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Chapter Six: Experimental results

6. Experimental results

6.1 Introduction

The experimental work was designed, as described in Chapter 5, to determine the in situ stress-
strain response of Oxford Clay when subjected to the stress changes equivalent to those
imposed by the Elstow excavation. Because of the limited number of specimens, the approach
used was to carry out multiple-stage stress path tests consisting of constant p' and constant q
stress probes originating from the same initial stress state, while attempting to reproduce the in
situ stress state and the stress history of the deposit.

In this chapter the characteristic features of the stress-strain response of the soil are discussed.
These are primarily the non-linearity and anisotropy.

The material stiffness non-linearity is most noticeable in the small strain range of 0.001% to
0.1% axial strain. This response was captured using local instrumentation in the form of non-
contacting proximity transducers (see section 5.4.7) but their accuracy was not sufficient to
conclude whether the maximum soil stiffness was recorded. However, an upper bound to the
stiffness response was provided by recording the shear wave travel velocity through the
specimen using bender elements to calculate the very small strain shear stiffness at less than
0.001% strain.

The soil behaviour is, at least, influenced by the factors discussed in section 5.1 and,
consequently, the influence of stress level, imposed stress path and stress history is discussed.

The conclusions regarding the in situ soil stiffness have been drawn from a limited number of
extended multiple-stage stress path tests and the validity of this approach is discussed by
comparing the stress-strain response of the specimen along stress paths repeated at the
beginning and the end of a particular test.

The current research work has been supplemented by experimental results obtained at the time
of the Elstow excavation and these results have been included in this chapter to show the soil
response during undrained shearing.
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Chapter Six: Experimental results

6.2 Stress path testing carried out as part of Elstow site
investigation

6.2.1 Summary of tests

A series of 8 consolidated undrained tnaxial tests, summarised in Table 6.1, were carried out in
the stress path apparatus at the University of Sheffield at the time of the Elstow site

investigation (Hird et al., 1987). All tests were carried out on specimens of unweathered

Oxford Clay. Half of the specimens were trimmed from the block samples taken as described in
section 3.7.2. Both vertically and horizontally orientated specimens were formed. The trimming
process took 8 hours, first using a wire saw and then a sharp knife, and required extreme care to
avoid fracturing the block. The remaining specimens were from tube samples of approximately
100mm internal diameter. Although apparently undisturbed sections of the extruded sample
were chosen to prepare specimens for testing, it was noted during the Elstow site investigation
that the Mazier technique used to obtain the tube samples often caused excessive sample

disturbance.

The tests were carried out in a Bishop and Wesley type hydraulic stress path cell modified to
measure specimen strains locally in the central region using non-contacting proximity
transducers (Sangamo type DT1 8M and DT19M). Two pairs of transducers on opposite sides of
the specimen measured the axial strain and one pair measured the radial strain across the
specimen diameter. The pore water pressures occurring in the specimens during the undrained
shearing were measured at the base and also at the mid-height using a miniature pressure
transducer. The specimen volume change during consolidation was measured directly by an
Imperial College type volume change unit. Full details of the stress path cell and the local strain

instrumentation are given in Yung (1987).

The local strain measurement system and the calibration procedures were less sophisticated
than those used in the present work. Consequently, for a 95% confidence interval, the
maximum possible error was about 0.009% and the largest probable random was about 0.003%

Specimen	 Water
orientation	 content

Test I
Date	 I	 Sample number

name I

Yl	 25-Feb-87	 E/BT316.31M12

Y2	 24-Mar-87 E/BT5/l l.85-12.721M12

Y3	 07-Apr-87 EIBT5/1 1.85-1 2.72/M22

Y4	 05-May-87 EIBT5/1l.85-12.72/M31

Y5	 01-Jun-87 E/EXI8/24.O19IBL1IH

Y6	 19-Jun-87 EIEXI8/24.O19IBL1/V

Y7	 08-Jul-87 E/EX18/23.9231B1JH

Y8	 27-Jul-87 EIEX18/23.9231BLJV

Specimen
origin

Tube

Tube

Tube

Tube

Block

Block

Block

Block

Table 6.1 - Summary of stress path tests carried out at the time of the Elstow site
investigation
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(Yung, 1987; Hird and Yung, 1987).

The back pressure system was flushed before, and during, placing of the specimen on the base
pedestal to avoid trapping air. The specimens were generally subjected to a confining pressure
of lOOkPa under undrained conditions and the pore pressure response monitored over a 24 hour
period in which the response equalised. The specimen was then conventionally saturated
applying cell pressure and back pressure increments to maintain the specimen effective mean
normal stress at its initial value. The specimen was consolidated isotropically to the required
effective stress level. Undrained shearing was generally carried out at a constant stress rate,
although for certain specimens (Table 6.2) this rate was increased between 0.1% and 1% axial
strain in order to minimise testing times yet ensure an adequate defmition of the stress-strain
response both in the small strain region and as failure was approached.

Stress rate

Test name

Yl
Y2
Y3
Y4
Y5

Y6
Y7
Y8

Initial
effective

stress
kPa
5.7

67.4

67.9
80.3
57.7

72.8
86.2
83.0

d

kPa/hour
29.25
27.9
11.3

5

5

5

5
5

Table 6.2 - Summary of initial specimen effective stress and shearing loading rate

6.2.2 Interpretation of undrained behaviour in stress path tests

Recalling the constitutive relationships presented in section 2.2,

1	 1
. i	 .1511'l	 (6 1)

L&f	 L	 L	 L&d	 ...........................................................................................
;. 3G'

For undrained loading, 8e =0, and thus,

I'
(62)

i '	 K'

If the soil behaviour is assumed to be elastic the degree of anisotropy can be assessed from the
gradient of the stress path in an undrained triaxial test. This may be interpreted in terms of the
parameter, a, introduced by Graham and Houlsby (1983) for cross-anisotropic soil discussed in
the following chapter (the value of a 2 represents the ratio of the Young's moduli, E/E).
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3a2E
7 ?	 ,?	 2	 *	 $cj	 'qv_	 - 2a —2av —2+2v

K'	 K'	 a2E5

a2 4+22v

3(a2_4av*+2_2v*)(6.3)
2(a —av —1^v)

where, V is an equivalent Poisson's ratio for cross-anisotropic soil

Equation 6.3 may be written as a quadratic in a as shown in equation 6.4,

(2+3)a2+(_2v*_12v*)a_2+2v*^6_6v*=O(6.4)

which may be solved to give the degree of anisotropy in terms of the stress path gradient and
v as shown in equation 6.5,

a 

V* (	 + 6)±ij(V* - 2)2 ) +6(2v* - 1)(v + i)[+ 3)(6.5)

2()+3

For a soil which is stiffer in the horizontal direction,

a>1,	 °>>-	 ...................................................................................................(6.6)

For a soil which is stiffer in the vertical direction,

O<a<1, .....................................................................................................(6.7)

The limits imposed on the undrained stress path direction by cross-anisotropic elasticity as
described by equations 6.6 and 6.7 are shown digrammatically in Figure 6.1.

In a conventional undrained triaxial test the stress path will not be vertical unless the soil being
tested is isotropically elastic. In general, the deviatoric and volumetric responses are coupled
and it is not possible to determine the effective deviatonc stiffness from the stress-strain
response.

3G'J'J'
--3G -	 qv p5	

(68)
(jj; - 3K'G')

In order to compare the drained and undrained moduli therefore, values must be assumed for
the volumetric stiffness and coupling stiffness. The response may be simplified by assuming the
coupling stiffness are the same as shown in equation 6.9.
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=	 = (fF2 _3K'G') 
= 3G{[ - 1(F)]](6.9)

However, equation 6.10 shows that the stress-strain curve is still linked with the coupling
stiffness and therefore a direct comparison may not be drawn between the undrained and
drained deviatoric stiffness coefficients.

*=3G'
	

1 13G'1
	 (6.10)

Similarly, for cross-anisotropic soil, a direct comparison of Young's moduli from drained and
undrained tests is not possible and therefore the anisotropy factor may not be determined in this
way. Only through using the gradient of the stress path is it possible to obtain information
regarding the degree of anisotropy from undrained stress path tests.

6.2.3 Undrained stress path test results

The stress path test results have been presented by Hird et a!. (1987) and will only briefly be
summarised here. The further analyses carried out as part of the present research involved,

• the interpretation of the undrained effective stress paths, as described in 6.2.2, to infer a
degree of anisotropy from the soil response,

• determining the undrained deviatoric stiffness to make a qualitative comparison with the
stiffness response obtained from the constant p' stress paths carried out as part of the current
research.

A
q
	

IL =

4\<i
ry=fl

a=oo

a=co
a =0:

'if

(X =

Figure 6.1 - Region of allowable effective stress paths for constant
volume deformation of cross-anisotropic elastic soil

204



Chapter Six: Experimental results

The undrained effective stress paths are shown in Figure 6.2. It is seen that the specimen
response is erratic in tests Yl, Y2 and Y3. This is due to these tests being carried out at a
loading rate which was varied in steps as the strain level increased (see Table 6.2). For the
remaining tests, which included all the block sample specimens, the choice of a constant
loading rate significantly improved the response. The smoothness of the undrained stress path is
indicative of the quality of the measured stress-strain behaviour and accordingly analysis was
concentrated on these tests.

The stress-strain responses of both the horizontally and vertically orientated specimens are
shown in Figure 6.4 as deviator stress against triaxial shear strain for small and large strain
levels. The volumetric strain response shown as an inset on this figure is that recorded locally
by the axial and radial proximity transducers. This shows that the specimen deformed with
uniform strains in the central region of the specimen up to approximately lOOkPa but that after
this point the local measurements no longer reflected the undrained response (the zero
volumetric strain condition of a Poisson's ratio of approximately 0.5, as shown in Figure 6.3, is
generally maintained up to this point). The stress-strain response in all cases is noticeably non-
linear and the horizontally orientated specimens record the stiffest response. The undrained
tangent Young's moduli implied by the stress-strain response are shown in Figure 6.5.
Although it is not possible to accurately resolve the stiffness moduli at the smallest strain
levels, the ratio of horizontal to vertical undrained Young's moduli is approximately 2 up to a
stress change of 8OkPa. Beyond this stress change the vertically orientated specimens
experience greater plastic straining as failure is approached and the specimen stiffness falls
rapidly.

An alternative interpretation of the degree of anisotropy of the specimens may be calculated
using the initial stress path direction as previously described in section 6.2.2. The gradient of
each stress path in Figure 6.2 is shown against change in deviator stress in Figure 6.6. For all
the vertically orientated specimens, the stress path is inclined left of vertical indicating, as
expected, that the soil is stiffer in the horizontal direction. This is confirmed by the positive
gradient of the stress path followed by the horizontally orientated specimens. Using equation
6.5, the implied anisotropy factor, a2, the ratio of the horizontal to vertical drained Young's
moduli, was calculated for a suitable range of possible Poisson's ratio values of 0.1 to 0.3. As
shown in Figure 6.7, this suggests a ratio of between 2.5 and 4 for vertically orientated
specimens.

The stress-strain response of the soil specimens interpreted as tangent deviatoric stiffness
values and shown Figure 6.8 against triaxial shear strain. For the reasons described in section
6.2.2 comparisons with the drained deviatonc stiffness moduli presented in later sections must
be approached with care.

There is no trend evident linking the deviatoric stiffness with the mean effective normal stress

and thus the stiffness response normalised with the initial effective mean normal
stress, p ,shown in Figure 6.9 shows a less unified view of the data. The implication is that

either the dependence of the soil stiffness on the current stress level is minimal under initially

isotropic stress conditions, or that the effect of the initially higher p' is cancelled by the

possibly greater sample disturbance in the case of the Mazier tube samples.
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Figure 6.3 - Uniformity of strains in undrained stress path tests
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Figure 6.4 - Deviator stress vs. triaxial shear strain for horizontally and vertically
orientated specimens trimmed from block samples
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6.3 Stress path testing in current research programme

6.3.1 Summary of stress paths

A series of nine stress path tests was carried out on specimens trimmed from block samples of
Oxford Clay. Each test consisted of multiple stress paths in order to obtain the maximum data
from the limited material available, as described in section 5.3.2. Four of the tests were stopped
prematurely: one because a number of local axial strain targets became detached and three
because the load cell failed. Six of the tests were carried out on an existing stress path cell with
the remainder on an identical apparatus commissioned during the current research. A system of
bender elements was installed in each stress path cell which provided seismic wave travel
velocity measurements in three of the tests (see section 6.5).

The soil tested was either unweathered or weathered Lower Oxford Clay from block samples
stored since the Elstow excavation, or unweathered Lower Oxford Clay from block samples
obtained from the Kempston Pit of the London Brick Company situated half a mile away from

the Elstow site (see section 5.2).

A summary of the specimens in each of the stress path tests is given in Table 6.3 and each test
is discussed below in section 6.3.3.

Degree of Depth Initial water
Test	 Block sample	 Origin	 weathering (m) content (%)

TO! EIEX15 25.640 IBL	 Elstow	 Unweathered 4.86	 25.9

T02 I E/EX15 25.640 IBL I	 Elstow	 I Unweathered I 4.86 I	 25.8

T03 I EIEX17 24.9 10 /BL I 	 Elstow	 I Unweathered I 5.59 I	 28.6

T04 I KEMP/21.5/ BL 1 I Kempston Pit I Unweathered I 9.0 I	 29.0

T05 KEMP/21.5/ BL 1 Kempston Pit Unweathered 9.0 	 27.5

T06 KEMP/21.5/ BL 1 Kempston Pit Unweathered 9.0 	 27.5

T07 EIEX9 29.185 IBL	 Elstow	 Weathered 1.3 15	 29.4

T08 E/EX9 29.185 IBL	 Elstow	 Weathered 1.315	 28.5

T09 KEMP/21.51 BL1 Kempston Pit Unweathered 9.0 	 26.6

Table 6.3 . Origins of stress path test specimens

6.3.2 Determining in situ effective stress state

It was assumed that, throughout the sampled depth of the Oxford Clay, the in situ stress state
lay on the limit state of passive failure (as described in section 5.3.2) and that an angle of
friction based on the frictional compressive strength of the Elstow deposit (Figure 3.5) could be
used. To check experimentally the validity of this assumption the following aspects of the
experimental programme could be considered:

• In each stress path test an initial confining pressure was applied under undrained conditions
until a positive pore water pressure response was recorded. From this the initial suction
within the specimen could be deduced. The B value indicating the degree of saturation was
also recorded as a measure of the confidence in the estimated initial suction. The initial
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specimen suction inferred from the increase in confining pressure, and the associated B
value, from each test are presented in section 6.3.3.

• A series of high pressure oedometer tests was perfonned as described in section 5.8. This
provided an indication of the previous vertical overburden pressure and was designed to
show whether the soil deposit was as heavily overconsolidated as reported. The results of
three high pressure oedometer tests are shown in Figure 6.10. It is apparent that the pressure,
although increased to the system limits, was not sufficient to precisely show the onset of
yield associated with the past maximum overburden pressure. Using this figure, an estimate
using Casagrande's construction suggests a past maximum overburden pressure of 7-1OMPa
had been experienced. This corresponds to a previous maximum level of overburden of 700-
l000m (assuming a water table at the surface and an average bulk unit weight of 2.0Mg/rn3).
The level, suggested by Jackson and Fookes (1974) of 500m (see section 3.3.2) is not
significantly at odds with this value. The results give no reason to doubt the assumption that
the in situ stress state lies on or close to the passive failure limit state. Burland et a!. (1979)
show an example of a less heavily overconsolidated clay deposit in which the upper 4.Om
depth was at passive failure. Bond and Jardine (1995) show an intact London Clay deposit
with an OCR of 20 to 40 which is assumed to be at passive failure.

Vertical stress (MPa)

4.50

Figure 6.10 - Summary of all high pressure oedometer tests
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• A series of filter paper suction tests (Chandler and Gutierrez, 1986) were carried out as

described in section 5.9. The results of these tests are shown in Figure 6.11. As described in

section 5.9 the calibrated filter paper suction is plotted with respect to time to give an
indication of the possible error in its value. The figure shows that the suctions for the Elstow
block samples, at 250-300kPa, from tests SUCO1 and SUCO2 are significantly greater than
the approximately 6OkPa suction recorded in test SUCO3 for the Kempston Pit block sample.

It was initially planned to perform a suction test prior to each stress path test to provide an

estimate of the in situ effective mean normal stress which could be combined with the known in

situ vertical stress to obtain an in situ state in p'-q stress space. The high values recorded in the

initial suction tests, however, corresponded to apparently unreasonable values of K which

exceeded K;. The first stress path of test T02 (described in section 6.3.3) was carried out at

p'=25OkPa, equal to the suction recorded in the corresponding filter paper test. The specimen

for test T02 was trimmed from a block sample taken from 4.6m depth and using an estimated

effective vertical stress, an in situ K of greater than 7 is calculated (suggesting a failure state

close to the tension cut-off). The test failed prematurely while attempting to reinstate an

appropriate initial stress state at an equivalent K of 2.79. The results of the filter paper tests

on the Elstow block samples do not concur well with the lower suctions estimated from the

application of confining pressure in the associated stress path tests on specimens from the same

block samples. The in situ effective mean normal stresses estimated from the initial stage of the

triaxial tests are in the range 50-lOOkPa. It is possible that the triaxial test specimen could no

longer maintain its suction during the trimming process or during setting up and coming into

contact with the free water in the back pressure system. The use of the fuse-wire technique

600

500

•' 40()I
I

100

0

0	 5))	 I 1)1)	 51)	 21(0	 251)	 31)1)	 ?51(	 4(X)

Time since filter paper exposed to atmosphere (seconds)

Figure 6.11 - Results of filter paper suction tests
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(Burland and Maswoswe, 1982) could have prevented the specimen coming into contact with

free water, although this technique was not used for the reasons stated in section 5.5.3.

