢35
was calculated as

os'=0,/+dos (1)
where ¢,/ is the pressure difference between
the cell water pressure and the pore water
pressure as measured with a HC-DPT (Fig.
2(a)) and 4o, is the stress correction described
later. The value of ¢,/ was kept constant
during a plane strain compression test by
adjusting the level of the burette continu-
ously.

Except for two tests at ¢,/=0.5kgf/cm?
all the samples were nearly isotropically con-
solidated at ¢,/=0.05, 0.1, 0.5, 1.0 and 4.0
kgf/cm? before plane strain compression. Of
course the stress condition within a sample
cannot be perfectly isotropic due to the self-
weight, the membrane forces and the seating
stress of the confining plates. On the other
hand, the stress paths in these plane strain
compression tests which are denoted by IF
or IF’ in Fig.1(b) are different from those
in model tests which are denoted, for ex-
ample, by KM and KM’ for §=90° and 0°.
Since the stress paths at various points in
the model ground are difficult to be exactly
simulated in element tests, an identical sim-
plest stress path was employed in this study
for all values of §(0°~90°) where ¢,/ is in-
creased with a constant ¢,/ starting from
the nearly isotropic condition ; ¢,/=ady' =a3'.

To confirm whether the initial stress condi-
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tion, isotropic or anisotropic, has effects on
the plane strain compression strength, two
tests were performed where samples of §=
90° were first anisotropically consolidated at
a stress condition, ¢,,’=0.5/K, kgf/cm? and
a2’ =03,'=0.5kgf/cm? where ¢1,’, g5, and os,’
are the major, intermediate and minor prin-
cipal stresses during consolidation. The value
of K, was determined based on an empirical
relation K,=0.52¢e obtained by O-kochi and
Tatsuocka (1984).

Series B

Two types of samples were used :

(a) (Sample BS) samples having dimen-
sions of Ay XlyXw,=8.0%x8.0x4.3 (cm) with
the ends being lubricated by Type 1 using
Silicone grease KS63 G, and

(b) (Sample BM) samples having dimen-
sions  of  hyXIyXw,=10.1x10.3x5.5 (cm)
with the ends being lubricated by Type 1
or Type 2 using Dow grease.

All the samples were anisotropically con-
solidated with ¢3,//g1,'=K,=0.52e. For Sam-
ple BS, ¢:,’=2.0 and 4.0kgf/cm? were em-
ployed for §=90°, while only ¢;,/=2.0kgf/
cm? was employed for §=0°. The values of
gy’ were measured in the tests at g.,/=2.0
kgf/ecm?  For Sample BM, only ¢;,/=2.0kgf/
cm? was employed without measuring g,'.
The other test procedures are the same as
the tests at ¢,/=0.5kgf/cm? in Series A.

SAMPLE PREPARATION

By the following two reasons, the freezing
method was employed. First, in this study
conventional latex membranes having a cir-
cular cross-section were used for simplicity.
Membranes were sealed at the cylindrical
portions of the cap and the pedestal. With
this kind of membrane, it is rather difficult
to make a good contact at their vertical
corners between membrane and the inner
surface of mold by vacuuming the space
between them. Secondly, it is apparent that
samples of § other than 90° cannot be made
by the conventional air-pluviation method.

In the freezing method, sand particles

ACRYL BOX (1)

@  pRecTION

POROUS OF 4
£~

sToRE~_ | \},

=

=

BEDDING PLANE

Fig. 3. Procedures to prepare samples
of 3 other than 0° and 90°

were poured through air into the inner room
of mold of duralumin without a membrane.
For 9=90° and 0°, the mold consisting of
five plates is not tilted. For other values
of 4, the following procedures were employed
(Fig.3) : (1) First, the mold with one side
plate having been removed, thus consisting
of {our plates, is placed in an acryl box
which has been tilted at a prescribed angle
of 6. (2) Then, sand is poured until the
mold is completely buried in sand. (3) The
whole sand mass placed in the acryl box
is moistened with a head at the bottom
being 2~3cm of water. (4) One surface
of the sample is smoothed .and flattened by
scraping carefully with a thin steel blade.
Since sand is moist at this moment, the
disturbance by this procedure seems very
small. (5) One side plate is fixed to the
remaining part of the mold. (6) The acryl
box together with the mold and sand is
rotated gently to the vertical position.
Again, the disturbance seems very small as
well as at Step (4). Then, the top surface
of the sample is smoothed and flattened.
After these procedures, all kinds of moist
samples of §=0°~90° together with the mold
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are put into a freezer at —20°C. Several
cares taken to avoid the expansion of the
volume of sample during freezing are de-
scribed in detail in Tatsuoka et al. (1986).
A frozen sample sealed to the cap and the
pedestal with a latex membrane of a thick-
ness of 0.2mm or 0.3mm was thawed at
a room temperature of 20°C at a vacuum
of 0.05kgf/cm? (4.9kN/m?) under the iso-
tropic stress condition. Then, the sample
dimensions were measured for defining the
initial void ratio ey, 5.

