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Abstract: Experimental results are presented in this paper to show that a runaway type of pre-
failure instability can occur for sand under dilatancy rate controlled conditions when an appropriate
strain increment ratio, de,/de;, is imposed. This type of instability is similar to the runaway type of
instability observed for very loose sand under undrained conditions. Whether a soil element will
undergo pre-failure instability depends on the difference between the strain increment ratio of the
soil obtained from drained test, under a specified effective confining pressure, (de,/de)s, and the
strain increment ratio imposed during the test, (de,/de,);, rather than the absolute magnitude of
(de/de))s. Based on the experimental data obtained in this study it was found that an instability line
can be determined from a series of strain path tests conducted at different effective confining
pressures but with the same de,/de; by joining the peak points of the effective stress paths to the
origin in the q-p’ stress space. This line is similar to the instability line obtained from undrained
tests on loose sand. The instability tests under dilatancy rate controlled conditions indicate that the
stress ratio at the onset of instability obtained in the instability tests coincide with the peak stress
ratio line. This suggests that the peak stress line can be used to predict the onset of instability under
dilatancy rate controlled conditions in the same way as the use of instability line to predict the onset

of instability under undrained conditions.

KEYWORDS: liquefaction, sands, laboratory testing, shear strength.



INTRODUCTION

Failure of geotechnical structures can be initiated by instability of soil. The term instability
used in this paper refers to a behaviour in which large plastic strains are generated rapidly due to the
inability of a soil element to sustain a given load or stress. Instability normally takes place when the
stress state of a soil element satisfies a failure criterion, as in the conventional stability analysis.
However, instability may also occur prior to attaining the failure stress state. A typical example is
static liquefaction which occurs before the effective stress path reaches the failure line (which is
also the steady state line for loose sand). So far, this so called pre-failure instability has been
observed mainly for saturated loose sand under undrained conditions (e.g. Lade & Pradel 1990;
Lade 1993; Leong et al. 2000, Yang 2002, Wanatowski & Chu 2007, 2012, Andrade 2009).
However, the undrained condition may not be necessary. There are failure cases that occurred under
drained or other than undrained conditions (e.g. Torrey & Weaver, 1984; Eckersley, 1990; Olson et
al., 2000; Kokusho 2003; Sento et al., 2004). Failure mechanisms related to the re-distribution of
void ratio within a globally undrained sand layer (Fig. la) or spreading of excess pore water
pressure with global volume changes along a slope (Fig. 1b) have been suggested by the U.S.
National Research Council (NRC 1985). Adalier & Elgamal (2002) also observed from a series of
centrifuge tests that there is a potential strength loss in dense sand as a result of pore water
migration into the dense zone from the adjacent loose zone in the ground. This further indicates that
flow slides can take place under other than undrained conditions. These, other than undrained or the
so-called non-undrained conditions (Chu et al. 1992), have been simulated in the laboratory by the
use of a strain path testing method (Chu & Lo 1991), in which the strain increment ratio, de,/de,
imposed to a specimen, is controlled. When de,/de; > 0, the soil specimen compresses and when
de,/de; < 0, the specimen dilates. An undrained test is only a special case when de,/de; = 0. The
strain path method also provides a better simulation of the field situations, where a soil element will
normally experience both volume change and pore water pressure change simultaneously and fully
drained or undrained conditions are only exceptional cases. However, the use of strain path testing
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method to study soil behaviour is uncommon (Topolnicki et al. 1990; Chu et al. 1992, 1993; Vaid &
Eliadorani 1998, Lancelot et al. 2004; Sivathayalan & Logeswaran 2007; Wanatowski et al. 2008,
Wanatowski and Chu 2011).

The possibility of dilating behaviour of soil masses prior to slope collapse has also been
reported in several case studies. For example, Been et al. (1987) argued that the Nerlerk berm
failure case might have occurred for dilatant sand which state lies below the steady state line.
Several other cases of flowslide in dilatant sand have been presented by Been et al. (1988). Fleming
et al. (1989) also reported that the Salmon Creek landslide in Marin Country, California, exhibited
dominantly dilative transformation from solid landslide to liquid debris flow. Although some
explanations to the causes of this and other failures have been proposed (Schofield 1980, Been et al.
1988; Hadala & Torrey 1989), the instability mechanisms of dilative sand have not been well
established. Furthermore, a method to predict such failures has not been proposed yet.

