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Chapter 6

Discussion
This chapter starts by considering the specimen consistency, test repeatability and the
comparability between the results of the single stage and multistage triaxial tests. This
is followed by discussion of the potential effects of the particle breakage on the
definition of failure. The test results are then interpreted according the proposed shear
strength model and the shear strength-volume change framework. From the soil-
moisture characteristic curve and the saturated and unsaturated shear strength
behaviour, the warped-surface extended Mohr-Coulomb envelope of the test material

has been derived. This is followed by the presentation of the unique relationship of
¢,'ninm —¢&, which supports the application of the Rotational Multiple Yield Surface

Framework in modelling soil responses. This is also to provide evidence that the
rotation of the mobilized shear strength envelope about the suction axis is acting as
the growing yield surface as the soil undergoes compression. Then the applicability of
the framework in predicting the soil stress-strain behaviour is demonstrated. Finally
the soil volume change behaviour for wetting and loading collapse in the Rowe cell

compression tests is discussed.

6.1 Specimen Consistency.

The specimen consistency in the pressure plate test in test series A is ensured by the
use of the same dry mass of specimen which was compacted into the same volume in
every test where a consistent dry density of 1.74Mg/m> was achieved. The specimens

were taken from a uniformly mixed test sample.

The consistency of the compacted specimens for the triaxial tests in test series B and
C was confirmed by the consistent diameters, heights and dry densities obtained. Due
to the slightly different specimen preparation techniques for the saturated and
unsaturated specimens the heights of the saturated specimens are expected to be
slightly greater. Their dry densities narrowly varied between 1.73 and 1.75Mg/m’ as
shown in Tables 5.2 and 5.5 for the saturated and unsaturated specimens respectively,
irrespective of the moisture content during compaction. This is probably due to the
clean granular particles of the test material. Most important of all, the necking formed

due to the sliding method of specimen placement previously used by Salman (1995)
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was overcome. This was a consequence of a consistent specimen preparation
technique and an effective placement procedure. As expected, a lower but consistent,

dry density was obtained for the loosely prepared saturated specimens reported in
Table 5.2.

Identical dry densities of 1.64Mg/m> were obtained for test series D specimens of
particle size varying between 5 to 10mm. This is due to the uniformity of the sieved
material used and the consistent specimen preparation and placement technique

applied similar to the preparation of the loose specimens in test series B.

A consistent specimen dry density that varied between 1.45 and 1.47Mg/m’ was
obtained for the Rowe cell compression tests in test series E. This was the result of

using the same dry mass and a consistent pouring technique.

6.2 Test Repeatability.

Table 5.1 shows the results for the pressure plate test in test series A. Repeat tests
were conducted for suctions of 6, 10, 15 and 20kPa and maximum moisture content
variation of 0.7, 0.07, 0.08 and 0.08% respectively were obtained. This small
variations of percentage moisture content in the repeat pressure plate tests showed
good test repeatability and the resultant soil-moisture characteristic curve is plotted in

Figure 5.1.

The effective stress and the corresponding deviator stress at failure for the triaxial
tests on saturated specimens in test series B are listed in Table 5.3. The saturation of
all the saturated triaxial specimens was carried out until a minimum Skempton’s B
value of 0.92 was achieved as recorded in Table 5.3. In practice, the values ranged
from 0.92 to 1.0 with an average value of 0.97. This was the final step taken to make
sure that the specimens’ initial conditions were as consistent as possible in every test
before the consolidation and the shearing stages were commenced. The repeatable test
procedure applied is expected to give repeatable results. However, there was a slight
variation in the test procedure for the multistage test on specimen compacted at 4%
moisture content, i.e. test code S4%MST]1. In this test the cell and back pressures
were reduced from 390kPa and 340kPa at the end of saturation stage to 190kPa and

90kPa respectively. The result of this inconsistency in the test procedure has produced
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a slightly lower deviator stress at failure than in the rest of the tests. Figure 6.1 shows
a slightly lower shear strength envelope for test code S4%MST! compared to
S4%MST?2. Therefore the result of this test was excluded in the repeatability check,
which covers the deviator stress at failure for both the single stage and multistage
tests. The deviator stress at failure for shearing of compacted specimens at a nominal
effective stress of 100kPa are 563, 614, 600 and 580kPa for test codes S4%SSES100,
S6%SSES100, S8%SSES100 and S12%MSTI1ES100 respectively, at effective stress
of about 200kPa are 813, 867, 871, 833 and 822kPa for test codes S4%SSES200,
S6%SSES200, S8%SSES200, S4%MST2ES200 and S12%MST2ES200 respectively
and at effective stress of about 300kPa are 915, 1074, 980 and 974kPa for test codes
S4%SSES300, S8%SSES300, S4%MST2ES300 and S12%MST2ES300 respectively.
The maximum variations of deviator stress at failure for these tests at effective
stresses of 100, 200 and 300kPa are 8.3, 6.7 and 14.8% respectively.

There were no repeat tests for test series C, D and E. However the reliability of the
results in test series C depends on the comparability between the single stage and
multistage tests in test series B that will be discussed in the following section. The
reliability of test series E is totally dependent on the repeatability of similar tests
conducted by Goodwin (1991). These tests that used the same modified Rowe cell and
an almost similar test material obtained from the same quarry, showed excellent
repeatability. As a similar test procedure had been adopted the results of test series E

are assumed to be repeatable.

6.3 Comparability between Single Stage and Multistage Triaxial Tests.

The consistency in the prepared specimen dimensions, dry densities, and the
repeatability in the test procedure adopted for the triaxial tests on saturated specimens
discussed earlier should give comparable results between single stage and multistage

tests if the latter procedure is valid.

Section 6.2 has proved the repeatability between these two types of triaxial test at
effective stresses of 100, 200 and 300kPa and therefore confirmed their
comparability. This thereby confirmed the reliability of the multistage test on
saturated specimens and thus would indicate the reliability of the similar tests on

unsaturated specimens since the only difference in conditions between them is the
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presence of suction in the unsaturated specimens. Therefore any difference in deviator
stress at failure must be attributed to the suction in the unsaturated specimens. The
result for the multistage triaxial test on saturated specimens compacted at 4%
moisture content has to be omitted again due to the inconsistent test procedure

adopted.

The reliability of multistage triaxial tests on unsaturated specimens is also supported
by the work of Ho and Fredlund (1982) where a similar “cyclic loading” procedure

was adopted.

6.4 Membrane Penetration.

A problem when dealing with coarse-grained soils is the penetration of the rubber
membrane into the interstices between the outer particles of the specimen when the
cell pressure is increased during the consolidation stage of a triaxial test. This causes
errors in the measurements of specimen volume change during consolidation. A
reasonable and accurate technique is required to determine the volume change due to
membrane penetration. Some researchers like Molenkamp and Langer (1981), Baldi
and Nova (1984) and Kramer et al. (1990) have developed theoretical equations to
determine the volumetric strain due to membrane penetration. Their theoretical
equations are a function of cell pressure, mean grain size, specimen diameter,
membrane elastic modulus and thickness and a constant factor. The only difference
between their equations is the constant factor. However there is a problem in the
selecting the most appropriate equation for the current tests and the selection of the
right value for the parameters to be used in the equation. A slight change in values
would give a different value of volumetric strain and this could jeopardise the end
result. Thus the best way for determining the membrane penetration is by judging it
from the consolidation curve based on reasonable assumptions as described for the
saturated and unsaturated triaxial specimens in Sections 5.2.3 and 5.3.3 respectively.
The results of the two different methods used for the determination of volume of
membrane penetration in the saturated and unsaturated tests have shown a reasonable
comparability between them. Nonetheless the accuracy of these methods would have
been better if a faster data logging rate had been applied for the tests on unsaturated
specimens. Then the point of divergence from linearity could have been determined to

support the derivation made from the lateral shrinking of the specimen.
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6.5 Stress, Strain and Volume Change Behaviour of Triaxial Specimens.

The deviator stress and the volumetric strain during shearing for the unsaturated
specimens are calculated by assuming the specimen volume change indicated by the
VCU is uniformly distributed within the gauge height (i.e. 200 mm) of the specimens.
This is to avoid to the non-uniform deformation of the specimen affected by end
friction. The specimen’s effective cross sectional area A4' is based on the measured
volume change and the measured internal axial strains. On the other hand the deviator
stress and the volumetric strains during shearing for the saturated specimens are
calculated based on the measured volume change and assuming a uniform distribution
throughout the whole specimen height. This is because there is no internal strain

measurements were carried out for the saturated specimens.

The generalized behaviour of both the saturated and the unsaturated specimens can be
summarized as follows:
1. The graphs (e.g. Figures 5.14 and 5.20) that show a well defined peak deviator

stress have a well defined dilation point on the graph of &, versus ¢, .

2. The graphs for compacted specimens with well defined peak stress are those
tested at effective stresses of 100, 200 and 250 kPa, the apex is achieved at
variable axial strain less than 1.0% and the dilation point occurs at axial strain
just before the point of peak stress.

3. For compacted specimens at an effective stress or net stress of 300 kPa that
show a continuously increasing deviator stress after 1.0% axial strain, the
dilation point is at higher axial strains, and some specimens show a continuous
contraction during shearing.

4. The compressive volumetric strains measured at peak deviator stress increase

almost linearly with confining pressure (e.g. Figures 5.15 and 5.21).

The variability of axial strain at peak deviator stress for similar effective stresses of
less than 300 kPa, as noted in point no. 2 above, is taken as a sign of the occurrence of
particle breakage during shearing. This is supported by the works of Bishop (1966)
and Billam (1972). The similar behaviour at elevated effective stresses reported by

Indraratna et al. (1993) and Futai and Almeida (2005) when testing coarse-grained
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soils, as presented in Section 2.3.3 may be attributed to particle breakage. Even
though in the sample preparation procedure described in Section 4.2.1 the softer
particles of shale were ground down in 10 minutes mixing in a 30kg concrete mixer,
in some specimens some of them could still remain and cause this variability in the
stress-strain and volume change behaviour. Therefore, if the variability in behaviour
is caused by particle breakage of the softer remaining shale bits then this could be the

reason for the occurrence of peak stress at higher axial strains for tests at effective
stress of 300 kPa.

The inconsistency in the volume change behaviour during shearing for specimens
tested at an effective stress of 300 kPa as noted in point no.3 above, also implies
variability in the constituent soil particles. The continuous specimen contraction
during shearing of the compacted specimens is also an indication of the occurrence of
particle breakage according to Bishop (1966) and Billam (1972) for tests at elevated
stress levels. This type of stress-strain and volume change behaviour is similar to the
graphs for greywacke rockfill at net cell pressures of 600 kPa in Figure 2.12(a) and
(b) reported by Indraratna er al. (1993). When dilation is suppressed by the higher
confining pressure it causes particle breakage and this is responsible for the
continuous specimen contraction at failure. The almost linear increase in the
compressive volumetric strains at peak deviator stress at increasing confining pressure
as noted in point no. 4 above is typical volume change behaviour in drained triaxial
compression test on coarse-grained soils as reported by Indraratna er al. (1993) as

review in Section 2.3.3.

However, another possibility for this kind of volumetric strain behaviour where it is
contracting towards a constant value while the deviator stress is levelling off is the
onset of a critical state condition. This characteristic is shown in the third shearing
stage for unsaturated specimens at suction 60 and 90 kPa (Figures 5.35 and 5.36).
Since the internal axial and radial strains were measured in these tests then Equation
2.10 can be applied to check whether the specimens have attained the critical state

condition. The equation indicates that the volumetric strain, £, for a drained triaxial

test is the sum of twice the radial strain and axial strain. Therefore if the graphs of

twice the radial strain plus axial strain are plotted against axial strain as shown in
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Figures 6.2(a)-(d), it would indicate the volumetric strain behaviour of the specimens
during shearing based on the measured local radial and axial strains. If the graph tends
towards the horizontal then it indicates that the shearing is approaching the critical
state condition. This volumetric strain behaviour can be compared with that indicated

by the large (1770 cc) volume change unit.