Since there was considerable uncertainty about the in situ stress state it was decided to abandon

the suction measurements and proceed with the stress path tests using a range of initial effective

mean nornial stress which would cover the likely range encountered throughout the deposit.

The initial deviator stress level was chosen conservatively to correspond with a passive

frictional strength of ' = 25° as discussed in section 5.3.2.

6.3.3 Test descriptions

Each test is summarised individually in Table 6.4 to Table 6.11, and the entire experimental
programme is summarised in Table 6.12. The following sections describe each test in more
detail. This involves detailing the name and type of each stress path carried out using the sign
convention defined in Figure 6.12. This discussion is provided since it is essential to analyse
the results of the tests in the knowledge of any peculiarities in the setting up of the specimens,
or in the testing procedures.

q
I	 0=90, 80=?

0=180

0=01	 60=90

oo=9o1

0=-90, 80=90

Figure 6.12 - Sign convention used in stress path direction

The stress paths shown individually for each test in the following figures are summarised
diagramatically in Figure 6.13.
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Figure 6.13 - Figurative representation of stress paths carried out in p'- q space for each
stress path test
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Figure 6.14 - Stress paths performed in tests TO! and T02

TEST TO 1

The test specimen was trimmed from an unweathered Oxford Clay block sample (EIEX15
25.640 IBL) taken from 4.86m depth at the Elstow site as described in section 5.2.1. It was
noted during the trimming process that the specimen seemed to dry out very quickly in the
temperature and humidity controlled environment of the laboratory. It was subsequently
decided that a locally more humid environment would be provided by placing wet towels in the
vicinity of the sample. The trimming process proved to be arduous and time consuming and
became more difficult as the sample continued to dry out. The specimen required patching
locally with remoulded soil and it was evident that fissures were opening up as the specimen

dried.

The trimming process continued over two days. The first day was required to separate the block
sample into quarters for further storage with the specimen trimming taking place on the second
day after the block was originally exposed. As each section of the original block sample was
exposed the sections of soil were continually resealed to prevent excessive drying.

The test was set up following the standard procedures outlined in section 5.5.2 with the

following differences. The back pressure system was not adequately flushed before mounting
the specimen nor was the miniature pore water pressure probe completely de-aired prior to
testing. The incomplete flushing caused large discrepancies between the volume change
measured locally on the specimen with that recorded by the volume change unit attached to the
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back pressure line, and also required a large back pressure to achieve a suitable degree of
saturation of the specimen.

Once the specimen had been set up in the cell, an initial confining pressure of lOOkPa was
applied under undrained conditions and the specimen was left for 24 hours to equilibrate. The
pore pressure measured at the top and bottom of the specimen (10-l5kPa) indicated an initial
effective stress within the specimen of 85-90 kPa. The initial mid-height pore pressure
measurement did not concur with these values, giving a lower value probably due to the
insufficient initial deairing of the transducer. Specimen saturation initially proceeded, however,
at an effective stress of lOkPa leading to swelling of the specimen but provided a final B value
of 0.96 after simultaneously increasing the cell pressure and back pressure equally to a back
pressure of 39OkPa. Consolidation was carried out alter a step increase in cell pressure
(B=0.99) to an initial effective stress of approximately lOOkPa. The load cell was connected
and the system left once more to allow the small stress changes imposed during connection to
equilibrate. Immediately prior to shearing, however, a leak developed in the back pressure
system. The drainage lines to the specimen were closed, the cell pressure removed and the cell
top removed to fix the leak before repressurising the system. This operation lasted less than an
hour and it was assumed that the suctions developed within the specimen due to unloading
would have been maintained and, since the specimen was already close to full saturation,
disturbance to the specimen would have been minimal. The mid-height pore water pressure
probe showed full recovery to the previous value before the drainage valves were reopened to
the back pressure.

The effective stress paths followed during the stress path probe stages are shown in Figure 6.14
and the details of these paths are given in Table 6.4.

During the first stress path, tOlshrOl (or 'path 1'), a local strain target became detached and
axial strain measurements were subsequently based on one side of the specimen only. This was
not thought to be a significant error since the local and endcap axial strain measurements were
in very good agreement previously and the endcap measurements were self-consistent
suggesting a uniform specimen response to loading. During the final stress path, path 6, taking
the specimen to failure, it was noticed that there were jumps in the external axial strain readings
indicating slippage of the top cap / load cell suction connection. These jumps also affected the
local strain measurements. This was probably due to the slight tilting of the specimen changing
the alignment of the proximity transducers and their targets. The endcap axial strains were not
affected by these jumps and the stress-strain response was interpreted in terms of these

Stage	 I
Date I

name I	 I

	

(hours)
	

(kPa)
	

(kPa)

0.0

	

0.0
	

7.5

	

0.0
	

16.7

	

189.5
	

4.3
	

96.1

	

26.7	 -3.5
	

96.7

	

22.7	 -77.1
	

98.1

	

27.4	 -75.0
	

170.7

	

2.2	 -75.0
	

195.8

	

43.9	 -75.4
	

101.6

	

33.8
	

22.8
	

100.6

tO ipre
tOl sat
tOl con
tOlcct
tOl shrOl
tOl shrO2
tOl shr03
tOl shrO4
tOl shr05
tOl shrO6

11-Jun-92
14-Jun-92
23-Jun-92
02-Jul-92
03-Jul-92
06-Jul-92
10-Jul-92
11-Jul-92
17-Jul-92
22-Jul-92

(kPa)

0.0
0.0
0.0

-2.0
-68.4

2.9
-0.1
-0.7
97.1

-171.4

Table 6.4 - Summary of stress path test TO!
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measurements.

TEST T02

The specimen for test T02 was trimmed from the remains of the block used for test TOl
(EIEX15 25.6401BL). The trimming process proceeded at a quicker pace than for TO! but still
took approximately 5 hours to complete. Alter specimen preparation and setting up, a confining
pressure of lOOkPa was applied which caused the endcap axial strain measurements to go out of
range straight away. At this time the cell pressure was removed and the system stripped down
to put the endcap strain transducers back in range before a confining pressure was applied
again. Following the application of confining pressure, the measured pore pressure was raised
to measurable values (average l4kPa) and suggested an initial specimen effective stress of
86kPa. Specimen saturation was carried out with two undrained increases in cell pressure
producing a final B value of 0.97. The specimen was isotropically consolidated to an effective
stress of 25OkPa before shearing commenced.

Unfortunately the specimen failed as the estimated in situ stresses were being restored as the
stress path overshot the target values, and so only a single stress path was performed. This
effective stress path is shown with those for test TO1 in Figure 6.14 and the path description is
given in Table 6.5.

Stage	 Date	 q0	 Eq	 Ap'
name commenced

hours	 kPa	 kPa	 kPa
tO2pre	 15-Aug-92	 -	 0.0	 -	 0.0
tO2sat	 24-Aug-92	 -	 0.0	 58.3	 0.0
t02con	 28-Aug-92	 -	 0.9	 79.7	 -2.4
tO2shrOl	 05-Sep-92 195.2	 -1.4	 239.9	 -197.5

	

kPa	 0	 0

-	 9Ø°9	 9009

	

170	 90°	 00

	

1607	 90°	 0°

	

5.8	 1800	 90°

Table 6.5- Summary of stress path test T02

TEST T03

29
28.8
28.6
28.4

5) 28.2
0
C.)
	 28

5) 27.8I 27.6
27.4
27.2

27
11:00	 11:30	 12:00	 12:30	 13:00	 13:3010:30

Time of day

Figure 6.15 - Reduction in specimen moisture content

Following the application of	 during trimming of soil specimen for test T3

1 6OkPa of confining pressure the

initial effective mean normal stress was calculated as l4OkPa, although the corresponding B
value from a subsequent increase in cell pressure (100 kPa) was only 0.23. The cell pressure
and back pressure were increased incrementally and simultaneously with periodic checks on the
B value until a B value of 0.91 was attained.

The test specimen was prepared
from a block sample taken from
the Elstow excavation in the
Lower Oxford Clay at a depth of
5.6m (EIEX17 24.910 IBL). The
trimming process was carried out
in only 2.5 hours but trimmings
taken during this time showing
that the specimen moisture con-
tent at its periphery apparently
reduced by 1% every 1.5 hours as
shown in Figure 6.15.
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A step consolidation stage was then applied increasing p' from lOOkPa to l5OkPa and Figure
6.16 shows the specimen volume change during this stage calculated from both local
measurements and the volume change unit. This figure also shows the dissipation of excess
pore water pressure as recorded by the mid-height pore water pressure probe for which the
response is far more rapid. A similar response was recorded for the stepped consolidation stage
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0.35	 -- Local volumetric etrain
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-0- Volume change unit
	 0.
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Ptre wat& eire dissipation
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0.l
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0
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1	 2	 3	 4	 5	 6	 7	 8	 9
	

10

Square root time ('1 hours)

Figure 6.16 - Pore pressure response during isotropic consolidation in test T03

Stage	 Date	 q0

name commenced

hours

0.0
02-Nov-92	 -0.3
03-Nov-92
	

27.7
05-Nov-92
	

38.5
09-Nov-92
	

94.7
11-Nov-92
	

75.4
17-Nov-92 112.8
20-Nov-92
	

35.3
24-Nov-92
	

87.5
30-Nov-92
	

61.4
07-Dec-92 104.6
13-Dec-92
	

98.2
1 8-Dec-92
	

47.7
04-Jan-93 363.4
10-Jan-93
	

82.3
16-Jan-93
	

77.4
21-Jan-93
	

53.5
28-Jan-93
	

54.9
02-Feb-93
	

53.6

07-Feb-93
	

63.3
12-Feb-93
	

49.4
17-Feb-93
	

51.0
19-Feb-93
	

1.5

24-Feb-93
	

49.1

kPa

7

7

140.4
217.8

83.3
101.6
150.0
150.8
146.5
215.5
154.5
209.0
158.4
153.9
154.8
216.8
161.7
209.1
209.6
161.7
156.9
159.4

209.6
153.9

tO3preOl
tO3conlDl
tO3satOl
tO3satO2
tO3satO3
tO3satO4
tO3shrOl
tO3shrO2
tO3shrO3
tO3shrO4
tO3shrOS

tO3shrO6
tO3shrO7
t03shr08
tO3shrO9
tO3shrlO
tO3shrll
tO3shrl2
tO3shrI3
tO3shrI4
tO3shrl5
tO3shrl6
tO3shrl7
tO3shrl8

kPa

0.0
0.0
0.0
0.0
0.0
0.0
1.1

-84.0
-115.8

-115.7
-117.1
-114.3
-114.5
-14.4

-115.8
-118.1
-117.5
-16.4

-117.2
-117.8
-15.3

-115.5
-115.8
-117.2

kPa

0.0
0.0
0.0
0.0
0.0
0.0

-42.5

-28.4
-0.5
0.5
0.3
0.0

93.2
-100.8

-0.8
-0.6

101.9
-98.0

0.6
102.5
-99.1

-0.2
0.0

-57.7

kPa

7

9

77.1
-139.0

11.3
49.2

0.8
-5.0

70.7
-58.8

53.7
-49.5

-3.2
3.7

57.1
-54.3
51.5

1.9
-48.6

-4.7
3.0

50.7
-47.4
11.5

Table 6.6 - Summary of stress path test T03
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of test T02. It would seem that the mid-height pore water pressure probe was not recording the
true specimen pore water pressure. One explanation is that the recorded pressures were
influenced by the proximity of the filter paper drains on the specimen periphery. Alternatively,
the fissure system may have allowed a more direct connection between the back pressure
supply and the location of the mid-height pore pressure transducer. In subsequent stress path
probing stages, the recorded effective stress paths are therefore possibly erroneous as excess
pore water pressures would not have been recorded. In the stepped consolidation stages of all
the other stress path tests, however, the volumetric response and the dissipation of excess pore

water pressure were consistent.

The shearing stages of the stress path test consisted of a sequence of 17 constant p' and constant
q stress paths and a single diagonal stress path as shown in Figure 6.17. The details of each of

these paths are given in Table 6.6.

20

0	 I	 I	 I	 I
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Figure 6.17 - Stress paths performed in test T03
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Figure 6.18 - Stress paths performed in tests T04 and T05

TEST T04

The specimen for this test was trimmed from a block sample (KEMPIBLI/21.5) of unweathered
Oxford Clay taken from a freshly excavated slope at the Kempston Pit at 21.5mAOD (see

section 5.2.2). The specimen was initially trimmed using a bandsaw to a rectangular prism of
approximately the desired dimensions before final trimming by hand. This greatly speeded up
the trimming process reducing the final hand trimming to 1 hour.

Upon application of the confining pressure, a leak developed at the connection of an endcap
transducer and the cell base. The cell pressure was removed with all drainage valves closed and
the leak fixed before reapplying the cell pressure. It was then noticed that there was a further
leak at the mid-height pore water pressure transducer connection and, once more, the cell had to
be depressurised and stripped down. The subsequent application of confining pressure showed
that saturation was complete (B=0.99) and the sample was then consolidated to an effective
mean normal stress of 100 kPa.

The stress path probing stage of the test continued over 9 stress paths which are shown in
Figure 6.18 and described in Table 6.7. At the end of the fourth stress path the top cap suction
connection failed. At this time the deviator stress was only -IOkPa and it was not thought that
the specimen was unduly damaged; testing therefore continued. However, the local axial strain
targets had become detached and the cell pressure had to be removed under undrained
conditions in order to re-affix them. Following reapplication of the cell pressure the mid-height
pore pressure showed a recovery to its previous value.

When the specimen failed the mid-height pore pressure transducer connection also failed and
was left for several hours in this condition. Consequently, free water came in contact with the
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specimen and caused unrecorded swelling. The final measured water content therefore did not
accurately reflect the end of test conditions.

Bender element tests were carried out during test T04.

Stage	 Date	 itt,,	 q,,	 p
name commenced

(hours)
	

kPa)
	

(kPa)
	

(kPa)
	

(kPa)
	

C')
	 (0)

	0.0
	

9

	0.0
	

21.7
	

60.1
	

90°
	

180°

	

10.0
	

101.0	 -85.7
	

11.8
	

180°
	

180°
51.0	 -84.0
	

106.6
	

0.1
	

38.3
	

90°
	

270°
167.5	 -83.5
	

170.8	 -0.3	 -38.1
	

270°
	

180°
80.2	 -83.1
	

119.3
	

72.9	 -8.5
	

0°
	

90°
129.4
	

23.9
	

105.2	 -97.7
	

14.1
	

180°
	

180°
76.5	 -73.8
	

106.5
	

0.6
	

33.1
	

90°
	

270°
155.2	 -69.3
	

157.3	 -0.3	 -45.7
	

270°
	

180°
320.6	 -69.8
	

109.6
	

98.8	 -21.4
	

0°
	

90°
154.9	 -5.4
	

97.3	 -97.5
	

52.8
	

180°
	

180°

tO4preOl
tO4conOl
tO4shrOl
tO4shrO2
tO4shrO3
tO4shrO4
tO4shrOS
tO4shrO6
tO4shrOl
tO4shrO8
tO4shrO9

1 6-Mar-93
23-Mar-93
02-Apr-93
07-Apr-93
16-Apr-93
22-Apr-93
29-Apr-93
05-May-93
15-May-93
08-Jun-93
18-Jun-93

Table 6.7 - Summary of stress path test T04

TEST T05

The specimen for this test was trimmed from a block sample of unweathered Oxford Clay taken
from the Kempston Pit adjacent to the location of the test T04 specimen (KEMP/BL1/21 .5).
The specimen was trimmed almost to its final dimensions directly on the band saw with only
minor hand trimming subsequently to remove smearing effects, as described in section 5.5.1.

This allowed the specimen to be ready for setting up in the stress path cell within only 15
minutes of being exposed from its protective storage seal. The test was conducted in the newly
commissioned second stress path cell.

A confining pressure of 400kPa was applied but the mid-height pore pressure transducer
showed no response and the cell pressure was removed under undrained conditions in order to
reattach the transducer. After equalisation under the confming pressure the initial effective
mean normal stress within the specimen was approximately l45kPa. As the specimen came
under equilibrium at this stress a local axial target became detached and it was decided to strip
the cell down again under undrained conditions. Upon reapplication of the confining pressure
another target fell off and the cycle had to be repeated. At this stage all the axial targets were
secured to the supporting perspex rings with a fillet of Araldite and this prevented the problem -
reoccurring in this cell. The confining pressure was applied for the third time (B=0.95)
followed by a stepped change in the cell pressure from 100 to 200kPa allowing consolidation to
a back pressure of 400kPa. Before the stress path probe stages could commence the back
pressure and cell pressure had to be lowered simultaneously by 5OkPa to provide a sufficient
pressure for the remaining test stages.

Five stress path probes were carried as shown in Figure 6.18. The details of these stress paths
are given in Table 6.8. This test ended prematurely due to the failure of the load cell at the end
of stress path 5. Since the test was stress controlled, and due to insufficient fail-safe measures,
the control program interpreted the load cell failure as a change of stress to be corrected for and
consequently caused the specimen to be rapidly brought to passive failure. Subsequently,
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additional checks and controls were incorporated into the control program to prevent a
reoccurrence of this problem.

