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1 INTRODUCTION

In general, soil exhibits an irreversible stress-—
strain behavior and a hysteresis leop in the
loading=unleading-reloading process. Such charact-
eristics are shown in both volumetric and shearing
strains. Therefore, in order to take such phenomenon
into account when formulating the stress-strain
relationship, it is peccesary to study the behavior
of soil after yielding, as well as during the
yielding process. :

Some investigators have pointed cut that there
might be two modes of soil yielding, i.e., volum—
etric change and shearing deformation. They have
suggested that these characteristics should be
taken into account in formulating a stress-strain
relalionship (Poorooshasb, 1266, Tatsuoka and
Ishihara, 1974, Wishi and Esashi, 1978, Vermeer,
1978, Ohmaki, 1979).

Accordingly, it is assumed in this paper that
elastic as well as plastic strains can each be
divided inte two components one of which is caused
by changes in the stress vatio and the other by
changes in the mean effective stress. In order to
clarify the properties of these two components of
elastic strain, two kinds of loading-unloading~
reloading tests were carried out. One was a cyclic
test of stress ratio, in which the mean effective
stress was kept constant and the other was a cyclic
rest for mean effective stress, in which the stress
ratio was kept constant. Results of experiments in
which the stress ratio was decreased and the mean
effective stress was Lncreased simultaneously are
alsc shown. Based vpon these experimental results,
a simple, empirical law for stress—strain behavior
under axisymmetric conditions is proposed,

2 PROCEDURE USED I0 ANALYZE EXPERIMENTAL
RESULTS

Results of drained shear tests on clay, performed
under triaxial compression and extension conditions,
are examined here. In the analysis, the following
parameters are used:
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Now, we express the increments, dv , of volumetric
strain and deq of deviatoric strain as follows:
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where superscripts e and p denote elastic and
plastic components, respectively. Strain increments
with subscripts n and p will be called the n-
component and p-component of the strain. Experiment-
ally, we obtain the n-component of the volumetric
and deviatoric strain incgrements from triaxial tests
in which the stress ratic is increased or decreased
while p is kept constant. The p-component of these
increments is obtained from tests in which mean
effective stress is increased or decreased while the
stress ratio is kept constant. In tests where p and
n, change simueitaneously, the strain increment
obtaired is the sum of ecach component, as expressed
in aqs, (1) and (2).

In this paper, we consider only results of experi-
ments in which the stress ratio |n_| is decreased.
Thus the n~components of plastic sPrain increments,

dvz and dsa, in equations (1) and (2) drop out and

these equations can be rewritten as follows:
dv = av® + dv® + dvP
v v dvp dvp &)
- @ e p
dea (dsa)rI ES (dsa}p o+ (dea)P (4)

When (~de) is used to denote a decrement of the
void ratio, the following relationship is obtained:

{-de} = (1 + e) dv (%)

3 SAMPLES AND TEST PROCEDURES

The gray silty clay which was used in this study was
taken from Fujinomori, in the southern part of Kyoto
Prefecture, Japan. Its liquid limit is 43.6 % and
plastic iimit 26.1 %. The texture of this soil is as
follows: clay 17.5 %, silt 50.8 % and sand 31.7 %.
The specific gravity is 2.648. The sample used in
the experiment was remoulded and reconsolidated.
Details of the-sample preparation are described in
another paper (Ohmaki, 1979). Samples were trimmed
to cylindrical specimens 35 mm in diameter and 79 mm
in height. They were placed in a trlaxlal coll and
covered with rubber membrancs. For coaselldation and
shearing, samples were placed on a pedestal and
converted to porous stone by draining through Filter
paper. Frictionless end platens were used which were
covered with rubber membranes, lubricated with
sillcone greasc. During the tests, the volume ol
waler expelled from Lhe speclmen was measured with o
bBurcette and the dlsplacement al the tep of the
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gpecimen was measured with a dial gauge, through
the loading piston. All the tests were performed
under controclled stress conditions in a temperature
controlled room set at 20 % 0.5 °C.