The confining plates were set when a sam-
ple was vacuumed either at an effective con-
fining pressure ¢,/ at which the plane strain
compression test was performed when ¢,/=
0.5 kgf/cm? or at ¢,/=0.8kgf/cm? when ¢,/ =
1.0 or 4.0kgf/ecm? In the latter case, the
gs'-plane of sample may depart from the
confining plate(s) when ¢,/ increases from
0.8kgf/cm? to 1.0 or 4.0 kgf/cm2.  The hori-

zontal normal strain during this isotropic

compression for g¢,/=0.8~4.0kgf/cm? calcu-
lated from the measured volume change and
axial compression was only between 0.06 and
0.21% with an average of 0.14%. Further-
more, any departure between the sample and
the confining plate(s) during the isotropic
compression was not observed with naked
eyes. Therefore, it was considered that
~even in the tests at ¢,/=1.0 and 4. 0 kgf/cm?,
the plane strain condition was maintained
except for the very beginning of shearing.

Plane strain compression tests were per-
formed at an axial strain rate of §,=0.25%]/
min. For all the tests, fresh Toyoura Sand was
used which has a mean grain size of 0.16
mm, a uniformity coefficient of 1. 46, a specif-
ic gravity of 2.64 and an angular to sub-
angular shape.

STRESS CORRECTION

While the stress correction in the triaxial
compression tests is not so complicated due
to the cylindrical shape of sample, it is not
simple in the plane strain compression tests
since the membrane forces and the confining
plate friction induce a non-uniform stress

condition within a rectangular prism sample.
Since the exact non-uniform stress distribu-
tion within a sample is very difficult to
estimate, the averaged stress values ¢,/ and
gs’ were calculated by the following different
methods. In these methods, the forces work-
ing in the latex disks with a thickness of
0.3mm used for lubrication at the top and
bottom ends are neglected.
Method-U : Both ¢,/ and ¢’ are uncorrected
for both the membrane forces and the con-
fining plate friction and are calculated as

o)/ =(0/)0=P/A+7" 2 ¢=0/ (2)
where P is the total axial load working
to the top of the sample (sand plus mem-
brane), A is the cross-sectional area of sam-
ple=wx/, =z is the distance down from the
top of the sample and y’ is the effective
unit weight of sample. The calculated value
of ¢,/]os’ at the bottom of sample (z=h)
is the largest value among those calculated
by these different stress calculation methods
for one set of measured boundary loads and
stresses.
Method C-1: It is assumed that for the major
part of sample the effective minor principal
stress g3’ is free from the horizontal forces
working in the part of membrane in contact
with the confining plates considering a high
flexibility of the membrane. It is further
assumed that the membrane has buckled for
the axial load at large axial strains as in
the case of some tests and the load P is
supported only by the sand portion of sample.
However, it is assumed that the vertical
friction 7, on the confining plate is uniformly
distributed and is resisted uniformly by the
whole of the sample. The values of 4,/
and ¢;’ are given as

o./'=(0/)o—f 2 os=0 (3)
where f=r7,XhXwX2/(hxXIXw)=F[V =(the
total vertical load as measured by Load Cells
LC3 and LC 4)/(the volume of sample). It
seems that these assumptions are more real-
istic at higher levels (smaller z) of sample.
For tests at ¢,/=0.5kgf/cm? the term f-z
can be neglected.

Method C-2:1t is assumed that the shape
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of the membrane is of right rectangular
prism during tests. In this study, mem-
branes were set in such that initial axial
strains do not exist in them. In this case,
the total axial load in the membrane M
can be obtained by the theory of elasticity
as

M=2wt,{2-E,(2e;+e3+¢)[3+ (0’ ~0a./)}
+2-0-2,-{2 - E,,(2e;+e,+¢e0)/3}  (4)

where E,, and ¢, are the Young’'s modulus
(=15kgf/cm?) and the thickness of membrane
(0.2mm or 0.3 mm) respectively, &;, & and
e; are the major, intermediate and minor
principal strains of sample with ¢,=0 in the
plane strain compression tests and ¢, is the
initial horizontal strain in the membrane
(60<0). This equation was derived using
v (Poisson’s ratio) of membrane=0.5. The
other parts of stress correction method are
the same as Method C-1. The equations
for ¢, and g, are

0./=(6)' —M|A—=f-2, o/=0/ (5)

These assumptions seem also more realistic
at higher levels of sample. Again the term
f-z can be neglected in the tests at ¢,/
0.5 kgf/cm?

Method C-3:1It is assumed that the total
axial load carried by the sand portion is
P—(M+F) with the other parts of stress
correction method being the same as Method
C-2. The equations for ¢,” and ;' are

0//=(0)y —(M+F)|A, o'=0, (6)

This stress correction method for the vertical
friction on the confining plates F is the

same as the one used by Becker, Chan and
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Seed (1972). This assumption may be more
realistic at lower levels of sample. The term
F|/A can be neglected in the tests at ¢,/=0.5
kgf/cm?