Stage	 Date	 q0	 p	 Eq	 1,

name commenced

t05confOl
t05contD2
t05confO3
t05confD4
t05conO I
tO5satO2
t05shrO I
tO5shrO2
tO5shrO3
tO5shrO4
tO5shrO5

___________ (hours)	 (kPa)	 (kPa)	 (kPa)	 (kPa)

18-Jun-93	 -	 0.0	 ?	 -	 -
22-Jun-93	 -	 0.0	 ?	 -	 -
29-Jun-93	 -	 0.0	 ?	 -	 -
09-Jul-93	 -	 0.0	 ?	 -	 -
14-Jul-93	 -	 0.0	 164.9	 0.0	 82.7

02-Aug-93	 -	 -11.6	 267.2	 -0.9	 -2.6
03-Aug-93 3190.4	 -12.1	 263.3	 -140.9	 12.7
09-Aug-93	 50.1	 -154.2	 273.0	 -0.4	 -51.6
15-Aug-93	 80.5	 -152.1	 206.6	 100.1	 -12.8
08-Sep-93 504.9	 -52.1	 212.3	 -100.5	 16.5
14-Sep-93	 74.2	 -152.8	 217.1	 0.7	 40.3

Table 6.8 - Summary of stress path test T05
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TEST T06

The test specimen was trimmed from the same block as the test T04 specimen
(KEMPIBLI/21.5) using an identical process to test T05 allowing the trimming process to be
completed very rapidly.

0

-20

-40

t06shr0I

F tO6shrO2

tO6shrO3

tOôshrO4

tO6shrO5

- tO6shrO6

.5:	 - tO6shrO7

	

-I)	 tO6shrO8

I -tOóshrO9

	

-140 F	 -tO6shrlO

	

F	 -----t06shrII

tO6shrI 2

	

-160	
tO6shrl3

tOóshr 4

	

-180	 tO6shrI5

- t06shrl 6

-200

I	 1411

Figure 6.19 - Stress paths performed in test T06
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Upon application of the initial confining pressure of 400kPa, the initial effective mean normal
stress was approximately 90kPa. A further undrained application of confining pressure
confirmed a suitable degree of saturation (B=0.97). The specimen was then allowed to
consolidate isotropically to 200kPa under a stepped change in stress. Problems were
encountered during test T04 due to incomplete specimen drainage during the stress path probe
stages, and the step consolidation stage was used to infer a suitable testing rate as described in
section 6.4.7.

This was the only test, other than test T03, in which a full complement of stress path probes
were carried out. They consisted of a sequence of 15 constant p' and constant q stress paths and
a single diagonal stress path as shown in Figure 6.19. The details of each of these paths are
given in Table 6.9.

Unfortunately, early in the test series, during stress path 3, one of the local axial strain targets
became detached. Up to this point the average endcap strains and the average local axial strains
were in very good agreement (Figure 6.25; Figure 6.26; Figure 6.27) and the use of the endcap
strains in interpreting the stress-strain response was considered. The specimen volumetric strain
was computed using the local radial strains and either the endcap axial strains or the single set
of local axial strain measurements (Figure 6.28). It was found that the former were in closer
agreement with the measurements of the volume change unit attached to the back pressure
system. It was therefore decided that the specimen response for this test would be based on the
endcap axial strain response in association with the local radial strains. In the early stages of the
test, although the average endcap axial strain was effectively the same as the average local axial
strain response the axial strains measured on either side of the specimen were significantly
different. This discrepancy can be explained by considering the distance of both the endcap

Stage	 Date	 I	 q0
	

I	 I	 I
name commenced

(kPa)

90.7
102.3
286.7
286.3
286.4
203.1
200.2
199.5
259.7
203.3
258.9
204.6
272.3
276.3
220.8
219.4
221.7
276.1
223.1

tO6preOl
t06confOl
tO6satOl
tO6conOl
tO6satO2
tO6shrOl
tO6shrO2
tO6shrO3
tO6shrO4
tO6shrO5
t06shr06
t06shi7
tO6shrO8
tO6shrO9
tO6shrlO
tO6shrll
tO6shrl2
tO6shrl 3
tO6shrl4
tO6shrl5
tO6shrl6

02-Jul-93
08-Jul-93
09-Jul-93
13-Jul-93

02-Aug-93
03-Aug-93
10-Aug-93
16-Aug-93
08-Sep-93
14-Sep-93
20-Sep-93
26-Sep-93
02-Oct-93
08-Oct-93
14-Oct-93
19-Oct-93
24-Oct-93
30-Oct-93

05-Nov-93
10-Nov-93
16-Nov-93

(hours)	 (kPa)

-	 0.0
-	 0.0
-	 0.0
-	 0.0
-	 -3.2

462.5	 -3.8
49.9	 -153.3
72.4	 -158.3

487.3	 -58.7
75.2	 -156.1
85.0	 -155.0
85.3	 -155.3
81.4	 -155.1
82.1	 -155.0
88.3	 -98.0
71.5	 -157.9
74.4	 -158.7
74.1	 -58.7
74.6	 -159.0
74.0	 -158.2
73.0	 -159.4

(kPa)

0.0
0.0
0.0
0.0

-1.8
-149.5

-1.6
99.9

-100.1
0.7

-1.3
0.4

-0.4
59.4

-60.5
-0.7
99.4

-100.5
1.3

-1.0
-37.2

(kPa)	 (°)	
(0)

7.4

	

69.5
	

90°
	

90° ?
-0.9

	

2.1
	

180°
	

90°

	

-81.3
	

270°
	

90°

	

-2.4
	

0°
	

90°

	

1.7
	

180°
	

180°

	

53.5
	

90°
	

270°

	

-52.4
	

270°
	

180°

	

51.3
	

90°
	

180°

	

-50.8
	

270°
	

180°

	

49.1
	

45°
	

135°
	3.8

	
180°
	

135°

	

-50.0
	

270°
	

90°

	

-4.5
	

0°
	

90°

	

4.6
	

180°
	

180°

	

48.4
	

90°
	

270°

	

-46.7
	

270°
	

180°

	

1.0
	

180°
	

270°

Table 6.9 - Summary of stress path test T06
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targets and the local axial proximity transducer targets from the centre of the specimen. The
local axial targets, being further from the specimen centreline, are affected more by tilting of
the specimen than are the endcap measurements. Moreover, the degree of tilt may be greater in
the central region of the specimen's length than at its ends. These factors necessitated the
difference in approach to that used for test TOl, in which the axial strain was calculated from
the proximity transducers on one side of the specimen after one of the axial targets became
detached on the opposite side.

Bender element tests were carried out during test T06.

TEST T07

This test was carried out on a specimen trimmed on the band saw from a block sample of
weathered Lower Oxford Clay taken from the Elstow excavation (EIEX9 29.1 851BL). The test
was carried out in the second stress path cell.

Following application of confining pressure the inferred initial effective mean normal stress
within the specimen was approximately 200 kPa. Although this test provided information on the
consolidation characteristics of the weathered material, the load cell failed during the first
stress path probe and the test had to be abandoned. There are, consequently, no stress path
probe data presented for test T07, although a series of bender element tests were carried out in
the initial stages from which stiffnesses could be inferred (see section 6.5).

I2(	 I-)i	 2u	 4(

Effective mean normal stress, p' (kPa)

Figure 6.20 - Stress paths performed in test T08
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0

kPa

9

235.5
201.5
276.0
267.6
189.8
190.0

237.8
466.3

1543.3
4725.6

180°
0°

90°
90°
90°
180°

Table 6.10 - Summary of stress path test T08

Stage I	 I

Date	 Iname	 I

Ihours

tO8conlUl 26-Nov-93
tO8satOI	 29-Nov-93
tO8conOl	 03-Dec-93
tO8shrOI	 13-Dec-93
tO8shrO2	 06-Jan-94
tO8shrO3	 14-Mar-94
tO8shrO4	 29-Sep-94

TEST T08

kPa	 kPa

	0.0 	 -	 -

	

0.0	 -34.0	 900

	

0.0	 0.0	 90°

	

-163.3	 -0.3	 180°

	

0.0	 -70.0	 270°

	

99.8	 -3.0	 0°

	

-127.1	 -3.4	 180°
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The specimen for this test was trimmed from the same block of weathered Oxford Clay from
the Elstow Pit, and in the same manner, as for test T07. The test was also carried out in the
second stress path cell.

Following application of confining pressure the inferred initial effective mean normal stress
with the specimen was 233 kPa. The specimen was saturated by simultaneously increasing the
cell pressure and back pressure until the back pressure was 35OkPa and the cell pressure was
200kPa greater. The drainage valves to the specimen were open during this time allowing the
specimen to swell to a p' of 200kPa. The B value was found to be 0.92 from a subsequent
increase in cell pressure of 8OkPa. The drainage valves were reopened allowing the specimen to
isotropically consolidated to a p' of 28OkPa.

The stress path probe stages of the test proceeded for four stress paths as shown in Figure 6.20
and described in Table 6.10. At the end of the final stage, tO8shrO4, one of the three stepper
motor controllers failed reducing the oil pressure in the lower chamber to zero and rapidly
bringing the specimen to failure in extension.

Problems were also discovered with the transducer response transmitted via the AIU which
caused the control system to correct for apparent pressure jumps (e.g. tO4shrO4 in Figure 6.20).
This led to poor definition of the stress-strain curves as discussed in section 6.4.2.

TEST T09

This test was carried out on a specimen trimmed from the remaining unweathered Oxford Clay
block sample obtained from the Kempston Pit and used for tests T04 and T06
(KEMPIBL1I21.5). The specimen was trimmed using the band saw technique previously
referred to and, after setting up, was subjected to an initial confining pressure of 300kPa. After
equilibrium had been attained, the initial effective mean normal stress within the specimen was
1 55kPa. The cell pressure and back pressure were raised slowly and simultaneously with the
drainage valves open until a back pressure of 425kPa and a cell pressure of 625kPa were
attained. At this point the saturation of the specimen was tested for a rise in cell pressure of
6OkPa, and a B value of 0.997 was obtained. The specimen was then allowed to consolidate
isotropically, to the back pressure of 425kPa, producing a p' of 26OkPa.

On attempting to connect the load cell it was realised that a non-uniform deformation had
occurred during consolidation and the surface of the top cap and the base of the load cell
suction connection were slightly off parallel. It was not possible to provide a suitable suction
connection between the rubber sleeve of the suction connector and the sides of the load cell. It
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Figure 6.21 - Stress paths performed in test T09

was decided to continue with the test by carrying out the stress path stages under positive

deviator stresses.

The stress path probe stages of the test extended over eight stress paths. These are shown in

Figure 6.21 and described in Table 6.11. The test was terminated prematurely since, in the final

stress path, both endcap transducers had gone out of range and a local axial strain target had

become detached. With no accurate method to measure the axial strain it was decided to

abandon the test and bring the specimen to active failure. However, during the final loading

path the load cell oil seal started to leak and the recorded stresses were erroneous.

Stage
name

tO9satO 1
tO9shrOl
tO9shrO2
tO9shrO3
tO9shrO4
tO9shrO5
tO9shrO6
tO9shi07
tO9shrO8

Date	 Ath

___________	 (hours)

26-Nov-93	 -
1 4-Dec-93 422.1
06-Jan-94 511.9
14-Jan-94 128.3
21-Jan-94 105.1

3 1-Jan-94 155.5

23-Feb-94 484.8
16-Mar-94 477.4
28-Mar-94 187.4

Table 6.11 - Summary of stress path test T09
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Start date I	 End dateTest
series

TOl
	

12 Jun 1992	 27 Jul 1992

T02
	

17 Aug 1992	 11 Sep 1992

T03
	

1 Nov 1992	 26 Feb 1993

T04
	

17 Mar 1993	 21 Jun 1993

T05
	

21 Jun 1993	 18 Sep 1993

T06
	

9 Jul 1993	 10 Nov 1993

T07
	

27 Oct 1993	 22 Nov 1993

T08
	

24 Nov 1993	 29 Sep 1994

T09
	

11 Nov 1993	 5 Apr 1994

Chapter Six: Experimental results

A summary of the entire testing programme is shown in Table 6.12

Number	 Soil	 p' Comments
of stress	 type	 (kPa)

paths

9	 Old	 100	 Useable trial test
Target detached

1	 Old	 250	 Premature failure

18	 Old	 150	 Full test

10	 New	 100	 High excess pore
water pressures

5	 New	 200	 Load cell failure

16	 New	 200	 Full test
Target detached

0	 W.O.0	 200	 Load cell failure

4	 W.O.C.	 200	 Pressure failure

7	 New	 200	 Triaxial
compression
Load cell failure

Table 6.12 - Summary of stress path tests
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6.4 Interpretation of stress path tests

6.4.1 Introduction

The stress path tests described in section 5.3.2 were designed to determine the in situ stiffness
response of the soil as accurately as possible. This required determining the deviatonc,
volumetric and coupling stiffnesses from constant p' and constant q stress paths. The sequence
of loading in the test was required to ensure that the stiffnesses were determined from stress
paths on soil with a similar stress history. All the loading paths undertaken to reinstate the
initial stress state were also fixed as constant p' or constant q stress paths. This allowed an
assessment of the influence of the sense and degree of stress path rotation and the sensitivity of
the stiffness parameters to the simplified modelling of the assumed geological stress history.

It was hoped that the following four aspects of the soil behaviour in relation to the in situ soil
stiffness could be investigated during the experimental programme:

• the influence of the recent stress history effect described in chapter 2.4.2. This involved
looking at the effect on the stress-strain response along a given path of different recent stress
histories. (The similarity of the previous stress path was interpreted by Stallebrass (1 990a)
in terms of the stress path length, the length of the initial holding period at a constant stress
state, and the rotation of stress path.)

• the feasibility of the multi-stage stress path testing method by comparing the stiffness
response along repeated stress paths during the course of a test series and noting any change
in the behaviour.

• the influence of the choice of the in situ stress state on the stress-strain response of the soil.
This involved looking at the influence of both the effective mean normal stress and the
deviator stress since it was thought that the anisotropic stress state was close to passive
failure throughout the heavily overconsolidated deposit (see section 3.4.3)

• the relative stiffness characteristics of the two sources of Oxford Clay used in the testing
programme: the block samples taken at the site investigation for the Elstow excavation and
kept in storage since 1987 (see section 3.7.2) and the fresh block samples taken from the
Kempston Pit to provide addition testing material for the current research (see section 5.2.2).
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6.4.2 Quality of stress control

The control of the stress paths depended on how steady the supply pressure was, and how small
a pressure increment could be applied by the stepper motors. A typical example of the stress
control by the stepper motors for the constant q and the constant p' stress paths is shown in
Figure 6.22 and Figure 6.23 respectively. These figures show that the total stress paths could be
followed to an accuracy of approximately ±O.5kPa.

Due to the nature of the stepper motor control system, the specified stress path generally forms
an upper or lower bound to the actual stress path, depending on whether the applied pressures
are increasing or decreasing (see section 5.4.9). If this effect is not allowed for when specifying
a stress path, there is a possibility of an initial jump in the stress control of 2-3kPa (see Figure
5.18), which affects the most important initial small strain response of the soil. To compensate
for this effect, the control algorithm follows a stress path lkPa higher or lower than the actual
required stress path as necessary, preventing any initial irregularities in the stress control.

Following the consolidation stage, the back pressure was not controlled by the associated
stepper motor, but rather assumed to remain constant. The variation in the supply to the back
pressure system during four typical stress paths from test T06 is shown in Figure 6.24. The
back pressure varied by 3-5kPa during a stress path of approximately 8Ohours. An active
stepper motor control on this system would have prevented such a drift but would have caused
short term variations of ±O.5kPa, rather than the O.1-O.2kPa recorded. It is not known which
method would have produced the better overall control.
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Figure 6.22 - Typical control of deviator stress for constant q stress paths
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It was realised during the course of the tests in the second stress path cell that the quality of
stress control was lower than for the first stress path cell. Thus the results of tests T05, T07 and
T08 are of an inferior quality to those of tests TO!, T02, T03, T04, T06 and T09.

6.4.3 Quality of the strain measurements

The measurement of axial strain in the stress path cell was carried out in three ways, as
described in section 5.4.7. Figure 6.25 shows the axial strain response, measured locally on the
specimen and also by the endcap transducers, upon the initial application of confining pressure
in stress path test T06. A higher, and less uniform, axial strain is recorded by the endcap
transducers than by the local measurements which is probably due to the bedding errors at the
specimen ends (see section 2.3). For the same test, Figure 6.26 shows the axial strain response,
including the external measurement on the base pedestal, for the first stress path probe. It is
seen that the endcap measurements and the local measurements have a very similar average
strain although the difference between the readings on either side of the specimen is greater in
the case of the local measurements. The external measurements show that there was a large
increase in strain at approximately -4OkPa deviator stress which was probably due to slippage at
the suction connection to the load cell. During the next stage of the test, shown in Figure 6.27,
there was a similar average response from all methods of axial strain measurement, although
the greatest difference between the readings on either side of the specimen occurred with the
local measurements.

The similarity between the endcap and local measurements strain measurements was apparent
in the later stages of every stress path test. It can be concluded that for these multi-stage stress
path tests, after the first stress path probe, the average local and endcap measurements are very
similar. The endcap measurements may be thought superior for they showed a more uniform
response on either side of the specimen, but the local measurements may have been recording a
true non-uniform deformation in the central region of the specimen. For this system the
compliance of the load cell is seen to be minimal and, were it not for their poor resolution, the
external measurements could possibly have returned a similar specimen response for the later
stages, assuming no slippage of the endcap suction connection took place.