The objective of this paper is to study the pre-failure instability of sand in strain path testing
under dilatancy rate controlled conditions. The results of the strain path tests conducted on medium
loose to medium dense sand are presented. Factors affecting the occurrence of pre-failure instability
under dilatancy rate controlled conditions are analysed. The practical implications of the study are

also discussed.

MATERIAL TESTED AND TESTING PROCEDURES

A marine-dredged sand was used for this experimental study. The basic properties of the
sand are given in Table 1. All the specimens were prepared by pluviating sand into water. For
saturation, all the specimens were flushed with de-aired water from the bottom to the top for 60
minutes under a water head of about 0.5 m. After that a back pressure of 400 kPa was applied. The
Skempton’s pore water pressure parameter (B-value) greater than 0.96 was obtained for all the
specimens. A liquid rubber technique (Lo et al. 1989) was adopted to reduce the bedding and

membrane penetration errors. The specimens used were 200 mm in height and 100 mm in diameter.



All the specimens were isotropically consolidated. Shearing in all the tests was carried out
using a strain path method with de,/de; = const (Chu & Lo 1991). In the strain path method, when
de,/de; > 0, the soil element is in compression and water flows out of the specimen. When de,/de; <
0, the soil element is in dilation and water flows into the specimen. An undrained test, with de,/dg,
= 0, is only a special case of the de,/de; = const test. Since in a strain path test the volumetric
change of the specimen is controlled, a change in pore water pressure occurs. This change in pore
water pressure leads to a change in effective confining stress.

In this study a de,/de; = const strain path was imposed on a soil specimen by controlling the
volume change of the specimen via the Digital Pressure/Volume Controller (DPVC) in accordance
with the measured axial deformation. The DPVC was used to control the volume of water flowing
out (for contractive strain paths) or flowing into the specimen (for dilative strain paths) at a desired
volume change rate. The applied volume change could be controlled with accuracy of 0.1%

measured value with +20mm? backlash.

All the tests were computer controlled. The control loop consisted of the following steps:
(1) compute the axial strain from the deformation measured by the pair of internal LVDTs,

(2) compute &, and hence the volume change to be imposed by the DPVC according to the

required de,/de;,

(3) send signal to DPVC to target the required volume change,

(4) read all transducers, plot the strain path followed and the effective stress state, record
stress-strain parameters and return to step 1.

The continuous plotting of the actual strain path and the effective stress state followed at
step (4) enabled the detection of any out of control. Satisfactory control was achieved for all the
tests.

Two types of strain path tests were carried out in this study. The first type, a deformation-
controlled (DC) strain path test was carried out with either negative or positive strain increment

ratio using a constant deformation rate of 0.05 mm/min. The second type, a load-controlled (LC)



strain path test (so-called strain path instability test) was carried out with a negative strain increment
ratio and with the deviator (vertical) load kept constant. In both types of tests the vertical load and
deformation could be successfully controlled via a digital hydraulic force actuator mounted at the
bottom of a loading frame to apply axial load. The actuator was controlled by a computer via a
digital load/displacement control box. The control box adjusted the movement of the base pedestal
to achieve a desired rate of load or rate of displacement so that the triaxial apparatus could be used

under either deformation-controlled or load-controlled loading mode.

TESTING ARRANGEMENT

The experiments were carried out using a fully automated triaxial testing system. A digital
pressure volume controller (DPVC) with a remote feedback module was used to control the axial
load via a hydraulic actuator. Another DPVC was used to control the confining stress. A third
DPVC was used to control the back pressure via the base of the specimen and measure the volume
change at the same time. Two submersible linear variable differential transformers (LVDTs) were
attached onto the specimen for the measurement of axial strain up to approximately 4%. An external
LVDT of 50 mm travel was mounted directly on top of the triaxial chamber for the purpose of
measuring large strains. To minimise the bedding errors and achieve as uniform strain distribution
as possible during the test, free-ends with enlarged platens were used (Rowe & Barden 1964). The
pore water pressure at the top of the specimen was measured by a pressure transducer. For details of

the testing arrangement see Chu & Leong (2001).

UNDRAINED BEHAVIOUR OF LOOSE AND DENSE SAND

The stress-strain behaviour of sand under undrained conditions is void ratio dependent and
may vary from strain softening to strain hardening type. The type of behaviour obtained from an
undrained triaxial test depends on the relation between the initial void ratio of the sand tested, e,

and the critical void ratio, e, (Casagrande 1936) which sets the boundary between strain hardening



and strain softening behaviour of the sand under the given mean effective stress. Sometimes only a
slight change in density can convert the behaviour of soil from strain hardening to strain softening.

