- 0008 - - SRR

Aq/p',

.~ ™
/
| v
I 7] Vo
/\\ PaN /\G)/\
[ l * T yay 1 ! |
-0.008 -0.004 { 10.004 0.008
, . \ A~ ) A v/ )
, \ <& P/P,
X Iz /
&0
=0, 1 ; A ..........

Y UnitC

& < Sub-Unit B,
A
@)

|
A\ Sub-Unit B, l
O UnitA, J

Figure 8.83: Normalised Y, yield locus for different lithological units
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9 EFFECTS OF RECENT STRESS HISTORY

9.1 Introduction

In this chapter, the influence of recent stress history on the behaviour of the
clay will be discussed on the basis of the results of the tests on Samples 17SH
and 17.3SH. The test procedures for these samples were described in detail in
Section 5.3.5. The samples were consolidated to their equivalent i1sotropic in situ
stress state and subjected to a set of stress path rotations and undrained probes.
One of the samples tested started from a slightly anisotropic state of q=-10kPa.
This deviatoric stress, though, was sufficiently small to consider the stress state
nearly isotropic. Starting from an isotropic state was a necessary choice to avoid
interacting effects due to the vicinity of the failure lines in extension or
compression, which might induce a softer response and obscure the effect of

recent stress history (see Section 2.5.2).

In the tests, the influences of three main factors were considered, which are
the angle of rotation between the outgoing path and the approach stress path, the
length of the approach stress path and the creep rates before probing. The
analysis of the results will be conducted focussing on the strains involved. Only
angles of rotation of 0° and 180° were supposed to be used in the probes because,
from the literature, these angles were expected to give the more distinguishable
results. However, the effective angles of rotation were different from the nominal
values of 0° and 180° because the probes were undrained. Two cases were
considered, which had different lengths of the approach stress path. In the first
case, the samples were subjected to a small approach stress path that coincided
approximately with the dimension of the Y, surface for this depth. They were
then subjected to undrained shear probes either directly after reaching the initial
stress state or after the creep had reduced to negligible values. In the second
case, the samples were subjected to a long approach stress path of about 100kPa

and then to undrained probes after the creep had reduced.



The approach stress paths were conducted at low stress rates to avoid the
development of significant excess pore pressures, which was controlled to be
lower than 5% of the current effective stress. The rate of loading was further
reduced in the proximity of the initial stress state so that it could be reached in a
fully drained condition. The shear probes were undrained, stress controlled and,

in most cases, were conducted in extension.

9.2 Case 1: short approach stress path

Two sets of tests were conducted with the approach stress path length
corresponding to about 10kPa, which is, approximately, the dimension of the Y
surface estimated for Sub-unit By,). The two sets of tests differed in the rate of
creep allowed before starting the shear probes and were conducted on Samples
17SH and 17.3SH. For Sample 17SH, the creep rate was allowed to reduce

before probing, while no creep was allowed for Sample 17.35H.

9.2.1 Creep allowed

The first set of tests was conducted on Sample 17SH consolidated to the stress
state of p’=330kPa and q=-10kPa, indicated as Point O in Figure 9.1. From this
stress state, the sample was extended at p’ constant, to q=-20kPa (Point C in
Figure 9.1) and re-compressed back to g=-10kPa at a rate of 1.5kPa/h. The
stresses were held at Point O for a few days, until the creep rates had reduced to
negligible values and then an undrained extension probe was performed having a
157° rotation from the approach stress path. This stress controlled probe, referred
as 17-157°%, was supposed to reach a minimum q of about —30kPa, but problems
in the control system caused the control to stop at about —25kPa after which
creep developed. This problem, though, did not compromise the probe results.
At the end of the probe, the sample was compressed from the Point O in Figure
9.1 to Point B at q=0kPa at constant p’ and then brought back to Point O at a rate
of 1.5kPa/h. Creep was allowed reduce to negligible values before the new
probe in extension was performed having a 23° rotation from the approach stress

path. This second probe will be called 17-23°..
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The strains developed by the samples during the approach stress paths for
both probes are summarised in Table 9.1 and were of the order of 0.005% for the
volumetric strain. The creep rates before probing are shown in Figure 9.2a. The
axial strain rates are considered due to the better resolution of the local LVDTs.
The values measured of about 10'4%/h, were of the same order of magnitude as
the resolution of the local LVDTs. The undrained probes were conducted at a
rate of —SkPa/h, corresponding to strain rates of about -0.003%/h (Figure 9.2b),

around 30 times faster than the creep strains.

The stress-strain curves for Probes 17-157% and the 17-23°% are shown in
Figure 9.3. The data for the two probes seem coincident and cannot be
distinguished. Similarly, no difference can be seen in the stiffness degradation
curves for the two probes, as shown in Figure 9.4. Not only is the elastic
stiffness for the two probes the same, as expected from probes starting from the
same stress state, but also the stiffness degradation with strains is the same,
regardless the different approach stress paths. There does not seem to be any
effect of the recent stress history on the stress-strain and stiffness behaviour for
these samples, which had not been strained greatly during the approach stress
path and that had been allowed to creep until the creep strains reduced to

negligible values.

A set of tests identical to that described above was performed on Sample
17.3SH before conducting the probes described below, obtaining identical

results.