Method C-4:Is is assumed that the horizon-
tal forces working in the membrane in con-
tact with the confining plates increase g’
uniformly along the length of sample by
the amount of 4do;’. The value of 4oy is
obtained by the theory of elasticity as well
as M (Eq.4) ;

dog=—21,-{2-Ep(e;4+2 5 +26))/3

for a dense sample of 3=90° tested at
a,/=0.05kgf/cm? and (b) the values of
¢ calculated by different methods

+ (o2’ =0} 7>
In deriving Eq. (7), it is assumed that the
effects of 'the horizontal friction on the con-
fining plates on the deformation of membrane
is negligible:: The other parts of stress cor-
rection method are the same as Method C-2.
The equations for ¢,’ and ¢;’ are
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8 . present, no clear conclusion has been obtained
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This methbd is. essentlally the same as the
one employed by Duncan and Seed (1967).
The term f% can be. neglected 1n the tests
at ¢,/=0.5 kgf/cm2 ‘

The values of ¢ calculated by these meth-
ods for a test at oc’—O. 05 kgf/cm?  are com-
pared in Fig.4(b) where the ‘values of o
calculated using the stress values at the top,
mid-height and bottom of sample are denoted
by the letters 7', M and B. Fig.4(a) shows
the stress-strain relations for this test where
the stress values were calculated by Method
C-2-T (the stresses are calculated by Method
C-2 at the top of sample). It may be seen
in Fig.4(b) that the largest difference in
¢ by the different stress calculation methods
is as much as around 2.5 degrees in this
case. The smallest ¢ or (g,//03')max is Ob-
‘tained by the method C-4-B (at the bottom
of sample) among these different methods.
Note that ‘in the tests at o,/ =0.5kgf/cm?
the difference in ¢ or (o,//os')mix by the
different methods becomes very small. At

g “(01

M/A——f z, a;

Fig.5 shows the stress-dilatancy relations
at (o{/0s ) max (Rowe, 1962) for the data
for d=90° obtained by the tests of Series
A. It may be seen that when the values
of (6,65 max are calculated by the method
C-2-T, all the data points for ¢,/=0.05~4.0
kgf/em? are located within a very narrow
band except a data point for a very loose
sample which is designated by the letter
a. It may be seen, however, that when
the values of (6,//0s')m.x are calculated by
either the methods U-B or C-4-B, such a
unique relationship as for the method C-2-T
cannot be obtained. For the data obtained
by this study, the dependency of the stress-
dilatancy relation at (¢,//0s')msx ON 0,/ wWas
found to be the smallest for the method
C-2-T. Accordingly, if we can assume that
the stress-dilatancy relation at (¢,'/03") mesx
is independent of ¢;’ between 0.05 and 4.0
kgf/cm?, it seems reasonable to present the
data by using the stress values calculated
by the method 'C-2-T. In the following
parts, the values of ¢,’, 0y’ and ¢ are those
calculated by the method C-2-T except where
specifically noted otherwise.

STRESS AND STRAIN RELATIONS

The typical relationships between stress ratio
ai'|os’, 65']os’ (only in Fig.6(a)), axial strain
¢, and volumetric strain e, for different val-
ues of 6 at ¢,/=0.05kgf/cm? and 4.0kgf/
cm? are shown in Figs.6(a) and (b) and
in Figs.7(a) and (b). It may be seen that
anisotropy is significant in the strength and
deformation characteristics for both dense
and loose samples at g¢,/=0,’=4.0kgf/cm?

(892 kN/m?) as well as at ¢.,/(=05")=0.05

kgf/fecm? (4.9kN/m?). The results suggest
that the deformation during the isotropic
compression up to o3’ =4.0kgf/cm? (392 kN/
m?) had not altered considerably the fabric
of sand with respect to the anisotropic
strength and deformation characteristics. It
is also noteworthy ‘that even loose samples
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Fig. 7. Typical stress-strain relations for

for tests at o./=0.05kgf/cm? for
(a) dense and (b) loose samples
(Series A)

have a high degree of anisotropy in the
strength and deformation characteristics as
well as dense samples. It may further be
seen that at a larger axial strain where
the volume increase is very small, say at
£,=7.5~10%, the difference in the stress
values among different values of § has almost
disappeared.

In Fig.8 are compared the relationships
between ¢,'/os’, e, and ¢, at different values
of g,/ where ¢€;.0;=0.75 and §=90°. Concern-
ing the dependency of the deformation char-
acteristics on ¢/, the following three points
may be seen from the results. First, the
slope d(s,'|a;")|de, at an identical stress ratio
level decreases with the increase in ¢,’ before
the peak stress condition and the axial strain
&, at the peak stress condition increases with
the increase in ., especially at ¢,/=0.5
kgf/cm?2  Secondly, in contrast to this, the
rate of the drop of ¢,'/os" or —d(a,'[es")][de,
after the peak stress condition increases with

tests at o,/ =4.0kgf/cm? for (a) dense
and (b) loose samples (Series A)