The typical stress-strain behaviour of sand in an undrained triaxial test is presented in Fig.
2(a). It can be seen that for loose sand with ey > e (i.e. looser than critical void ratio) deviatoric
stress reaches its peak and then decreases to an ultimate value with increasing axial strain. This type
of behaviour is termed as the strain softening. When ey = e, the deviatoric stress remains constant
after the peak is attained, as shown in Fig. 2(a). Once the void ratio of the soil, ey, is smaller than,
the critical void ratio, e, the strain hardening behaviour is observed. Furthermore, the smaller the
void ratio (i.e. the higher density), the stiffer stress-strain response is obtained, as shown in Fig.
2(a).

The corresponding effective stress paths of the stress-strain curves shown in Fig. 2(a) are
plotted in Fig. 2(b) together with the critical state line (CSL) and the failure line (FL) obtained from
drained triaxial tests on loose and dense sand, respectively. As shown in Fig. 2(b), in the undrained
test on loose sand with ey > e the effective stress path increases gradually towards the peak state
and then traces down towards the CSL showing flow or strain softening behaviour. The effective
stress path of loose sand with ey = e also increases towards the peak state but then remains
constant at the critical state line. For loose sand with ey < e, the effective stress path of an
undrained test increases towards the peak and then follows the CSL.

The effective stress path obtained from an undrained test on dense sand with e) much greater
than e, is also shown in Fig. 2(b). It can be seen that for dense (i.e. dilative) sand, the effective
stress path of a CIU test will increase monotonically and approach a constant stress ratio line
(CSRL). In this case, the peak and the critical state cannot be determined because the specimen
exhibits strain hardening behaviour and the deviatoric stress increases with axial strain throughout
the entire undrained shearing. Such stress hardening behaviour under undrained conditions is often

referred to as non-flow.



INSTABILITY LINE FOR LOOSE SAND UNDER UNDRAINED

CONDITIONS

It needs to be emphasised that if an undrained test is conducted on loose sand with ey > e,
under a load controlled loading condition the specimen will become unstable at the peak state. This
behaviour has often been referred to as static liquefaction. However, if an undrained test is
conducted on loose sand under a deformation controlled loading condition, static liquefaction or
instability in the form of a sudden increase in axial strain rate will not occur, e.g., test on loose sand
with ey > e, in Fig. 2. In this case, strain softening in the form of a reduction in the deviatoric stress
occurs instead (Chu & Leong 2001; Chu & Wanatowski 2009).

It has been established by Lade (1992) that instability occurs when the stress ratio at the
onset of instability is above the instability line, which is defined as the line connecting the top of the
effective stress paths of loose sand sheared under an undrained condition, as shown in Fig. 3. The
zone between the instability line and the critical state line is called the zone of potential instability
which specifies the instability condition for loose sand under undrained conditions (Lade 1992,
1993). Therefore, the instability line separates potentially unstable stress states from stable stress
states. Lade (1992) explained that the stress state at which instability would occur corresponds to
the top of the current yield surface which is slightly before, but very close to, the top of the
undrained effective stress path. Therefore, the instability line can be determined experimentally by a
line connecting the peak of a series of effective stress paths obtained from undrained tests. Other
definitions similar to the instability line have also been given to specify the instability condition,
such as the collapse surface by Sladen et al. (1985), the state boundary surface by Sasitharan et al.
(1993), and or the flow liquefaction line by Yang (2002). However, the differences among the
different definitions are small, as pointed out by Lade (1993) and Chu et al. (2003). The physical
meanings behind the different interpretations are also essentially the same, i.e., to specify a yielding

point where large plastic strains can develop (Chu et al. 2003).



BEHAVIOUR OF DENSE SAND UNDER DILATANCY RATE

CONTROLLED CONDITIONS

As shown in Fig. 2 strain softening does not usually occur for dense sand under undrained
conditions. However, strain softening may occur if a dense sand specimen is sheared along a strain
path with de,/de; <0 (Chu et al. 1992, Chu & Leong 2001, Wanatowski et al. 2008).