The graphs of 2¢, +¢, versus g, for the third shearing stage on all unsaturated

specimens at suctions of 25, 50, 60 and 90 kPa are shown in Figures 6.2(a)-(d)
respectively. The graphs in Figures 6.2(a)-(¢) indicate that the specimen was still
dilating to the end of the shearing stage. On the other hand the graph in Figure 6.2(d)
for 90 kPa suction is showing that the specimen was contracting from the point of
application of the deviator stress up to the failure point and continuing to contract
after the failure point where the deviator stress is slowly continuing to increase as
shown in Figure 5.36. Therefore, even though the graphs of deviator stress versus
axial strain for the third shearing stage on all unsaturated specimens at suctions of 25,
50, 60 and 90 kPa shown in Figures 5.33 — 5.36 respectively are levelling off at higher
axial strains, their volumetric strain behaviour is not indicating the onset of a critical
state. Possibly the graph in Figure 6.2(d) is indicating the occurrence of particle

breakage since the specimen continuously contracting during shearing.

These results correspond with the volumetric strain behaviour indicated by the
volume change unit, except for the specimen with a suction 60 kPa where the volume
change unit indicated a continuous specimen contraction (refer Figure 5.39) and the
measurement of the local radial and axial strains (refer Figure 6.2(c)) indicated the
opposite. The reason for this difference is not understood. The possibility of the
leakage in the volume change unit is very unlikely since the tube lines and
connections were thoroughly inspected while carrying out the tests. Also the
calibration drift for this volume change unit is negligible as indicated in Table 4.9. As
the volumetric strain according to the local displacement transducers indicates that the
shearing has not reached a critical state condition, the inconsistency in behaviour
could be attributed to particle breakage. The continuously increasing deviator stress
towards a higher axial strain at failure (i.e. more than 1.0% axial strain) beyond the

normal axial strain at failure for the shearing at a lower net confining stress (i.e. less
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than 1.0% strain) is attributed to the particle breakage according to Bishop (1966) and
Billam (1972). This type of stress-strain and volume change behaviour at elevated net
confining stress was similar to the graphs reported by Indraratna es al. (1993) and
Futai and Almeida (2005) as presented in Section 2.3.1. Therefore the continuing
increase in the deviator stress at axial strains higher than 1.0% in Figures 5.13, 5.15,
5.17, 5.18, 5.35 and 5.36 are prone to indicate the occurrence of particle breakage. In
other words particle breakage in coarse-grained soils is inclined to be responsible for
the increase in the deviator stress which is similar to the stress-strain behaviour for

normally consolidated clays. The following section introduces the graph of mobilized
friction angle, @,,, versus void ratio, e, which can be an additional indication of

particle breakage.

6.5.1 Detection of Particle Breakage on the Graphs of Mobilized Friction Angle,
#..,» Versus Void Ratio, e.

Figures 6.3(a) and 6.3(b) shows plots of mobilized friction angle versus void ratio for
the compacted specimens in test series B and C at the limited range of values for
clarity. It can be noticed that in some of the graphs in Figure 6.3(a) there is a sharp
change in curvature, e.g. the graphs for S4%SSES300 (i.e. thickest yellow line) and
S12%MSES300 (i.e. thickest pink line). The kink in the graphs is indicating a sharp
reduction in void ratio and this is suspected to be due to particle breakage which fill
up the void spaces with the smaller chipping material. Then if their corresponding
plots of volumetric strain versus axial strain shown in Figures 5.19 and 5.24
respectively are studied, it can be seen that the dilation began at about 2.5% axial
strain in both cases. These points correspond to the minimum void ratio in the
considered graphs in Figure 6.3(a). The particle breakage is suspected to be taking
place at axial strain lesser than 2.5% at the point where there is a sharp reduction in
void ratio indicated by the kink in the graphs. The subsequent gradual increase in the
deviator stress beyond axial strain of 2.5% as shown in Figures 5.13 and 5.18 is due to
the specimen dilation as indicated by the graphs in Figures 5.19 and 5.24. However
whether the earlier occurrence of particle breakage is influencing the succeeding

gradual increase in the deviator is uncertain.
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Figure 6.3(b) shows identical lines of gradient éi’"—"” for shearing of saturated and
e

unsaturated triaxial test specimens at effective or net stresses of 100kPa. The onset of

a linear variation of ¢, relative to void ratio before reaching the point of minimum

void ratio could be a characteristic of a “no breakage” condition, since this
characteristic is not likely to occur at effective stresses higher than 100 kPa for this

material.

The plots of mobilized friction angle versus void ratio for specimens compacted at 4%
and 6% moisture content sheared at effective stresses of 100 and 200 kPa in Figure
6.3 have been redrawn with a larger horizontal scale in Figure 6.4(a). There is a
divergence from linearity for the graph of S4%SSES200 compared to the linear
section in the graph of S6%SSES200. This could be taken as another criteria for the
sign of particle breakage. Reference to the graph of deviator stress versus axial strain
for S4%SSES200 (Figure 5.13) shows that the deviator stress remained constant after
the specimen starts to dilate as shown by graph no. 2 in Figure 5.19, which is at 0.6 %

axial strain.

This suggests that only when the specimen continuously undergoes contraction while
the deviator stress is continuously increasing and correspondingly the graph of
#...» — € shows a sharp reduction in void ratio then particle breakage can be suspected
to occur. The close up views at the plots of mobilized friction angle versus void ratio
for the shearing at an effective stress of 100kPa in Figure 6.4(a), show a distinct linear
behaviour before the dilation point. This characteristic of the graph of ¢, —e is
proposed as a sign for the condition of “no particle breakage”. Correspondingly, the
graphs of deviator stress versus axial strain for tests S4%SSES100 and S6%SSES100
in Figures 5.13 and 5.14 respectively show well defined peaks to indicate strain

softening after the dilation point when there is likely to be no particle breakage.

If the graph of mobilized friction angle versus void ratio for test S8%SSES300 is
redrawn with a bigger void ratio scale as shown in Figure 6.4(b) it can be seen that
there is a sharp reduction in void ratio followed by a clear divergence from linearity.

This is to mark that the rate that void ratio decrease is increasing to indicate the
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occurrence of particle breakage. If the corresponding plots of deviator stress, cell
pressure, pore water pressure and specimen volume change versus axial strain are
redrawn, as in Figure 6.5, it can be seen that the breakage is suspected to occur when
axial strain is approaching the point of minimum volumetric strain. Beyond that, the
specimen dilation is responsible for the increase in the deviator stress. Then the earlier
occurrence of particle breakage is again suspected to influence the succeeding gradual

increase in the deviator stress. However the manner of the influence is uncertain.

The particle size distribution curve taken after shearing for test S8%SSES300 is
shown by curve number 4 in Figure 4.1. There is a slight increase in the proportion of
particle sizes less than 5Smm compared to curve number 2, which represents the
general initial particle size distribution before shearing. This therefore provides
evidence that particle breakage has occurred and could be the cause of the graph of
mobilized friction angle versus void ratio diverging from linearity as it approaches the

dilation point. This supports the earlier proposition that either a kink or divergence

v

from linearity in the graph of ¢

mob

-e as a sign of particle breakage. Besides, the

different gradient of the linear section of the graph of ¢, , —e for different effective

or net stresses (Figures 6.3(a) and 6.4(a)) indicates that it doesn’t exhibit a unique
relationship and thus cannot be the basis for the formulation of the shear strength-

volume change framework.

6.5.2 Effect of Particle Breakage on Definition of Failure.

Section 2.3 has discussed the two types of the graph of deviator stress versus axial
strain where one shows a well defined peak and the other shows a continuously
increasing deviator stress after a kink. The failure point for the first type of graph is
taken at the maximum deviator stress and for the second type of graph is either taken
at the kink in the graph or at an arbitrary strain. A problem arose when some of the
graphs of deviator stress versus axial strain showed a slightly different behaviour
where, upon approaching the peak deviator stress, the trend suddenly changes to a
continuously increasing deviator stress instead of decreasing. This is probably due to
particle breakage as discussed in Sections 5.2.4 and 5.3.4. Particle breakage is seemed
to cause an increase in the deviator stress at a much slower rate than the first phase.

Failure is taken at the point that the deviator stress started to undergo the slower
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increase rate, which is estimated i.e. at 0.2% strain after the first kink since particle

breakage is taken as one of the criteria for failure.

6.6 Effect of Grading on the Shear Strength.

A specimen with uniform grading (i.e. test series D) has less total contact area
between grains when compared to a well graded specimen, By using a uniform and a
wider graded material the effect of this overall contact area on the shear strength
envelope can be investigated. This may then be linked to particle breakage which

results in an increase in the overall particle contact area and an increase in strength.

This was investigated by conducting triaxial tests on saturated specimens of material
retained on a Smm diameter sieve in test series D (grain size distribution curve is
given by curve no. 3 in Figure 4.1). The specimens were loosely prepared to avoid
particle breakage and the applied effective stresses were 100 and 200kPa; the results
are presented in Table 5.10. These results are compared with the results of triaxial
tests on loosely prepared specimens presented in Table 5.3 marked as test codes
S0%SSES100, S0%SSES200 and S0%SSES300. The corresponding shear strength
envelopes for these grading are obtained by drawing Mohr circles as shown in Figure
6.6. For the loosely prepared saturated specimens of the normal test material the

transition effective stress, (a-uw ),, transition shear strength, z,, and the minimum

internal friction angle, ¢, , are estimated to be 300kPa, 265kPa and 28° respectively.

For the loosely prepared specimen with test material retained on a Smm diameter

sieve the transition effective stress, (a—-uw ),, transition shear strength, r,, and the

minimum internal friction angle, ¢

m

«» are estimated to be 300kPa, 275kPa and 30°
respectively. Apparently, the shear strength for the coarser material of uniform
grading is slightly higher than the loosely prepared “well graded” grading. Therefore
there is no evidence in this particular case that the greater overall contact area

between grains is giving higher shear strength,

6.7 Shear Strength of the Test Material.
The shear strength of the test material according to the proposed warped-surface shear
strength model formulated specifically for coarse-grained soils is plotted based on the

saturated and unsaturated shear strength behaviour, plus the point of maximum
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apparent shear strength according to the soil-moisture characteristic curve. The
procedure for obtaining the seven soil shear strength parameters that are required for
the plotting of the warped-surface shear strength envelope has been described in
Section 3.2.5. The shear strengths parameters were obtained from consolidated
drained triaxial tests on saturated and unsaturated specimens in test series B and C
respectively. The data obtained from the consolidated drained triaxial tests on loosely
prepared saturated specimens (i.e. S0%SSES100, S0%SSES200 and S0%SSES300)
are omitted in the derivation of the warped-surface shear strength envelope of the test

material due to the slightly low shear strength attained.

In the consolidated drained triaxial tests, both the saturated and unsaturated specimens
were sheared at strain rate of 0.0256mm/min. This strain rate was chosen since during
trial consolidated drained triaxial tests on both saturated and unsaturated specimens
this rate was slow enough not to cause any increase in the pore water pressure. This
strain rate also satisfied the requirement (Head, 1981) that a minimum time for failure
must be 2 hours. According to the past applied strain rate for triaxial tests on
unsaturated specimens as listed in Table 6.1, this strain rate is the second fastest rate

applied for granular soil and proved to be appropriate for the test material.

6.7.1 Saturated Shear Strength.

The Mohr circles based on data obtained from effective stress analysis for saturated
conditions, as presented in Table 5.3, are plotted in Figure 6.7(a) and the Mohr
Coulomb envelope for saturated conditions is sketched to enclose the Mohr circles.
The Mohr circles for the loosely prepared specimens (i.e. S0%SSES100,
S0%SSES200 and S0%SSES300) and for the multistage test on a specimen
compacted at 4% moisture content (i.e. S4%MSES100, S4%MSES200 and
S4%MSES300) are omitted here. Figure 6.7(b) shows the shear strength parameters

for the deduced Mohr Coulomb

and the minimum internal friction angle, ¢

min
envelope. The transition effective stress, (a -u, ), , transition shear strength, r,, and

the minimum internal friction angle, @, , are estimated to be 200kPa, 230kPa and

34° respectively.
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Substituting these first two shear strength parameters (ie. (o -u, ), and 7,) and the

minimum internal friction angle, @, , into Equations 3.13. 3.14 and 3.15 will produce

Equations 6.1 and 6.2 which are the shear strength equations of the test material for

saturated conditions.