The uniformity of the specimen response and the degree of bedding error at the specimen ends
was may also checked by comparing the volumetric strain measured externally, using the
volume change unit connected to the back pressure drainage line, with that calculated using the
axial and radial strains for a right-cylinder specimen. Figure 6.28 directly compares the two
methods of calculating the volumetric strain for three typical stress paths and the initial step
consolidation stage of test T06. It is seen that a greater volumetric strain was recorded by the
volume change unit than by the local strains during the step consolidation stage which is
attributable to bedding and seating errors at the specimen ends. During the subsequent stress
paths the external and local volumetric strain measurements compare almost exactly showing
that the specimen was deforming relatively uniformly.

As described in 6.4.2, the quality of stress control was lower in cell 2 than in cell !. The
consequence of this was that, although the local strain measurements were of greater resolution
in cell 2, the recorded stress-strain curves showed frequent irregularities. The determination of
accurate and appropriate tangent stiffnesses from such curves was problematic.
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6.4.4 Possibility of multi-path testing

In principle, all the stiffness parameters required for the constitutive model (described later in
Chapter 7) could be obtained from a single multi-stage test. However, for the multi-stage stress
path testing method to be valid it was required to show that there was no change in the stiffness
characteristics of the soil specimen from the initial to the final stages of the test. This has been
checked using the results of tests T03 and T06 since these both ran to completion and contained
several repeats of constant p' and constant q stress paths.

In test T03 the constant p' paths 8 and 15, and paths 7 and 14 can be compared, each pair of
paths having the same recent stress history. The stress-strain response of paths 8 and 15, and of
7 and 14, shown in Figure 6.29, and the associated interpreted tangent stiffnesses, shown in
Figure 6.30, are reasonably similar. The initial response of path 14 is slightly stiffer than that of
path 7 which may be attributable to the higher residual strain rate at the onset of path 14 as
discussed in section 6.4.5.

Next the constant q stress paths, 3, 9 and 16 sharing the same recent stress history can be
compared. The stress-strain responses and the interpreted tangent stiffnesses, shown in Figure
6.31 and Figure 6.32 respectively, show a close agreement between the responses of paths 9
and 16 but path 3 had a less stiff response. Path 3, however, continued after a relatively short
holding period (35 hours) from the end of path 2 resulting in a relatively large residual strain
rate at the onset of path 3, as discussed in section 6.4.5.

The constant q stress paths 4, 6, 10, and 17 can also be compared. Paths 4, 6 and 10 all exhibit a
very similar stress-strain response, as shown in Figure 6.31. The stress-strain response of path
17 is significantly different and this is discussed in section 6.4.5.

For test T06 the stress-strain response is shown for the constant p' stress paths in Figure 6.33
and for the constant q stress paths in Figure 6.34. The interpreted tangent stiffnesses are shown
in Figure 6.35 and Figure 6.36 respectively. The pairings for the constant p' stress paths are 3
and 12 (increasing q following a 90° rotation), and also 4 and 13 (decreasing q following a 180°
rotation). No noticeable differences in the stress-strain responses are evident. In Figure 6.35
path 3 apparently shows a less stiff response. However, Figure 6.33 shows that path 3 has an
initially stiff response which is not adequately captured on a log strain plot. Although the
holding periods were similar for both paths 3 and 12, the stresses during the previous holding
period (for path 2) were poorly controlled and, consequently, the strain rate did not decay
smoothly. The influence of the relatively high strain rate at the end of path 2 on the subsequent
stress-strain response is explained below in section 6.4.5. Also, the stresses in the initial stages
of path 3 were poorly controlled such that a slight fall in the effective mean normal stress
produced negative volumetric strains (Figure 6.33(b)).

The repeat stress paths for the constant q stress paths were 6, 8 and 15 (decreasing p' following
a 180° rotation); 5 and 14 (increasing p' following a -90° rotation); 2 and 11 (decreasing p'
following a 90° rotation). Again the differences between the results are small. The greatest
difference is seen between paths 2 and 11 and is explained in terms of a difference in the length
of the approach path (see section 6.4.5).

The results of tests T03 and T06 suggest the multi-stage stress path testing technique is viable
for obtaining numerous stiffness data from a single Oxford Clay soil specimen.
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6.4.5 Influence of recent stress history

It was hoped to provide an interpretation of the influence of recent stress history in terms of
physical effects rather than express them simply as a function of stress state holding period,
approach path length, and stress path rotation. Any recent stress history effect must be caused
by an alteration to the soil state which persists as a new stress path is applied. This would
include the following aspects:

• preferential alignment of the soil particles in response to the previously applied stresses

• incomplete consolidation

• creep

• the formation of additional or stronger bonds e.g. cementation between particles, or
thixotropic ageing (Mitchell, 1960)

The last three aspects are transient and their influence can broadly be categorised as 'ageing'
effects. These are listed in their approximate order of occurrence although clearly there is a
degree of overlap. Schmertmann (1991) reviewed many results in the literature in which the
effect on soil of maintaining constant effective stress was to invariably increase both its
strength and its stiffness over a period of time. Schmertmann argued that it was the mechanical
features of ageing which dominated the ageing process over an engineering time scale since
none of his examples showed evidence of chemical bonding or other cohesion effects. One
effect was that of secondary compression (creep) strains resulting in the rearrangement of soil
particles into slightly denser structures and, for sands, this resulted in an increased frictional
resistance and hence higher stiffness (e.g. Mesri et al., 1990). For clay soils, Schmertmann
suggested that there was the additional aspect of the plate-like clay particles tending to disperse
into a more disorganised structure increasing the frictional mobilisation capability of the soil.
He continued to show that this ageing effect could be similarly brought about by reducing the
strain rate in a triaxial compression test. During such a test, the slower the strain rate of the soil
specimen, the greater its stiffness. Further examples of these effects were given in section 2.4.2.

Following the application of a particular stress path in the laboratory a soil specimen
experiences both volumetric and deviatoric creep strains depending on the stress path
orientation and the degree of soil anisotropy. The change in stress path which produces the
most dramatic reversal in the preferred volumetric and deviatoric behaviour of the soil will
extract the stiffest response. Conversely, a stress path which reinforces the preferred volumetric
and deviatoric creep behaviour will lead to the least stiff response. However, after a prolonged
holding period the soil may not be undergoing much creep and the subsequent behaviour may
not be preferentially affected by this factor. In this case, the densification and dispersive aspects

described by Schmertmann (1991) may lead to an increase in stiffness regardless of the stress
path direction.
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The possible influence of the soil strain rate over a relatively short timescale is demonstrated
qualitatively in Figure 6.37 which shows the strain rate and stiffness characteristics of two
stress paths starting from an identical initial stress state and having experienced an identical
stress history. One stress path continues in the same direction as the approach path whilst the

Deviator
	 00

stress,
q

Common initial
stress point

I	 Effective mean normal stress, p'
180° I

I	 Common

I	 path

Time

Figure 6.37 - Qualitative figure showing the influence of holding period and soil creep on
subsequent loading stress paths
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second continues in the opposite direction. The stiffness characteristics of each stress path are
shown against time for three different holding periods. The first case is for zero holding period.
For the continuation path the effect is not noticeable since from the soil's perspective there has
been no change in the loading regime. For the stress path reversal, the soil exhibits a large
increase in stiffness since the loading must act to reverse the residual strain rate of the soil. For
the second case, the stress paths proceed after a holding period long enough to allow some
degradation in the strain rate, although it is still significant. Again, the stress path reversal
causes an increase in stiffness although of a reduced magnitude as compared with that for zero
holding period. For the continuation path, however, the soil also exhibits an increase in
stiffness since the strain rate must now be increased again before the low soil stiffness, as at the
end of the previous stress path, is produced. The third case is for an extensive holding period in
which the creep rate has effectively reduced to zero. Whether the subsequent stress path is a
continuation path or a reversal path, the rate of increase of strain will be similar for each case
and therefore the initial stiffness for both paths will be the same. Figure 6.37 addresses the
influence of strain rate alone. If the approach path causes significant structural changes to the
soil then, even after an extended holding period, the soil will exhibit a stiffness response
dependent on the stress path rotation - a permanent recent stress history effect. Qualitatively, it
seems reasonable to assume that as the degree of overconsolidation increases the soil structure
becomes more resistant to minor stress changes. For example, the particle structure that
developed in the Oxford Clay due to its deposition 450 million years ago and subsequent
removal of 500m overburden would be less affected by the relatively small stress changes
experienced during the triaxial test than would a soft normally consolidated deposit.

Figure 6.38 generalises the effect shown in Figure 6.37 for the remaining constant p' and
constant q stress path directions. The figures (a) to (h) show the sign of the generalised strain
rate during each particular stress path direction. For a triaxial test this generalised strain may be
deviatoric strain or volumetric strain. The figure assumes that the strain increment and the
stress increment are of the same sign although this is only necessarily true for elastic behaviour.
The inset table on the figure describes each stress path rotation and the effect on the soil
stiffness if loading continues before the strain rate has decayed significantly. For example, (a)
shows a constant p' approach path with decreasing q for which the triaxial shear strain and
volumetric strain rates are negative. The applied constant q stress path with decreasing p' will
also experience a negative generalised strain rate. The stress path rotation therefore has the
effect of producing a reduced stiffness compared with the stiffness that would have been
expected had the holding period been extended so that the generalised strain rate had
effectively reduced to zero. The inset table summarises the effect in terms of the approach path
stress path direction and the rotation relative to the subsequent stress path. This shows that for a
constant p' stress path, a positive (clockwise) rotation produces a greater stiffness for the same
short holding period than a negative rotation. Conversely, for a constant q stress path, a positive
rotation produces a lesser volumetric or deviatoric stiffness for the same short holding period
than a negative rotation. It follows from this that a constant p' stress path following isotropic
swelling to an overconsolidated state will have a less stiff response in extension than in
compression, with the opposite being true following isotropic compression.

Evidence to support this hypothesis may be obtained from the experimental programme in
terms of:

• differences in the stiffness response of interrupted stress paths attributable to the residual
strain rate
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• comparisons of the stiffness response along a particular stress path direction with a similar
approach path direction but with different holding periods

• comparisons of the stiffness response of different stress path rotations for constant p' and
constant q stress paths at different initial stresses, assuming that the initial stress state has a
lesser influence and may be considered separately.

(a)
	

(b)
	

(c)

•	 (&'
	

w<0

:
	

w<O

(d)
	

(e)
	

(0

The solid line represents
a figurative stress path in
q-p 'stress space for
which the dashed line is
the approach path. The
strain rate for both
triaxial shear strain and
volumetric strain is
represented for each path

Figure 6.38 - Effect of strain rate on soil stiffness following a change in stress path
direction
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There are three cases in the experimental programme in which the stress path was a
continuation of the previous stress path: in test TOl the constant q path 3 continued in the
increasing p' direction following path 2 after a holding period of 27.4 hours; in test T03 the
constant p' path 2 continued in the decreasing q direction following a very short (1.5 hour)
holding period after path 1; in test T09 the constant p' stress path 6 continued in the increasing

q direction following path 5 and an extended earlier holding period after path 4 in which the
strain rate had reduced to a very low level.

In both the constant p' path of TOl and the constant q path of T03, the continuation of the
loading direction following a short holding period resulted in relatively low stiffnesses with a
fairly linear stress-strain response as shown for test TOl in Figure 6.39, and previously in
Figure 6.31 and Figure 6.32 for test T03. The strain rates recorded for the stress paths in test
T03 are shown in Figure 6.41. In test T09 a rather different effect was noted in that the stress-
strain responses of paths 5 and 6, for which the interpreted tangent stiffnesses are shown in
Figure 6.40, were very similar. After allowing an extended constant stress holding period of
484 hours the subsequent stress-strain response was very similar to that of the previous stress
path which suffered a 900 rotation following a holding period of 155 hours at the end of path 4.
The different responses for the constant p' continuation paths in test TO! and test T09 show the
importance of the holding period and the residual strain rate when considering the effect of
recent stress history on the stiffness of heavily overconsolidated Oxford Clay.

100	 1

90	
_S__t0Ishi}

—---t01shr04
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70

.

Absolute incremental effective mean normal stress, I 	 I (kPa)

Figure 639 - Volumetric stiffness recorded in constant q stress paths of test TO!
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Figure 6.40 - Deviatoric stiffness recorded in constant p' stress paths of test T09

As described in section 6.4.4, the constant q stress paths 4, 6, 10, and 17 in test T03 each share
a 1800 reversal in stress path following a constant q stress path with increasing p'. The stress
paths 4, 6 and 10 all exhibit a very similar stress-strain response whereas path 17 differs
significantly, as shown in Figure 6.31. This will now be explained in terms of residual creep
rates. The holding periods for paths 4, 6 and 10 were 61.4, 98.2 and 77.4 hours respectively

with approach path lengths of 70.7, 53.7 and 57.1 kPa respectively. It was observed that the
residual strain rates due to an approach path length greater than 5OkPa reduced to similar values
after 60 hours. The strain rates at the end of the approach paths, shown in Figure 6.41 (c) and
(d), are <0.0002% / hour for triaxial shear strains and <0.0004% / hour for volumetric strains.
The strain rate at the start of path 17, however, with the shorter holding period of 1.5 hours was
0.003% / hour and 0.006% / hour for triaxial shear strain and volumetric strain respectively.
These high residual creep rates combined with the slow loading rates used produced reversals
in the initial portion of the stress-strain responses shown for path 17 in Figure 6.31. The strain
rates during both the stress path probing stage and the holding period stage are shown in Figure
6.42 on a continual time scale which shows the change in the direction of straining. The
volumetric and coupling stiffnesses for these stress paths are shown in Figure 6.43 (a) and (b)
respectively. In these figures the stiffness is plotted against the change in effective mean normal
stress to show the influence of the residual creep rate. The convergence of these paths occurs
after a stress change of 20-3OkPa, suggesting a limit to the effect.
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As described in section 6.4.4, there is a difference in the stress-strain response of paths 2 and 11
in test T06. Although paths 2 and 11 were the same (decreasing p' following a 900 rotation), the
stress-strain response was different and may be explained by differences in the stress history for
each path. The approach path length for path 2 was 1 5OkPa whereas the approach path length
for path 11 was 6OkPa; additionally, the holding period for path 2 was shorter. The sign of both
the triaxial shear strain and volumetric strain rates were similar for both the approach path and
the subsequent stress path (corresponding to case (a) in Figure 6.38) and consequently any
residual strain rate prior to the path rotation would act to reduce the material stiffness in the
following path relative to a similar path with a lesser initial residual strain rate. The difference
in strain rate of path 2 from all other paths is clearly shown in Figure 644 (c) and (d).

In test T03 paths 7 and 14 were the same (constant p' stress paths following a 90° rotation). The
stress-strain response, shown in Figure 6.29, show that the initial response of path 7 was
slightly less stiff than that for path 14. In both cases the approach paths were 5OkPa in length
and the holding periods were 47.7 and 63.3 hours respectively. Using the approach of Figure
6.38(h), such a stress path rotation should produce a stiffer response as the holding period is
shortened. This may be connected to the higher strain rate at the end of approach path 13 than
for path 6 as shown in Figure 6.41. Although the holding periods were similar for each path, a
greater strain rate was attained during the loading stage of path 13 and the rate of strain rate
decay was less than that of path 6 such that the residual strain rates were greater at the onset of
path 14 than of path 7. In this example, it was not sufficient for the stress paths to have similar
approach paths and holding periods for additionally the approach paths have to be of sufficient
length such that the final stiffness and strain rate are equal if, as in this case, the strain rates at
the on set of the path are not equal.
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6.4.6 Influence of effective mean normal stress

The influence of the effective mean normal stress on the small strain stiffness response of the
soil may generally be quantified as follows:

• by comparing results from appropriate paths from the same multi-stage stress path test
having the same recent stress history but carried out at different effective mean normal
stresses. Unfortunately, a suitable stress path was not incorporated into the experimental
programme since the multi-stage stress path tests were designed to determine appropriate
stiffness parameters at a given initial stress state.

• by comparing results from stress paths of similar stress history in different tests. Although
comparisons may be carried out between the present stress path tests, only the initial stress
path starting from an isotropically consolidated state might properly gauge the influence of
the effective mean normal stress, for all the other stress paths commenced at different
deviatoric stresses.

1)	 I	 )	 I

Absolute triaxial shear strain, I I (%)

Figure 6.45 - Combined stiffness response of tests TOl, T02, T03, T06 and T09 showing
the deviatoric stiffness response against triaxial shear strain
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Considering the above limitations, the influence of the effective mean normal stress on the
stress-strain response of the soil may be seen in Figure 6.45 which shows the average range of
tangent deviatoric stiffness recorded in stress tests TO!, T02, TO3, T06 and T09. No clear trend
is apparent although the average deviatoric stiffness response of test T06 is perhaps
approximately 5MPa greater than the average response of test T03 for constant p' stress paths
which are offset by approximately 7OkPa.

There is also no recordable difference in the magnitude of stiffness recorded on tests carried out
on specimens trimmed from either the Elstow or the Kempston Pit block samples. The
magnitude and decay with strain level of the deviatoric tangent stiffness recorded in test T02
(for a specimen trimmed from an Elstow block sample) is similar to the range of data observed
in test T06 (for a specimen trimmed from a Kempston Pit block sample) which was carried out
at similar effective mean normal stress.

6.4.7 Effect of loading rate

The choice of loading rate for the stress path tests was governed by the necessity of achieving
drained conditions so as to ensure constant p' and constant q stress paths. Where it is not
possible to ensure fully drained conditions, a loading rate must be chosen such that any
undissipated excess pore pressure should be of a small enough magnitude that the required
results from the test are not significantly affected.

There was not sufficient time in the experimental programme to carry out a parametric study on

the influence of testing time and it was initially decided to carry out all the tests at a stress rate
similar to that adopted in previous studies carried out on London Clay (Richardson, 1988). A
nominal rate of axial stress change of lkPa/hour was chosen, resulting in a stress rate of
1 .5kPa/hour for the constant p' stress paths and lkPa/hour for the constant q stress paths.