Typical behaviour of dense Changi sand under dilative strain path is presented in Fig. 4
where results of two tests SP10 and SP12 carried out with de,/de; = -0.67 and de,/de; = 0 (i.e
undrained test) respectively, are compared. The specimens were isotropically consolidated to the
mean effective stress p.” = 150 kPa. The void ratios of the specimens in Tests SP10 and SP12 were
0.766 and 0.764, respectively, which corresponds to a medium dense state.

The stress-strain curves of the two tests are shown in Fig. 4(a). It can be seen that strain
hardening behaviour was observed in undrained test SP12. However, strain softening behaviour,
similar to that of loose sand under an undrained condition, was obtained from Test SP10 with
dilative strain increment ratio de,/de; = -0.67 imposed to the specimen.

The effective stress paths obtained from the two tests are shown in Fig. 4(b). The critical
state line (CSL) and the failure line (FL) obtained from drained triaxial tests on loose and medium
dense sand, respectively together with the constant stress ratio line (CSRL) obtained from undrained
triaxial tests on medium dense sand (Chu et al. 2003) are also plotted in Fig. 4(b). It can be seen
from Fig. 4(b) that the effective stress path of Test SP10 increases until the peak state and then
reduces gradually along the failure line (FL) reaching the origin of the stress plane at the end of test.
This behaviour resembles flow behaviour of loose sand under an undrained condition. The effective
stress path of the undrained test SP12, on the other hand, increases monotonically and approach a
constant stress ratio line (CSRL). In other words, strain hardening behaviour is observed. It is
interesting to note that in the case of undrained test on medium dense sand, a peak state, the critical

state and the failure state determined from drained tests are no longer obtainable.



The excess pore water pressures developed in the two tests are compared in Fig. 4(c). It can
be seen that the pore water pressure in Test SP10 with de,/de; = -0.67 imposed increased during the
entire shearing stage. However, the pore water pressure in the undrained test SP12 with de,/de; = 0
imposed, increased initially to the peak (i.e. Aumax) and then reduced gradually until the end of the
test. As a result strain hardening was observed in Test SP12, as shown in Figs. 4(a) and (b).

It can also be noted from Fig. 4(c) that the excess pore water pressure developed in an
undrained test is not the largest, as often assumed. The pore water generation for the undrained path
is lower than that for a negative (dilative) strain path.

The tests results shown in Fig. 4 clearly demonstrate that stress-strain behaviour of granular
soil sheared from the same initial conditions (i.e. void ratio and mean effective stress) can vary from
strain softening to strain hardening. As established by Chu et al. (1992), whether a soil element will
undergo strain hardening or softening depends on the relative magnitude of the strain increment
ratio of the soil obtained from conventional drained test, (de,/de;)s and the strain increment ratio,
(dey/de;); imposed during the test. This means that a soil specimen undergoing contractive
volumetric change can experience strain softening behaviour if the strain increment ratio imposed
during the strain path test, (de,/de;); is smaller (i.e. less compressive) than the strain increment ratio
of the soil obtained from a conventional drained test, (de,/de;)s. The conditions for the occurrence

of strain-softening and strain-hardening as established by Chu et al. (1992) are presented in

Inequalities (1a), (1b) and (1¢) below:

(de/dey); — (de/der)s> 0 -—-----m--—- hardening (1a)
(dey/de;); — (de/de))s =0 -----mmmmm- perfectly plastic (1b)
(de/dey); — (de/der)s <0 ==--mm-m-m—- softening (1c)

where (de,/de;)s = the strain increment ratio of the soil obtained from a conventional drained test

and (de,/de;); = the strain increment ratio imposed during a strain path test. For more details, see

Chu et al. (1992) and Wanatowski et al. (2008).
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INSTABILITY LINE FOR DENSE SAND UNDER DILATANCY RATE

CONTROLLED CONDITIONS

As discussed earlier, the instability line for undrained conditions can be determined by
joining the peak points of the effective undrained stress paths of loose sand. It was also shown in
Fig. 4(b) that the effective stress path obtained from a dilative strain path test on medium dense
sand is very similar to that of undrained test on loose sand. Therefore, a similar method to that
under undrained conditions may also be used to determine a line by connecting the peak points of
the effective stress paths. In this paper, such a line determined for dense sand under dilatancy-
controlled conditions will be referred to as ‘peak stress line’.

Figure 5 shows the results of three strain path tests (SP09, SP10 and SP11) of de,/dg; = -
0.67. The specimens were isotropically consolidated to mean effective stresses of 150 kPa, 300 kPa,
and 500 kPa. The void ratios, e. measured in tests SP09, SP10 and SP11 were 0.760, 0.766 and
0.763, respectively.