Toar, = (o) 1+ 200-(0 ~u,) 230 Equation 6.1
4 200 N x200
where N—- —yE =2.41855
_{200x 22
230

for (o -u,)<200kPa
7., = (0 —u,)tan34° +[230 - 200 tan 34°] Equation 6.2

for (o ~u,)>200kPa

The shear strength envelope drawn in Figure 6.7 was plotted based on these equations

and it defines the minimum shear strength of the test material.

The saturated condition shear strength envelope obtained for the triaxial tests on loose
poured specimens is slightly lower than that of the compacted specimens as shown in

Figure 6.8. The transition effective stress, (o —u, ), , transition shear strength, 7,, and

the minimum internal friction angle, ¢,

min ?

are estimated to be 300kPa, 265kPa and

28° respectively.

6.7.2 Unsaturated Shear Strength.

The value of residual suction that corresponds to the maximum apparent shear
strength is determined at 15kPa from the soil moisture characteristic curve as shown
in Figure 5.1 and discussed in Section 5.1. Therefore the curve that represents the

variation of apparent shear strength with respect to suction must have its vertex at a
suction of 15kPa.

The consolidated drained triaxial shear strength tests on unsaturated specimens were

conducted at suctions of 25, 50, 60 and 90kPa. These tests were to determine the

magnitude of the apparent shear strength at the respective suction and effective stress.
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The specimens were compacted at 4% moisture content except for the test at suction
90kPa which was compacted at 1% moisture content. The latter was intended to
accelerate the equalization stage. It reduced it from between 4 to 6 weeks to just less
than one week as indicated by the equalization curves shown in Figure 5.11. This was
carried out after realizing that the moisture content of the specimen at compaction did
not have a significant effect on the shear strength envelope as long as the specimens
were compacted in a similar way. The similarities in the shear strength envelopes may
be attributed to the almost equal specimen initial dry densities as shown in Table 5.5.
This can be seen from the results of the saturated shear strength tests in test series B
which gave a single shear strength envelope as shown in Figure 6.7(a), despite the

specimens being compacted at different moisture contents.

Once a specimen has equalised, i.e. when the outflow of moisture from the specimen
is less than 0.05¢cc in 12 hours, it is ready for the consolidation and shearing stages.
The consolidation and shearing were performed by the multistage triaxial test method
described in Section 4.5.3.7. All of the specimens were consolidated and sheared at
effective stresses of 100, 200 and 300kPa. The cell pressure, pore air pressure and

pore water pressure applied in every test are shown in Table 5.7.

The graphs of deviator stress and specimen volume change versus internal axial strain
are shown in Figures 5.33 — 5.36 and Figures 5.37 — 5.40 respectively. From the
graphs of deviator stress versus internal axial strain the deviator stress at failure for

each case was determined and the results are listed in Table 5.7. The major principal

net stress is taken as the sum of the failure deviator stress, Ao +» and the net stress,

(o3 —ua), while the minor principal stress is taken as the net stress. From these data

the Mohr circles are drawn for each suction case as shown in Figures 6.9 - 6.12. In the
same figures the shear strength envelope at saturation was also drawn and the distance
the Mohr circles extend vertically above the envelope is taken as the apparent shear
strength with respect to the corresponding net stress and suction (refer Section 3.2.2).
If the Mohr circle just touches or lies slightly below the envelope, the apparent shear
strength was considered to be zero. The total shear strength is taken as the sum of the

apparent shear strength and the shear strength at saturation. Table 6.2 summarizes the

apparent and the total shear strength obtained in each case.
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6.7.3 Warped-surface Shear Strength Envelope.

The shear strength behaviour of the test material according to the new 3-D warped-
surface extended Mohr-Coulomb envelope is obtained from the interpretation of the
results in test series A, B and C. Section 6.4.1 has identified two shear strength

parameters which are transition effective stress, (o—u,),, and transition shear
strength, 7,, and the soil inherent property, which is the minimum internal friction

angle, ¢_. . Section 6.4.2 has identified the magnitude of residual suction, (u, — u,),,

which is the result of test series A. The data from the shear strength tests on
unsaturated specimens discussed in Section 6.4.2 have been used to determine the

remaining three shear strength parameters, which are the maximum apparent shear

strength, ¢™, rate of increase of ultimate suction with respect to net stress, ¢, and

ultimate suction at zero net stress, (u, —u, )

u

The next step is to determine the maximum apparent shear strength, ¢, by

extrapolating from the variation of the apparent shear strength with respect to suction
at suctions of 25, 50, 60 and 90kPa and the three different net stresses of 100, 200 and
300kPa. The apparent shear strengths at the respective effective stress and suction are
summarized in Table 6.2. The graphs for variation of apparent shear strength with
respect to suction relative to the saturated shear strength at effective stress of 100, 200
and 300kPa are drawn as in Figure 6.13. In other words the figure considers the
apparent shear strength for the respective net stress, and not the sum of the saturated

and apparent shear strength. From here the maximum apparent shear strength, ¢ is

estimated as 30kPa corresponding to a suction of 15kPa (i.e. residual suction). At the

same time Figure 6.13 helps to estimate the values of ultimate suction with respect to

the effective stresses applied.

The ultimate suction for the respective effective stress is the value of suction at the
point where the graph returns to the suction axis. From the values of ultimate suctions
for the three graphs in Figure 6.13, the variation of ultimate suction relative to
effective stress is drawn as in Figure 6.14. This is based on the assumed linear

variation according to Equation 3.14 proposed in Section 3.2.2. From here the rate of
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increase of ultimate suction with respect to effective stress, £, for the test material is

deduced as 0.05. The value of ultimate suction at effective stress zero, (u, —u, )"~ is

u

deduced by extrapolating the line and a value of 50kPa is obtained. At this stage all of
the seven shear strength parameters have been deduced and are summarized in Table
6.3. Consequently the 3-D warped-surface Mohr-Coulomb shear strength envelope of

the test material can be defined and drawn using the four shear strength equations i.e.
Equations 3.22 - 3.25,

Substituting the seven estimated shear strength parameters into Equation 3.15, 3.20,

3.21, 3.22 and 3.23 will produce Equation 6.3 - 6.7 respectively.

(u, -u,), =0.05(c -u,)+50 Equation 6.3
T, = (O-—ua) 1+ 200_(G_ua) 230 + (ua _uw)l:l+ 15—(14” _uw)]:;o
200 2.41855(200) 15 15
........ Equation 6.4

Valid for Zone 1 where suction; 0>(u,-u,)<15kPa and effective stress;
02 (0 —u,)<200kPa.

,f:(o——u,,)[H200—(cr—ua)}230+30[(1«‘.—uw)u—(za,—uw)Hl 15_(u‘,_uw)}

200 2.41855(200) (w,-u,), -15 " (u, -u,), 15

......... Equation 6.5
Valid for Zone 2 where suction; 15kPa > (u, —u, )< (u, —u,), and effective stress;

02(c—u,)<200kPa.

7, = (o —u, )tan34° + [230 - 200tan 34°]+ (u, 1‘5”w)[1+ 15— (4, —uw)]m

............ Equation 6.6
Valid for Zone 3 where suction; 0>(u,-u,)<15kPa and effective stress;

(o -u,)>200kPa.

= (0 -, )ian34° + [230 - 200tan 34} 30 Y ~eds (e )|y 15 20)
(u,,—uw)"-IS (ua—-uw)“—IS

.............. Equation 6.7
Valid for Zone 4 where suction; 15kPa 2 (u, —u, )< (u, ~u, ), and effective stress;

(o —u,)>200kPa.
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These equations are the five shear strength equations needed to define the extended
warped-surface Mohr-Coulomb envelope for the test material. These equations were
used to draw the analytical contour lines in Figure 6.15 which is the extended warped-
surface Mohr-Coulomb envelope plotted in two-dimensions. It will be noticed that the
analytical contours for effective stresses of 100, 200 and 300kPa closely match the
corresponding experimental data points. These results thereby validate the
applicability of the proposed five shear strength equations (Equations 3.14, 3.22, 3.23,
3.24 and 3.25). The smooth analytical contour lines plotted in Figure 6.15 using these
equations indicate that the equations manage to produce a smooth transition between

zones.

The shear strength equations of the test material (Equations 6.3 - 6.7) were then used
to plot a three-dimensional perspective view of the envelope as shown in Figures 6.16
and 6.17 using software called Origin. They were plotted for a net stress range from
zero to 500kPa with increments of 50 kPa, and a suction range from zero to 90kPa,
with increments of SkPa. The seven shear strength parameters listed in Table 6.3

representing dimensions in the shear strength model are shown in Figure 6.17.

The perspective view of the plotted warped-surface Mohr-Coulomb envelope shown
in Figures 6.16 and 6.17 shows a smooth transition between the four zones on the
envelope surface. This proves the applicability of the proposed shear strength
equations to map exactly with the anticipated physical model (i.e. extended warped-
surface Mohr-Coulomb shear strength envelope) as shown in Figure 3.3. The fact that
the proposed shear strength equations are able to map closely with the laboratory
shear strength behaviour as shown in Figures 3.3, 3.4, and 3.5 provides supporting

evidence for their general applicability.

6.8 Prediction of Soil Response by the Shear Strength-Volume Change
Framework.

Suction between soil particles provides an extra effective stress. Inundation is actually

reducing the magnitude of the suction between the particles and thereby implies that

the soil compression due to inundation is occurring under effective stress decrease.

This is contrary to the Terzaghi’s theory of effective stress which implies that soil

compression occurs under an increase in effective stress. The soil compression under
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the reducing effective stress is the main difficulty in formulating behaviour under a
single framework. The problem faced by the critical state framework to model volume
change due to alternate wetting and drying is suspected to be due to the consideration
of failure purely based on suction changes without considering the combined effect of
principal stresses and suction together. These problems have been accounted for
through the changes in net stress and suction within the extended Mohr-Coulomb

space according to the proposed volume change framework.

The proposed volume change framework is specifically developed based on the soil
stress-strain behaviour to predict the response of coarse-grained unsaturated soils at
low stress levels due to different types of loading condition. The low stress level
condition limits the framework to stress at which no particle breakage occurs during
the soil compression or shearing. Failure is considered to occur at identical axial strain
for any stress level within this low stress range. The occurrence of particle breakage
will cause failure at inconsistent axial strains and this will stop the mobilized shear
strength envelope acting as the yield surface and therefore invalidate the applicability
of the framework. This is an effort to explain the volume change behaviour of coarse-
grained soils under different types of stress changes such as the stress conditions
during wetting and loading collapse. The framework is based on the concept of
progressive failure by stress equilibrium between mobilized shear strength and the
soil state of stress, and assuming that the mobilized shear strength envelope is the

yield surface in the extended Mohr Coulomb space defined by the unique relationship
of ¢,'nm_“ —¢&,. These concepts will be applied to interpret the soil behaviour in the

triaxial compression tests on saturated and unsaturated specimens conducted in this

research.

The qualitative simulation of soil compression in the volume change framework
proposed in Section 3.4 suggests that the rotation of the mobilized shear strength
envelope is representing the increase in axial strain. The location of the mobilized
shear strength envelope is represented by the mobilized minimum friction angle,
¢,'nm_“ , and the axial strain, ¢,, is taken as the yield parameter. Furthermore, the
framework is proposing that the mobilized shear strength envelope is representing the

yield surface. Every point on a yield surface is representing identical axial strain even
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though of different effective or net stresses. For this to be true then the plots of
Boin_, Versus g, for different effective or net stresses must be unique whereby they

must overlap to represent a single relationship.

The mobilized shear strength envelope is a curvilinear surface, therefore it cannot be

represented by the angle ¢, , since the value varies with effective or net stresses.

Alternatively the effective mobilized minimum friction angle, ¢ , is used to

.
min,,

establish the position of the envelope. The unique relationship of -¢, is explicit

min .., a

to the soil state of compactness defined through the mobilized friction angle, ¢

mob *

where the changes in ¢,'ninm, is defined based on the changes in ¢,, (refer to

maobh
Equation 3.34). The mobilized friction angle is an intrinsic soil property and
independent of the stress condition as discussed in Section 2.3.1. This is similar to the
unloading of shear stress at point A in Figure 2.4(a) where it does not affect the

.

mobilized friction angle, ¢

mob *

and in fact acts like a recorded history of the soil.