For tests TO!, T02 and T03, on specimens trimmed from block samples from the Elstow site,
the pore water pressure at mid-height was at all times the same as that recorded at the specimen
ends. However, when testing specimens from the fresh block samples obtained from the
Kempston Pit, in test T04 onwards, it was noticed that a significant excess pore water pressure
was generated at the mid-height of the specimen. At this stage the testing rate was re-evaluated.

The choice of loading rate in triaxial tests has traditionally been based on times to failure
(Bishop and Henkel, 1962). However, another approach has recently been proposed by Cherrill
(1990) to provide a method of determining the loading rate for stress paths which may be far
from failure, as in the present case.

Cherrill's method for drained triaxial tests is based on equation 6.11.

....................................................(6.11)

where, 1= excess pore water pressure

(da \
= characteristic stress defined as, a =C	

dt

and (L) is the rate of axial loading,

and t is defined in the usual way.

The parameter j/ is a parameter which varies according to the type of test, the degree of
overconsolidation of the soil specimen, and the drainage conditions. Choosing suitable values
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Figure 6.46 - Determination of axial stress rate following Cherrill (1990)

for an overconsolidated soil specimen with all-round drainage using filter paper drains, the
required axial stress rates to produce excess pore water pressures at the mid-height of the
specimen of 1, 5, and lOkPa respectively are shown as a function of coefficient of consolidation
in Figure 6.46 during isotropic compression and constant stress rate triaxial
compression/extension stress paths.

The procedure presently adopted to determine a suitable loading rate was, therefore, to carry

out a step consolidation stage and calculate t 1 , from which ----) could be determined for a

specified maximum excess pore water pressure.

From the literature, a range for the coefficient of consolidation of Oxford Clay is summarised in
Table 6.13 with the corresponding consolidation times for all round drainage in lOOx200mm
triaxial specimens.

I-

0

Source

Elstow site investigation
Burland et al. (1977)

Jackson and Fookes (1974

Current research

c (m2 I year)

0.4-2.9 (0.7-1.3)
0.5-1.0

0.27-0.41

0.2-1.8

t1 (hours)

0.9-6.9
2.8-5.5

6.7-10.2

2.1-13.7

Test TOl 1.53
Test T02 1.79
Test T03 1.15

Test T05 0.15
Test T06 0.28

Test T08 0.48
Test T09 0.24

Table 6.13 - Coefficient of consolidation of unweathered Oxford Clay
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As shown in Table 6.13, during the current research, the coefficient of consolidation was found
to vary over a considerable range. There is a clear distinction between the consolidation
characteristics of the specimens prepared from the Elstow block samples and those prepared
from the Kempston Pit block samples. Test TO!, T02, and T03 (Elstow material) recorded
coefficients of consolidation at the high end of the range, whilst in tests T05, T06, and T09
(Kempston Pit material) the recorded values were at the low end of the range. The test T08
specimen (weathered Oxford Clay from Elstow) also recorded a relatively low coefficient of
consolidation. The lower rates of consolidation for the specimens trimmed from the Kempston
Pit block samples explain the relatively high excess pore water pressures recorded in the later
tests. For example, in stress path test T06, the step consolidation stage led to a t 1 of 9.8 hours.
To maintain approximately drained conditions, for an excess pore water pressure of lkPa, the
required rate of change of axial stress is O.O7kPalhour. Such a testing rate was obviously
impractical, leading to excessive testing times (2 months for a single lOOkPa length stress path),
and it was decided that the nominal rate of axial stress change of lkPa would be retained as the
lowest feasible testing rate. For the above example, such a loading rate would be expected to
produce a maximum excess pore water pressure at the mid-height of the specimen during
constant q stress paths of 14.7kPa, but the actual maximum excess pore water pressure
encountered during testing was sometimes twice this value (see, for example, Figure 6.47).
However, because of the time constraints it was decided that such excess pore water pressure
generation would have to be tolerated and consequently the same testing rate was used in all the
stress path tests to allow meaningful comparisons between tests.

The testing rates required in such low permeability materials may undermine the applicability
of drained stress path tests on specimens as large as lOOx200mm. A compromise must be made
between the test durations being feasible and the specimen size being large enough to be
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Figure 6.47 - Pore water pressure response for stress path 4 in test T09
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representative. At very low loading rates the stiffness of the soil could be expected to be
affected in the following ways:

• Creep strains within the soil, often regarded as a separate subsequent response following
strains due to changes in effective stress, will have a far more significant role on the strains
incurred due to the stress path loading. There are two possibly and opposing effects: firstly,
additional creep strains could lead to a less stiff response; secondly, the creep strains could
lead to mechanical ageing (Schmertmann, 1991) and a stiffening of the response (see section
6.4.5).

• Because the strain rate within the soil will always be relatively low, the soil will respond

similarly to a soil maintained at constant stress for a certain holding period before the path
continued. This will tend to produce a more stiff response.

The effect of loading rate is illustrated in Figure 6.48 in which stress paths 3 and 7 are
otherwise identical except that stress path 3 was carried out I kPa I hour and stress path 7 was
carried out at O.25kPa / hour. A stiffer small strain response was recorded for stress path 7
where the maximum strain rate was significantly lower than during the other paths.
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Figure 6.48 - Stress-strain response strain rate for two constant q stress paths in test T04,
demonstrating the influence of loading rate on stiffness
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6.4.8 Comparison of failure stresses

The final stress state for those specimens which attained passive failure (tests TO!, TO2, TO3,
T04 and T06) is shown in q-p' space in Figure 6.49. Included on this figure are purely frictional
failure states with the angle of internal friction vaiying parametrically between 200 and 450•
Only test specimens T03 and T06 were brought to failure following the constant q unloading
stress path from the estimated in situ stress state; test specimens TOl, TO2 and TO4 were
brought to failure from an initially isotropic stress state. if the failures are interpreted as being

purely frictional, specimens T02, T04 and T06 failed at friction angles of 28° to 34°, and tests
TO3 failed at relatively high friction angle of 40°. The stress state of test specimen TO! at
failure was approaching the point where a tensile stress would have been present. The results
do not produce consistent evidence as to the location of the failure envelope of the unweathered
Oxford Clay.

The two extremes in the measured maximum mobilised angle of friction occurred for tests TO 1
and T02. However, both of these test specimens were trimmed from the same block sample
obtained from the Elstow excavation. This would suggest that the differences in failure angles
of friction are not solely attributable to differences in the Elstow and Kempston Pit material
(although tests TO4 and TO6 on material derived from the Kempston Pit failed at similar
mobilised angles of friction).

A possible explanation of the variation in failure states may be that the effective stress state
recorded in the test was not representative of the stress state in the region of the specimen
where failure was initiated. Although the deviator stress is recorded directly from the load cell,
the effective mean normal stress relies on the mid-height miniature pore water pressure
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Figure 6.49 - Passive failure states of specimens in
stress path tests TO!, T02, T03, T04 and T06
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transducer. It was seen in section 6.3.3 that the mid-height pore water pressure probe could not
always be relied on to accurately describe the pore water pressure in the central third of the
specimen. This was attributed to either the proximity of the specimen side drains or to the
influence of the specimen's fissure system. A heavily overconsolidated clay would be expected
to dilate as its stress state approached failure. This would tend to produce negative excess pore
water pressures and cause and corresponding increase in p'. The influence of the specimen's
cross-anisotropic nature would also tend to increase p' as q was reduced (see section 6.2.2).
Relatively large excess pore water pressures were recorded at the mid-height of the specimen in
test T04 and, consequently, the effective stress path to failure shown on Figure 6.49 is inclined
to the vertical. if the specimen pore water pressure had been calculated based on the back
pressure measurement, the resulting vertical effective stress path would have increased the
apparent mobilised angle of friction at failure from 34° to 40°. if a similar increase in p' with
reducing q is assumed for test TO! as for test T04, the mobilised angle of friction at failure for
test TO 1 reduces from the almost tensile failure to the still relatively high but more reasonable
value of 46°. These large values of mobilised angle of friction appear more reasonable if a
degree of cohesion is assumed. It is shown in Figure 6.49 that assuming a cohesion of 25-4OkPa
i.e. as reported in the literature (Table 3.1), reduces the slope of the failure envelope
significantly.

Schmertmann (1991) argued that through mechanical ageing processes, higher strengths would
be observed in specimens carried out a relatively low rates of loading (see section 6.4.5). For
the tests described here, however, all stress paths were carried out the same rate and
consequently this should not have affected the failure states.

6.4.9 Relative levels of stiffness and strain

For tests T03, TO6 and T09, the 4 stiffness parameters derived from both the constant p' and
constant q stress paths are combined for each test in Figure 6.50, Figure 6.51, and Figure 6.52
respectively. Although these figures contain results for a variety of stress histories, the
conclusions from each test are generally similar.

• Both coupling stiffnesses are numerically greater than either the volumetric stiffness or the
deviatoric stiffness.

• The volumetric stiffness and the deviatoric stiffness are numerically very similar.

• At small strains, the coupling stiffness parameters are not the same as each other. Jç is
numerically greater than J and possesses a higher degree of non-linearity.

• The coupling stiffnesses converge to a common value at larger strains.

The difference in the coupling stiffnesses highlights fundamental features of the soil's
behaviour as described later in section 7.4. Similarity of the coupling stiffnesses is a necessary
condition for both cross-anisotropic elasticity and associated plastic straining. The results
therefore suggest that the soil is behaving plastically from the onset of loading and that the
plastic strains are initially non-associated. As loading continues, the plastic strains become
increasingly associated.

Further information on the fundamental soil response may be obtained from the relative levels
of deviatonc strain and volumetric strain. The strain paths recorded for each stress path probe
in tests T03 and T06 are shown in Figure 6.53 and Figure 6.54 respectively. In an isotropic
elastic material, there would be no volumetric straining during a constant p' stress path and the
strain path would plot horizontally. In the current tests, however, the magnitude of volumetric
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strain was similar to the magnitude of deviatoric strain. Such volumetric straining along
constant p' stress paths could be explained by anisotropic elastic material behaviour. A pre-
requisite of this type of behaviour is that the strain path should be a straight line and any
deviation from a straight line is indicative of plastic straining (Atkinson, 1975). On Figure 6.53
and Figure 6.54 a slight curvature of the initial portion of these strain paths is evident. The
greatest curvature is found for paths 2,12, and 14 in test T03, and for path 3 in test T06. In all
these cases the residual strain rate in the specimen before the onset of the path (shown in Figure
6.41 and Figure 6.44 respectively) was relatively high, affecting the subsequent response as
described in section 6.4.5. It should be noted that the strain paths are plotted for small strains
and that small deviations from the specified stress path caused by the limitations of the control
system produce oscillations in the strain path response.

For the constant q stress paths, an isotropic elastic material would undergo purely volumetric
strains whereas Figure 6.53 and Figure 6.54 show deviatonc strains approximately half the
magnitude of the volumetric strains for these paths. The strain paths shown for the constant q
stress paths are relatively linear for both tests T03 and T06 although there is a reversal in the
strain path for path 17 in test T03 as discussed in section 6.4.5.

In conclusion, the strain paths show that for a moderate and monotonic change in stress, the
deviatoric and volumetric strains could be explained within a cross-anisotropic elastic
framework. However, the unequal coupling stiffnesses suggest that the behaviour is truly
inelastic in which case the linear strain paths suggest associated flow.
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6.4.10 Strain energy contours

In choosing the length of each stress path two conflicting requirements were considered:

1. The stress path had to be long enough to ensure that each stiffness parameter could be
interpreted over the full small strain range and that the non-linearity of the response could be
adequately described.

2. The stress path length had to minimise the level of straining and the consequent disturbance
to the specimen caused by the multi-stage testing technique.

It was found that a stress path length of lOOkPa was sufficient for the constant p' stress paths to
describe satisfactorily the specimen's non-linearity. The stress path length for the constant q
stress paths was selected to involve the same level of incremental strain energy as for the
constant p' stress paths. Contours of equal strain energy are shown for test T03 and test T06 in
Figure 6.55 and Figure 6.56 respectively. A similar level of strain energy is incurred for a stress
change of 6OkPa on a constant q unloading stress path as for a stress change of lOOkPa on a
constant p' loading stress path.

The degree of anisotropy represented by the strain energy contours may be examined by
plotting contours of equal strain energy for a linear cross-anisotropic elastic material
(Georgiannou, 1988). The incremental strain energy under triaxial conditions may be derived
from equation 2.35 giving,

LU = - -!L [Aah -2VVhAOV]+ 2Aa [EvAav 
(1_vIJJ_ AahvVh] ......................... (6.12)

where the subscripts v and h represent the horizontal and vertical directions

Equation 6.12 may be interpreted in terms of the equivalent elastic parameters determined from
a tnaxial test following Graham and Houlsby (1984) as discussed in later in section 7.4. The
parameters E*, V and a 2 represent the Young's modulus, Poisson's ratio and the degree of

anisotropy (the ratio of horizontal to vertical Young's moduli) respectively of a cross-
anisotropic elastic body. The strain energy may therefore be represented by equation 6.13.

AU = 	- 2va	 2a [A
	

(i	
*) - Aa,,...............................(6.13)

A specific strain energy contour may be plotted by solving equation 6.13 for either the
horizontal or vertical stress,

Aav2[21	
' ] + Aa[_ 

4v*Aah ] 
+ [Aa.2 - AUE*] = 0 ........................................(6.14)

4VAah 
± 

.,,,/(4vAcTh 
J2 

_81 J (Aa 2 - AUE)

Eta =	 *	 (6.15)
41-v

a2
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Strain energy contours are plotted in q-p' stress space in Figure 6.57 for which the ratio of
horizontal to vertical Young's moduli is increased from 1 (isotropic) to 5 at a constant
Poisson's ratio of 0.2. The contours are elliptical and are increasingly elongated and orientated
along the deviatoric stress axis as the degree of anisotropy increases. The value of Poisson's
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Figure 6.55 - Contours of strain energy around initial stress point in test T03
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ratio has relatively less influence on the shape of the strain energy contours compared with the
degree of anisotropy (Figure 6.58). The strain energy contours are, however, only symmetrical
about both the q and p' axes when Poisson's ratio is zero.
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Figure 6.56 - Contours of strain energy around initial stress point in test T06

268



I

I

Chapter Six: Experimental results

Effective mean normal stress, p'

Figure 6.57 - Strain energy contours for a linear cross-
anisotropic elastic material showing the influence of the

degree of anisotropy for a constant Poisson's ratio

Effective mean normal stress, p'

Figure 6.58 - Strain energy contours for a linear cross-
anisotropic elastic material showing the influence of
Poisson's ratio for a constant degree of anisotropy

The strain energy contours
for cross-anisotropic elastic
material (a2 >2) are

qualitatively similar to the
low strain energy (inner)
contours recorded for tests
T03 and T06 (Figure 6.55
and Figure 6.56 respec-
tively). At larger strain en-
ergies the contours become
deformed and are concen-
trated in the direction of the
passive failure surface indi-
cating the softer response in
this region as plastic strains
develop. For increasing q
and p', however, the ellipti-
cal shape is retained. The
shape of the contours re-
veals a highly anisotropic
material which, when mo-
notonically loaded from its
in situ stress state, deforms
similarly to an elastic ma-
terial at small strains, and at
larger strains for stress path
probes directed away from
its passive failure surface.
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6.5 Dynamic testing using bender elements

6.5.1 Performance of bender element system

Bender elements were installed in both of the stress path cells and, although they were
constructed similarly, the performance of each set was very different. Most significantly there
was generally more noise encountered in cell 1 (with consequently less clear traces) but greater
electromagnetic interference in cell 2 (causing a coupling between the transmitter and receiver
elements).

The Gould 1425 digital oscilloscope, amplifier, and the two function generators (described in
section 5.7.2) were used throughout the experimental programme and no problems with them
were encountered.

In stress path test T06 it was found that the quality of the traces improved dramatically during
the early stress path probing stages of the test, although the test apparatus and procedures
remained unchanged. This was probably due to poor initial soil-element contact at the receiver
and transmitter elements which improved after consolidation and several stress path cycles.

In stress path test T07, in the second stress path cell, there was a very high degree of
electromagnetic coupling between the transmitter and receiver bender elements causing an
instant response at the receiver element when the function generator triggered a step wave in
the transmitter element. Although the degree of electrical shielding of the system was
investigated it was not possible to remove this effect. (see section 6.5.4).

6.5.2 Characterising aspects of the bender element trace

Almost all bender element tests were carried out using a pulsed step wave input. However,
three series of tests were carried out using a pulsed sine wave input. Within each test series the
frequency of the sine wave pulse was varied in the range 0.5kHz to 50kHz as described in
section 5.7.3. It was hoped that, although the form of the bender element response would be
different for each input frequency, the waves would have a common starting point which would
signify the arrival of the shear wave. A shear wave arrival time could be deduced by visual
inspection and this was compared to that derived from the wave spectral and correlation
analysis techniques described in section 2.6.5.