The stress-strain curves measured in the three tests are plotted in Fig. 5(a). It can be seen
that strain softening behaviour was obtained for all three specimens. All the stress-strain curves
reached the peak states (points A, B and C) at low level of the axial strain and then reduced
gradually to very low deviatoric stresses.

The effective stress paths of the three tests are shown in Fig. 5(b). All the paths show similar
strain softening behaviour, in which the peak stresses (A, B, and C) are initially reached and a
unique failure envelope determined by drained tests is approached. As shown in Fig. 5(b), by
joining the peak stresses A, B and C with the origin of the g-p’ plane, a peak stress line with a slope
of 1, = 1.13, can be established. From the stress-strain curves presented in Fig. 5(a), it can be seen
clearly that strain softening and large plastic yielding occurred at points A, B and C for all the three
tests. Therefore, points A, B and C define the yielding points for Tests SP09, SP10 and SP11,

respectively.
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The excess pore water pressures developed in the three tests are shown in Fig. 5(c). It can be
noted that pore water pressures increase gradually in all the tests, which again is similar to the
undrained behaviour of loose sand. It can also be seen from Fig. 5(c) that the excess pore water
pressure increases with the initial confining stress.

Based on the experimental data shown in Fig. 5 it can be concluded that pre-failure strain
softening can occur in a dilative strain path test in a way similar to that for loose sand under
undrained conditions. From the study of instability behaviour of granular soils under undrained
conditions, we know that the instability line is determined by joining the peak points of the
undrained stress paths, which are very close to the top of the yield surface. Thus, the peak stress line
obtained in Fig. 5(b) that specifies the yielding for tests conducted under dilatancy rate controlled
conditions could also be defined as the instability line for pre-failure instability occurring under
dilatancy-controlled conditions. The zone bounded by the peak stress line and the failure line could
then define the zone of potential instability for medium dense sand under dilatancy rate controlled
conditions.

From the experimental results presented above, it can be seen that the strain increment ratio
affects the instability behaviour of sand. This is consistent with other experimental observations
reported in the literature (Chu et al. 1993; Chu & Leong 2001; Vaid and Eliadorani 1998; Lancelot
et al. 2004; Sivathayalan and Logeswaran 2007; Wanatowski & Chu 2011). It was shown that the
more dilative the de,/de; imposed to the specimen, the higher the tendency for instability to occur.
This is because when a dg,/de; larger than the dilatancy ratio of the soil is imposed, the pore water
pressure will increase. This in turn leads to a decrease in effective confining stress and causes
instability when the instability line is crossed. This means the location of instability line depends on
dilatancy rate imposed to the specimen and the instability zone must therefore be determined based
on the peak stress line and the failure line defined for specific dilatancy rate and void ratio. Once

instability lines for different dilatancy rates and void ratios are determined, the instability boundary
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on the e, versus (de,/dg;); plane can be determined (Wanatowski et al. 2008; Wanatowski and Chu

2011).

PRE-FAILURE INSTABILITY OF SAND UNDER DILATANCY RATE

CONTROLLED CONDITIONS

Several load-controlled strain path tests were carried out in this study to verify whether the
peak state line determined from dilative strain path tests under deformation-controlled loading
conditions can be used to predict the occurrence of pre-failure instability under load-controlled
loading conditions.

Firstly, an instability test ISTO1 was conducted on medium dense sand to verify whether
pre-failure instability can occur under load-controlled loading mode. The effective stress path
obtained from Test ISTO1 is plotted in Fig. 6(a). The critical state line (CSL) and the failure line
(FL) obtained from drained triaxial tests on loose and dense Changi sand are also shown in Fig.
6(a). The slopes of the CSL and the FL are M5 = 1.35 and n¢ = 1.63, respectively (Chu et al. 2003;
Wanatowski and Chu 2007).