4 EXPERIMENTAL RESULTS
4,1 Resules of constant p tests

Figure 1 shows results of thé loading-unloading-
reloading tests for stress ratdo, n_ , performed
under triaxial compression and extension, with p
held constant (= 2 kgf/cm®). The relationship
between . and £ is shown in Figure 1(a). It is
evident in this Figure that the hysteresis loop is
small if the amplitude of the shear stress ratio is
small. Figure 1(b) shows the relatiomship between
volumetric strain, v , and stress ratio, n, - In
this figure it can be seen that, when the amplitude
of n_ is small, the specimen always contracts in
both"unleading and reloading under triaxial comp-
ression and extension. On the cother hand, where the
amplitude of n, is large, the soil specimen tends to
dilate.

Next, results of simple unloading tests for mn_ with
p kept constant are shown. The stress paths used are
shown in Figure 2, Soil specimen were consolidated
isotropically by increasing the value of p in steps,
0.5, 1.0, 2.0 and 4.0 kgf/cmz, at two day intervals.
Then, after the specimen was sheared te the stress
ratio i with p kept constant, the shear stress was

reduced step by step, as shown in Figure 2. The
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specimen was both loaded and unloaded in steps,
separated by one day intervals. These steps are
indicated by plots in Figures 3 and 4. For tests
where p equals 2 kgf/em?, 0.25, 0.50, 0.75, 1.00
and 1.25 ware taken as wvalues of n_. . However, for
tests where p equals 1.0 and 4.0 a}'kgf/cmz, an
value of 0.75 was used. Test results are shows in
Figure 3. It 1s apparent in Figure 3(a) that n_ "~

€_ curves are parallel to each other irrespective of
n_ . It is also apparent in Figures 3(b) and (c)
tfir v o n. curves as well as (~de) v n_ curves are
parallel irrespective of L Figure 4%shows the
results of unicading tests tor n., equal to 0,75
with p kept constant (= 1.0, 2.0%%and 4.0 kgf/em?).
In Figure 4{a) the n_ % g£_ curves are parallel to
each 'other during unioading, although during loading
they are fairly different, dependinrg on the value of
p. In Figure 4(b) the n_ v v curves are also
parallel to each other guring unloading.

Now, we have seen from the unloading and reloading
tests under constant p, that N ~ €, curves under
this condition are parallel to each other and that
n, % v curves are independent of p. These properties
are idealized in Tigure 5. That is, we assume that
the relationship between normalized stress ratio
{na/M| and |E | during unloading and reloading under
cofistant p, where M 1s the stress ratio |n_| at
failure, can be expressed as a straight line with a
slope of G. Another idealized relationship is shown
in Figure 5(b}, in which it is likewise assumed that
the relationship between v and |n_ /M| can be
cxpressed as a straight line with™a slope of £ d and
that the specimen always contracts under the
conditions described above.
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kept constant (p = 2 kgf/em?)
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As a results of these assumptions, strain increments
under the above conditions are expressed as follows.

avf = & lan | (6)
G
(de ) = 5 dn, &

It is reasonable in these equations that M take the
vialue corresponding to triaxial compression or
extension. An expression similar to equation (6) is
used by Karube and Kurihara (1966).

4.2 Results of the constant na rests

Next we show the results of tests in which mean
effective principal stress was loaded, unloaded and
reloaded while keeping the stress ratio constant
(constant na). Figure 6 shows the stress paths used

Figure 4 Unloading test results with p
kept constant (nai = 0.75)
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Flgure 5 A stress-strain model of soil during

shear with p kept constant

in these tests, Tests were carried out as follows:
After the specimens were consolidated isotropically
at p equal to 0.5 kgf/em® for one day, they were
sheared under triaxial compression and extension Lo
the stress ratio n_, , while p was kept constant.
Then, p, the mean effective stresg, was increased,
decreased and again increased, while n_ was kept
constant (= i). This was done in steps, indicated
in Figure 6, separated by one day intervals.