T T
PLANE STRAIN COMPRESSION
SATURATED TOYOURA SAND , AIR-PLUVIATED

®=90° |

! Oc/(kgt/cm?) €005
/ / 0.05 0.755
g JE— 0.746

..... - 05 0.741
/ P 1.0 0.748
e 4.0 0.752

n

STRESS RATIO , 0{/0C3', BY C-2-T.
©

VOLUMETRIC STRAIN, €y (%)

AXIAL STRAIN, £a (%)

Fig. 8. Comparison of stress-strain rela-
tions for different values of o, at
8=90° for ey ¢;=0.75 (Series A)

the increase in ¢,/. Lastly, the value of
o/cs’ at a large axial strain, say ¢,= 5~10%,
is larger at a lower .¢,/. Corresponding to
this, the rate of volume expansion —de,/
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[o]
(kgt/cm?)
€,05 0.714 0.709
Photo. 1.

the confining plate of acryl.

‘.%g‘% % *

FTEREEEETEEY

: ! %
O R R IR B R O

0.716 0.714

o,'-surfaces at ¢,=12%. Samples are standing under a vacuum with

0.692

Targets seen on the membrane are made

of latex rubber so that additional resistances to the sample deforma-

tion are not produced

de,=—1—des)/de;, at e,=5~10% increases
with the decrease in ¢.’. At ¢,/=0.5 1.0
and 4.0kgf/cm? —de,/de, at e,=5~10% is
almost zero and correspondingly g,//gs’ is
around 3.5 which is close to the slope in
the stress-dilatancy relation at (¢,//d3") max
(Fig.5) or the value of (¢,//03") max at —des/
de;=1.0 or —de,/de,=0.0 in this relation.
These indicate that at ¢,=5~10% some parts
in the samples have reached the residual
condition when o¢./=0.5~4.0kgf/cm2%  On
the other hand, at ¢,/=0.05kgf/cm? the val-
ues of —de,/de, is not zero and g,//gy is
larger than 3.5 at ¢,=5~10%. This means
that at ¢,/=0.05kgf/cm? the residual stress
condition has not been reached at ¢, =5~10%
even in largely deforming parts within a sam-
ple.

In this study, the strain fields on the
oy'-plane during plane strain compression
were measured in detail in the majority of
tests (see Photo.1 for example). It was
found that such a dependency of the defor-
mation characteristics on ¢,/ as described
above is closely related to the dependency
on g,/ of the degree of the uniformity of
deformation within samples (Sakamoto et
al.,, 1985 ; Kawamura et al.,, 1985). Namely,
it was observed that a shear band or shear
bands start to develop before the peak stress
condition and that even before the clear

formation of shear bands the deformation
within a sample is not uniform with the
degree of non-uniformity being larger at
a lower ¢,/. In contrast to this, the degree
of the concentration of deformation to a
shear band or shear bands was larger at
a larger ¢,/ and the average width of shear
band was smaller at a larger ¢,/ (see Photo.
1). Therefore, after the peak stress condi-
tion for an identical increment of average
axial deformation of sample, the shear strain
increment in a shear band became larger at
a larger ¢,/. Accordingly, it is likely that
the residual stress condition is reached by a
smaller increment of average axial strain after
the peak stress condition at a higher .’
On the other hand it would appear from the
observed strain fields that both the relation-
ships between average stresses and average
strains based on loads, stresses and displace-
ments measured at boundaries and the uni-
formity of deformation within a sample, both
before and after a shear band or shear bands
start to appear, should be considered as a
function of both sample dimensions, A/Dj,
(Dsy is the mean diameter of sand particles)
and A/w, and boundary conditions. Such a point
as above has been pointed out by Drescher
and Vardoulakis (1982) for the case after
a shear band or shear bands start to appear.
Accordingly, the dependency of the deforma-
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tion characteristics on ¢, seen in Fig.8
should not be considered as a pure material
property and should be considered to be
strongly affected by the degree of the non-
uniformity of deformation within a sample
which is a function of ¢.. The detailed
discussions on these points are beyond the
scope of this paper.

DEPENDENCY OF ¢ ON ¢,/ AND ¢

Dependency of ¢ on o5’ : The values of o
obtained by the method C-2-T have been
plotted against e,, for 6=90° and 23°
(Fig.9). It may be seen that the data points
for ¢,/=0.05, 0.1 and 0.5 kgf/cm? are located
within a very narrow band both for §=90°
and for §=23°. For §=90°, average curves
of ¢~ey 4 relations can be well -defined
for ¢,/=1.0 and 4.0kgf/cm? as denoted by
solid curves. The results show that the de-
pendency of ¢ on ¢y’ are very small for
a range of ¢;/=0.05~0.5kgf/cm? both for
0=90° and 23°. While the data are not
presented here, similar trends were seen
for the other values of § examined. In
Fig.10 are compared the values of ¢ at
6./=0.05 and 0.1kgf/lcm? for 6=90° calcu-
lated by the different methods, U-B and C-
2-T or C-4-B and C-2-T. As noted before,
the values of ¢ calculated by the method
U-B are the largest possible values of ¢
and those by the method C-4-B are the
smallest possible values of ¢. The results
shown in Fig. 10 indicate that when the
method U-B is employed the dependency of
¢ on g,/ becomes slightly larger than it is
when the method C-2-T is employed, but
this dependency is still not significant. On
the other hand, it may be seen that when
the method C-4-B is employed, the values
of ¢ at ¢./=0.05kgf/cm? become generally
smaller than those at a.’=0.1kgf/cm?
Therefore, it would appear that the method
C-4-B is not reasonable, but another method
by which larger calculated values of ¢ are
given like the method C-2-T is more reason-

able.