9.2.2 Creep not allowed

The probes performed on Sample 17.3SH started from a stress state of
p’=330kPa and g=0kPa, which corresponds to the Point A in Figure 9.5. From
the state at A, the sample was consolidated at constant p’ to a deviatoric stress of
q=10kPa, (A’ to O in Figure 0.5) and held at this stress state for three hours
before performing an undrained shear probe in compression that had a rotation of

about 75° from the direction of the approach stress path and reached a maximum
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q of about 37kPa. The creep time of three hours was chosen to be in agreement
with the procedures of the tests conducted by Atkinson et al. (1990). After the
shear probe, the sample was re-consolidated from O’ to B’ and back to O’ and,
after three hours at the Point O’, it was sheared undrained in compression with a
105° rotation from the approach stress path. The two shear probes will be named
17.3-75° and 17.3-105° respectively. The approach stress paths were conducted
at stress rates of about 0.5kPa/h, which is lower than the rate used for the set of
probes discussed in Section 9.2.1, due to organizational problems with the timing
of the probes. The shear probes had to be carried out under observation and,
considering that only three hours at constant stresses could be allowed, the
approach stress paths had to be performed during the night. As shown below, the
use of a slower strain rate for the approach stress path did not affect the results in
comparison with the probes described in Section 9.2.1 because in that case the
creep rates were allowed to reduce before probing. A condition of full drainage

was ensured in both cases.

The strains developed during the approach stress paths are summarised in
Table 9.2 and are in the order of 0.015% for the volumetric strain. The creep
rates before probing are shown in Figure 9.6, where also the strain rates during
the approach stress paths are included. In the three hours when the load was held
constant, the creep rates had started to reduce from the rates during loading, but
were still about 0.0006%/h when the probes started. The shear probes were stress
controlled at a rate of 5kPa/h, which corresponded to strain rates of about
0.003%/h at the beginning of the probes, around five times faster than the creep
strain rates. For axial strains larger than 0.004%, the strain rates started to
increase, particularly for sample 17.3-75°%, as shown in Figure 9.6b. The stress-
strain curves for the two probes in Figure 9.7 show that the response for Probe
17.3-105° is stiffer than the response of Probe 17.3-75% and this is confirmed by
the stiffness degradation curves of the two probes shown in Figure 9.8. The two
probes have the same elastic stiffness, but the sample with the lower angle of

rotation from the approach stress path has a stiffness that degrades faster.



The recent stress history therefore influences the sample behaviour if the
creep is not allowed to reduce, even after an approach stress path that had not

produced large strains.

9.3 Case2: long approach stress path

On Sample 17.3SH, two more undrained shear probes were performed in
extension after lcng consolidation stress paths of about 100kPa. The
consolidation paths and the probes are shown in Figure 9.9. From the initial
stress state of p’=330kPa and q=0kPa the sample was consolidated at constant p’
to q=100kPa and back to OkPa (O”-B”-O” in Figure 9.9). The stresses were held
at the Point O” to allow the reduction of the creep strains and then an undrained
shear probe in extension was performed, having a 30° rotation from the direction
of the approach stress path. After the probe, the sample was re-consolidated at
constant p’ to the stress state of g=-100kPa and back to g=0kPa (O”-C”-O” in
Figure 9.9) and, after creep had reduced to negligible values, subjected to a
second undrained probe in ex:ension, having a 150° rotation from the approach
stress path. These probes will »e named 17.3-L30% and 17.3-L150%, where the

“L” refers to the long approach siress path.

The strains developed during the approach stress paths are summarised in
Table 9.3 and are of the order of 0.2% for the volumetric strain. The creep rates
before probing are shown in Figure 9.10a and were of the order of 10™*%/h, and
were virtually not measurable. The probes were stress controlled at a stress rate
of —5kPa/h, corresponding to initial strain rates of about -0.003%/h, around 30
times faster than the creep rates. For axial strains higher than 0.004%, the strain
rates started to increase, particularly for Sample 17.3-L30%, as shown in Figure
9.10b. The stress-strain curves for the two probes are shown in Figure 9.11 and
clearly demonstrate a stiffer response for Probe 17.3-L150°% than for Probe
17.3-L30%. The stiffness degradation curves for the two curves also confirm this
result (Figure 9.12), showing that, from the same elastic stiffness, the probe of
30° rotation has a stiffness that degrades faster than that for a probe of 150°

rotation. The recent stress history, therefore, seems to influence the clay
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behaviour, even when a long time for the creep reduction had been allowed, if
the strains developed by the sample during the approach stress path are

significant.

From the analyses conducted, there seems to emerge a relation:hip between
the strains developed during the approach stress path and the creer.. For a length
of the approach stress path that is below the Y; region, which ccrresponds to no
large strains being developed in the samples during the approach: stress paths, the
recent stress history affects the sample behaviour only if no creep is allowed
before probing. However, if creep is allowed before probirz, then the strains
developed during the approach stress path become importa ;t. For axial strains
rates that are high relative to the creep rate, the effect of '1e angle of rotation
from the previous stress path can only be seen if sufficient strains developed
during the approach path. If the sample is not strainec sufficiently during the
approach stress path, the rest time at the initial state ::comes its recent stress
history and is able to delete the effects of the angle of otation. A question then
arises about the threshold strains above which the -:fects of the recent stress

history would be seen.