Whenever the mobilized friction angle is exceeded during the reloading path the soil

will automatically react by elastic-plastic compression. Therefore the relationship
¢x'mn..,,. -£, is assumed to be independent of the types of stress condition. This will

support the applicability of the framework to model volume change due to the various

changes in the stress condition like in the wetting and loading volume change
behaviour.

In the following sections the rotation of the mobilized shear strength envelope with

soil compression will be demonstrated. The existence of the required relationship of
min_, -€, for the applicability of the framework will be proved from the soil

behaviour in triaxial compression under both saturated and unsaturated conditions.

The primary requirement is that the axial strain at failure is identical at different net

confining pressures. The existence of this unique relationship of ¢

MiN ..

-&, will also

prove that the mobilized shear strength envelope is a yield surface for the condition of

low stress levels, and the rotation of the yield surface due to stress changes is
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representing the increase in axial strain. The volume change behaviour is quantified

through the relationship between volumetric strain, ¢,, and axial strain, &, .

6.8.1 Interpretation of Yield Surface.
In this section the yield surface at increasing values of effective mobilized minimum

friction angle, ¢,'m_d , under saturated and unsaturated conditions will be plotted to

demonstrate that it is rotating about the suction axis as the soil is compressed. The
critical requirement in order for the yield surface to represent identical axial strain is
that the peak stress or the failure point for tests at different effective or net stresses
must occur at the same axial strain in each test. This is only possible if the specimens
do not exhibit particle breakage during the compression. If there is particle breakage
in one of the tested specimens, it may be identified by the peak stress occurring at
higher axial strain. Therefore this must be characteristic of the selected stress-strain
curves required for proving that the mobilized shear strength envelope is the yield
surface. The stress-strain curves that demonstrate this characteristic are for the
saturated specimens compacted at 8% moisture content where results are plotted in
Figure 5.15 showing that their failure points all occurred at 1% axial strain. The step
by step procedure for drawing the yield surface is described in Section 3.4.7. Figure
6.18 shows the rotation of the hypothetical yield surface towards the soil shear
strength envelope during the triaxial compression tests at effective stresses of 100,
200 and 300 kPa on those specimens. The parameters used to plot the Mohr circles
and the yield surface corresponding to effective mobilized minimum friction angles of
10, 20, 30 and 34 degrees are listed in Table 6.4 and 6.5 respectively. The yield
surfaces are drawn using Equations 3.13 and 3.14. Figure 6.18 indicates that the Mohr
stress circles correspond reasonably well with their respective yield surface. The

parameters used to draw the Mohr circles and the yield surfaces are based on the

corresponding calculated values of ¢,'mm according to Equation 3.34.
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6.8.2 Unique Relationship Between ¢, and ¢,.
Each yield surface plotted in Figure 6.18 must be representing identical axial strain
for it to be valid as a yield surface. The position of the yield surfaces is noted by the

mobilized minimum friction angles (i.e. ¢,

min,., ) Which are 10°, 20°, 30° and 34°. As
the yield surface rotates anti-clockwise about the suction axis, which is perpendicular

to the page and passes through the origin, towards the soil shear strength envelope,

where ¢, = ¢,‘nm, =134°, the axial strain is increasing towards the common axial

strain at failure irrespective of the different effective stresses. Therefore if each yield

surface is representing identical axial strain then the graph of ¢

min,,.,

- &, must be
unique irrespective of the effective stress. Figure 6.19 shows the graphs of effective

mobilized friction angle, ¢,‘,ﬂnw , (i.e. maximum effective mobilized friction angle)
versus axial strain, ¢, and it indicates that the effective mobilized friction angle at
failure, ¢,',,o,,[ , decreases as effective stress increases and the values are shown in

Table 6.4. This evidence supports the non-linear shape of the envelope at low stress

levels. Figure 6.20 shows the corresponding plot of ¢,'mnmb -¢, for triaxial tests on

saturated specimens compacted at 8% moisture content at effective stresses of 100,

200 and 300 kPa. It shows that the graph of ¢,'“in_“ - £, is unique with the plots almost

overlapping each other even though they represent different effective stresses. This
overlapping proves that each yield surface in Figure 6.18 is representing the same

.

axial strain. The small positive values of ¢

MiN 0

up to 10° and the negative values in

Figure 6.20 need to be omitted as described in Section 3.3.4. The latter occurs when

(¢,',,0,,f - ¢m,,) is greater than @, in Equation 3.34.

Furthermore, it can be noticed that from mobilized minimum friction angle of 30° to

34° in Figure 6.20 that there is a significant increase in the axial strain. This may not
be realistic in the field. Figure 5.21 shows the corresponding graphs of volumetric
strain versus axial strain and it can be seen that the rate of change in volumetric strain
is decreasing for this range of axial strain. The significant increase in axial strain

corresponding to the small decrease in the volumetric strain is implying that the
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specimen is dilating. This is because the significant increase in axial strain should
produce a corresponding significant decrease in the volumetric strain if the specimen
is contracting. Since soil dilation is not occurring in the field for the case of 1-D
compression the significant increase in axial strain between effective mobilized
minimum friction angles of 30° to 34° is not representing the field volume change
behaviour. Therefore the field volume change behaviour is only reflected by the linear

section of the stress-strain curve.

6.8.3 Influence of Particle Breakage on the Applicability of the Framework.

This section will consider the effect of variation of the ¢

min_., =€ 8raphs when the
axial strain at failure varies for tests at different net confining stress. This effect is the

result of particle breakage during shearing which increases the axial strain at failure
(Bishop 1966, 1972 and Billam 1972). When the graphs of ¢,'nmm - &, at different net

confining stresses do not overlap this implies that a single value of effective

mobilized minimum friction angle, ¢

.in. » 1S Tepresenting different axial strains at
mob

different net confining stresses. In this case the mobilized shear strength envelope
cannot be regarded as a yield surface as particle breakage is invalidating the

application of the mobilized shear strength envelope as a yield surface.

The graphs of deviator stress versus axial strain for triaxial tests on saturated and

unsaturated specimens that exhibit failure at different axial strains chosen in this

exercise confirm that particle breakage negates the unique relationship of ¢, £

for different net confining stresses. Four types of compacted triaxial specimens that
exhibit failure at different axial strains during shear were chosen. They are the
saturated specimens compacted at 4% and 6% moisture content and the unsaturated
specimens of suctions 25 and 50 kPa. Their stress-strain curves are presented in
Figures 5.13, 5.14, 5.33 and 5.34 respectively. For the multistage triaxial tests on
unsaturated specimens the zero axial strain is taken at the initial condition of the
respective shearing stage. The corresponding mobilized shear strength envelopes at
effective mobilized minimum friction angles of 10°, 20°, 30° and 34° are shown in
Figures 6.21- 6.24 respectively. The parameters used to plot the Mohr circles and the

corresponding mobilized shear strength envelopes or the hypothetical yield surfaces
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are shown in Tables 6.6 — 6.13 respectively. These mobilized shear strength envelopes

can be regarded as the yield surfaces provided they show a unique relationship of

¢,'mn_w-aa. The corresponding graphs of ¢ ,-£, and ¢, -g, are shown

consecutively in Figures 6.25 — 6.32 respectively. The graphs of ¢,'mnm -&, in Figures

6.26, 6.28, 6.30 and 6.32 indicate a slight dispersion from overlapping before arriving
at the maximum value of the effective mobilized minimum friction angle of 34°. The

axial strains at failure are shown in Tables 6.6, 6.8, 6.10 and 6.12 and the variability

of the axial strains at failure for the graphs of ¢, -¢, in Figures 6.26, 6.28, 6.30

and 6.32 are 31.0%, 30.8%, 24.5% and 16.1% respectively. These percentages of
variability of axial strain at failure are small compared to those of coarse-grained soils
when sheared at higher net confining pressures. For example the variability of axial
strain at failure due to particle breakage (Bishop, 1966 and 1972 ; Billam, 1972) at
higher net confining pressure is 68.8% between net confining pressures of 100 kPa
and 600 kPa for stress-strain curves of greywacke rockfill in Figure 2.12(a)
(Indraratna ef al., 1993) and 81.8% between net confining pressures of 100 kPa and
800 kPa for stress-strain curves of gneiss rock residual soil in Figure 2.15(a) (Futai

and Almeida, 2005). Therefore this is implying that failure at higher axial strain will
cause a greater dispersion of the graphs of ¢;m_w -¢, and if this is the case then the
mobilized shear strength envelope would not represent the same axial strain and thus

cannot be regarded as a yield surface. Nevertheless the graphs of ¢|'nin,.,,. -&, shown in

Figures 6.26, 6.28, 6.30 and 6.32 can still be considered to reasonably unique despite
the slight dispersion considering the soil heterogeneity. Therefore the mobilized shear

strength envelopes shown in Figures 6.21 — 6.24 can still be regarded as yield surfaces

within tolerable limits.

Since particle breakage will cause the dispersion of the ¢, -¢, graph and
invalidates the representation of the mobilized shear strength envelope as the yield
surface therefore the applicability of the proposed framework on the test material is

limited to cases of low (< 300 kPa) stress levels only.
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6.8.4 Framework Prediction of the Stress-Strain Curve from a Triaxial

Compression Test.

If the unique relationship of ¢, - ¢, and the shear strength envelope at failure are

derived from the soil stress-strain behaviour, then conversely the stress-strain curve
can be deduced from knowing the soil characteristics. In this section the Rotational
Multiple Yield Surface Framework demonstrates its ability to predict the stress-strain
curves for the triaxial tests on saturated specimens compacted at 8% and 6% moisture
content sheared at effective stresses of 100, 200 and 300 kPa. The same prediction
was also conducted for the unsaturated specimens sheared at a suction of 25 kPa. The
procedure is as discussed in Section 3.4.8 and it involved the reverse of the process

for obtaining the yield surfaces as described in Section 3.4.7.

The step by step procedure for the prediction of the stress-strain curves is as follows.

1. Obtain the shear strength envelope at failure of the test material as described
in Section 6.7.3.

2. Obtain the g, - ¢, relationship. This is performed by drawing the best fit

curve that passes through the origin among the curves of ¢,',,i,,m ~-¢g, for

effective or net stresses of 100, 200 and 300 kPa (refer Figure 6.20, 6.26 and
6.30) for saturated specimens compacted at 8% and 6% moisture content and
the unsaturated specimens at a suction of 25 kPa respectively. The curve

obtained is shown in Figures 6.33, 6.38 and 6.43 and the values of ¢,and
¢,'nin_w used to plot the curve are tabulated in Tables 6.14, 6.16 and 6.18
respectively.

3. Select the values of ¢,,, , and the corresponding &, from the deduced
rmin.., — €. relationship. The selected values of ¢, are 10°, 20°, 30°, 31°,

32°, 33° and 34° and the corresponding £,% are as shown in Tables 6.14,
6.16 and 6.18 respectively.
4. Determine the yield surfaces. The parameters that describe them are shown in

Tables 6.5, 6.9 and 6.11 respectively. The yield surfaces for ¢, of 10°,

min .,

20°, 30°, 31°, 32°, 33° and 34° are drawn in Figures 6.34 — 6.36, 6.39 — 6.41

6-24



Chapter 6 : Discussion

and 6.44 — 6.46 respectively. The axial strains represented by the yield
surfaces are shown in Tables 6.14, 6.16 and 6.18 respectively as in step 3.

5. Predict the stress-strain curves for the shearing of the saturated specimens
compacted at 8% and 6% moisture content at effective pressures of 100, 200
and 300 kPa and 100, 199 and 245 kPa respectively. For the unsaturated
specimens with a suction of 25 kPa the stress-strain curves are to be predicted
at net stresses of 100, 200 and 300 kPa.

6. Draw the predicted Mohr circles corresponding to the yield surfaces and the
shear strength envelope at failure. For the saturated specimens compacted at
8% and 6% moisture content are shown in Figures 6.34 — 6.36 and 6.39 — 6.41
respectively. For the unsaturated specimen of suction 25 kPa the predicted
Mohr circles are shown in Figures 6.44 — 6.46.