Accordingly, in spite of some uncertainties

arcsin{(64—03) / (33+063) } nex
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among different stress calculation
methods

in the calculated values of ¢ at ¢,/=0.05
and 0.1kgf/cm®, it can be concluded that
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Fig. 11. Relationships between ¢ and o5’

(g5) at 8=90° and 23° for ey s=(a)
0.7 and (b) 0.8

the dependency of ¢ on ¢;’ for a range of

o3’ =0.05~0.5kgf/cm? of saturated Toyoura

Sand prepared by the air-pluviation method

is negligible, or very small if any, in plane

strain compression as well as in triaxial

compression.

The range and value of ¢ at ep4;=0.7
and 0.8 were read from the band and the
average curves shown in Fig.9 and plotted
against g5/ in Fig.11l. The relationships for
triaxial compression by Fukushima and
Tatsuoka (1984) are also shown in Fig. 11.
The six relations seen in Fig. 11 show gener-
ally similar results in that the dependency
of ¢ on gy is negligible for ¢;/<0.5kgf/
cm? whereas the value of ¢ starts to de-
crease with the increase in ¢/ at around

=0.5 kgf/cm?.

Dependency of ¢ on 08 (strength aniso-
tropy) : Since a clear dependency of ¢ on
g;' cannot be seen for a range of ¢;/=0.05~
0.5 kgf/cm?, an average relationship between
o and e, ;s was defined as well as for gy'=
1.0 and 4.0kgf/cm? which is represented

by a broken curve in Fig.9. Then, the
value of ¢ for each test at §, ©(8), other
Athan 90° (0°, 11°, 23°, 34°, 45° and 67°)
was divided by ¢ at §=90°, ©(6=90") or

©(0=90°, PSC) at the same €., as the
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Fig. 12. Relationship between R(d)=¢(d)/¢p
(6=90°) and & (Series A)

test. 0 (§=90°) are given by either of three
averaged curves for 6=90° in Fig.9. The
ratios R(3)=¢(3)/0(6=90°) in plane strain
compression at all the values of ¢,/ employed
in this study have been plotted against o
(Figs.12(a) and (b)) or against e, (Fig.
13). Furthermore, these ratios at ¢;’=1.0
kgf/cm? in plane strain compression were
plotted against § together with those in tri-
axial compression in Fig.14. The values of
¢ at 6§=90° in triaxial compression for ey 5=
0.7 and 0.8 were obtained from Fukushima
and Tatsuoka (1984) where cylindrical sam-
ples were used and those at §=0° were ob-
tained by this study using rectangular prism
samples (Ao XwyX/;=8.0%x4.3%x8.0cm) as
used for the plane strain compression tests
in Series ' B. The relation for triaxial com-
pression at e=0.67~0.68 was obtained from
the results by Oda et al. (1978) where o
(6=90°, PSC)=50.4° is reported. Several
points may be seen from Figs. 12 through 14.

First, there is strong anisotropy in ¢ in
both loose and dense samples and ¢ has
a minimum somewhere between §=23° and
34°. Furthermore, it may be seen in Fig. 12
that the scattering in the data points except
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Fig. 14. Relationship between R(3)=¢(8)/p
(8=90°, PSC) and 8 at oy =1.0kgf/cm?

two points at d=0° and ¢,/=0.05kgf/cm?
which are labelled A and B is not materially
large and the dependency of the ratio R(d)
on ¢,/ is not discernible. It seems to be
a very important finding that such anisotropic
characteristics of strength as seen in Figs.
12 through 14 are preserved even at such
a relatively high pressure as ¢3'=4. 0 kgf/cm?
(392kN/m?) as well as at such a very low
pressure as g3’ =0.05kgf/cm? (4.9 kN/m?).

A solid curve seen in Fig.12(a) and Fig. 12(b)
represents an average relationship between
R(3) and & for a range of ¢;/=0.05~4.0
kgf/cm?.

Next, it may be seen that the degree
of strength anisotropy in terms of R(§)=
0(3)]0(6=90") is only slightly less in looser’
sand than in denser sand. Therefore, it
seems that even in model tests under the
plane strain condition using: air-pluviated
loose sand the strength anisotropy plays an
important role as well as in those with air-
pluviated dense sand.