The existence of some conditions that allow the effects of recent stress history
to be seen re-opens the debate on the existence of recent stress history effects.
The results of the present research are in :greement with both the study
conducted by Atkinson et al. (1990) who observed effects of recent stress history
and with the tests performed by Clayton & Heymann (2001), who could not see
the recent stress history effects, although the writer does not agree with their
conclusions.  These studies were discussed in Section 2.5.2, but a re-
interpretation of those results could be attempted here on the basis of the results
of the present research. Atkinson et al. {1990) used a stress rate of 5kPa/h for
their consolidation path that was abou: 90kPa long. Although only the stresses
involved were mentioned, this stress path seems sufficient to induce the
development of large strains on a reconstituted sample. The authors then allowed
three hours of creep before probing because, above that time, they could not
measure further strains with the instrumentation they were using. The probes in

the present research, conducted with a better resolution instrumentation,
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demonstrated that even using lower consolidation rates and a short approach
stress path, three hours are not sufficient for the creep strains to reduce to values
that do not affect the behaviour of natural London Clay samples. The effects of
recent stress history observed by Atkinson et al. (1990), therefore, could be due
~ to the large strains developed during the approach stress path and, possibly, to

the combined effect of these strains with residual creep strains.

Clayton & Heymann (2001), instead, were unable to see any effect of recent
stress history on Bothkennar clay samples subjected to shear probes having
different angles of rotation from an approach stress path of about 9kPa and creep
strains that had reduced to negligible values before probing. The stress path they
used, though, had comparable dimensions to the Y, surface measured on
Bothkennar clay (Smith & Jardine, 1992). It is likely that the sample had not
been subjected to large strains during the approach stress path and therefore the
rest time at the constant stresses before probing became its recent stress history

deleting the effects of the previous stress paths.

The examples considered above started from isotropic stress states, which
seem to the writer to be more appropriate to investigate the effects of recent
stress history. Clayton & Heymann (2001) included in their recent stress history
study the results of probes on London Clay samples tested from an initial
anisotropic state. They found that the stress path that moved towards the failure
line had stiffnesses that degraded faster than those of a stress path that moved
towards the compression side. The type of approach stress path they used,
though, had also a lower angle of rotation for the stress path that moved towards
the failure line and the two effects might therefore have been superimposed. The
results discussed in Chapter 8 demonstrated that the effects of the angle of
rotation and the effects induced by the presence of the failure line, can cancel

each other out when they have opposite effects.
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9.4 Effects of angle of rotation on the kinematic surfaces

The results of the probes described above were also used to investigate the
effects that creep and angles of rotation produced on the yield surfaces. The
results of the analyses conducted in Chapter 8 will be used here for comparison.
Samples 17SH and 17.3SH belong to the lithological Sub-Unit By, for which
no other samples were tested at small strains, but the results of the analyses
discussed in Chapters 7 and & suggest that similarities could be found between

this sub-unit and the others, particularly in a normalised plane.

9.4.1 Shear modulus

Bender element tests were carried out before each shear probe and the results
are summarised in Table 9.4. The shear moduli for Samples 17SH and 17.3SH
are slightly different, probably due to inhomogeneities between the two samples,
but, after the different consolidation stress paths, the shear moduli Gy, and Gy,
did not change greatly in either of the samples. The measurements of the moduli
are qualitatively similar to those described in Chapter 8 for samples from other
units and the two interpretation methods used showed perfect agreement in the
results. The values measured are consistent with those found for other

lithological units and with the values expected for samples from this depth.

9.4.2 Elastic surface

In Figures 9.13-9.14, the stress-strain curves used to identify the elastic yield
surface Y, are shown. The identification of the yield stresses was not eaéy,
particularly for probes 17.3-105° and 17.3-75%, and separate analyses of the
radial strains and the Young’s moduli supported the suggested values, which are
tentatively indicated by arrows in the figures. In Figure 9.15 those values are
plotted in a plane of stresses Ap’-Aq and the Y, surface for samples from Sub-
Unit By, identified in Chapter 8, is also added to the graph for comparison. As
discussed in Chapter 8, the Y, surface of the Sub-Unit By, was found from
probes on samples that had been subjected to an approach stress path that, while
re-tracing the geological history of the clay, created a minimum disturbance to its

structure. These samples were also allowed to creep until the creep rates had
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reduced to negligible values before probing. In the investigation on the recent
stress history, those probes that had a short approach stress path and creep rates
reduced before shearing, 17-23% and 17-157°%, are most similar to the probes
performed on the samples from the Sub-Unit By, and they seem to yield at the
same values at which the samples from the Sub-Unit By, yielded. The angles of
rotation from the approach stress path have no effects on the yielding of these

samples.

The probes that had been subjected to larger strains before shearing with creep
rate reduction, 17.3-1.30% and 17.3-L.150°, yielded at slightly larger stresses than
those measured for Sub-Unit By, particularly Probe 17.3-L.150%, with the larger
angle of rotation. The difference, though does not seem to be large and might be
due to the strain rate effects, as these probes were performed at strain rates

around ten times faster than those used for the probes in Sub-Unit By).

The probes that had no creep rates reduction, Probes 17.3-75°% and 17.3-105°,
yielded at larger stresses than those found for the Sub-Unit By, and at different
values for the two angles of rotations. The identification of the yield stresses-on
these probes was not easy and the suggested values might not be the true yield

stresses because they are affected by creep strain effects.

In Figure 9.16, the yield points are plotted in a plane of stresses normalized by
the initial effective stress p’o- In this plane, a unique Y, contour was found for all
the lithological units (Section 8.5.2). Only the yield stresses of the probes 17-23°%
and 17-157°%, though, plot on this contour, whereas the yield stresses of the other

probes plot further out.