A typical bender element test result for cell 1 is shown in Figure 6.59. This figure shows two
square wave inputs (with a positive and a negative voltage step respectively) and the
corresponding bender element output on which the point of first deflection, and subsequent
maxima and minima are labelled. The inset shows undulations in the bender element trace
between the main maxima and minima. All points were consistent between bender element tests
and therefore not attributed to system noise. Similarly, a typical bender element test result for a
square wave input in cell 2 is shown in Figure 6.60. A number of differences are immediately
evident:

• the magnitude of the response in cell 2 is larger than in cell 1 for the same amplification

• the voltage trace at the receiver is smoother in cell 2 than in cell 1

• the relative amplitude of the higher frequency (<0.5ms) and the lower frequency (>0.5ms)
components is significantly greater in the cell 1 trace than in the cell 2 trace
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Figure 6.59 - Typical bender element test result for a square wave input
using the cell 1 apparatus.
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Initially considering the cell 1 bender element response, the first point of interest on the
received trace is the point of first deflection, t, which corresponds to the arrival of the fastest
(primary) component of the waveform. This time of arrival corresponds to the velocity of a

compressive wave pulse in water. Although the bender elements are set up to have a shear
connection to the soil specimen, the connection is not perfect and allows the travelling wave

pulse to contain many separate components, travelling at different frequencies and wavelengths.
The bender element construction is such that the dominant transmitted and received

components are due to shear waves propagating vertically with a particle movement in the

horizontal plane. The compression wave component of the trace travels at a speed
approximately equal to the speed of a compression wave in water since the soil is fully

saturated and the water phase is generally stiffer that the soil particle phase. The speed of a
compression wave in water is equal to the speed of sound in water. Although the exact value
varies with temperature and pressure , for the conditions within a stress path cell, it is equal to

1483m/s (Rice and Walsh, 1956). At the corresponding arrival time, t, in Figure 6.59, there is
an initial small deflection before the arrival of a larger pulse. This section of the figure has been
transformed in Figure 6.61, in which the bender element receiver voltage is plotted against the

associated wave velocity. This figure shows that the initial deflection of the received signal
corresponds to an impossible wave velocity (greater than 1483m1s). The reason for this initial
deflection is not known but it was a common feature on all the traces from cell 1 and is not
attributable to errors in the specimen length, the arrival time measurement accuracy, or in the

specimen density measurement.
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Figure 6.61 - Typical bender element trace receiver output against wave velocity
showing wave velocities greater than that of the compression wave arrival
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The methodology of the bender element tests (see section 5.7.3) included transmitting waves
with an increasing or a decreasing voltage (positive step or negative step). Inspection of Figure
6.59 shows that the two traces produced by opposite polarity input steps are exactly opposite
along the entire response. The positive and negative step inputs were intended to separate the
shear and compressive components of the bender element trace, since only the shear
components were thought to reverse in direction with the driving pulse. In fact, all aspects of
the wave form reverse polarity. Sánchez-Salinero et al. (1986) showed that the additional wave
components due to near-field effects (see below and section 2.6.4) are dependent on the initial
shear wave excitation direction. Consequently, the near-field and shear components all reverse
when the input function is reversed. However, this does not explain the reversal in the initial
high frequency wave components representing the incident water compression wave. This is
perhaps due to the physical configuration of the bender element tip. A compression wave, to be
detected, must move the tip of the receiving bender element laterally. A perfect compression
wave would be incident a 900 to the bender element tip. The increase in water pressure either
side of the element would be equal resulting in no net effect on the element. However, if the
receiver bender element was slightly out of alignment, a plane compressive wave would be
incident on one side of the element before the other causing a net increase in pressure along one
edge and the element would deflect. Similarly, a slightly out of alignment transmitter element
would, instead of a plane wave, transmit either an initially compressive or initially expansive
pressure wave.

The high frequency waves subsequent to time t are due to reflections of the initial wave pulse

and continue until they are interrupted at point A on Figure 6.59 by the arrival of a lower
frequency wave. Viggiani and Atkinson (1995a) argued that, for a square wave input within the
geometry defined by the triaxial apparatus, the portion of the wave response from A to B

characterises the near-field effect (see section 2.6.4). The bender elements were initially

aligned in the triaxial cell such that an increase in voltage at the transmitter would correspond

to the same sign of tip displacement for an increase in voltage at the receiver. This would

suggest that the point of first reversal, B, at approximately 0.56ms would be taken as the shear
wave arrival.

Considering the bender element tests with a square wave input in cell 2, although there is an
immediate deflection due to an electrical coupling, the general form of response is similar to
that in cell 1. If the effect of the immediate change in slope of the received trace is accounted
for, the first point of reversal in the received trace occurs at approximately 0.9ms.

To account for the discrepancy between the responses in the two cells, and to isolate the true
arrival of the shear wave, two techniques were employed:

1. the sending of sine wave pulses of differing frequencies and comparison of the output traces
with the result of a step wave input. Although the form and frequency of the output will be
dependent on the input wave frequency, the arrival of the shear wave should not be affected.
It was anticipated that this approach would be extended to include numerous other wave
types but this was not possible due to time constraints.

2. performing wave spectral and correlation analyses on the transmitted and received
waveforms to locate any similarities in the frequency components, as described in section
2.6.5
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The use of a number of different frequency sine waves, in addition to the square wave is
illustrated in two series of bender element tests from stress path test T06. These are shown in
Figure 6.62 and Figure 6.63 respectively.

When studying these figures to locate the true shear wave arrival, it is required to locate a
common point on each curve at which there is a wave deflection. If a particular wave crest
translates as the since wave input frequency varies then it must represent a slower component.
When parametrically varying the frequency of sine waves there are a number of limiting factors
which must be considered:

• The lower the frequency, the less energy input to the soil and the less chance there is of
generating a detectable shear wave arrival.

• The near-field terms are governed by equation 6.16, in which low values of R result in a
higher near-field effect (see section 2.6.4). Consequently, a low frequency input will be
more likely to propagate the near field component to the receiver than a higher frequency
input.

R==t 	 .............................................................................................................. (6.16)
A.

where , d = specimen length

A. = wavelength of the shear wave

f = frequency of the shear wave

v3 = shear wave velocity

It was seen in section 2.6.4 that, for shear wave propagation in an ideal isotropic elastic three-
dimensional medium, the near-field component was separated from the shear wave component
for values of R greater than about 4.

• The higher the frequency the shorter the necessary response time of the piezoceramic. There
is a limiting frequency at which the bender elements can not react quickly enough to the
applied voltage changes. Consequently, no movement of the tip occurs and a shear wave is
not produced.

• The higher the frequency, the greater the chance of 'overshooting' (Jovicic et al., 1996).
This effect is due to the bender element being physically unable to follow the rate of
displacement prescribed by input from the function generator . This may be due to either a
poorly built bender element or due to a large discrepancy between the stiffness of the bender
element and the soil. The effect may be quantified using the self-monitoring element
described by Dyvik and Madshus (1984) although this technique was not employed here.
Overshooting tends to result in discontinuities in the bender element input response which
are recorded by the receiving element. Also, the bender element displacement may not be
planar such that a degree of torque is introduced producing additional wave components.

It should be noted that a square wave is essentially made up of an infinite range of frequencies
from very low to very high and is, therefore, affected by both near-field components and
overshooting. The initial vertical slope of the square wave input is not followed by the bender
element and the rapid rise time may result in overshooting and oscillating about the final tip
displacement.
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Considering the time range in Figure 6.62 corresponding to the possible shear wave arrival, it is
seen that, at frequencies less than 3kHz, the arrivals of the transmitted waves were of very low
amplitude and could not be accurately detected. For frequencies greater than 20kHz (the
limiting frequency), no response was detected at the receiver element. At 20Hz a repeatable
response was detected which was unlike that any other frequency. This showed large amplitude
compression wave arrivals, and was possibly due a form of resonance in the bender element.
For a range of frequencies between 3 and 10kHz, the received waveform is relatively clear. An
initial displacement corresponding to the near-field component of the square wave input at
0.5ms is evident up to a frequency of 8kHz.

The traces in Figure 6.63 similarly represent both stepped wave and sine wave input functions
for a separate bender element tests series from stress path test T06. Again, the received traces
for the 5kHz and 10kHz sine wave inputs, and the point of first reversal in the received traces
for the square wave inputs suggest a shear wave arrival time of approximately 0.56ms

The square wave and sine wave bender element tests presented for this test might appear to
suggest a shear wave arrival of approximately 0.56ms. However, an alternative interpretation
may be seen when the bender element readings are viewed at a lower resolution but at a larger
time base. The square wave input bender element tests at a larger time base in Figure 6.63 show
a large departure in the received trace at approximately 0.83ms. The magnitude of this response
is greater than that at the point of first reversal and is in the same direction as the step of the
square wave input. Figure 6.64 shows again a selection of the sine wave traces from Figure 6.62
but this time with the corresponding input trace. Plotting the bender element tests in this way
clearly shows the passing of the transmitted shear wave at the receiver element for low
frequencies and suggests an arrival time of 0.83ms (the same as for the square wave input in
Figure 6.63). At 2kHz the shear wave is still clear although the additional wave component at
0.5ms is apparent. As the frequency increases, the magnitude of this additional component
increases until, at 4kHz, it is greater than the shear component recorded for an input frequency
of 1kHz.
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Figure 6.62 - Bender element output from sine wave and square wave input during test
T06 (stage 10, q = -98kPa,p' = 275kPa) showing initial deflections at receiver
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Figure 6.63 - Bender element output from sine wave and square wave input during test
T06 (stage 10, q = -l32kPa,p' = 275kPa) showing largest deflections at receiver
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Figure 6.64 - Bender element output from sine wave input for Figure 6.62 results
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The set of traces shown in Figure 6.65 and Figure 6.66 were obtained during stress path test
T07 in cell 2. The bender element tests shown in Figure 6.65 all correspond to sine wave
inputs, and in Figure 6.66, the stepped wave input response of Figure 6.60 has been superposed.
The effect of the electromagnetic coupling of the input and output traces in cell 2 was much
less for the sine wave inputs than for the square wave inputs. The effect was slightly more
noticeable at lower input frequencies for the sine wave responses, although much less than for
the stepped wave input response. Despite these problems, the passing of the shear wave is
clearly detected. On Figure 6.65, the sections of the trace which vary with frequency (and as
such not the initial shear wave arrival) are easily identifiable and on Figure 6.66 this may be
allied with the square wave input which suggest an arrival of 0.92-0.94ms at the first reversal of
the shear wave.

A selection of the sine wave bender element tests shown in Figure 6.65 are represented in
Figure 6.67. In this case, as the frequency increases an additional wave component is not
recorded as was the case in the cell 1 tests shown in Figure 6.64. At lower frequencies the near
field effect is more noticeable than at higher frequencies as expected. For an input frequency of
0.75kHz, the output trace is barely distinguishable, although for 1kHz the response is well
defined. For input frequencies less than 5kHz the near-field effect coincides with and obscures
the shear wave arrival. An input frequency of 5kHz, however, is high enough to eliminate near-
field effects and low enough to allow the transmitter element to respond without overshooting.

The wave components arriving at approximately 0.Sms in the cell 1 bender element tests shown
here are clearly exhibiting an effect not evident in the cell 2 tests. There are a number of
possible explanations for these differences:

• In cell 1 of the high frequency components associated with compression waves are more
significant. This indicates a misalignment of the bender elements and shows that the bender
elements in cell 1 are capable of receiving wave components other than pure shear. As
described in section 2.6.4, in a two-phase medium there is potential for two forms of
compression wave. It is possible that some of the wave components detected in the current
tests are secondary compression waves. The secondary components of the recorded waves
are of similar magnitude to the shear wave component and greater than the primary
compression component. This may be due to the frequency of the primary compression
component being very high resulting in the bender element being unable to accurately
describe the response. The true magnitude of the primary compressive component may
therefore be greater than that recorded. The secondary compression wave would be expected
to be both frequency dependent and out-of-phase with the shear wave. This was the case in
the current tests.

• The overshooting effect may be more severe for the cell 1 bender elements than for the cell
2 bender elements and, even for relatively low frequencies, the bender elements may not be
capable of smoothly following the function generator input function. This would result in
the transmission of unpredictable additional wave components through the soil specimen.

• The additional wave component may be part of the near-field effect, but the dimensions of
each bender element and the test specimen in both cases were approximately the same and
consequently a similar near-field component would be expected. Also, none of the examples
of near-field components presented in Chapter 2 show a similar response to that seen here.
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Figure 6.65 - Bender element response to varying frequency sine wave input for a bender
element test series in stress path test T07 (p' = 276kPa)
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Figure 6.66 - Comparison of square wave and variable frequency sine wave input for a
bender element test series in stress path test T07 (p' = 276kPa)
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Figure 6.67 - Bender element output from sine wave input for Figure 6.65 results
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6.5.3 Correlation analyses

The identification of wave arrival times in section 6.5.2 may be compared with the arrivals
indicated by comparisons of the spectral analysis functions of the transmitted and received
bender element signals. Correlation and spectral methods are used extensively in waveform
analysis (see section 2.6.5) and were applied to bender element traces by Viggiani (1992).
Although numerous techniques are available to analyse wave fonns, the most physically
understandable are the correlation theorems. Consider two waveforms such as the typical
transmitted and received bender element traces:

g(t) = Transmitted waveform 1
voltageamplitude vs. time .................................(6.17)

h(t) = Received waveform J

The correlation of these functions, denoted by Corr(g,h) , is defined by equation 6.18,

Corr(g,h)=5g(t+r)h(t) dt 	 ................................................................................. (6.18)

The correlation is a function of v which is called the lag. The maximum absolute value of this
function specifies the time shift that would have to be imposed on the first trace to give the
'best fit' if it was superimposed on the output trace.

Although solutions do exist for equation 6.18 with waveforms expressed as amplitude vs. time,
it is more usual to use equivalent functions in the frequency domain. For numerical
manipulation the functions may be represented as Fourier series in which the waveform is
represented by an infinite series of increasingly insignificant trigonometrical functions as
shown in Figure 6.68.
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Figure 6.68 - Using Fourier series to approximate typical input and receiver bender
element voltage time responses

A convenient algorithm for calculating the Fourier series functions is found through using the
fast Fourier transform (FF1') to return the equivalent waveforms represented in the frequency
domain such that in equation 6.19,

G(f) = FFF[g(t)]

H(f) = FFF[h(t)]

The Fourier transform of the cross-correlation function may be calculated by multiplying the
Fourier transform of one waveform by the complex conjugate of the Fourier transform of the
other as in equation 6.20.

Corr(g,h) = G(f).H(f)	 ......................................................................................... (6.20)

The cross-correlation function is generally a series of real numbers which may be plotted
against the imposed time shift. The maximum absolute value of this function is taken to
represent the arrival of the transmitted wave at the receiver.

This analysis has been implemented as a module in a computer program to automate the
process of analysis once a bender element test has been carried out. Correlation functions for
the results shown in Figure 6.62 for sine wave inputs are plotted in Figure 6.69 (the analysis
may not be used for square wave input tests since the shape of the input and output bear no
relation). For frequencies up to 6kHz, the maximum of the cross-correlation function is in the
range 0.88-O.9ms, and this matches the arrival of the later wave component (thought to be the
shear wave). For higher frequencies the results are ambiguous. The presence of the additional
wave components complicates the interpretation and high correlations are shown for 0.58-

286



Chapter Six: Experimental results

0.6Oms and 0.62-O.64ms (out-of-phase). The results of Figure 6.70 based on Figure 6.63 are
less clear and the 1, 5, 10 and 20kHz input waveforms each show the maximum absolute
correlation in different places none of which coincide with the stepped wave output peaks and
troughs. These traces may be of too poor quality to effectively make the correlation function
physically reasonable. A clearer picture emerges from the spectral analysis in Figure 6.71
which is based on the results of Figure 6.66. In this case the maximum correlations are all seen
at approximately 0.90-1 .Oms. This coincides well with both sine wave and stepped wave input
responses.

In spectral analysis errors may be incurred due to the change in frequency ('spreading') of the
driving pulse as it travels through the specimen (Brignolo and Gotti, 1992). Figure 6.72(a)
shows an example of an input sine wave and an artificially generated output pulse and (b)
shows the correlation functions for a series of such waves. The artificial output in each case is
equal in amplitude and waveform to the input, although at decreased frequency. The imposed
time lag is known and may be compared to the correlation of attenuated output. As the relative
drop in frequency increases so the error in the correlation increases suggesting a probable error
in the arrival time for these idealised functions of 0.02 to 0. ims. This is a similar variation to
that of Figure 6.71 and is probably indicative of the accuracy of this application of spectral
analysis.

Further correlation analyses may be carried out manually using corresponding points on both
the input and output curves for the sine wave inputs shown in Figure 6.67 and Figure 6.65. The
interval times between points 0, A and B on the input trace and the corresponding points 0', A'
and B' on the received trace have been calculated where possible and are shown in Table 6.14
and Table 6.15 respectively. For the cell 2 traces, point 0' is located at the point of first reversal
and is consequently affected by the near-field components in those tests with lower input
frequencies. For the cell 1 traces, point 0' may only be identified on the lower frequency traces.

The potential for identifying the shear wave velocity from interval times or from spectral

analyses depends on the degree of similarity between the transmitted and received waveforms.
The average frequency of the received waveform (calculated using the time interval A'-B') is
shown in Table 6.14 and Table 6.15. For input frequencies up to 5kHz the received frequency is
of a similar magnitude. However, for higher frequencies the output is considerably different
from the input and, consequently, the waveform correlation and spectral analysis methods of
interpretation suffer. The predicted 0' value has been calculated as half the time interval A'-B'
before point A' and therefore represents the arrival time associated with the average wavelength
of the received waveform.