In Figure 7, (-8e) ™ log p data from these tests are
plotted. For these tests the (-8e} " log p curves

for swelling and recompression are parallel to each
other and independent of N,y - Therefore we can say

T el

Figure 6 Stress paths of cyclic tests of p
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that the slope of these curves 1s equal to the
swelling index, Cs {= 0.043), of the isotropic
swelling test. Here we take 0.244 as the value of
the compression index, Cc , from the virgin consoli-
dation curve in this figure. The relationshipg
between & and v during the swelling and recomp-
ression parts of these tests are shown in Figure 8
(a) and (b}, respectively. It is apparent in
Figure 8(a) that €_ is negligibly small compared
with v , and it tefids to decrease slightly as v
decreases. Since this tendency appeared in the test
performed under isotropic stress conditions, it is
considered to be due to anisotropy inherent in the
specimen. Figure 8(b) shows relationships between

¢ and v during recompression. Dashed portions of
clirves denote regions of overconsolidaton and solid
portions denote normal comsolidation. It can be
seen in this figure that slopes of € " v curves
increase gradually as n_, increases and that
curves are convex towaraé the v-axis. That is,
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deformation of the specimen is not isotropic. Using
the results of the swelligg tests, we gan express
the strain increments, cilvl:| , and (dea)p , as follows:

e K

= K dp
dvp lie p °? (8

(e)o =0, (9)

where K = 0.434 Cs .
4.3 Results of tests in which dp > 0 and dna < Q

Here we present results of tests carried out along
stress paths whexe dp > 0 and dn_ < 0. Two kinds of
experiments were conducted, which we will call
series 1 and series 2 tests, '

First we will describe the results of serles 1 tests,
in which each specimen was sheared to stress ratio
n_, while p was held constant, after being isotro-
pictally consolidated to the mean effective stress,
p., . Then, radial stress was increased and therefore
stress ratio n. was decreased while axial stress was
kept constant. Each experiment was proceeded in
steps, as indleated (by small circles) iIn Figure 9,
supariated by one day Intervails. loltinl stress
values in these unloading tests correspond to thosc
shown in Figure 2.

Figure 10 shows results of tests in which the value
of nn_ ., was varied while p, was kept constant (= 2
kgf/%%z). Figure 11 shows results of tests in which
p, was varied, while n_, was held constant (= 0.75).
In these figures, the Stress-strain curves for the
unloading tests in which p was held constant
{Figures 3 and 4) are represented by solid lines.
The initial unloading points of these curves
coincides with those of the correspoending tests
indicated by plots in this figure. Alsc in these
figures, analytical curves to be described later are
represented by dashed lines. In Figrres i0(b) and
11{b), n_ v v curves are quite similar to each other
and independent of nai and By -

Next, we examine the results of scries 2 tests.
Figurc 12 shows the stvess paths used. Tests were

Figure 11 Comparilson between experimental
and analytical results of
constant 0“' tusts (r]‘]I = (},73)



performed in the same manner as in series 1, The
stress conditions at initial unloading points for
all tests were: p, = 2 kgf/em? and N,y = 0.75.

In Figure 13 results of each test are plotted. The
dashed lines are analytical cutves (described
below). It is apparent in Figure 13(a) that the n
v ¢ relationships for these tests are almost
identical, ixrespective of stress paths.

5 ANALYTICAL RESULTS

We have already shown that the n_ v g relation-
ships during unloading are almos? idefitical to the
results of tests in which p was kept constant
(Figures 10(a), 11(a) and 13(a)}. Similar results
have already been shown by Balasubramaniam (1975).
Taking these facts into account, the following
equation can be reasonably assumed in equation (4}
when |na| is decreased.