7. Determine the magnitudes of the net vertical stresses obtained from the Mohr
stress circles are shown in Tables 6.15, 6.17 and 6.19.

8. The corresponding magnitudes of the deviator stresses, q, are shown in Tables
6.15, 6.17 and 6.19 respectively.

9. The predicted data points up to the failure point for the stress-strain behaviour

are drawn superimposed on the experimental graphs in Figures 6.37, 6.42 and

6.47 respectively.

The experimental graphs and the data points predicted by the Rotational Multiple
Yield Surface Framework shown are in Figure 6.37, 6.42 and 6.47 showed a close
correlation. This demonstrates the capability of the hypothetical framework to predict
the stress-strain curve at any net confining pressure. However an exact prediction

cannot be achieved when the assumed unique relationship of ¢ — ¢, used in the

prediction does not exactly overlap the graph at the considered net confining stress. A
slight dispersion in the graph of ¢,'nin_n_ — &, would affect the prediction of the stress-

strain curve. Section 6.8.3 has demonstrated that the dispersion in the graph occurs
when the axial strain at failure varies and this is caused by particle breakage during
shearing which increases the axial strain at failure. The result of this prediction
therefore confirmed that the occurrence of particle breakage is the limit of the

application of the proposed hypothetical shear strength-volume change framework.
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6.8.5 Volume Change Behaviour under Loading and Wetting Collapse from
Rowe Cell Compression Tests.

This section discusses the results of test series E described in Section 5.5.4. One test
was carried out for saturated conditions and the other two unsaturated tests were
carried out at suctions of 25 and 50 kPa. Volume change behaviour due to wetting and
loading collapse under 1-D compression will be discussed. These volume changes
cannot be interpreted using the proposed Rotational Multiple Yield Surface
Framework since the lateral pressure was not measured in the tests and it would be
very difficult to estimate the values of the lateral pressure at every stage of the
compression since the coefficient of earth pressure at rest, K,, varies with density
(Ting et al., 1994).

The plots of void ratio versus net stress for the two Rowe cell compression tests on
unsaturated specimens and void ratio versus effective stress for the saturated
specimen are superimposed in Figure 6.48. The plots show linear behaviour between
net stress and void ratio for the unsaturated specimens and linear behaviour between
effective stress and void ratio for the saturated specimen. This linear behaviour is in
accordance with earlier reports by Cox (1978), Brandon et al. (1990) and Villar
(1995). The steeper graph for compression under suction of 50 kPa compared to
suction of 25 kPa is as expected, since the former has lower shear strength to resist
deformation as interpreted in Section 6.7. Due to the lower shear strength to resist the

applied load, the rate of soil compression with respect to net normal stress will be

greater.

Similarly the same linear behaviour between net normal stress and axial strain for
unsaturated specimens and between effective stress and axial strain for the saturated
specimen are superimposed in Figure 6.49. The volume change behaviour in the
unsaturated specimens is categorised as loading collapse since the specimen
compression is due to the incremental load. However the volume change behaviour in
the test on the saturated specimen can be interpreted either as loading or wetting
collapse. The line OC in the plot for the saturated specimen is representing wetting
collapse when the initially oven dried soil was inundated and subsequently an
effective stress of 50 kPa was applied. Initially when the specimen was inundated

under zero net normal stress the specimen did not exhibit any collapse behaviour
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since no reduction in the specimen height was noticed. Therefore when a net normal
stress of 50 kPa was applied then there was a significant increase in the axial strain to
indicate the wetting collapse volume change. Perhaps if the specimen had not been
inundated the plot of net normal stress versus axial strain would be represented by the
dotted line OM which is parallel to the section CD of the graph for the compression of
the saturated specimen. The axial strain corresponding to point A on the dotted line
would represent the axial strain of the oven dried specimen when a net vertical stress
of 100 kPa was applied without the specimen being inundated. The percentage axial
strain representing by AB would be the subsequent wetting collapse if the specimen
was inundated after the application of the 100 kPa net normal stress. The axial strain
represented by the horizontal distances EF, GH, 1J, KL and MD would be due to the
wetting collapse if the specimen was inundated after the application of the net normal
stresses of 200, 300, 400, 500 and 600 kPa respectively. This is similar to the graphs
in Figure 2.17 reported by Goodwin (1991), which is showing the effect of inundation
under the application of the net normal stress. The axial strains represented by BF,
FH, HJ, JL and LD are the soil compressions due to loading collapse under saturated
conditions when the net vertical stress was increased in steps of 100 kPa from an
initial value of 100 kPa. Therefore soil volume change behaviour in the Rowe cell
compression test on the saturated specimen can be interpreted in the both ways, i.e.

either wetting or loading collapse.

The features exhibited during these tests are in accordance with some of the proposed
hypothetical framework general characteristics underlined in Section 3.4.1 and some
of the features are not covered in the tests.

1. The characteristic of plastic deformation as characteristic no. 1 was noted
when there was no rebound of the specimen when the maximum applied net
vertical stress was removed at the end of the tests.

2. The characteristic no. 2 was noted when increase in the net vertical stress or
inundation under constant net vertical stress caused the soil to compress.
Therefore the change in the stress conditions is driving the stress state to
exceed the yield limit.

3. The soil compression under an increment of net vertical stress after the
compression stops before the next increment is applied is implying the

involvement of the multiple yield surface in the compression.
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4. The demonstration of the concept of stress equilibrium that governs the soil
compression was noted when the compression was triggered upon the increase
in the net vertical stress or when the soil was inundated. These types of stress
changes are driving the Mohr stress circles to extend above the current yield
surface or the current mobilized shear strength envelope, according to the
Rotational Multiple Yield Surface Framework described in Section 3.4.4 and
3.45.

5. Characteristic no. 6, which is a massive volume decrease near saturation was
noted when significant volume change happened in the compression test on
the Rowe cell loose specimen which was inundated prior to loading.

6. However characteristic no. 7 which is immediate settlement in coarse-grained
soil was not noted when incremental load was applied due to the significant

time taken to overcome the friction between top platen and the cell wall .

The above features encountered during the Rowe cell compression tests on coarse-
grained soils support the concept applied in the proposed Rotational Multiple Yield
Surface Framework. If lateral pressure was monitored during the 1-D compression
test then the volume change behaviour could be interpreted according to the proposed

framework, and this is recommended for further research.
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Table 6.1 Previous strain rates that have been applied by researchers in shearing of

coarse grain unsaturated specimens.

No. Soil type Type of Strain rate Author
triaxial test (mm/min)
1 Limestone gravel CD 0.0004 Salman, 1995
CW 0.0035
2 Silty soil Ccw 0.014 Nishimura and
Fredlund, 2000

3 Granite residual CD 0.00166 Taha et al.,
soil CW 0.00666 2000

4 Granite residual CD 0.03375 Toll et al.,
soil Cw 2000

5 Granite residual CD 0.0009 Wong et al.,
soil 2000

Note: CD — consolidated drained and CW — constant water content.

Table 6.2 Apparent and total shear strength at respective suctions and net stresses

obtained from unsaturated triaxial tests.

Assuming negative | Saturated Total
Net Apparent apparent shear shear shear

Suction Stress Shear Strength strength equals strength strength
kPa) (kPa) (kPa) Zero kPa (kPa) (kPa)
0 100 0 0 138.8 138.8
25 100 17 17 138.8 155.8
50 100 17 17 138.8 155.8
60 100 -10 0 138.8 138.8
90 100 -10 0 138.8 138.8
0 200 0 0 230.0 230.0
25 200 30 30 230.0 260.0
50 200 18 18 230.0 248.0
60 200 -9 0 230.0 230.0
90 200 -5 0 230.0 230.0
0 300 0 0 284.9 284.9
25 300 26 26 284.9 310.9
50 300 9 9 284.9 293.9
60 300 7 7 284.9 291.9
90 300 -9 0 284.9 284.9
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Table 6.3 The seven shear strength parameters of the test material according to the
warped-surface extended Mohr-Coulomb envelope.

No. Name of parameter Symbol Value

1 Maximum apparent shear oM 30kPa
strength '

2 Residual suction (ua -u, )r 15kPa
Transition effective (0-u,), 200kPa
stress

4 Transition shear strength T, 230kPa

5 Effective minimum - 34°
friction angle at failure !

6 Rate of increase in ¢ 0.05
ultimate suction with
respect to net stress

7 | Ultimate suction at zero (u, —u, )= 50kPa
net stress

Table 6.4 Parameters used to plot the Mohr circles corresponding to ¢,'ninm of 10, 20,

30 and 34 degrees for saturated triaxial specimens compacted at 8% moisture content

shown in Figure 6.18.

Test code S8%SSES100 S8%SSES200 S8%SSES300
Effective 100 200 300

stress

(kPa)

Cell 590 589 690
pressure

(kPa)

Back 490 390 390
pressure

(kPa)

¢"'wb/ 47.7 43.4 39.7

Y%e , at 1.0% 1.0% 1.0%

failure

¢min mab ¢mob q O'; ¢r‘nob q a; ¢r.nob q o,
10° 23.8 | 140.0 | 2432} 19.4 | 197.3 | 395.1 | 15.7 | 223.8 | 5243
20° 33.8 1257.1 {3595 294 | 381.3 | 578.6 | 25.7 | 457.5 | 756.2
30° 43.8 | 461.1 {563.5] 39.4 | 6842 | 881.1 | 35.7 | 857.4 | 1163.3
¢"m"[ =340 | 47.7 1 600.0 | 7054 | 43.4 | 871.0{1064.8 | 39.7 | 1074.0 | 1376.1
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Table 6.5 Parameters used to plot the yield surfaces using Equation 3.13 and 3.14 for

saturated triaxial specimens compacted at 8% moisture content shown in Figures 6.18,
6.34, 6.35 and 6.36.

Test code S8%SSES 100, S8%SSES200 and S8%SSES300
Brine. (o-u,), T, N

10° 200 80 1.788
20° 200 130 2272
30° 200 195 2452
31° 200 204 2.43
32° 200 213 2.42
33° 200 222 241

B, = 34° 200 230 2419

Table 6.6 Parameters used to plot the Mohr circles corresponding to ¢,',,i,,m of 10, 20,

30 and 34 degrees for saturated triaxial specimens compacted at 4% moisture content

shown in Figure 6.18.

Test code S4%SSES100 S4%SSES200 S4%SSES300
Effective 100 200 300

stress

(kPa)

Cell 640 540 640
pressure

(kPa)

Back 540 340 340
pressure

(kPa)

¢,',.ob, 46.8 4]1.8 37.2

%¢ , at 0.69 0.76 1.0

failure

¢minm,, ¢mab q 0'; ¢;rrab q U; ¢l'rmb q O';
10° 22.8 | 130.7 | 2340 179 | 1803 | 3842 | 13.2 | 177.8| 4774
20° 32.9 | 243.2 | 345.6 | 27.8 | 3553 | 558.5 | 23.2 | 388.7 | 687.6
30° 42.8 | 432.8 | 5349 | 37.8 | 642.6 | 8454 | 33.2 | 723.1 | 1021.6
¢l‘nin/=340 46.8 | 563.0 | 658.1 | 41.8 | 813.0 | 1019.1 | 37.2 | 915.0 | 1214.5
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Table 6.7 Parameters used to plot the yield surfaces using Equation 3.13 and 3.14 for

saturated triaxial specimens compacted at 4% moisture content shown in Figure 6.21.

Test code S4%SSES100, S4%SSES200 and S4%SSES300
Brin_ (o-u,), T, N
10° 200 80 1.788
20° 200 130 2272
30° 200 195 2.452
fon = 34° 200 220 2.585

Table 6.8 Parameters used to plot the Mohr circles corresponding to ¢,  of 10, 20,

30 and 34 degrees for saturated triaxial specimens compacted at 6% moisture content

shown in Figure 6.22.