The spreading and alteration of the waveform as it travels through the specimen, and the
difference between the function generator signal and the actual transmitted waveform lead to
the differences between, the predicted 0' time and the measured point of first arrival, 0'. The
predicted 0' times are generally greater than the measured point 0' times and thus occur
significantly within the rise of the passing shear wave, as shown by the shaded circle in Figure
6.67(a) and Figure 6.67(e) for example.
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f	 f	 0'	 predicted	 A-A'	 B-B'
(Hz)	 (Hz)	 (ms)	 0'	 (ms)	 (ms)

1	 1.23	 0.85	 0.94	 0.95	 0.86
2	 2.000	 0.84	 0.88	 0.91	 0.91
3	 2.59	 0.81	 0.83	 0.86	 0.89

Table 6.14 - Analysis of sine wave input bender element test
for stress path test T06 in cell 1

fin
	

f	 0'	 predicted	 A-A'	 B-B'
(Hz)
	

(Hz)	 (ms)	 0'	 (ms)	 (ms)

0.5	 -	 0.96	 -	 -	 -
0.75	 -	 0.94	 -	 -	 -

1
	

1.16	 0.92	 0.91	 0.91	 0.84
1.5
	

2.00	 0.90	 0.97	 0.95	 0.88
2
	

2.70	 0.87	 0.99	 0.98	 0.92
3
	

3.30	 0.84	 0.97	 0.98	 0.96
4
	

3.94	 0.84	 0.97	 0.97	 0.98
5
	

4.45	 0.83	 0.96	 0.98	 0.99
7.5
	

4.66	 0.83	 0.94	 0.97	 1.00
10
	

4.66	 0.83	 0.91	 -	 -
20
	

4.66	 -	 0.88	 -	 -
30
	

4.88	 -	 0.88	 -	 -
Step	 3.41	 0.87-0.91	 0.97	 -	 -

3.53	 0.87-0.91	 0.97	 -	 -

Table 6.15 - Analysis of sine wave input bender element test
for stress path test T07 in cell 2
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Figure 6.69 - Cross-correlation coefficient for bender element traces in Figure 6.62
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Figure 6.70 - Cross correlation coefficients for bender element traces in Figure 6.63
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Figure 6.72 - Effect of attenuation of input wave during propagation from input to
receiver, (a) example of ideal input and receiver functions incorporating attenuation from

5 kHz to 3 kflz, (b) normalised cross correlation coefficients for a series of artificial
analyses incorporating attenuation
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6.5.4 Comparison of static and dynamic measurements

The aim of using the bender elements was to find an upper limit to the deviatoric stiffness
expressed by the maximum shear modulus, G0 . This would possibly correspond to a true
elastic stiffness as discussed in Chapter 2.

The most comprehensive series of bender element tests was carried out during stress path test
T06, and for each received trace the travel velocity of each successive identifiable peak or
trough was converted to a shear stiffness using equation 6.21 (see also section 2.6.3)

G =pv	 .................................................................................................................... (6.21)

For example, Figure 6.73 shows the change in the received waveform along two consecutive
constant q stress paths as the effective mean normal stress just increased and then decreased
between 200 and 26OkPa. It is interesting to note on this figure the degree of similarity in the
region of the traces before the region of the lower frequency wave component at approximately
0.6-0.8ms. This section of the trace has been attributed to compression wave components. It is
seen that these, relatively minor, high frequency aspects of the trace (even those superposed on
the region of the shear wave arrival) occur at the same time on all waveforms. In a saturated
medium it would not be expected that the compression waves would be affected by the pressure
changes associated with a triaxial test. The final section of the trace from 0.6-0.8ms translates
as p' is increased or decreased, suggesting a soil stiffness dependent on p'. This region of the
trace has been attributed to either near-field components or secondary compression components
(see section 6.5.2). Unfortunately, the limited time base of these traces prevents the variation in
the later shear wave arrival to be examined. Viggiani (1992) suggested that the near-field
components and the shear wave components were dependent on p' to a similar degree, and the
variation of the shear stiffness with p' may, therefore, be estimated from the variation
calculated by using equation 6.21 for these earlier components. This 'apparent' stiffness has
been calculated for points along all the constant q and constant p' stress paths in test T06. The
dependence of the calculated stiffness of p' and q is shown in Figure 6.74(a) and (b)
respectively. The upper and lower sets of data in these figures represent the stiffnesses
associated with the first and second reversal of the received waveform respectively. It is clear
that the calculated stiffness is dependent on p'. The change in stiffness with p' calculated from
either the first or second reversal is the same and, if a similar variation may be assumed for the
shear stiffness, Figure 6.74(a) suggests a variation of the shear stiffness with p' of the form
shown in equation 6.22.

EG0 = a.p'	 ............................................................................................................. (6.22)

where, 100<a<150

The response also shows an increase in G0 of the order of 1OMPa over the duration of the tests,

suggesting that the cyclic straining was having a measurable effect on the soil behaviour which
was not detected by the local small strain instrumentation.
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Figure 6.73 - Change in form of received bender element waveform trace during two
consecutive constant q stress paths asp' increases from 200kPa to 26OkPa and returns

again to 200kPa.
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Figure 6.74 - Changes in shear stiffness interpreted from bender element tests during (a)
constant q, and (b) constantp' stress paths of test T06 (two separate groupings of results

represent interpretation based on different sections of the trace - see text)
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The results for the variation of the shear stiffness along the constant p' stress paths suggest that
changes in the level of deviator stress bear no relation to changes in the maximum shear
modulus. The shear wave travel velocity through a particulate material is influenced by the
rigidity of the available wave travel pathways and therefore on the degree to which the particles
are forced together. It is an increase in p' rather than q which is likely to affect the interparticle
compression and, therefore, the dependence of the shear stiffness on p' rather than q seems
qualitatively correct. A number of relationships between pressure and shear stiffness were
given in section 2.7. The majority of relevant test data for overconsolidated clays exist for
London clay and the numerical parameters shown in equation 6.16 based on equation 2.28 were
determined by Viggiani (1992).

G0 = 400p'° 76 R0025	..................................................................................................(6.23)

For the 200kPa range of p' shown in Figure 6.74(a), an increase in shear stiffness of 35 and
45MPa is calculated by equation 6.16 for overconsolidation ratios of 20 and 50 respectively.
This compares reasonably well with the rise of 3OMPa shown for the same figure.

The interpreted shear modulus from the bender element tests may be compared to the deviatoric

stiffness calculated from the local strain instrumentation in the stress path tests. The deviatoric

stiffness recorded in stress path test T06 is shown against triaxial shear strain in Figure 6.35(a).

The magnitude of shear strain imposed in a bender element test is probably less than 0.001%

(see section 2.6.2), which is beyond the accuracy of the local measurements. Therefore, to

compare static and dynamic measurements, the deviatoric stiffness must extrapolated back to an

appropriate strain level. From Figure 6.35(a), a deviatoric stiffness of approximately 50-6OMPa

may be extrapolated to a triaxial shear strain of 0.001%. The interpretation of the sine wave

traces shown in Figure 6.65 and Figure 6.66 suggest the shear wave arrival was at

approximately 0.85ms. This corresponds to a shear stiffness of approximately 75-85MPa which

is about 50% greater than the static measurements. Such discrepancies between the static and

dynamic measurement of shear stiffness may be due to the following:

• Experimental error may be appreciable in either of the measurements. The careful

calibration procedures make this unlikely for the stress path cell instrumentation. Although

no actual calibration process was performed for the bender element apparatus as a whole,

the oscilloscope was calibrated using the function generator to send waveforms of set

frequency and amplitude.

• Non-linearity in the stress-strain response is still significant below the measurement

accuracy of the stress path cell instrumentation. However, the use of the LDT local strain

device (Tatsuoka and Shibuya, 1992, Tatsuoka and Kohata, 1995) allows continuous

measurement of the stiffness response from 0.0001% to 1% axial strain (see section 2.5.2)

and results obtained for a stiff overconsolidated clay using such instrumentation (Mukabi et
a!., 1994a and b) suggest that, at strain levels of <0.002%, the stress-strain response is
practically linear.

• The local strain instrumentation and the bender element apparatus may be measuring

different aspects of the soil stiffness. For a cross-anisotropic soil the shear stiffness

measured dynamically is dependent on the orientation of the transmitting and receiving

elements as described in section 2.6.4. Although the shear wave transmission will involve

particle movement in many orientations, the dominant motion in the present case will be

particle movement in the horizontal plane with vertical wave propagation. Thus the system
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records the shear stiffness in the vertical plane, G,. Only in an isotropic soil would this
shear stiffness be the same as that in the horizontal plane, GM, and also equal to the
deviatonc stiffness, G', measured in triaxial apparatus. Using the simplified cross-

anisotropic parameters proposed by Graham and Houlsby (1983) (presented later in Chapter

7) a relationship between the deviatonc and shear moduli is given in Figure 6.75. This figure
shows that for a cross-anisotropic material with a 2 = 2, the stiffness recorded in a bender
element test may be 50% higher than the corresponding deviatoric stiffness interpreted from
static strain measurements in a triaxial cell. This would explain the discrepancy in the
present case.

1	 1.2	 1.4	 1.6	 1.8	 2	 2.2	 2.4	 2.6	 2.8	 3

Anisotropy factor, a

Figure 6.75 - Shear and deviatoric stiffness for a cross-anisotropic soil
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Figure 6.76 - Percentage error in the calculation of dynamic shear modulus due to
experimental errors in bender element tests
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7. Numerical model
development

7.1 Introduction

A constitutive model was required to apply the deformation characteristics obtained from the
laboratory testing programme, Chapter 6, to the simulation of the excavation process at the
Elstow site described in Chapter 3.

This chapter describes the formulation and implementation of cross-anisotropic elastic
constitutive relations, in which material non-linearity is incorporated through dependency on
the cumulative incremental strain energy. An outline of the model has previously been
presented by Hird and Pierpoint (1994).

A brief summary of elasticity theory is presented as a background to the formulation of the
model and the methods used to determine the model input parameters from triaxial stress path
tests are described.

The validation of the model consisted of checking its mathematical correctness and using it to
simulate specimen response along additional stress paths incorporated into the experimental
programme.

7.2 Requirements of a constitutive model

Simplicity in numerical models has been strongly advocated (Wroth and Houlsby, 1985),
particularly when they are required as a tool for engineering analyses. The degree of complexity
of a model is not always obvious, however. The criterion used to express the complexity is
often the number of model parameters required, but it is also helpful to rate the model in terms
of how easily each of the parameters may be quantified. A model should therefore be rated on
the number and type of laboratory and/or field tests that are required to sufficiently define the
model.

It may be said that a model should be as simple as possible, but not too simple. In other words,
a model should be simple to understand and to implement while predicting a realistic soil
response. It has long been realised that non-linearity and anisotropy are essential features of soil
behaviour (Burland, 1989; Atkinson and Sallfors, 1991). The incorporation of small strain non-
linearity into numerical analyses has significantly improved the quality of predictions of ground
movements around engineering structures as described in section 2.3. This form of non-
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linearity, the dependence of stiffness moduli on strain, must be considered a key feature of the
modelling process. In a heavily overconsolidated deposit, the soil may be several times stiffer in
the horizontal direction than in the vertical direction (see section 6.2.3) and in such
circumstances it is desirable to incorporate the anisotropic nature of the deposit.

The non-linearity of the soil stiffness moduli may be defined within an elastic or an inelastic
constitutive model. For soils which exhibit material non-linearity, the irrecoverability of strain
is usually an accompanying characteristic. This effect is conveniently incorporated into
constitutive models within the framework of plasticity. A number of these models have been
described in section 2.7 and such models would be essential for modelling problems where
loading was principally non-monotonic or involved large strain levels. However, even in a
monotonic loading situation, the choice of an elastic or plastic model will affect the solution. In
a plastic response, the principal strain increments coincide with the direction of the principal
stresses, whereas in an elastic response the principal strain increments and the principal stress
increments coincide. When the changes of stress are in the direction of the principal stresses
(e.g. in a triaxial test), the elastic and plastic models might be able to produce the same
response, but when the principal stresses are free to rotate (e.g. during excavation), the form of
displacement will differ in each case. The application of an elasticity formulation to practical
problems is therefore limited to cases in which the level of plastic straining is at a minimum. In
heavily overconsolidated clay deposits, the soil structure has been well defined by a history of
several hundred metres of overburden and such soils have traditionally been characterised as
elastic. For these soils it might be reasonable to apply elasticity theory to monotonic loading
deformation analyses (Jardine et al., 1991; Burghignoli et a!., 1991). However, care is still
required since, as described in section 2.4.2, even the small strain response of heavily
overconsolidated clays has been shown to exhibit irrecoverability of strains and, therefore, an
inelastic character.

7.3 Application of the theory of elasticity

Hooke's law of elasticity theory (Ut tensio sic vis - Hooke, 1676), may be generalised in three
dimensions (with axes x, y and z) and written as:

rIy

ryz

vu

a11 a12 a13 a14 a5

a2 a22 a23 a24 a25

a31 a32 a33 a	 a35

a41 a42 a43 a44 a45

a51 a52 a53 aM a55

a61 a62 a63 aM a65

a16 a

a26 o'

a36

a

aM	 )Z

a

(7.1)

This represents a material that possesses no planes of symmetry and results in 36 coefficients
relating stress to strain. The most useful definition of elasticity is that the material behaviour is
recoverable. The principles of thermodynamics require the existence of an elastic strain energy
function during reversible cycles of changes of state under constant temperature (Love, 1927).
The existence of this function requires symmetry in the constitutive matrix such that,

.......................................................(7.2)

This reduces the number of independent coefficients from 36 to 21 as shown in equation 7.3
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e	 a1 a12 a13 a14 a15 a16 a

=	 (7.3)

Most natural materials show some behavioural symmetiy and as the degree of symmetry
increases, the number of independent parameters reduces. The consequence of this is that the
degree of coupling between the respective normal and shear components of stress and strain is
reduced (Lekhnitskii, 1963). A material that possesses three planes of elastic symmetry may be
represented by equation 7.4. In this case there are just nine independent elastic coefficients and
there is no longer a coupling between normal stresses and shear strains, between shear stresses
and normal strains, or between shear stress and strains that are not in corresponding planes (see
Figure 7.1). Such conditions could arise in a rock deposit in which three orthogonal joint planes
exist which are aligned with the coordinate axes x, y and z. This is known as orthotropic-
anisotropy or, alternatively, orthotropy.

1

G

no cross-coupling between
shear and normal components

X X X

direct coupling	 x x x	 - -	 no cross-coupling of
of all normal	 ,	 - -

	 shear components
components

direct coupling of associated
shear components

Figure 7.1 - Form of coupling between stress and strain components of constitutive matrix
of cross-anisotropic elasticity

In sedimentary strata, it is common for a plane of symmetry to exist due to the depositional
history. A soil deposit is often laterally extensive and has been subjected to purely one-
dimensional movements. II a soil exhibits the same properties in any horizontal direction, being
different from those in the vertical direction, it is said to be cross-anisotropic or transversely
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isotropic. This form of anisotropy is represented in equation 7.5 in which the vertical axis is
aligned with the y axis.

1	 VVh	 —V,,1,

Ek	E,,	 Ek

VhV	 1	 —V,,
cx	

E,,	 E,,	 Eh
	 a1

Vhh —V h 	 I
	

a,

cx	 Eh	 E	 Ek

71,
	 1

yyz
	 G,	

1
7JEz	

G,,,,
1

GM

where, E,, = Young's modulus in vertical direction

Eb = Young's modulus in horizontal direction

GhV = Shear modulus in any vertical plane

GM = Shear modulus in any horizontal plane
v = Poisson's Ratio of strain in vertical direction

to applied strain in horizontal direction
v = Poisson's Ratio of strain in horizontal direction

to applied strain in vertical direction

vM = Poisson's Ratio of strain in horizontal direction

to applied strain in orthognal horizontal direction

Remembering that for an elastic material the compliance matrix is symmetric,

and, since the material is isotropic on the horizontal plane,

Eh	
(7.7)

2(l+vM)

there remain five independent elastic coefficients.

A material that is completely homogenous and equivalent in all directions is termed isotropic.

Such a degree of symmetry reduces the number of independent elastic coefficients to two and is
represented by equation 7.8.

	

1 —v —v	 -	 -	 -	 a1

	

—v 1 —v	 -	 -	 -	 a,

£	 1—v—v 1	 -	 -	 -	 a
.....................................(7.8)

y , E - - - 2(1+v)	 -	 -

7,.	 - - -	 -	 2(1+v)	 -

	

— — —	 —	 —	 2(1-i-v) t
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Isotropic soil behaviour may be encountered in carefully prepared laboratory specimens.
However, it is the cross-anisotropic condition that is most prevalent in the field.

The cross-anisotropic compliance matrix may be inverted to obtain the D matrix associated
with numerical analysis as shown in equations 7.9 and 7.10.

..........................................................(7.9)

.o.x
a,

E,,

r,	 (l+v,Ih)(l-2vM)

rxz

7.4 Interpreting soil response in triaxial tests in terms of
elasticity

The incremental stress-strain behaviour of a soil in a triaxial system has been described in
Chapter 2, and may be represented by equation 7.11 (Atkinson and Sallfors, 1991).

1	 1

K' Jqt .1'	 (7 11)[8eJ	 L	 _L	 L&i' ............................................................................................
.i;, 3G'

If functions are available for the four incremental moduli contained in equation 7.11, this
equation is sufficient to represent the behaviour of soil in a triaxial system. These functions
may be determined empirically, through curve-fitting of appropriate stress-strain curves, or
analytically, by assuming that the material response is governed by a particular constitutive law.
The formulation of such a constitutive law may be based on elasticity, plasticity or
elastoplasticity. For an elastic formulation the constitutive matrix must be symmetric (see
section 7.3). This is also a requirement of a plasticity solution in which the flow rule is
associated (Atkinson, 1975).
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Hence, J =	 ,

	

1	 1
roev1__ Tk iF

	

Loe,f 1	 1

J' 3G'

(7.12)

The cross-anisotropic elastic response shown in equation 7.5 may be interpreted in terms of
incremental effective stresses in equation 7.13.