The axial strains at which the yields occurred are similar to the yield strains
found for all the other units, with the exception of the cases in which the creep
rates were not allowed to reduce. As mentioned before, this is due to the

interaction of creep strains on the strains developed by the loading.

The undrained Young’s moduli found from the probes are included in Table

9 4. Consistently with the discussion for the Y, yield stresses, the probes with the
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short approach stress path and the creep reduced (17-23°% and 17-157°%) show
virtually no difference in the E", values for the two angles of rotation. The other
probes, performed on a different sample, show similar values of E", except for
the probe at 75° rotation with no creep allowed, which shows a lower E",. The
value identified for this probe, though, as mentioned above, is not the true
undrained Young’s modulus because of the influence of creep strain effects. This
is confirmed by the fact that the shear moduli, which were calculated with the
bender elements and were not affected by strain rates, are similar. The elastic
parameters derived from the probes are not sufficient to calculate the equivalent

shear moduli to be compared with the measured values.

9.4.3 Y, surface

The yield stresses for the Y, surface were identified as described in Chapter 8
from the change in deviatoric stress with pore pressure. The graphs are shown in
Figures 9.17-9.19 and the stresses identified are plotted in the stress plane Ap’-Aq
in Figure 7.20. The Y, surfaces of the Sub-UnitsBs() and B, are also included
in the graph. The Y, yield points for the Samples 17SH and 17.3SH seem to plot
between the surfaces of the other two sub-units, which was expected considering
the depth of these samples. However, in the probes where the sample had been
taken to relatively large strains during the approach stress path, the Y3 yields, for
both angle of rotation 30° and 150° plot together at slightly lower stresses,
suggesting a reduction of the Y; region caused by the approach path strains. In
Figure 9.21 the normalized Y, contour is shown, which was found to be unique
for all the lithological units. The probes that had been subjected to short approach
stress paths plot on this contour, while the probe that was subjected to a long
approach stress path plots at lower stresses. As for Y}, the axial strains associated

to the Y yields are similar to those found for other lithological units.

9.4.4 Effect of creep

The comparison between the results from probes that differed only in the
creep rates before shearing suggests interesting features for the sample behaviour
with regard to bubble type models. In Probes 17-23° and 17-157°. the creep

rates were completely reduced before shearing and no differences could be
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noticed between the location of the Y, and Y, yield stresses and the elastic
parameters for both angles of rotation. In Probes 17.3-75°% and 17.3-105%,
instead, the reduction of the creep rates had not been allowed before shearing and
the yielding for both the Y; and the Y, regions occurred at larger stresses for the
probe at 105° rotation than for the probe at 75° rotation. These features are
consistent with the behaviour hypothesized in the bubble model, where the
elastic bubble is dragged with the stress point. It is thought that the elastic bubble
re-centres around the current point when the stresses are held constant to allow
creep. In probes where creep had been allowed before shearing, the Y surface is
expected to be centred and symmetric around the stress state, and in each
direction the yield should therefore be at the same distance from the initial stress
state. In the probes where the creep had not been allowed, instead, the Y, surface
is expected to be asymmetric around the initial stress point and orientated
towards the direction of the approach stress path. In this case, for 150° rotation,
the stress state moves inside the Y; bubble towards the direction of the approach
stress path and therefore towards the larger side of the Y; bubble. This probably
caused the increased dimension of the Y, for the 150° rotation. The Y, surface,
instead, seems only to be affected by the destructuration strain applied to the

samples that result in a reduced dimension of the surface.
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Test 17SH

Approach
& [%] &, [%] & [%] & [%]

stress path
C-0 0.006 0.004 0.001 0.002
B-O -0.004 -0.005 0.0006 -0.004

Table 9.1: Strains developed during the approach stress paths for Probes 17-23°%

and 17-157° (refer to Figure 9.1)

Test 17.3SH, approach stress path below Y,

Approach
&, [%] &, [%] & [%]) & [%]

stress path
A-O° 0.021 0.019 0.001 0.012
B-O° -0.005 0.0042 0.0001 0.0001

Table 9.2: Strains developed during the approach stress paths for Probes

17.3-75% and 17.3-105° (refer to Figure 9.5)

Test 17.3SH approach stress path outside Y;

Approach
& [%] €, [%] € [%] & [%]

stress path
C-0” -0.17 -0.08 -0.04 -0.02
B”-O” 0.2 0.14 0.03 0.07

Table 9.3: Strains developed during the approach stress paths for Probes 17.3-
1.30°% and 17.3-L150° (refer to Figure 9.9)
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Approach Ghn Gy E%
Creep Probe
stress path [MPa] [MPa] [MPa]
* 17-23°% 146 72 174
* 17-157°, 148 71 189
Short
17.3-75°% 130 64 134
17.3-105° 129 64 217
* 17.3-L.30°% 128 66 195
Long
* 17.3-L.150°% 126 65 215

Table 9.4: Elastic parameters for probes on Samples 17SH and 17.3SH
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Figure 9.1: Approach stress paths and shear probes for Sample 17SH
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10 CONCLUSIONS

This research aimed at finding a framework for the London Clay relating the
engineering proprieties of this material to its geological features. Samples from
different depths were tested, belonging to different lithological strata of the
London Clay. For each stratum, the large and small strain behaviour was
investigated, which involved triaxial and oedometer tests on natural and
reconstituted samples and the use of high accuracy instrumentation for the
measurements of strains. A comparison between the mechanical responses of
samples from different lithological units allowed the identification of a

relationship between the engineering properties and the geology of London Clay.