(dea)g = 0 o

Next we examine the velumetric behavior of soil
specimens. Figures 14 and 15 show the relationship
between {(~-8e) - {-8e)_} and (-8e)_, where (-Se)
represents a decrease in the void Tatioc from the
initial unloading point of the corresponding const-
ant p test, and (~8e) also represents a decrease in
the void ratio, calculated as Follows:

- = E.
( 6e)p A In o (11

In this caleulation A = 0.434 Cc and Cc denotes the
compression index. From Figure 7, we know Ce is
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equal to 0.244. In Figure 14 the data points which
all lie eclearly below the dashed line with a slope
of one, have been approximated by two straight
1ines. Here we denote the value of {(-8e) - (-G6e)_l
at the point where the two lines intersect by Aep .
Figure 16 shows this relationship schematically in
an e =e- (ude)n} % 1n p plane. It is clear from

this figure that when 71_ is decreased and p is
simultaneously increaseﬁ, after the specimen is
sheared under constant p (= p,), the void ratioc e
is decreased by Aes along a line of slope § (< A)?
and then along a line which has a slope equal to A.
This phenomenon is a sort of p ~effect, resultiag
from a sudden change of stress paths.

For the portion of the line where {(~8e} - (—de)“]
< Aey we denote the slope by i, and obtain the
relationship, § = i*A. If p_ denotes the value of p

at the point where the two & lines in Figure 16
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intersect, we obtain the following equation.
4
Aeo = T 1n £ (12)
Py
It is reasonable to agsume from equation (12) that
pclpi is constant since it is clear in Figures 14

and 15 that Aeg and 1 are almost counstant, irres-
pective of Py and Nay Thus, when (—6e)p & Aey ,

p_.L-Kdp
dvp TTep ’ {13)

and when (-Ge)p > Aeg , évg can be expressed as:

-

-~k dp (14)

P .
dvp +ep ’

[

From Figures 14 and 15, we obtain the following,

heg = 0,0106, pC/pi = 1.3k, © = 0.040

In Figure 9 the constant, p = pc = 1.3 By s is
expressed by the dashed line. It is clear in this
figure that most or all of the unloadiag process
does not reach pc when N4 is small. As a result,

the following relationships are'obtained from tests
with stress paths treated in this paper (dp > 0,
dn, £ 0). b

« &

_ e
de, = (e )¢ « & an, (15)
d L (or A) d
av = § Jan | + 5leE ) e (16)

Analytical results represented by the dashed curves
in Figure 10, 11 and 13 were calculated using
equations {15) and (16). Values of parameters used
in these calculations are shown in Table L. In
Figures 10, 1l and 13, points correspoading to the
points of intersection of the two lines in Figure 16
are shown as p, points. Reascnable agreement was

obtained ¢ between experimental and analytical
results.
6 CONCLUSIONS

In this paper the elastic strain of scill 1s assumed
to conplst of two components, one caused by changes
in stress ratio and the other by changes in mean
effective stress. These components of elastic strain
were studied by conducting by trilaxlal drained tests
with various stress paths, From these tests the
following conclusicons were reached.

i) From the loading-unloading-reloading tests in
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Table 1
Values of parameters used in the analysis

A 0.106 Aeg  0.0106
Mc L.50 d 0.0067
z 0.040 G 0.0065

which the stress ratio was varied while the mean
effective stress was kept constant, n /M v g

curve has the same slope during unloaﬁing asaduring
reloading. The slope of the n /M " ¢_ curve under
triaxial compression is almos? equal to that of the
same curve under triaxial extension. On the other
hand, for volumetric strain, we observed irrevers-
ible behavior,

2) During unloading and reloading of p with n_ kept
conatant, e ~ log p curves exhibited nearly the same
slope irrespective of N, -+ Changes in deviatoric
strain during swelling, while Ny is kept constant,
are negligible. However, in reloading, the distort-
ional strain increases gradually as p increases,

3) When the stress ratlo is decreased and the mean
effective stress is increased, the soll specimen
shows the so-called p -effect in the relationship
between e {= e - {-6&)_} and ln p. Tn these tests
the n, "~ €, curves did not appear to be

infiuvenced by the effective stress paths,
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