Furthermore, the results shown in Fig. 14
seem to suggest that at § between 23° and
34° ¢ in plane strain compression is similar
to that in triaxial compression. This result
means that the dependency of ¢ on the
parameter b= (g5’ —0a3')/(o,/—a3’) is a strong
function of §, with this dependency being
the largest at §=90° and the smallest or
even none at § where ¢ in plane strain com-
pression has its minimum. Further studies
at wider ranges of b and ¢,/ will be needed
to clarify this point.

It was suggested by Arthur and Dunstan
(1978), Matsuoka et al. (1984) and Haru-
yama and Kitamura (1984) that the strength
anisotropy is a function of the smaller
one of two angles between the stress char-
acteristics at failure and the bedding plane,
d—e(d) (see the inset in Fig.15) where the
angle (§) is equal to 45°—¢(8)/2. The
absolute value (>0) of the angle 6—¢(0)
at each § was divided by its value at §=90°,
{90°—e(6=90")} =45+ ©(6==90°)/2. Then all
the data were summarized in a normalized
relationship between R(6)=¢(5)/eo(d=90%)
and z=]8—¢(8)]/{90°—(6=90"} (Fig. 15).
Note that for §=45° and 0° the parameter
z becomes a similar value. It may be seen
that all the data points are located within
a band except for those designated by the
letter C which are the majority of data
points at 6=0° for o,/=0.5~4.0kgf/cm?
For this band the ratio R(§) increases monot-
onously with the increase in the parameter
z. It may also be seen that for §=0° only
two data points for ¢,/=0. 05 kgf/cm? labelled
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and (b) may be very useful to-evaluate the
value of ¢ at § other than 90° from the value
of ¢ at §=90° which is most easily obtained
by the conventional plane strain compression
tests.

78
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A and B are located within this band. Fur-
thermore, it may be seen that the scattering
in the data is not less than that seen in
Fig.12. Accordingly, it would appear from
these results that the strength anisotropy
in terms of R(§)=¢(d)/0(0=90°) is not nec-
essarily a unique function of the parameter
Z.

Another inconsistency was observed with
respect to relating the degree of strength
anisotropy directly to the parameter z as
follows. At § other than 0° and 90°, two
kinds of shear bands are kinematically pos-
sible ; the one having a larger angle to the
bedding plane and the other having a smaller
angle to the bedding plane which are desig-
nated by a—a and BS—p in the inset of
Fig.13. In Fig.13, the letters a or § indi-
cate the types of shear band, a—a or 8—§.
When it is assumed that the strength aniso-
tropy is uniquely controlled by the parameter
z, it would appear reasonable to anticipate
that only shear bands of the type f—pj ap-
pear. At §=23° and 34°, all the shear bands
observed were of the type §—p5. However,
at §=45°, both types of shear bands appeared
and any clear difference in ¢ between two
types of shear bands was not observed. At
d=11° and 67°, the majority of shear bands
were of the type a—a. Therefore, it
would appear that the strength anisotropy
observed in plane strain compression cannot
be directly related to the direction of shear
band with respect to the bedding plane as
represented by the parameter z.

The average relations shown in Figs. 12(a)

EFFECTS OF INITIAL STRESS CONDI-
TION ON ¢

To evaluate the extent of the effects of
the initial stress ratio (¢,/os'). at the start
of plane strain compression, the relationships

between a,'[cs', &g

and e, were directly

compared at an identical value of a/(=0.5

kgf/ecm?) between
tropically
d.).=1.0 and K=K,, Fig.16).

comparisons,

isotropically and aniso-
samples (K=(o3'/
For direct
the origin of the curve for

‘consolidated

an anisotropically consolidated sample desig-
nated by the letter S was located on the
point on the curve for an isotropically con-
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Fig. 16. Comparisons of stress-strain rela-

tions between isotropically and aniso-
tropically consolidated samples at 8=
90° and o,/=0.5kgf/cm2 (Series A)
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Fig. 17. (a), (b) Effects of initial stress
ratio on ¢ for 6=90° and §=0°

solidated sample where ¢,//oy'=1/K,. It may
be seen that the general shape of the rela-
tion is quite similar between two kinds of
samples. The values of ¢ at §=90° and 0°
for anisotropically and isotropically consoli-
dated samples are summarized in Fig. 17(a)
and (b). The values of ¢;’ for anisotropical-
ly consolidated samples are between 0.5 and
1.0kgf/cm? and those for isotropically con-
solidated samples are 0.5 or 1.0kgf/cm? It
may be seen that the effects of initial stress
ratio on ¢ can be discernible while the dif-
ference is not larger than 1 degree. The
difference in ¢ may be due to possible dif-
ferences in the value of ¢,’/oy’ at the peak
stress condition which result from the dif-
ferences in ¢,'/os’ when o,//os’=1/K, (at the
point S in Fig.16). It is unfortunate that