Five main lithological units, C, B2 By, Az and A; exist at Heathrow T5 (Hight
et al., 2003; Mannion, 2005), but this research concentrated on Units C, B; and
As. No samples from Unit B, were available for testing, as the nature of this
Jayer usually does not allow the recovery of good quality samples. For Unit Ay,
only oedometer tests were performed. Three main sub-units were also identified
in Unit B3, B, Baw and Ba,). The differences in the lithology of the clay were
revealed by both the nature and the structure of the clay in the different units.
The nature of the clay influenced its intrinsic behaviour, but did not seem to
affect its intact behaviour as much as the structure of the clay, which was
dominant in determining the differences in the mechanical response of samples

from different lithological units.

The differences in the nature of the clay from different lithological strata were
revealed particularly by the grading curves and also by the Atterberg limits and
water content distributions with depth, although slightly less clearly. Within each
stratum, the characteristics of the clay seemed fairly uniform and showed
similarity in mineralogy and grading, so that a unique NCL* and CSL* could be
found for each unit. The location of the NCL*s and CSL*s depended on the
stratum, although NCL* and CSL* had the same offset for all strata. The more

plastic units had an NCL* and CSL* plotting above the others in the v-Inp’
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plane, however, the parameters A, k and M and C*; and C*; were unique for the
clay, regardless its lithology, so that the NCL* for all strata were parallel. In
Unit B,, the gradings, the index properties and microfossil analyses (Mannion,
2005) highlighted the presence of a stratum, By), with different characteristics
from the lower strata, probably as result of the vicinity of the lithological

boundary. This was reflected in & different NCL* for this sub-unit.

The mechanical response of undisturbed samples did not seem greatly
influenced by its nature, but vas dominated by the structure of the clay from the
different strata. The micros:-ucture of samples from Unit C, Sub-Unit By and
Unit A; was investigated with SEM and showed that a probable originally
flocculated fabric for this clay developed into a cardhouse fabric at shallower
depths and into a bookhouse fabric at greater depths, perhaps as result of
compression. Domains with sub-horizontal orientations were typical of the
deepest Unit Az and probably were responsible for an increase in the horizontal
stiffness of the clay from deeper strata. A compact, but not orientated structure
characterised Unit B, and an open structure emerged for the shallowest Unit C,
for which SEM, X-ray, and microfossil analyses also confirmed that the clay had
experienced no weathering processes. The microstructure of the clay explained
its small strain “ehaviour being stiffer horizontally than vertically. The ratio
between the horizontal and vertical moduli increased with depth, though,
consistently with the sub-horizontal orientation of the particle domains in deeper

units.

The presence of coarser grains seemed to characterise Units C and As, for
which the index properties showed a similarity in nature, although X-ray
diffraction analysis revealed similarities in the composition of Units C and By,
which also showed similarities in their mechanical behaviour. In no unit could a
general calcite coating be seen that would create a strong bonding between the
particles and only localised calcite crystals could be identified in some strata,
which could only provide a minor localised bonding for the clay. The

compression behaviour of the intact samples in fact showed that the compression
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curves did not converge towards the intrinsic compression lines but retaining

stable elements of structure even at higher stresses and large strains.

Both the shearing and compression behaviour of the clay was affected by the
structural differences between the units, although these differences were more
evident in compression and in the strength envelopes at higer pressures. Samples
from units having an open structure, such as Units C and B,, were more
compressible and had lower strengths than samples from units with a more
packed and orientated structures, such as Unit As, despite the similarity in nature
between Units As and C. Likewise, in Unit B, a fairly uniform behaviour could
be found, with a unique compression curve and strength envelope, despite the
presence of lithological sub-units having different index and intrinsic properties.
The differences between the strength envelopes of the clay from different units at
low pressures were not large and the intact SBSs plotted fairly close to the
SBS*s. At higher pressures, though, the strength envelopes of clays with more
orientated structure plotted above the envelopes of clay with the more open

structure and the intact SBSs also extended well above the intrinsic SBS*.

These differences in the clay structure for the different units, however, were
found to be not consistently represented by the Stress Sensitivity and the Void
Index, which only seemed to reflect in the depth of the samples. A normalisation
that accounts for the initial void ratio relative to the ICL shows that shallower
samples have more structure than deeper samples, contradicting the stiffness and
the strength behaviour of the clay. The structural features of such a clay, having
a fabric dominated structure, seem more effectively represented by a new
normalising parameter, e,, that is calculated relative to the intrinsic swelling

curves as well as the intrinsic compression line.

Structural changes to the intact clay were caused by swelling, but these only
affected its compression behaviour inducing lower stress sensitivities and did not
affect the strengths of the samples. Anisotropic stresses applied during
compression to higher stresses did not seem to induce differences in the strength

of the clay compared to isotropic compression.
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At small strains, both the microstructure of the clay and the stresses applied
influenced the clay behaviour, particularly its elastic parameters. The size of the
kinematic surfaces, though, mainly depended on the consolidation pressures, so
that, when the stresses were normalised by the initial state, unique kinematic
surfaces Y, and Y, appeared for the clay for all strata. The region of purely
elastic behaviour of London Clay did not exceed an overall radius of about 2kPa.
Constant values of incremental strain energy were found to be associated with

the yield surfaces.