Test code S6%SSES100 S6%SSES200 S6%SSES300
Effective 100 200 250

stress

(kPa)

Cell 590 690 640
pressure

(kPa)

Back 490 490 390
pressure

(kPa)

¢"mb[ 48.2 433 41.9

%, at 0.91 0.63 0.72

failure

B i Bros Q o, ¢:nob q UI‘ Bt q all
10° 242 1142.7 12453 193 [ 197.2] 3962 | 179 | 225.6 | 478.9
20° 342 1263.1 | 365.6 | 29.3 | 381.2 | 5798 | 279 | 439.3 | 687.5
30° 442 [ 470.6 | 572.8 | 39.3 | 685.1 | 883.3 | 37.9 | 793.1 | 1042.0
¢;..i.., =134° | 48.2 | 614.0 | 720.1 | 43.3 | 867.0 | 1070.3 { 41.9 | 1008.0 | 1261.1
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Table 6.9 Parameters used to plot the yield surfaces using Equation 3.13 and 3.14 for

saturated triaxial specimens compacted at 6% moisture content shown in Figures 6.22,
6.39, 6.40 and 6.41.

Test code S6%SSES100, S6%SSES200 and S6%SSES250
¢r.ninm,,, (G -u, ), T, N
10° 200 85 1.709
20° 200 135 2.170
30° 200 200 2.366
31° 200 206 2.400
32° 200 213 2.420
33° 200 222 2410
¢I'"i"[ =34° 200 232 2.389

Table 6.10 Parameters used to plot the Mohr circles corresponding to ¢,'mnm of 10, 20,

30 and 34 degrees for unsaturated triaxial specimens of suction 25 kPa shown in

Figure 6.23.

Test code USSuc25NS100 USSuc25NS200 USSuc25NS300
Net stress 100 200 300

(kPa)

Cell 190 290 390

pressure

(kPa)

Pore air 90 90 90

pressure

(kPa)

Pore water 65 65 65

pressure

(kPa)

¢,'"ob/ 50.3 44.8 42.0

%e , at 0.49 0.37 0.37

failure

¢minm‘, ¢rlrmb q 0-1' ¢r'mzb q o-l' ¢r.rmb q o’l'
10° 26.3 | 158.8 | 258.7 | 20.8 | 220.4 | 420.5 | 18.0 | 269.0 | 569.5
20° 36.3 | 289.8 | 389.5| 30.8 | 421.2| 621.4 | 28.0 | 530.7 | 830.7
3Q° 46.3 | 520.0 | 619.6 | 40.8 | 753.4 | 953.2 | 38.0 | 960.1 | 1260.0
¢;‘un, =34° | 503 | 672.0 | 763.8 | 44.8 | 955.0 | 1155.1| 42.0 | 1209.0 { 1507.4
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Table 6.11 Parameters used to plot the mobilized shear strength envelopes using

Equation 3.13 and 3.14 for unsaturated triaxial specimens of suction 25 kPa shown in
Figures 6.23, 6.44, 6.45 and 6.46.

Test code USSuc25NS100, USSuc25NS200 and USSuc25NS300
¢;nin,,,,,b (O‘ —u, )l L2 N

10° 200 70 2.015
20° 200 125 2.394
30° 200 195 2.452
31° 200 204 2433
32° 200 213 2.420
33° 200 222 2410

b, = 34° 200 230 2.419

Table 6.12 Parameters used to plot the Mohr circles corresponding to ¢, of 10, 20,

[T,

30 and 34 degrees for unsaturated triaxial specimens of suction 50 kPa shown in

Figure 6.24

Test code USSuc50NS100 USSuc50NS200 USSucSONS300
Net stress 100 200 300

(kPa)

Cell 190 290 390

pressure

(kPa)

Pore air 90 90 90

pressure

(kPa)

Pore water 40 40 40

pressure

(kPa)

¢,'m)bj 49.9 44.4 41.1

%e , at 0.56 0.47 0.56

failure

Do, Bt q o, ¢r'nob q o 1 ¢;noh q o,
10° 25.9 | 154.2 |1 253.4 | 204 | 215.0 | 415.7 | 17.1 | 250.0 | 549.0
20° 359 | 284.8 | 385.2 | 304 | 411.6 | 612.1 | 27.1 | 500.7 | 799.0
30° 45.9 |1 503.9 | 602.8 | 40.4 | 740.1 | 940.7 | 37.1 | 906.5 | 1204.4
¢"“m/ =34° | 49.9 | 670.0 | 762.9 | 44.4 | 924.0 [ 1137.9| 41.1 | 1142.0 | 1434.8
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Table 6.13 Parameters used to plot the mobilized shear strength envelope
corresponding to ¢;,,anm of 10, 20, 30 and 34 degrees using Equation 3.13 and 3.14 for

unsaturated triaxial specimens of suction 50 kPa shown in Figure 6.24.

Test code USSucSONS100, USSuc5SONS200 and USSucSONS300
¢t‘ninm,, (0’ —u, )1 7, N
10° 200 90 1.644
20° 200 145 2.008
30° 200 210 2.222
¢r'mn/ = 34° 200 250 2.172

Table 6.14 The deduced values for the unique relationship of ¢,

- ¢, for triaxial

tests on saturated specimens compacted at 8% moisture content plotted in Figure 6.33.

%sa ¢:'ninm,,
0 0
0.08 10.0
0.10 12.0
0.20 20.0
0.30 25.5
0.40 29.0
0.43 30.0
0.48 31.0
0.50 314
0.54 32.0
0.60 32.7
0.65 33.0
0.70 33.2
0.80 33.7
0.90 33.8
1.00 34.0
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Table 6.15 The predicted major principal stresses and the deviator stresses
corresponding to the yield surfaces and the represented axial strain during triaxial
tests on saturated specimens compacted at 8% moisture content at effective stresses of

100, 200 and 300 kPa.

Targeted
effective stress 100 200 300
(kPa)
o, (kPa) 591 589 690
u,, (kPa) 487 390 388
¢"“mm %e, o, Dev.stress o, Dev.stress o, Dev.stress
(deg) (kPa) | akPa) | «pgy | q(kPa) (kPa) q (kPa)
0 0 0 0 0 0 0 0
10 0.08 239 135 385 186 532 230
20 0.20 359 255 564 365 772 470
30 0.43 567 463 859 660 1162 860
31 0.48 599 495 904 705 1222 920
32 0.54 638 534 949 750 1282 980
33 0.65 677 573 1004 805 1352 1050
34 1.00 707 603 1054 855 1402 1100

Table 6.16 The deduced values for the unique relationship of ¢,

min,,,,

- ¢, for triaxial

tests on saturated specimens compacted at 6% moisture content plotted in Figure 6.38.

8a (%) ¢|Ininm (deg)
0 0
0.08 9
0.088 10
0.1 11
0.2 19
0.215 20
0.3 25
04 29.3
0.422 30
0.43 30.3
0.457 31
0.476 31.55
0.495 32
0.533 32.8
0.545 33
0.595 335
0.65 33.7
0.695 339
0.73 34
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Table 6.17 The predicted major principal stresses and the deviator stresses
corresponding to the yield surfaces and the represented axial strain during triaxial

tests on saturated specimens compacted at 6% moisture content at effective stresses of
105, 199 and 245 kPa.

Targeted
effective stress 105 199 245
(kPa)
o, (kPa) 591 690 632
u, (kPa) 486 491 387
Bin_, %e, o, Dev.stress o, Dev.stress o, Dev stress
(dC g) (kPa) q (kPa) (kPa) q (kPa) (kpa) q (kPa)
0 0 0 0 0 0 0 0
10 0.088 265 160 404 205 464 219
20 0.215 388 283 583 384 675 430
30 0.422 600 495 884 685 1025 780
31 0.457 625 520 919 720 1060 815
32 0.495 650 545 954 755 1103 858
33 0.545 685 580 1004 805 1155 910
34 0.73 725 620 1059 860 1225 980

Table 6.18 The deduced values for the unique relationship of ¢,

min .,

tests on unsaturated specimens of suction 25 kPa plotted in Figure 6.38.

£,(%) bin,., (d€8)
0 0
0.028 9
0.032 10
0.035 I
0.063 19
0.069 20
0.102 25
0.13 28
0.160 30
0.180 31
0.200 32
0.250 33
0.480 34

-¢&, for triaxial
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Table 6.19 The predicted major principal stresses and the deviator stresses
corresponding to the yield surfaces and the represented axial strain during triaxial
tests on unsaturated specimens of suction 25 kPa at net stresses of 100, 200 and 300

kPa.
Targeted
effective stress 100 200 300
(kPa)
o, (kPa) 190 290 390
u, (kPa) 90 90 90
¢mmm %e, o-u, |Devstress | g—u, |Devstress| o-u, Dev.stress
(deg) (kpPa) | 9(kPa) | (pay | q(kPa) (kPa) q (kPa)
0 0 0 0 0 0 0 0
10 0.032 285 185 430 230 573 273
20 0.069 430 330 630 430 835 535
30 0.16 665 565 960 760 1260 960
31 0.18 695 595 1008 808 1320 1020
32 0.20 730 630 1055 855 1380 1080
33 0.250 770 670 1108 908 1450 1150
34 0.480 800 700 1158 958 1508 1208

Table 6.20 Parameters used to plot the Mohr stress circles and the corresponding

mobilized shear strength envelope in Figure 6.50.

Net stress Estimated net
(o,-u,) lateral stress T, (c-u,), Prin,
(kPa) (o5 -u,) (kPa) (kPa) (deg.)
(kPa)
100 36.4 80 200 12
200 72.8 90 200 14
300 109.2 100 200 16
400 145.6 111 200 18
500 182.0 118 200 20
600 218.4 122 200 22

Note : Net lateral stresses, (o, — u, ), are calculated using (o, —u, )=k, (o, - u,),
k, =1—sing' (Jaky, 1948) and ¢' of 39.5°.
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Shear strength (kPa)
ST e e e

8

0 100 200 300 400 500 600 700 8OO 900 1000 1100 1200 1300 1400 1500 1600
Effective stress (kPa)

- S4%MST2ES150 —S4%MST2ES200 =——S4%MST2ES300
——S84%MST1ES100 ——S4%MST1ES200 —S4%MST1ES300
= Shear strength envelope S4%MST2 ====Shear strength envelope S4%MST1

Figure 6.1 Lower shear strength envelope for S4%MST1 due to the reduction of the
cell and pore water pressure by more than 150 kPa after the saturation stage.
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Volumetric strain (%) = 2 X Radial strain (%) + Axial strain (%)

Axial strain (%)

Volumetric strain (%) = 2 X Radial strain (%) + Axial strain (%)

Axial strain (%)

(b) Suction of 50 kPa.

Figure 6.2 Volumetric strain versus axial strain during the third shearing stage for a
multistage triaxial test on an unsaturated specimen.
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Triaxial test on unsaturated
specimen at suction 60 kPa
Shearing stage 3

Volumetric strain (%) = 2 X Radial strain (%) + Axial strain (%)

Axial strain (%)

(c) Suction of 60 kPa.

&

S
[

specimen at suction 90 kPa
Shearing stage 3

)
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s
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Volumetric strain (%) = 2 x Radial strain (%) + Axial strain (%)
S
S

8

Axial strain (%)

(d) Suction of 90 kPa.

Figure 6.2 (continued) Volumetric strain versus axial strain during the third shearing
stage for a multistage triaxial test on an unsaturated specimen.
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Mobilized friction angle (deg)
8

10

0.518 0.523 0.528 0.533 0.538 0.543 0.548 0.553

(a) Triaxial tests on saturated specimens in test series B.
Figure 6.3 Plot of mobilized friction angle, ¢,,,, versus void ratio, e, during shearing stage in triaxial tests on saturated and unsaturated

specimens.
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Mobilized friction angle (deg)
S 8

0.505 0.515 0.525 0.535 0.545 0.555

Void ratio, e
S4%SSES100 ——S6%SSES100 ——S8%SSES100 ——S12%MSES100
—— USSuc25NS100 ~—— USSuc50NS100 ~—— USSuc60NS100 ——USSuc90NS100

(b) Lines of identical gradient, AZ’:” , for shearing of saturated and unsaturated triaxial test specimens at an effective or net stress of 100kPa.

Figure 6.3 (continued) Plot of mobilized friction angle, ¢,,,, versus void ratio, e during shearing stage in triaxial tests on saturated and

unsaturated specimens.
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Mobilized friction angle (deg)
8

0.53 0.532 0.534 0.536 0.538 0.54 0.542 0.544

Void ratio, e
—$4%SSES100 =—=S$4%SSES200 ——S6%SSES100 ~—==S6%SSES200

(a) Plot of mobilized friction angle versus void ratio.