As shown in Fig. 6(a), the specimen in Test ISTO1 was first sheared along a drained path
from p.’ = 150 kPa to a stress ratio of q/p' = 1.13. After that the external loads, i.e., the axial load
and the cell pressure, were maintained constant to conduct an instability check along a strain path of
de,/de; = -0.67. Under these conditions, instability occurred at point B and the axial strain and the
pore-water pressure increased suddenly, as shown in Fig. 6(b). After occurrence of such instability,
it was no longer possible to maintain the axial load constant, and thus the deviatoric stress dropped
significantly, as can be seen in Fig. 6(a). Physically, it was observed that the specimen collapsed
suddenly, i.e., pre-failure instability had occurred. This behaviour resembles the instability that
occurs in loose sand under undrained conditions. This observation shows that dense sand, despite
exhibiting strain hardening behaviour under an undrained condition, can become as vulnerable as

loose sand when it is subjected to a dilative strain path.
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It needs to be pointed out that the instability shown in Fig. 6 was not only due to the control
of a negative strain increment ratio but also due to the stress state upon the instability check, as
reported by Chu et al. (1993) and Chu & Leong (2001). Also, the observed instability was not due
to strain localization or rate/time effect, as explained by Chu et al. (1993). This type of pre-failure
instability can only occur when appropriate conditions are met (i.e. adequate strain increment ratio
and stress state).

Another instability test ISTO2 was carried out to further investigate the behaviour of medium
dense sand under dilatancy rate controlled conditions as well as the effect of effective stress ratio, n
= q/p’, on the pre-failure instability of sand. The effective stress path of Test IST02 is shown in Fig.
7(a). The effective stress path of Test ISTO1 (see Fig. 6a) is also replotted in Fig. 7(a) as a dashed
line. Test IST02 was conducted in a similar way to Test ISTO1 (see Fig. 6) except that the constant
load test with de,/de; = -0.67 was initiated at | = 1.04 (point A’) in Test IST02 and n = 1.13 (point
A) in Test ISTO1, as shown in Fig. 7(a).

From the axial strain and pore water pressure versus time curves of Test IST02 presented in
Fig. 7(b), it can be seen that the axial strain and pore water pressure started to accelerate when the
stress state moved from point A’ to point B’. Thus, instability occurred at point B’ in Test IST02.
As can be seen from the effective stress path plotted in Fig. 7(a), the deviatoric stress in Test IST02
started to reduce significantly at point B’, where the instability occurred, reaching the FL at the end
of test. This decrease was accompanied by an acceleration in the axial strain of the specimen (Fig.
7b), which means large plastic strains developed at point B’. Thus, using the two points, B and B’,
at which instability occurred, the instability line for de,/de; = -0.67 can be determined as shown in
Fig. 7(a). The slope of the instability line obtained from Tests ISTO1 and IST02, ni = 1.13, is the
same as the slope of the peak stress line determined from deformation-controlled strain path tests
SP09, SP10 and SP11 with de,/de; = -0.67, as shown in Fig. 5(b). Thus, the peak stress line

obtained from the dilatancy rate controlled tests and the instability line obtained from the instability
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tests are equivalent and the occurrence of pre-failure instability in load-controlled strain path tests
can be predicted with the peak stress line obtained from the deformation-controlled strain path tests.

It should also be mentioned that, similar to Test ISTO1, after the onset of instability, the
specimen in Test ISTO2 has collapsed. Therefore, the instability observed in Test IST02 is a
runaway type similar to undrained instability of loose sand under undrained conditions. Once
runaway instability is initiated, the pore water pressure and the axial strain rates increase
dramatically and the soil specimen collapses almost instantly. In other words the runaway instability
cannot be ceased (Chu et al. 2003; Wanatowski & Chu 2012).

The volumetric strain and void ratio changes measured in Test IST02 are shown in Fig. 7(c).
It can be seen from the volumetric strain curve that very small dilative volumetric changes were
measured in the specimen before point B’. As a result, the void ratio of the specimen increased very
little during this stage of Test IST02, as shown in Fig. 7(c). Once instability occurred, significantly
more volumetric dilation was measured. This means that pre-failure instability in Test IST02 did
not occur due to change of relative density.

The comparison of the effective stress paths obtained from Tests IST01 and IST02, plotted
in Fig. 7(a) also shows that the eventual occurrence of instability was not influenced by the change
in effective stress ratio. However, an increase in the effective stress ratio reduces the time taken for
instability to occur, as the initial stress state at which constant load test was initiated moves closer to
the instability line. It should be pointed out, however, that the effective stress ratio, q/p', has to be

sufficiently high to induce instability, as discussed in detail in following section.