Strain rate effects were found to influence slightly the behaviour at small
strains, although undissipated pore water pressures had to be accounted for. In
the study at small strains, creep rate effects were removed by allowing creep
rates to reduce to negligible values before conducing any 'probes. The
relationship between creep strains and strain developed during shearing was then
analysed separately considering recent stress history effects. Stress history effects
were found to be less important than strain history effects. A relationship could
be found between the stress-strain behaviour of samples subjected to different
stress path rotations, strains developed during the approach stress paths and creep
strains. When the samples had not experienced large strains during the
consolidation stress paths, then creep could erase the influence of the approach
stress path on the outgoing stress path. However, when large strains developed
during the approach stress path, stress history effects are evident and induce
stiffer behaviour for the outgoing stress path having the larger angle of rotation
from the approach stress path. In studying recent stress history effects the
influence of other interacting parameters, such as the vicinity of the failure lines,

had to be avoided.

The effect of fissures on the samples behaviour was analysed at both large and
small strains,. The distribution of the fissures on site was not recorded in this
study and only a post-test analysis of the fissures was conducted. From this
analysis, there seemed to be a larger occurrence of samples that sheared along
pre-existing fissures from Sub-Unit B, Natural fissures were distinguished
from fissures formed as consequence of drying during the sample preparation.

Fissures due to drying did not affect the mechanical behaviour of the samples,
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while natural fissures only affected the large strain behaviour if they were
orientated in directions compatible with the shearing mode. The strength on
fissures was lower than the intact strength, consistent with the literature, but
these fissures did not seem to affect either the elastic parameters or the sizes of

the kinematic surfaces.

High quality rotary core samples were used for most of the work and their
behaviour was found to be similar to that of block samples. No sample size
effects were also evident apart from the greater likelihood that larger samples

would contain fissures.

10.1 Suggestions for future work

This research work has highlighted the importance of accounting for lithology
when dealing with natural soils. An investigation of Unit A, at both large and
small strain is currently being undertaken to complete the picture of the
behaviour of the more common London Clay strata. The fissured nature of this
material also suggested the need for an accurate investigation of the distribution
of fissure in situ for a better understanding of the influence of fissures on the
bulk behaviour of the clay. A new construction phase of Heathrow T5 will soon

give the opportunity to complete this aspect of the work.

High pressure tests were attempted in this research, but the pressures used
were not high enough to cause significant destructuration of this material, for

which the use of even higher pressures is required.

Further research testing is required to provide more comprehensive data to
examine soil behaviour on the wet-side (i.e. with normally consolidated

samples).

An investigation on the stiffness of reconstituted samples with bender element
tests is also currently being undertaken to enable normalisation of the results of

natural samples.
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APPENDIX 5.1

Calculation of the in situ stress states and approach stress paths

For the samples that were consolidated to the in situ stress states, four
representative depths were chosen; “35m” for samples from 34 to 40m, “25m”
for samples from 22 to 32.5m, “10m” for samples from 10 to 12.5m and “7m”
for the block samples from the top of the London Clay. For these representative
depths the in situ stresses p” and q were calculated considering the geometry of
the site, sketched in Figure A5.1 and the k, profile suggested by Hight et al,
(2003) (Figure A5.2), which was derived from the suction measurements on thin-
walled samples (see Section 3.5.3). About 5.5m of gravel was assumed to
overlay about 52m of London Clay. The site investigation showed that the water
table was 1.5m above the top of the clay and the pore water pressure was found
to be hydrostatic. Table A5.1 shows the stresses used. For samples from “10m”

and “7m” the same in situ stress point was used as discussed in Section 5.3.5.

The geological stress history of the London Clay at the site was simulated for
each representative depth, the same stress history being assumed for samples
from 10 and 7m depths. Three geological phases were supposed: the deposition
of clay, the erosion of clay and the deposition of gravel. It was assumed that
about 175m of the upper part of the clay above the present level have been
eroded at this location (Skempton & Henkel, 1957; Chandler, 2000). The OCR
values are shown in Table A5.1. Figure A5.3 sketches the geological stress paths

for the three depths. The values of k, used were:

PhaseI. k,=1-sing (A5.1)

Phase II: k, =(1-sing JOCR™ (A5.2)

| OCR 3(1_ OCR ﬂ (A53)
)]

Phase I k, =k yel ——ma T
‘ LOCR w4 OCR

max
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as suggested by Mayne & Kulhawy (1982), where OCR is . the
overconsolidation ratio. Table AS5.2 shows the details of the geological stress

paths.

The final in situ stresses derived from the geological stress history were
different from those calculated using the geometry of the site and the k, values
suggested by Hight et al. (2003). This difference might arise from the fact that
the simulation of the geological stress path was very simplistic. Taking into
consideration the influence of the sea level changes during the depositional
process and the presence of the lithological units, it is likely that several cycles of
deposition and erosion occurred in the London Clay at different stages of its
geological life (Chandler, 2002), before the final deposition of the gravel. The
development of bonding during the geological history of the clay was also
neglected. These factors might have caused changes of k, and moved the in situ

stress point.