-
o

Mobilized friction angle (deg)

(b) Plot of S8%SSES300.

Figure 6.4 Plots of mobilized friction angle versus void ratio to indicate the breakage
and “no breakage” conditions.
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Specimen volume change (cc)

Axial strain (%)

[— Deviator stress — Pore water pressure — Cell pressure —— Specimen volume change |

Figure 6.5 Deviator stress, cell pressure, pore water pressure and specimen volume
change versus strain for S8%SSES300.

Shear strength (kPa)
BoERT o5 IR AR g

g

0O 100 200 300 400 500 600 700 800 800 1000 1100 1200 1300 1400 1500

Effective stress (kPa)
=, =
=y 4ot ===Envelope: 5Smm min.part.size

Figure 6.6 Mohr Coulomb envelopes for loose specimens of different gradings.
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Shear strength (kPa)
g

g

;

s = 4l

0O 100 200 300 400 500 600 700 800 900
Effective stress (kPa)

1000 1100 1200 1300 1400 1500

====Mohr-Coulomb Envelope ——S4%SSES100 ~——=84%SSES200 —S4%SSES300
——86%SSES100 ———86%SSES200 ——=$6%SSES250 ~——S8%SSES100
——S8%SSES200 —S8%SSES300 ~——$12%MSES100 ~——Sat12%MSES200
—S12%MSES300 ——S4%MST2ES100 ~——S4%MST2ES200 ===S4%MST2ES300

(a) Mohr Coulomb envelope for saturated conditions obtained from Mohr circles for
shear strength tests on saturated specimens according to the data listed in Table 5.3.

Shear strength (kPa)
B9 5% 8

8

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Effective stress (kPa)
[ ==Mohr Coulomb envelope of test material at saturated condition |

(b) The Mohr-Coulomb envelope is obtained using Equations 3.13 and 3.14 with
transition effective stress of 200 kPa, transition shear strength of 230 kPa, and the
minimum internal friction angle, 'ﬂ.ﬁ, of 34°,

Figure 6.7 Saturated shear strength behaviour of test material with respect to effective
stress and the corresponding shear strength parameters.
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Shear strength (kPa)
S s

g

oo 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
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Figure 6.8 Comparison of the shear strength envelopes for loosely prepared specimens
and compacted specimens.
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Figure 6.9 Mohr circles for unsaturated consolidated drained triaxial tests at suction
25kPa compared to the saturated shear strength envelope.
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Figure 6.10 Mohr circles for unsaturated consolidated drained triaxial tests at suction
50kPa compared to the saturated shear strength envelope.
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Figure 6.11 Mohr circles for unsaturated consolidated drained triaxial tests at suction
60kPa compared to the saturated shear strength envelope.
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Figure 6.12 Mohr circles for unsaturated consolidated drained triaxial tests at suction
90kPa compared to the saturated shear strength envelope.
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Figure 6.13 The variation of apparent shear strength with respect to suction using
Equations 3.4 and 3.7 excluding the saturated shear strength.
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Ultimate suction (kPa)

Net stress (kPa)

Figure 6.14 The assumed linear variation of ultimate suction with respect to effective
stress from the data in Figure 6.13.
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Figure 6.15 Analytical contours for the warped-surface extended Mohr-Coulomb
envelope of the test material. Data points are the experimental data.
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Figure 6.16 Perspective view of the warped-surface extended Mohr-Coulomb
envelope of the test material showing the four shear strength equations and their
represented zones, and the seven parameters required to define the surface envelope.

REEE PR Ty 500
“ |, -u,), =0.05(c—u,)+50|.
R B oaony o 400 ®
“""'v—"---—k. o %
\ =
=300 T
g S
3 =
wn
1200
\ S
=
7
100
- : 0
b (u, —u, ¥ ~° = 50kPaif100
(o-u,), = 200krPa [, ¢’ =30kPa 302:0
2 . (w, -u,), =15kPa 400 Net stress (kPa)
7 Suction (kPa) 8 500

= 0.05 i.e. rate of increase of ultimate suction, (u,-u,), w.r.t. net stress

Figure 6.17 Perspective view from underneath the warped-surface extended Mohr-
Coulomb envelope of the test material showing the shear strength parameters and the
dimensions they represent.
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Figure 6.18 Rotation of the mobilized shear strength envelope during triaxial
compression test on saturated specimens compacted at 8% moisture content.
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Figure 6.19 Plots of effective mobilized friction angle, ¢, ,, versus axial strain for
triaxial tests on saturated specimens compacted at 8% moisture content.
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Figure 6.20 Unique graphs of ¢, -&, for triaxial tests on saturated specimens

compacted at 8% moisture content and sheared at effective stresses of 105, 201 and
304 kPa.
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Figure 6.21 Rotation of the mobilized shear strength envelope during triaxial
compression test on saturated specimens compacted at 4% moisture content.
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Figure 6.22 Rotation of the mobilized shear strength envelope during triaxial
compression test on saturated specimens compacted at 6% moisture content.
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Figure 6.23 Rotation of the mobilized shear strength envelope during triaxial
compression test on unsaturated specimens of suction 25 kPa.
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Figure 6.24 Rotation of the mobilized shear strength envelope during triaxial
compression test on unsaturated specimens of suction 50 kPa.
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Figure 6.25 Plots of mobilized friction angle versus axial strain for triaxial
compression tests on saturated specimens compacted at 4% moisture content.
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Figure 6.26 The dispersion on the graphs of ¢;,.n_° -¢, for triaxial compression tests

on saturated specimens compacted at 4% moisture content and sheared at effective
stresses of 100, 200 and 300 kPa.
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Figure 6.27 Plots of mobilized friction angle versus axial strain for triaxial tests on
saturated specimens compacted at 6% moisture content.
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Figure 6.28 The dispersion on the graphs of ¢,'ﬁ,_. -&, for triaxial compression tests

on saturated specimens compacted at 6% moisture content and sheared at effective
stresses of 100, 200 and 300 kPa.
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Figure 6.29 Plots of mobilized friction angle versus axial strain for triaxial tests on
unsaturated specimens of suction 25 kPa and sheared at net stresses of 100, 200 and
300 kPa.
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Figure 6.30 The slight dispersion on the graphs of ¢,',i,_“ - &, for triaxial compression

tests on unsaturated specimens of suction 25 kPa and sheared at effective stresses of
100, 200 and 300 kPa.
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Figure 6.31 Plots of mobilized friction angle versus axial strain for triaxial tests on

unsaturated specimens of suction 50 kPa and sheared at net stresses of 100, 200 and
300 kPa.
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Figure 6.32 The slight dispersion on the graphs of ¢,',ﬁ_b - &, for triaxial compression

tests on unsaturated specimens of suction 50 kPa and sheared at effective stresses of
100, 200 and 300 kPa.
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Figure 6.33 Deduced unique relationship of ¢, -&, for triaxial compression tests
on saturated specimens compacted at 8% moisture content.
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Figure 6.34 Prediction of major principal stresses during yielding in triaxial
compression test at effective stress 105 kPa for specimen compacted at 8% moisture
content.
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Figure 6.35 Prediction of major principal stresses during yielding in triaxial
compression test at effective stress 199 kPa for specimen compacted at 8% moisture
content.
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Figure 6.36 Prediction of major principal stresses during yielding in triaxial
compression test at effective stress 304 kPa for specimen compacted at 8% moisture
content.
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Figure 6.37 Prediction of the stress-strain behaviour up to failure point for triaxial
tests on saturated specimens compacted at 8% moisture content at effective stresses of
105, 199 and 304 kPa.
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Figure 6.38 Deduced unique relationship of ¢;_.,_‘ -¢&, for triaxial compression tests
on saturated specimens compacted at 6% moisture content.
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Figure 6.39 Prediction of major principal stresses during yielding in triaxial
compression test at effective stress 105 kPa for specimen compacted at 6% moisture

content.

e R L L L

6-62



Chapter 6 : Discussion

900w

| | I

Prediction of major principal effective
stresses corresponding to the yield
surfaces for triaxial test on saturated

700 1| specimen at effective stress of 199 kPa for

ngle 31°

NN

ngle 30°

% specimen compacted at 6% m.c. 7A Vé
g 7 =
$ Fi e B B
& w00 i N
5 NN shemotmnn g 0
il AN
| A JARE!

0 100 200 300

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Effective stress (kPa)
ES199-10deg —ES199-20deg ——ES199-30deg ———ES199-31deg
= ES199-32deg ~——ES199-33deg ——=ES199-34deg Yield surface - 10deg
—Yield surface - 20deg ——Yield surface - 30deg ~=Shear strength envelope =——Yield surface - 33deg
———Yield surface - 32deg —Yield surface - 31deg

Figure 6.40 Prediction

of major principal stresses during yielding in triaxial

compression test at effective stress 199 kPa for specimen compacted at 6% moisture

content.
e RS SRR VT Ve B
o0 4 Prediction of major principal effective

stresses corresponding to the yield
surfaces for triaxial test on saturated
700 4 specimen at effective stress of 245 kPa for
specimen compacted at 6% m.c.

NN

P

;e 7
g ——
g i 'm o _~§;\ .ghaln rod mipimum friction angle 20°
NEER” _ap= 1\
o 4/\ W\\‘ ‘nilamlm gle 10°
¥ N AN

| 4l

) A

0 100 200 300

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

~——Yield surface - 32deg

Effective stress (kPa)
ES245-10deg - ES245-20deg ——ES245-30deg ———[ES245-31deg
- ES245-32deg —ES245-33deg ———ES245-34deg Yield surface - 10deg
~—Yield surface - 20deg ——Yield surface - 30deg ~——Shear strength envelope —Yield surface - 33deg

——Yield surface - 31deg

Figure 6.41 Prediction

of major principal stresses during yielding in triaxial

compression test at effective stress 245 kPa for specimen compacted at 6% moisture

content.
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Figure 6.42 Prediction of the stress-strain behaviour up to failure point for triaxial test
on saturated specimens compacted at 6% moisture content at effective stresses of 105,

199 and 245 kPa.
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Figure 6.43 Deduced unique relationship of ¢, -&, for triaxial compression tests
on unsaturated specimens at suction of 25 kPa.
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Figure 6.44 Prediction of major principal stresses during yielding in triaxial
compression test on unsaturated specimen of suction 25 kPa at net stress of 100 kPa.
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Figure 6.45 Prediction of major principal stresses during yielding in triaxial
compression test on unsaturated specimen of suction 25 kPa at net stress of 200 kPa.
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Figure 6.46 Prediction of major principal stresses during yielding in triaxial
compression test on unsaturated specimen of suction 25 kPa at net stress of 300 kPa.
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Figure 6.47 Prediction of the stress-strain behaviour up to failure point for triaxial test
on unsaturated specimens of suction 25 kPa at net stresses of 100, 200 and 300 kPa.
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Figure 6.48 Effective stress and net stress versus void ratio for saturated and
unsaturated specimens respectively in Rowe cell compression tests in test series E.
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Figure 6.49 The relationship between net normal stress and axial strain during Rowe
cell compression tests on saturated and unsaturated specimens.

6-67

T e A T eI



Chapter 7: Conclusions and Further Work

Chapter 7
Conclusions and Recommendations for Further Work

7.1 Conclusions.

A new extended Mohr-Coulomb shear strength model and a hypothetical shear
strength-volume change framework called the Rotational Multiple Yield Surface
Framework for saturated and unsaturated coarse-grained soils have been proposed.
The shear strength model has been validated using triaxial tests on saturated and
unsaturated specimens of coarse-grained test material, i.e. 10mm nominal size
limestone gravel. The volume change framework has been formulated specifically for
low stress levels by disregarding the occurrence of particle breakage. It proposes the
concept of collapse failure based on stress equilibrium between the soil stress state

and the mobilized shear strength envelope. The consideration of the latter acting as a

yield surface is based on the existence of a unique relationship between ¢l‘nin,,,,¢, and ¢,

when yield occurs.