DISCUSSION

Although pre-failure instability does not occur for dense sand under undrained conditions,
an undrained condition may not be necessary for instability to occur as a soil element in a slope

could be subjected to conditions in which pore water pressure and volume can be changed
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simultaneously. This condition can be modelled experimentally by strain paths with the strain
increment ratio (de,/de;) controlled. When de,/de; > 0 is imposed on dense sand, the pore water
pressure will decrease and instability will not occur. However, when an adequate dilative de,/dg; is
imposed, the pore water pressure will increase and instability becomes a possibility.

It needs to be pointed out that when sand of different void ratios is sheared under a drained
condition, the volumetric strain behaviour will be different. If the sand is loose, the volumetric
strain will be contractive. On the other hand, if the sand is dense, it will dilate. A drained test
defines the volumetric strain response of sand to a zero pore water pressure change condition. In
other words, in order to maintain the pore water pressure to be constant, the volume of the sand will
have to change in the way as measured in a drained test. In a drained test, loose sand needs to
contract, that is to discharge water, to maintain the pore water pressure to be constant. On the other
hand, when volume change, i.e., water discharge, is not allowed in an undrained test, the pore water
pressure will increase. As a consequence, the effective confining stress will decrease and the shear
resistance will decrease accordingly. Static liquefaction or runaway instability will occur. Similarly,
in a drained test, a dense sand needs to dilate, i.e., to absorb water, to maintain the pore water
pressure to be constant. Under an undrained condition, water is not allowed to flow into the
specimen and hence the pore water pressure inside the specimen will reduce. This is what is
observed in an undrained test on dense sand. However, if a dilatancy rate controlled condition is
imposed to force the specimen to dilate more than the sand would under a drained condition, extra
water will have to flow into the specimen to generate the required dilation. As a result, positive pore
water pressure will develop. The specimen will become unstable in a similar way as in an undrained
test on loose sand.

The occurrence of runaway instability is affected by factors such as, the drainage conditions
which can be simulated by the strain increment ratio imposed, (de,/de;); the void ratio of soil, and
the initial effective stress ratio. As discussed in detail by Chu et al. (1993), the instability condition

for both loose and dense sand can be expressed by the differences between the strain increment ratio
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imposed during a strain path test, (de,/de);, and the strain increment ratio of the soil, (de,/dg;)s,

measured in a drained test. Instability occurs when:

de de
| _[de ) 2
(dgl 1 [dgl ]S =0 ()

The strain increment ratio of the soil, (de,/dg;)s, is the maximum de,/de, ratio determined from the

gy-€1 curve of a drained test conducted under the same initial effective confining stress. For very
loose sand, (de,/de))s is greater than or equal to zero. Instability tends to occur when (de,/de;); = 0,
i.e., under an undrained condition. For medium loose to dense sand, (de,/de;)s is negative.
Instability is only possible when (de,/dg;); is even more negative than (de,/dg))s.

Constitutive equations can be used to predict the value of (de,/de))s in Inequality (2). If the
modified Rowe’s stress-dilatancy theory (Rowe 1962, Wan & Guo 1998) is used for a drained test,

(dey/de;)s can be calculated as:

de 1( o
L R R it B 3
(d‘gl ]s 1 K(G?"]f *

where (0,'/03")s = failure stress ratio achieved in a drained test, and K is expressed as:

K=l+sin¢*

—_ with sing” =(e/e,)*sing, 4)
1-sing

where ¢* is the friction angle mobilized along a certain macroscopic plane which evolves during
deformation history, ¢, and e are the friction angle and void ratio at critical state, and o is a

parameter to be determined from laboratory tests (Wan & Guo 1998).

Combining Eq. (3) with Inequality (2) leads to:

(&) =-+(2
de, ). K\o,'),

Since (o)'/03")r depends on the initial void ratio and to a certain extent on the effective confining

stress, Inequality (5) reflects the influence of these two factors, in addition to (de,/de;);, on pre-
failure instability.
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As discussed earlier, the effect of stress ratio on the instability behaviour of loose sand under
undrained conditions is specified by the instability line shown in Fig. 3. Similarly, the effect of void
ratio on the instability behaviour of dense sand under dilatancy rate controlled conditions is
specified by the peak stress line, as shown in Fig. 5(b). In both cases, the stress ratio, 1, has to be
sufficiently high to induce instability (Chu & Leong 2001). This can be explained by plasticity
theory. For plastic flow to develop, the yield surface has to expand, which requires the stress
increment to point outside the yield surface. A typical yield surface for sand is shown in Fig. 8. The