the results shown in Fig.16. In Fig.18 (a)
are compared the stress paths in terms of
oy'|es’ and ¢,/os’ between anisotropically
and isotropically consolidated samples, while
the value of ¢;/ is not the same between
them, 2.0x K,=0.7~0.8kgf/cm? or 0.05 kgf/
cm?2. The reason why the values of g,/
gy’ at the start of test designated by the
letter S for isotropically consolidated samples
are larger than 1.0 is that some amount
of seating stress was introduced at the setting
of the confining plates (CFP, Fig.2()). The
results seem to be suggesting that the initial
stress difference between two kinds of sam-
ples is going to disappear with straining.
However, in the case where initial stress
difference still remains to some extent at
the peak stress condition, the ratio o,//g,’
can be larger for an isotropically consoli-
dated sample than for an anisotropically con-
solidated sample, resulting in a slightly larger
¢ for an isotropically consolidated sample
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than for an anisotropically consolidated one.
However, any clear conclusion concerning
the effects of the initial stress ratio on the
value of & at failure cannot be obtained from
Fig.18 (a) since the values of o3’ were very
different for different initial stress ratios in
these data. Further research will be needed
to clarify how the initial stress condition
influences the value of e.

THE INTERMEDIATE PRINCIPAL
STRESS

The relative magnitude of ¢, to ¢,/ and
gy is conventionally represented either by
the parameter b= (0, —03")/(d,/—as’") which
is the slope of a straight line originated from
the point (1, 1) in the stress plane in Fig.
18 or the ratio a=g,'/s in which s=(g¢,/+
d3")[2 (Cornforth, 1964). The values a and
b at (0,/]0s)max in the tests at §=90° have
been plotted against e, ,; (Fig.19(a)). Corn-
forth (1964) reported that the parameter a
varied from approximately 0.54 for the dens-
er specimens to 0.72 for the looser speci-
mens. A similar trend may be seen in the
data shown in Fig.19(a).

On the other hand, it may be seen in
Fig.18(b) that the shape of stress path is
strongly affected by §. In particular, the
variation when § changes from 45° to 34°
is quite large. Consequently, the relation-
ships at the peak stress condition between &
and 0 and between a and § have also a
sort of discontinuity between 6=34° and 45°
(Fig.19(b)). Such characteristics should be
explained by the anisotropic deformability
of specimens.

STRESS-DILATANCY RELATION AT
PEAK

The data points of stress dilatancy relations
in terms of ¢,//gy and —de,;/de, at the peak
stress condition in the plane strain compres-
sion tests (PSC) of Series A are shown
in Fig.5 and Figs. 20(a) through (e). Three
data points (two at §=90° and one at §=45°)

for ¢,/=1.0kgf/cm? have been omitted since .
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Fig. 19. Parameters b=(0;'-03')/(0,-0;') and

a=2a,'[(a)'+ay') at (o(/o))m.x plotted
against (a) ey (s for tests at 8=90° and
(b) o for tests at o,/=0.05kgf/cm?
(Series A and B)

very accurate volume change measurements
were failed in these tests. However, it was
confirmed that this kind of inaccuracy did
not influence the calculated values of ¢ which
have been used in this paper. The range
of the data for §=90° shown in Fig.5 is
represented by a band in each of Figs.20(a)
through (e). The range for the triaxial
compression tests (TC) at d=90° obtained
by Fukushima and Tatsuoka (1984) is also
indicated by a band in Fig.20. The data
points for the triaxial compression tests at
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d=0° obtained by this study are also shown
in Fig.20(e) and its average relation denoted
by a broken line is also shown in each
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Fig. 21. Ratio K=(o,'/03')/(—des/de,) at
peak as a function of o

of Figs.20(a) through (d). The results
show clearly that while the stress-dilatancy
relation at failure in plane strain compression
is rather independent of g¢,’ at each g, this
relationship is strongly influenced by 5. In
contrast, it seems that in triaxial compression
the stress-dilatancy relationships at the peak
stress condition are rather insensitive to &
as has been shown by Oda (1972).

The ratios K=(0g,'[05")|(—des/de;) at the
peak stress condition for dense and loose
samples are shown as a function of § in
Fig.21. While scattering of the data for
plane strain compression is not small, aver-
aged values of K were calculated at each &
and average relations were defined as repre-
sented by solid curves. For the case of tri-
axial compression, straight lines were con-
nected only expediently between the data
points at 0=0° and those at §=90° since
the data except for §=0° and 90° were not
available. The results show that the para-
meter K in plane strain compression is a
strong function of § as well as ¢. At the
same time, it may be seen that the difference
in K between plane strain compression and
triaxial compression is very small at the
value of § where ¢ has its minimum in plane
strain compression.

In model tests undet the plane strain condi-
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Fig. 22. Axial strain at (o,'/63') max at =90°

as a function of e s (Series A)

tion such as bearing capacity tests of strip
footing on sand, only the distribution of
—des/de, on the gy'-plane within a sand mass
can be measured. The curves shown in
Fig.21 may be useful to estimate the local
values of o¢,//o;’ from measured values of
—des/de; through the stress-dilatancy rela-
tion ; ¢,//os’ =K -(—~des/de;,) with accounting
for the effects of stress path on this rela-
tion. It has been shown by Tatsuoka (1980)
that the effect of stress path on the stress-
dilatancy relation becomes smaller or even
negligible at larger strains or near and at
the failure condition.