The following summarise the main conclusions of the work:

1. A semi-empirical warped-surface shear strength model for coarse-grained
saturated and unsaturated soils has been developed based on net stress and
suction as the independent stress state variables. The model surface envelope
is divided into four zones defined by four shear strength equations to give a
good approximation of soil shear strength with respect to suction and net stress
including at low stress levels and low suctions where the behaviour is non-
linear. The ability to match with experimental data reported in the literatureis
due to the flexibility of the shear strength equations (refer Section 3.3.1 and
3.3.2).

2. The proposed hypothetical shear strength-volume change framework is able to
explain qualitatively the modes of inundation and load induced volume change
behaviour of unsaturated soils based on the changes of net stress and suction.
Soil compression is governed by the interaction between the mobilized shear
strength envelope and the soil state of shear and normal stresses. In this way
the soil compression is considered as the combined effect of suction and the
principal stresses. The applicability of the volume change framework relies on

the existence of a unique relationship between ¢,'mm and ¢, at failure for low
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stress levels. Qualitatively the framework is able to model loading and wetting
collapse volume change behaviour, and include the significant volume change
that occurs near saturation. The volume change framework showed that
collapse due to inundation is chiefly governed by the steep drop in shear
strength towards zero suction (refer Section 3.4.4 and 3.4.5).

The soil-moisture characteristic curve of the test material showed that the

value of residual suction, (u, -, ) , is 15kPa, which is a very low value and

is in accordance with the findings that residual suction decreases as the grain
size increases (refer Section 5.1).

Triaxial tests on saturated specimens confirmed that the shape of the shear
strength envelope relative to effective stress for the test material at saturation
is curvilinear similar to the behaviour of coarse-grained soils reported in the
literature. It behaves linearly with respect to effective stress at higher
confining pressures and curves down to the origin as the confining pressure
reduces to zero. This result verifies the shear strength behaviour at saturation
according to the proposed warped-surface shear strength model (refer Section
6.7.1). Triaxial tests on the unsaturated specimens showed that the envelopes
at various suctions are slightly higher than those of the saturated specimens.
This confirms that the extra shear strength in the unsaturated specimens is due
to the presence of suction. In addition, shear strength decreases when suction
increases from residual suction and the decrease becomes gradual at higher net
stress (refer Section 6.7.2).

The combination of the results of triaxial tests on saturated and unsaturated
specimens is able to match closely with the proposed semi-empirical shear
strength model and thereby demonstrate that the model may be usefully
applied to coarse-grained soils (refer Section 6.7.3).

The results of the triaxial tests on saturated and unsaturated specimens of a

coarse-grained soil have suggested the existence of a unique relationship of
¢,'m_” — ¢, during the soil compression up to the shear strength at failure that
occur at similar axial strain (refer to Section 6.8.2). This type of soil
compression is categorised as loading collapse. Therefore the results of the

triaxial tests on saturated and unsaturated specimens support the applicability
of the hypothetical Rotational Multiple Yield Surface Framework in
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explaining the mode of loading collapse in coarse-grained soils (refer Section
6.8.1). However there is no data in this research that can prove its applicability

for the wetting collapse loading condition.

7. Particle breakage causes the dispersion in the graphs of ¢,  —&, at different
net confining stresses and therefore the unique relationship between ¢,

and ¢, no longer holds. This restricts the application of the proposed

hypothetical volume change framework to cases of low stress levels only
where particle breakage is very unlikely (refer Section 6.8.3).

8. Rowe cell compression tests have indicated a linear behaviour between
effective stress and axial strain for a saturated specimen and a linear behaviour
between net stress and axial strain for unsaturated specimens, similar to the

findings by the previous researchers. (refer Section 6.8.4).

7.2 Recommendations for Further Work.

As the proposed semi-empirical shear strength model is new, more work is needed to
prove the diversity of its applicability. Some suggestions for future work are noted
below:

1. More testing is required to explore the applicability of the proposed semi-
empirical shear strength model to different grain size material with triaxial
tests being carried out on both saturated and unsaturated specimens. Using a
smaller specimen size may be appropriate for finer soils which will speed up
the time for equalization and thus the time for the whole test.

2. The variation of ultimate suction with respect to net stress needs further study.
The linear variation in the proposed shear strength model seems to fit with the
test material, but its behaviour for different types of coarse-grained soil needs
to be investigated.

3. To test the applicability of the proposed new shear strength model for fine
grained soils requires a complete validation by conducting shear strength tests

on both saturated and unsaturated specimens of such materials.
The Rotational Multiple Yield Surface Framework requires further work in order to

prove its applicability for wetting collapse conditions. Some suggestions for future

work are noted below:

7-3



Chapter 7: Conclusions and Further Work

In order to prove the applicability of the volume change framework on wetting
collapse condition triaxial test on unsaturated specimens need to be inundated
at some stage during the application of the deviator stress. The inundation
axial compression should correspondingly indicate the increase in the
mobilized shear strength under constant deviator stress. The resultant stress-
strain curve should be similar to the unloading and reloading path described in
Section 2.3.1 except that the continuation of the stress-stress curve should
resume at the point slightly higher than the deviator stress at which it was
inundated. This is to verify that inundation soil compression has also elevated
the mobilized shear strength in accordance to the concept of wetting collapse
adopted in the volume change framework.

Simulation of wetting collapse in triaxial compression tests at identical suction
for different net confining stresses is anticipated to cause identical axial
compression. This is because according to the proposed volume change
framework the magnitude of wetting collapse is independent of the net
confining stress when suction is constant. This is because the rotation of the
yield surface envelope must be identical irrespective of its position along the
net stress axis when the Mohr stress circle is moved from the position

representing unsaturated condition to the net stress axis when the condition is

being saturated.

Further triaxial tests on saturated and unsaturated specimens of different
material are required to check the validity of the framework’s assumption that
the ¢,'nm_” - ¢, relationship is unique for low stress levels. This is to test the
applicability of the framework on different materials.

Further Rowe cell compression tests with lateral pressure measurement are
required in order to establish the existence of the unique relationship of
¢|'nin,,,5 - ¢, for both loading and wetting collapse stress conditions for 1-D soil
compression.

More 1-D compression tests are required at different suctions in order to
understand the volume change behaviour with respect to suction. The gradient
of the linear variation of void ratio with respect to net normal stress may be

changing in a unique manner as suction changes, or may be constant

irrespective of the suction values.



Chapter 7: Conclusions and Further Work

Further work is required in order to understand the effect of particle breakage
on the stress-strain behaviour. This may lead to the modification of the
Rotational Multiple Yield Surface Framework to accommodate the effects of
particle breakage and thus allow application at higher stress levels.

The effect of breakage on the graph of mobilized friction angle relative to void

ratio is a potential technique for detecting particle breakage and more work is

needed in order to establish the technique.
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Appendix 2

Labview Data Acquisition Program for the Double-wall Triaxial Cel]
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Appendix 3

Assembly and Dismantling Procedure for the Double-wall Triaxial Cell
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Appendix 3
Assembly and Dismantling Procedures for the Double-wall Triaxial Cell.

Oven dry the soil sample one day before the cell assembly. Mix the dry sample
after being cooled for at least 5 hours (i.e. after coming out from the oven) with
the appropriate amount of de aired water (i.e. 4%, 6%, 8% etc) in a mixer for 10
minutes.

Compact the sample to exactly 375mm height. Each layer takes 1.4 kg of soil and
is compacted for 10 seconds using Kongo vibration hammer.

Flush to de-air the pore water pressure line.

Assemble the high air entry disc.

Allow water to pass through the spiral groove below the disc to remove any
trapped air by applying a back pressure of 10 kPa from the specimen water volume
change unit (100cc) and out to the flushing outlet. Keep the top surface of the disc
flooded with a pond of water to keep the disc saturated while doing the rest of the
assembly process.

Start the process of the specimen placement onto the pedestal. When the specimen
is in position place the porous stone followed by the top platen onto the specimen
and roll off the membrane at the top and bottom. Grip with an O-ring at each end
and connect the air pressure line on top platen.

Apply a vacuum and close the valve in the pore air pressure line to keep the
specimen under vacuum. Monitor the amount of water entering the specimen
through the specimen volume change unit using the data logger to make sure that

the ceramic disc does not de-saturate.
Remove the mould from the specimen.
Apply silicon grease between the membranes. Place the second membrane around

the specimen and secure the O-rings (2 at each end).

Glue the Perspex curves onto the specimen and fasten the 3 internal axial
transducers with their armatures and the extensions.

Place the lower inner and outer cell wall segments, the intermediate ring and the
upper inner and outer wall segments and fasten the radial transducers’ fixing bolts
onto the intermediate ring.

Bring the top outer cell cap into place and fasten the nuts.

Fill the cell with de-aired and de-ionised water from the storage tanks until full by
applying air pressure of 20kPa through the vacuum outlets of both tanks.

Place the top inner cell cap and fasten it down.

Note the amount of water entering the specimen as in STEP 7.

Apply a cell pressure of 10kPa and switch off the vacuum. Connect the pore air
pressure line to the top of the specimen.

With all the valves closed again, start applying a cell pressure of 50kPa, pore air
pressure of 40kPa and pore water pressure of 20kPa.

Open the cell pressure valve and the pore air pressure valve simultaneously to
avoid specimen compression.

Connect the transducer wires to the switch box. This includes the load cell, 3
internal axial transducers, 1 external axial transducer and 3 internal radial

transducers and run the data logging program without logging in, in order to warm

up the system. . '
Position the loading frame cross beam over the load cell piston to avoid the load

cell being pushed upwards when a higher cell pressure is applied.
Warm up the data logging program for 20 minutes before starting the equalisation,

while flushing to de-air the whole plumbing system.
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Make sure the inner and outer cell pressure valves, pore water pressure valve, pore
air pressure valve are closed and set the cell pressure at 100kPa, pore air pressure
at 90kPa and pore water pressure at the required suction.

Open the inner and outer cell pressure valves and the pore air pressure valve
simultaneously to avoid specimen compression.

Set the initial values required in the program and STOP the program momentarily.
Adjust the level of the large volume change unit and reset the position of the
transducer float to be at the centre of its travel.

Restart the program again and immediately start the logging.

Open the pore water pressure line to start the equalisation process. Water will be
expelled and when the specimen water 100cc volume change unit is full (i.e. out of
travel) close the pore water pressure line and empty the unit by pushing the water
from the volume change unit out into the lower flushing storage tank. Data logging
must be switched off during this emptying process. Switch it on again before
reopening the pore water pressure valve.

After allowing the equalization flow overnight, flushed the compartment below the
ceramic disc and determine the volume of diffused air and minus this volume from
the volume change indicated by the volume change unit.

Stop equalization when the net flow rate is less than 0.05cc in 12 hours.

To start consolidation, increase the cell pressure to the required net stress, (5, -4 )

while the inner and the outer cell pressure valves closed.

Set the logging rate at 10 readings/ second and start the logging and immediately
open both cell pressure valves simultaneously to start the consolidation process.
Change the logging rate to 1 reading/second after 5 minutes past.

Consolidate is considered finish when the specimen volume change ceased to
indicate changes.

To start shearing, set the required strain rate and proceed while the load cell is just
about to touch the top cap so that the zero deviator stress point can be determined.
When shearing be cautious not to exceed the capacity of the load cell i.e. 25,000N.
At the end of the final shearing stage closed the pore water pressure line to avoid
water entering the specimen during the dismantling process.

Before dismantling the cell all the applied pressure have to be reduced to zero and
this has to be carried out step by step by maintaining the cell pressure 10kPa
higher than the applied air pressure to avoid damaging the membranes.

This is followed by emptying the cells water by draining it through the inlets of the
inner and outer cells at the base platen. This process can be speed up by applying
pore air pressure of 50kPa through bleed valves at the inner and outer top plates.
This is followed by the dismantling process of the cell parts in reverse order to as
they were assembled i.e. in descending order from step 20, 19, 14, 12, 11 and 10.
At this stage the specimen is ready to be removed from the bottom pedestal and to

carry out the gravimetric moisture content test.
Then the ceramic disc was removed from the base pedestal to undergo another

saturation process for the next test.
The surface of the base plate and the O-ring grooves were wiped cleaned from dirt

before the next assembly process begins.