effective stress path involved in an instability test is characterized by dg <0 and dp'<0. In

instability tests the deviator stress q decreases because the cross-section of the specimen increases
while the deviator load is maintained constant. The effective mean stress p’ decreases due to the
increase in pore pressure. As shown in Fig. 8, such a stress path only points outside the yield
surface when it is within the hatched zone. In terms of stress state, this hatched zone has a stress
ratio higher than the stress ratio at the peak point of the yield surface. If the stress ratio where an
instability test starts is lower than the stress ratio at the peak point, such a stress path will point
inside the yield surface, as shown in Fig. 8, and result in an elastic response. The hatched area is

characterized by a negative normal direction. Mathematically, this can be expressed as:

ﬂ<0 (6)

where f'is the yield surface.

Inequality (6) defines the stress conditions under which instability may occur. These
conditions are approximately defined by the instability line shown in Fig. 3 and the peak stress line
shown in Fig. 5(b). Therefore, these lines are associated with the yield surface and define the
conditions in which large plastic yielding can take place (Lade 1992; Chu et al. 1993; Imam et al.
2002; Chu et al. 2003). As such, the zone of instability can be defined for specific drainage

conditions if appropriate strain increment ratio, de,/de; is imposed to specimens. Therefore, pre-
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failure instability can occur under various drainage conditions as long as the stress path leads the
stress state into the zone of potential instability.

It should be pointed out that pre-failure instability investigated in this paper is defined as
behaviour in which large plastic strains are generated rapidly. For large plastic strain to develop, the
soil must be in a yielding state. Therefore, yielding is the necessary condition for instability. This
has been explained by Lade (1992) for the instability occurring for loose sand under undrained
conditions and Chu et al (2003), Wanatowski et al. (2010), and Chu et al. (2012) for the instability
occurring for both loose and dense sand under drained conditions. The Instability Line, in fact, is
defined based on the yielding conditions (Lade 1992; Chu et al. 1993, 2003). This explains why
instability can occur under undrained, drained and dilatancy controlled conditions as long as the

stress path leads the stress state into the zone of instability.

It is also important to note that although the condition given by Inequality (6) involves the
yield surface, the conditions for the occurrence of pre-failure instability can be determined without
establishing the exact yield function. When soil is sheared along a constant deviator stress path,
yielding is not precisely defined by the Instability Line obtained by the line linking the peak points
of the yield surfaces (Lade 1992, 1993; Chu et al. 2003). Nevertheless, the Instability Line defines
the lower bound of all the possible unstable conditions for undrained and drained shearing.
Similarly, the peak stress line can be used to determine all the possible unstable conditions under
generalised drainage conditions simulated in the laboratory by controlling dilatancy rate. This is

verified by the experimental data presented in this paper.

CONCLUSIONS

Several triaxial tests were carried out to study pre-failure instability of sand under dilatancy
rate controlled conditions. The following conclusions can be derived from this study:
1. Pre-failure instability does not need to occur under undrained conditions. The testing data

presented in this paper have shown that instability can occur under a dilatancy rate

19



controlled condition, that is when the soil is dilating. Whether a soil element will undergo
instability depends on the difference between the strain increment ratio of the soil obtained
from a drained test, (de,/de;)s, and the strain increment ratio imposed during the strain path
test, (de,/de));, rather than the absolute magnitude of (de,/dg;)s.

2. From a series of dilative strain path tests conducted at different effective confining pressures
with the same de,/de; a peak stress line can be determined by joining the peak points of the
effective stress paths to the origin in the g-p’ stress space. This is similar to define the
instability line from undrained tests.

3. The instability tests under dilatancy rate controlled conditions indicate that the stress ratio at
the onset of instability ni obtained in the instability tests coincides with that of the peak
stress line m,. This means that the peak stress line can be used to predict the onset of
instability of medium loose to dense sand under dilatancy rate controlled conditions in a way
similar to the use of instability line for loose sand under undrained conditions.

4. The conditions for the occurrence of pre-failure instability are defined based on the yielding
conditions. Thus, the zone of instability can be determined regardless of the drainage
conditions. However, the occurrence of pre-failure instability can be predicted without

establishing the yield function if the method described in this paper is used.
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Table 1. Basic properties of the tested sand.

Mean grain = Uniformity ~ Specific Max. Min. Shell
size (mm)  coefficient gravity void ratio void ratio content (%)
0.30 2.0 2.60 0.916 0.533 12

43