Considering the difficulty in simulating a more complex geological history of
the clay, the simplified “three phase” geological stress path was assumed to be
valid, but it was shifted, keeping the stress paths parallel, in order to match the
- measured in situ stress points (Figure A5.4). The re-loading stress path due to the
deposition of the gravel is likely to reproduce quite realistically the last
geological event on this site and it is expected to have a more significant
influence on the sample behaviour, therefore the simplified assumption made by
shifting the geological stress paths was considered adequate. Two stress path
approaches were used, in agreement with the research group involved in the

London Clay project.

Long geological stress path

This approach stress path is illustrated in Figure A5.5a. It consisted of
isotropic compression to a maximum effective stress determined at the
intersection of the geological unloading line with the isotropic axis (A to B),
unloading along the k, line (B to C) and reloading to the in situ stress point (C to
O). Table AS5.2 shows the stresses used for the approach stress paths for each

depth. This approach stress path was performed only on two samples from
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“35m” depth (Tests 361gUC, 38.71gUC), because large volumetric strains of
about 2% developed during the isotropic compression. These large strains might
induce excessive disturbance to the sample structure, and therefore a second

stress path was chosen for all the other tests.

Short geological stress path

This approach stress path, illustrated in Figure A5.5b, consisted of isotropic
compression to the mean effective stress corresponding to the in situ stress (A to
B’), unloading at constant p’ to reach the stress point on the geological unloading
curve (B’ to C’), and then unloading and reloading along the geological stress
path to the in situ point (C’ to C and C to O). Maximum limits of 1% volumetric
strain and 0.5% axial strain were imposed for this second approach stress path.

Only in a few cases were these limits slightly exceeded.

10 and 7m depths

An atypical stress path was followed by the samples from “10m™ and “7m”
depth, because the calculated in situ stress points could not be reached as failures
in extension would occur. Initial tests attempted on samples from 10m depth
showed that the fixed limits of 0.5% axial strain and 1% volumetric strain
imposed for the “short geological stress path” could not be respected and one
sample also failed on a pre-existing fissure before reaching the in situ stress state.
It was therefore decided to stop the approach stress path at a stress point along
the constant p’ unloading, which could safely be reached by all the samples from
7m and 10m depths without exceeding the strain limits. This stress point
corresponded to p’=260kPa and gq=-86kPa and was assumed to be the new
representative in situ stress point for samples from this depth. The modified

stress path for these depths is shown in Figure A5.5¢.

Special cases

Test 24g37DC

In this test, the sample, from 24m depth, was consolidated along the “25m”
stress path to its reference in situ stress state. From this point, after performing

probes, the sample was re-consolidated to the “37m™ in situ state following the

A3



stress path sketched in Figure A5.5d. Probes were again performed at this point

before shearing the sample to failure.

Test 31.4gUE

The sample used for this test was from 31.4m depth. Although it belongs to
Unit B,, it was consolidated to the “35m” depth stress point by following the
“35m” approach stress path because, at the time of testing, the division into
lithologcial units was not yet clear and this sample was believed to belong Unit

As.

Test 25.4aUE

This test was supposed to follow a long approach stress path to the in situ
stress state of the reference depth “25m”, but a computer crash occurred during
the test, which changed the calibration factor of the load cell. The final stress
state did not coincide therefore with the expected state. For this reason the letter
“a” in the name of this sample indicates an anisotropic stress condition of

p’=440kPa and g=-20kPa.

Test 11.9DE

This test was performed in a earlier stage of the research, when the in situ
effective stress of p’=260kPa and g=-220kPa was supposed to be reached
following the stress path for “I0m” depth. The sample, though, failed
prematurely along a pre-existing fissure during the constant p’ stage. After this

test the stress path for “7m” and “10m” was modified as described above.
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Depth
Depth
from Thickness c .
rom to clay o’ ’
ground of gravel P Kk, Tela OCR P q
of LC
level
{m] (m] [m] KN/m® | [kPa] [kPa] tkPa]
7 1 3 111 16.0 258 -222
25 5 20 1.5 21 309 6.5 413 -157
36 30 1.3 426 5.0 508 -124
Table A5.1: Tests from the in situ stress point: in situ stresses
In situ
Unit Sample] Reference | stresses Approach
name depth p' q stress path
[kPa]! [kPa]
7gUC
C 7gUE "7m"
7kUC B' (p'=260kPa ; q=0kPa)
11gUC 260 | -220 O' (p'=260kPa ; g=-86kPa)
B, 11gkUC "1om" ‘A-B -0
11gDE (Figure A5.5(c))
12.5gUC
22gsUC
22.6gUC B (p'=820kPa ; g=0kPa)
23gUE B' (p'=420kPa ; g=0kPa)
B, [24g37DC "25m" 420 | -155JA-B'-C'-C-0OIC’ (p'=420kPa ; q=-195kPa
24.3gkUC (Figure A5.5(b)) |C (p'=365kPa ; g=-209kPa
24 4gsUC
25gUC
31.4gUE
33.5gkUC A-B'-C'-C-OB (p'=820kPa ; g=0kPa)
36.3g 510 | -125 | (Figure A5.5(b)) |B' (p'=420kPa ; q=0kPa)
As; }36.3gUE "35m” C' (p'=420kPa ; q=-195kPa,
36.5gDC C (p'=365kPa ; g=-209kPa
36lgUC A-B-C-0O
510 | -125 .
38.71gUC (Figure A5.5(a))

Table A5.2: In situ stresses and approach stress paths (refer to Figure 5.5)
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APPENDIX 5.2

Measurements of the elastic parameters

The elastic parameters of the clay were measured by performing bender
element tests and small stress controlled drained probes following the analysis

described in Section 2.4.