DEFORMATION CHARACTERISTICS

The average axial strain by boundary dis-
placements at (6,//0s') max for d=90° are
shown in Fig.22. It may be seen that at
one density the axial strain at (6,/6s") max
starts increasing considerably with the increase
in ¢,/ at around ¢,/=0.5kgf/cm? This
tendency is similar to that seen for ¢ (Fig.
9). Furthermore, this tendency has also
been observed in triaxial compression (Fuku-
shima and Tatsuoka, 1984). Accordingly,
it would appear from these results that the
deformation characteristics before the peak
stress condition does not change significantly

5 0%=4.0 kgf/cm? DENSE (€005 = 0.685~ 0.714)

£a(%) AT (0% /04 max FOR €0.05=0.70

()
T

€a(%) AT (04/05)max FOR €405 =0.80

RANGE FOR ~o
O! = 0.05,0.1 AND 0.5 kgt/cm?(0,x AND ©) <

0 10 20 30 40 50 60 70 80 80
ANGLE OF BEDDING PLANE TO G}-DIRECTION , O (IN DEGREE)
Fig. 23. Axial strain at (g,'/65')max @8

a function of & (Series A)

by the change in g3’ for 3’ <0.5kgf/cm? as
well as the value of o.

Axial strains at (6,'/05') max fOr €.05=0.70
or 0.80 are shown as a function of ¢ in
Fig.23. When e, . for a test was not exact-
ly equal to 0.70 or 0.80, the measured value
of axial strain was corrected for the dif-
ference of ey o5 from 0.70 or 0.80 using the
relations shown in Fig.22. However, the
amount of correction was 8% at largest.
At §=90° for ¢,/=0.05~0.5kgf/cm? only the
ranges are indicated based on the results
shown in Fig.22. Fig.24 shows average
axial strains by boundary displacements ob-
served at ¢,'/gy’=3.0 at various values of
§ where average curves have been defined
only for d=0° and 90°. The results show
clearly that at any value of ¢,/ between
0.05 and 4.0kgf/cm? the deformability of
sample in terms of the axial strains at (o,’/
63 ) max Or at ¢,/[/os’=3.0 is not the largest
at 0 between 23° and 34° where ¢ has its
minimum, but the deformability is the large-
st at 6=0° This trend can be noticed
also in Figs.6 and 7. In particular, it may
be seen in Fig. 6(a) that at §=234" the sample
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has a small deformability and a small
strength. Accordingly, it is apparent that

the deformability of sample with the dimen-
sions and boundary conditions employed in
this study does not increase monotonously
with the decrease in the parameter z (Fig.
15). It was found that several points de-
scribed above concerning the deformation
characteristics are also valid when the de-
formability of sample is expressed in terms of
7max=¢1—¢3 and &,=¢,;+¢;. Further studies
will be needed to clarify whether or not
the dependency of deformability on § seen
in Figs. 23 and 24 is influenced by the sample
dimensions and/or boundary conditions.

CONCLUSIONS

On the basis of the limited number of
plane strain compression tests on saturated
Toyoura Sand reported in- this paper, the
following was found :

(1) In spite of some uncertainties in the
determination of stress values in the tests
at ¢,/=0.05 and 0.1 kgf/cm?, it can be con-
cluded that the dependency of ¢ on g,/ for
a stress range of g3'=0.05~0.5kgf/cm? is
very small in plane strain compression as well

as in triaxial compression.

(2) The strength anisotropy in plane
strain compression defined as the ratio of
@ at ¢ (the angle of bedding plane to the
o,'-direction) to ¢ at §=90° is rather insensi-
tive to the changes both in sample density
and in the confining pressure ¢,/ between
0.05 and 4.0kgf/cm? The minimum values
of ¢ were recorded for §=23°~34° and this
minimum value of ¢. seems very similar to
the value of ¢ at that ¢ in triaxial compres-
sion.

(3) The stress—dilatancy relation ¢,'/gs'=
K(—des/de,) at the peak stress condition in
plane strain compression is strongly influ-
enced by 6 whereas this is not in triaxial
compression. At §=90°, the parameter K
at the peak stress condition is approximately
3.5 in plane strain compression as compared
with approximately 3.0~3.1 in triaxial com-
pression. However, the parameter K in
plane strain compression has its minimum
value for §=23°~34° and this value becomes
similar to that in triaxial compression.

(4) The deformability of sample in terms
of the axial strain value at ¢,//¢;y’=3.0 or
(0,/65") max does not change so much with
the change in g3/ for gy’=0.05~0.5 kgf/cm?,
while this starts increasing considerably with
the increase in ¢;’ at approximately ¢;’=0.5
kgf/cm2  This tendency corresponds well to
the dependency of ¢ on ¢,’.

(5) For the sample dimensions and the
boundary conditions employed in this study,
the axial strain at (¢,//63')max Or one value
of o,'/ss’ before the peak stress condition
is not the largest for §=23°~34° but is the
largest at §=0°. Accordingly, the strength
anisotropy and the deformation anisotropy
are somewhat different.
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