The set of bender elements mounted on the samples allowed the
measurements of the shear moduli G, and Gy, which were calculated using
Equations 2.21 and 2.22. For these equations, the arrival time was determined
interpreting the bender element signal with both the “first arrival method” and
the “frequency method”, as described in Section 2.5.1. Figures A5.6 and 5.7
show two examples of the interpretation methods. Sinusoidal waves were used
with frequencies in the range 2-12kHz. Usually a clear signal was obtained, as
shown, for example, in Figure A5.6. The two interpretation methods always gave
values in good agreement. The arrival time determined with the first arrival
method could be influenced by near field effects, so that it decreased slightly
with increasing frequency, as shown in Figure A5.8, where the arrival times
determined by the two methods are shown for different frequencies. The arrival
time determined with the frequency method usually coincided with the values
determined with the first arrival method using higher frequencies and was used in
Equations 2.21 and 2.22 for the calculation of the shear moduli. A detailed

analysis of the interpretations at the different depths will be given in Chapter 8.

The drained probes were chosen so that the elastic parameters could be

measured from the equations:

]- ' 2\’\,/ '
e, =—00, ——=00, (A5.4)
E. E

i} v
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7 S0, +—2 60 - (A5.5)

For axial compression or extension, do, =0 reducing the equations (A5.4) and

(A5.5) to:

0 =—060 (A5.6)

e, = - 85 (AS.7)
E

The vertical Young modulus E, in compression or extension and the Poisson’s

ratio v,;, were directly measured from Equations A5.6 and A5.7:

E, = (5‘70 ] (A5.8)
O, 500

v, = (58' ) (A5.9)
O¢€, 500

o, (A5.10)

S (A5.11)

and so the horizontal Young’s modulus E; and the other Poisson’s ratios v, and
V., were derived following Kuwano (1999) and the three parameters formulation

suggested by Lings et. al. (2000). A parameter F was directly measured from the

probes, where:

F, o= (AS5.12)

AlQ



Having measured the shear modulus Gy, using the bender elements, the

horizontal Young’s Modulus was calculated from:

4'F‘h th

=t A5.13
" F,+2G,, ( )

The Poisson’s ratio v, was calculated from the combination of Equations A5.12

and A5.13, and v, was calculated using the average value from the equations:

Viv = _0E (.l_vhh) (AS.14)
o, 2
E, O¢
v, =———"1 AS5.15
hv 2 §O'r ( )

Probes at constant p’ and constant q were also performed. These probes
allowed measurements of the bulk modulus K, the equivalent shear modulus G,
and the coupling moduli J,, and Jgp, from the constitutive equations written in

terms of triaxial variables (Atkinson et al., 1990):

55‘,=§-’L+£’i  (A5.16)
K J,

5g€=i+ % (A5.17)

" J, 3G,

For an elastic material the compliance matrix has to be symmetrical, therefore
Jpi=J4p=J. The parameters measured from the constant p’ and constant g probes,
from Equations A5.16 and A5.17, were then compared with those calculated by
using the other elastic parameters derived from the constant ¢°; and o, probes

and bender elements:

3
G, = , A5.18
“ 4[(1 + 2Vrh )/ Ev + (1 - vhh )/ 2Eh ] ( )

1
K = A5.19
(i-4v,)/E. +2(1=v,, )/ E, ] ( )

J-
o
o



3
J = (A5.20)
2[(1”"\/1 )/Ev - (l_vhh )/Eh]

This comparison enabled a check to be made of consistency of the elastic

parameters.

The undrained parameters were also calculated as combination of the drained
parameters using the formulation proposed by Lings (2001). As discussed in
Section 2.5.1, the mapping is only possible from drained to undraned parameters
and the calculated values were compared with the values measured directly from
undrained tests. For undrained conditions, v,,=0.5 and the other undrained elastic

parameters can be derived from:

oo B0y, )E, +(1- fvvh)Eh] (A5.21)
2(0-v,)E, —4v, E,

<

E, L2 - v )E +(—4v,,)E,E, |

E,’: = > > — (AS5.22)
(I=v)E, +(1-2v, —2v,v,)EE, —v, E}
v:h — (1 - vlfh)ES 2+ (vhh - 2vvh - 2vvhvhh )Ew Eh + :)\7'-11 E‘;l‘;Z (A523)
A=v)E +(Q-2v, -2v,v,)E E, —v_ E;
W _ VaEy
Vi, = —# (A5.24)
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Figure A5.8: Comparison between the arrival times determined with the first

arrival and the frequency method
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APPENDIX 7.1

Shear planes

The figures in this appendix show schematic drawings of the shear planes

formed in samples from different lithological units.

7gUC

7gkUE

7gkUC

D=100mm

D=38mm

Unit C

Figure A7.1: Shear plane characteristics for samples from Unit C
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Figure A7.2: Shear plane characteristics for samples from Sub-Unit By,
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Figure A7.3: Shear plane characteristics for samples from Sub-Unit Ba,
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Figure A7.4: Shear plane characteristics for 38mm diameter samples from

Sub-Unit B2(_a)
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Figure A7.5: Shear plane characteristics for 100mm diameter samples from

Sub-Unit B 2(a)
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Figure A7.6: Shear plane characteristics for samples from Unit As
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