SE

SEY

oez
oyy

öy>

oYz

1	 Vh —V

E,	 E	 E1
—v'	 1	 —v'

V h	 Vh	 1

I,-.,

-	 -	 - I -

-	 -	 - I -

——&:

-	 -	 5r,
	 (7.13)

The G parameters in equations 7.11 and 7.13 must not be confused with each other. In equation
7.11, G' represents the deviatoric response in triaxial stress space whilst in equation 7.13, G,

and G represent the coupling of shear stresses and shear strains. Since only normal stresses

may be manipulated in a triaxial test, equation 7.13 reduces to equation 7.14.

Ii	 vhhh1

	

[]

I E'	 E'	 E''I

	

	 h	 v	 h 
Iroa1

&	
I	 L	 I

I E'	 E	 E' 
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ih 

I

E'L h	 v	 hJ

(7.14)

For the axisymmetric conditions of a triaxial test, only vertical and horizontal stresses and
strain may be measured as shown in equation 7.15.

1	 —2v,,,,

1&al_	 E	
715iv[	 ............................................................................(.
	 )

E,,	 E,,	 Ek

Rewriting equation 7.11 in terms of axial and radial stress increments,

(7.16)
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=	
+	 =	 +	

+ , ( 2	 1

Jpz	 3G')	 a	
;3 3G')	

(7.17)

But, using equation 7.15

= &a +2&,. = SCa 	 _j;_)+&7r	
+ 2(1_v)) ...........................(7.18)

_2(i))(7.19)

Therefore, comparing similar terms in equations 7.16-7.17 and 7.18-7.19,

K' =	 E'E'(7.20)
E(1-4vh)+2E(1-v')

=	 3EE'(7.21)
2E(1-vh)+2E(1-v',..,,)

G' =
	 3EE'(7.22)
4E(1 + 2v)+ 2E(1 - v')

=	 3EE'(7.23)
".' 2E(1-vh)-2EV'(1-v')

In the present case 	 =	 = J' since the response is being interpreted in terms of elasticity.

if strain dependent functions for the Young's moduli and Poisson's ratios could be deduced this
would provide an elastic framework for the interpretation of soil response. However, Graham

and Houlsby (1983) showed that in a conventional triaxial testing system only three
independent elastic parameters may be determined and that, to independently establish the four

elastic parameters in equation 7.14, tests must be carried out on horizontally orientated and
vertically orientated specimens. There are numerous problems associated with testing
horizontally orientated specimens in the triaxial apparatus (Saada, 1970), for example, the non-

uniform response of laminated soils as shown in Figure 7.2. Even if the four parameters
(E , E ,v',, and v') could be determined, the fifth independent parameter (G) would remain

unknown.

Therefore, Graham and Houlsby (1983) suggested a particular form of anisotropy such that all

parameters could be obtained from triaxial tests on vertically orientated specimens. Of the three
elastic parameters that may be derived from a standard triaxial test, two are required to
represent isotropy leaving only one parameter through which to incorporate anisotropy. The
isotropic case may be modified by multiplying the stiffness coefficients to increase the stiffness
in a horizontal direction by an anisotropy factor, a. This results in a three parameter

simplification of 5 parameter cross-anisotropic elasticity using:

E*,v*,a
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Vertically orientated specimens

oo

Deformation is uniform due to
orientation of laminations

Horizontally orientated specimens

0ifflMllMJn
Deformation is non-uniform due
to orientation of laminations

Figure 7.2 - Effect of lamination orientation in triaxial tests

such that

E = Es, Eh = a 2E5
*

V	 *

VVh = a'	
=

aE 5 	 a2E5
GhV = 2(1+v5)' 

G 
= 2(1-i-v5)

The parameter a is therefore a quantitative measure of the degree of anisotropy as shown by the
relations of equations 7.24 to 7.26.

for Young's moduli, -- a2
E

v'
for Poisson's ratios, 	 = a

Vh

(7.24)

(7.25)

andfor shear moduli, 2. = a ................................................................................ (7.26)

These parameters may be compared with the full description of cross-anisotropy shown in
equation 7.13 to produce the simplified stress-strain relation of equation 7.27
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and may be substituted into equations 7.20-7.23 to relate the volumetric, deviatoric and
coupling stiffness moduli with the Graham and Houlsby type parameters as shown in equations

7.28-7.30.

K'= 2	

a2E5	
(7.28)

a —4av +2-2v

G'= 2 

3a2E	
(7.29)

4a +8av +2-2v

3a2E
2	 *	 ...................................................................................... (7.30)

2a —2av —2+2v

By manipulating these relations K', G' and I' may be converted into the parameters

E,V and a as shown in equations 7.3 1-7.33.

E5 =9	
GJK

(7.31)
GJ+6GK+3KJ

= _! (2GJ - 3KJ + 3GK)4'x
(7.32)

2 GJ+6GK+3KJ

1 -2GJ + 3KJ - 3GK± 344J2G2 + 12GJ 2 K+ 12G2 JK+9K2 J 2 - 18JGK 2 - 63G2K2

2

	

	 12GK-3KJ-4GJ
................................................................................................................(7.33)

In this way the specimen response from a series of triaxial tests on vertically orientated
specimens may be interpreted within the framework of cross-anisotropic elasticity, albeit in a
simplified form.
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7.5 'Model OC' - a constitutive model to represent the
behaviour of the heavily overconsolidated Oxford Clay

In order to model excavation behaviour using CRIsP, a new constitutive model that incorporated
both non-linearity and anisotropy was required (see section 7.2). It was thought that an elastic
model might be sufficient to describe the response to monotonic loading in the heavily
overconsolidated Oxford Clay. The details of the model are described below.

7.5.1 Anisotropy implementation

The soil anisotropy is incorporated using the relations proposed by Graham and Houlsby (1983)
and presented in section 7.4. The use of these relations allowed an elastic fonnulation in
general stress space for which the required parameters could all be obtained from triaxial tests
on vertical specimens. The compliance matrix in equation 7.27 may be inverted to provide the
constitutive stiffness matrix (D) as shown in equation 7.34 and further in equation 7.35.

Oa '=D.Oe	 ................................................................................................................ (7.34)

8a	 E'

&r,	 (1+v)(1-2v)

	

a2(1_v*) av	 a2v'	 -	 -	 -

	

civ	 (1-v)	 av	 -	 -	 -	 OE

	

a 2v	 av' a2 (1 _v* ) 	-	 -	 -

	

—	 —	 —	 a(1-2v')/2	 -	 -

	

—	 —	 —	 —	 a(1-2v')/2	 -	 Oyy.

	

-	 -	 -	 -	 -	 a2(1_2v*)/2 öy

............................................................................................................(7.35)

7.5.2 Non-linearity implementation

The non-linearity of the model is based on the incremental strain energy. Incremental strain
energy is described in section 2.7 and is represented again by equation 7.36.

AU=Ap'&+Aq5e.................................................................................... (7.36)

The utilisation of the model in CRISP was predominantly for plane strain conditions so that,

AU =	(a-a )5e1 +	 (a —a)&3 	 .............................................................(7.37)

However, for the axisymmetric conditions of the triaxial test from which the input parameters
are derived,
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AU = 	(a -	 )& +2(o - a )öe,.	 .......................................................... (7.38)

where (o, ,Or) defines the initial stress state, (o , a) defmes the new state

and the subscripts a and r refer to axial and radial directions.

It was assumed that the relationships between the stiffness parameters used in the model and
incremental strain energy were identical under axisymmetric and plane strain conditions.

7.5.3 Effect of loading direction

This model was designed to analyse monotonic loading situations, specifically the ground
response due to excavation, but practical construction problems which appear monotonic may
involve loading reversals in the soil caused by the construction sequence. This is illustrated in
Figure 7.3 for a sloped excavation analysis under undrained conditions. The soil elements
beneath the side slopes will be subject to a reversal in loading direction as excavation
progresses. If the stress path loading direction is monitored for each soil element during each
increment in the analysis, such a load reversal may be detected and a suitable stiffening of the
response may be allocated to that element.

Figure 7.3 - Load reversals taking place during staged construction of an excavation
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During an analysis an appropriate response for each soil element must be modelled, depending
on its location. The approach to this problem by various authors has been discussed in Chapter
2. A similar approach to that of Jardine et a!. (1991) has been adopted in the present work,
although to prevent the need to discretize zones around the excavation, the model calculates
appropriate stiffness parameters for a soil element based on the stress path increment direction.
It is assumed that the ground in the vicinity of the excavation has experienced an identical
stress history. Furthermore, it is assumed that the soil response to a stress probe from an initial
stress state, (p,q), into quadrant A, B, C, or D in Figure 7.4, can be simulated by an elastic

formulation which uses stiffness moduli derived from the bordering constant p' and constant q

stress path directions. For example, the response of an element of soil whose stress state
follows a path that enters quadrant 'A' is modelled using G' and 	 defined from the

'compression' path, and K' and J,, defined from the 'unloading' path.

q

p1
'Compression'

'Unloading'	 I (p,',q1)

() I	
'Loading'

'Extension'

Figure 7.4 - Possible stress path probe directions from the in situ state

In order to calculate the stress path increment direction, the current stress state is compared to
that of the previous one. The general stress state surrounding the excavation is reduced to an
equivalent triaxial stress state by using the vertical and average horizontal stresses and ignoring
the effect of principal stress rotation. The stress path increment direction should perhaps be
calculated from the principal stress state for consistency with the triaxial conditions (from
which the parameters were derived). However, for analyses in which the degree of principal
stress rotation is large enough to cause the directions of the major and minor principal stresses
to switch, determining changes in the current stress path direction in triaxial stress space
becomes problematic and, consequently, the vertical and horizontal stresses are used.

If the stress path direction (in triaxial stress space) of a soil element, during a particular load

increment, enters a different quadrant (Figure 7.4) from that during the previous load

increment, then that soil element is said to have undergone a load reversal. The incremental

strain energy at this point is then stored and used as a datum for subsequent load increments.

This is clearly a somewhat crude attempt at modelling the complex stress-strain response of the

soil elements at the side of an excavation, but it was hoped that it would suffice for the current
application.

When attributing a load reversal to a soil element, care must be taken to ensure solutions exist

for equations 7.31 to 7.33. For example, if the stress increment direction moved from 'A' to 'B'

in Figure 7.4, and the datum for K' and alone was reset, a real solution may not exist for
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equation 7.33 if G' is small relative to K'. Consequently, a scheme for specifying load
reversals must be adopted that ensures the relative magnitudes K',G',J,,and i;, are always

consistent. The approach adopted for the analysis of the Elstow excavation is described in

section 8.8.

7.5.4 Selection of input parameters

As the model relies on the basis of the relationship between stiffness and incremental strain
energy. This relationship had to be determined for each of the four stiffness moduli shown in
equation 7.11 such that:

...........(7.39)

The stiffness parameters were determined from the triaxial stress path tests described in
Chapter 6. Several techniques for mathematically defining the tangent stiffness non-linearity
were investigated, as described in sections 5.6.1 and 5.6.2, and an example plot of stiffness
versus incremental strain energy, in which the non-linearity is described by a polynomial on a
natural logarithmic scale, is shown in Figure 7.5. The experimental data in the figure come
from path 12 in stress path test T06 (see Figure 6.35).

JH
= ln(O.1188x +2.0243x 3 + 14.008x 2 + 38516x + 64.954)

'I:
G'=ln(0.0017x4 + 0.0146x 3 + 0.2753x 2 - 0.1388x + 10.031)

	

11=	 IIT

HHffl
- 1j 1ti1	 I	 -	 - -	 I

0 Deviatoiic stiffness

0 Coupling stiffness

0 - - -	 - - - -	 - -	 - - -	 - -

0.00001

Incremental strain energy, iU (id/rn3)

Figure 7.5 - Typical non-linear stiffness variation showing form of strain energy
relationship
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To form an elastic constitutive matrix, the coupling between volumetric and deviatoric
responses must be represented by a single parameter (I'). This is calculated from the upper
and lower bound coupling stiffnesses as shown in equation 7.40.

............(7.40)

where, if the factor 13=0, J' = J

and if 13=1, J'=J

The value of J3 may be entered directly or, alternatively, may be calculated automatically from

the current stress path direction as shown in Figure 7.6. However, it is shown in section 7.6 that
the value of J3 has relatively little influence on the deformation response.

Figure 7.6 - Automated calculation of 13 to imply an elastic coupling stiffness

Although the natural variability of soil requires a certain level of redundancy in the
determination of soil properties, in principle it is possible to determine all the parameters for
this model from a single triaxial test using the multi-stage testing techniques described in
section 5.3.2. Local instrumentation should be considered essential to capture the small strain
response.
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7.5.5 Implementation into finite element code

This model (Model OC) has been incorporated into the finite element program CRISP (Britto
and Gunn, 1987). Full details of the implementation into the finite element code are given in
Pierpoint (1996a) and Figure 7.7 shows a flow chart summary of the model operation.

Start CRISP,

parameter input and program initialisation

Store in - situ stress state for strain energy calculation

Start of load increment

Calculate K', G', J4,, J,, from current

total incremental strain energy summed

from initial stress state

Calculate J' using fi ratio:

J'=J+13(J—J;,), p=o—i

Calculate equivalent cross - anisotropic elastic parameters:

E' =f(K',G',J')

v' = f (K', G', J')

a = f(K',G',J')

Construct cross - anisotropic elastic constitutive matrix:

hv"hh =f(E,v,a)

= a'=De

Calculate incremental stresses and strains

and additionally calculate incremental strain energy:

zU	 +5U

Check for load reversal and reset strain energy datum if required,
—'LV,,,	 — 'VthL, increment

lIu: increment =	 ?

Figure 7.7 - Flowchart for 'Model O.C.'
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7.6 Model validation

Aspects of validation include the checking of the correctness of computation and the checking
of model performance against test data.

In addition to implementing the model into finite element code, the model has been
implemented in a simplified form for analyses which do not warrant the sophistication of the

finite element method. The program SingleCell calculates the response of a unit element under
uniform stresses and strains in triaxial stress space, essentially solving equation 7.11
incrementally using tangent stiffnesses. This has been used to perform checks on the validity of
the response of the CRISP implementation.

SingleCell is written in Microsoft VisualBasic for Applications and is linked to a series of
Microsoft Excel for Windows spreadsheets. Figure 7.8 shows an example of a screen display. A
stress path may be specified as a straight line from the initial to the final stress state, or as a
series of stress increments to define an incrementally non-linear stress path. The material non-
linearity is specified by selecting either a 'loading' or an 'unloading' condition for each of the
stiffness moduli as required. Since the solution algorithm is not extended to general stress
states, the solution procedure is straightforward and the requirement of specifying a
symmetrical constitutive matrix is not a limitation. The program has therefore been used to
investigate the influence of the form and degree of cross-coupling on the response of the
triaxial specimens in the experimental programme.

Stre path definition

from	 to

J)' ID	 r6o

(J Ia	 I60

Number of stress

increments - 1000

Stiain enelg3l Iimit

I 0.00001
__________ kJm

U..	 10.1

Rate of :tie: change
(1 Loga,ilhmic

(' Lineai

Click OK when stress path defined

SingleCell

Stilt ness definition
ScaEn

	

- ______________	 factor

A	 Loading Li Ii 0.6

J 1's Loading Li	 I 0.6

G Loading [ j I 0.6

J 'v 11oading	 [ j	 I 0.6

Global Loadin g Li I 0.6

E l:otiopic loading
131i.or Symmeti,c coupling ________________

Pieviou: data

r Tranzler analym ie:ulIz? 	 OK

Results worksheet
Cancel

Re:ult:	 [J
Help

C'

Figure 7.8 . SingleCell for Microsoft Windows 3.1

Initially, the model was tested to ensure that linear elastic model results could be duplicated;
this was essentially to check that the constitutive matrix was correctly formulated. To check
that the model behaviour could be strain dependent, analyses were then carried out using a
simple stepped stiffness curve for which hand calculations could be compared.
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A constant q and a constant p' stress path were simulated for triaxial conditions with CRISP

using a suitably fine mesh (200 elements), although a single element would have been
sufficient. These analyses incorporated stiffness non-linearity recorded in specific stress paths
from the experimental programme, enabling the results of the analyses and the experimental
data to be compared directly. This checked that the element response was identical to that
intended. These analyses were also carried out with the SmgleCell program and, as expected,

produced identical results.

The stiffness parameters obtained from the constant p' and constant q tnaxial stress paths must
be capable of representing behaviour along more general stress paths. Two diagonal stress paths
were incorporated into the experimental programme to provide data for validation purposes.
They were included as part of tests T03 and T06 described in Chapter 6 and are shown in
Figure 7.9. In both cases the stiffness non-linearity was determined from the stress-strain curves
of two constant p' stress paths and one constant q stress path. The diagonal stress paths were

designed to have gradients in total stress space of 2:1 for test T03 and 1:1 for test T06. Within
each test all these paths originated from the same stress point, had identical approach paths and
involved similar holding periods at the beginning (see section 6.3.3). The tangent stiffness
response was evaluated for each path (see section 5.6.2) and described mathematically in terms
of the total incremental strain energy. Since strain energy is less familiar than either deviatoric
or volumetric strain, a comparison of these parameters for the validation stress paths is shown
in Figure 7.10. The tangent stiffness parameters assumed for the validation analyses are given
for test T03 and test T06 in Figure 7.11 and Figure 7.12 respectively. These figures each
include a family of J' curves which represent the variation of the elastic coupling stiffness
between the upper and lower bound specified by Jqç and J, respectively; the curves are

generated by putting /3= 0,0.1,...,0.9,1.0 in equation 7.40.

Although the stress paths were carried out at a rate designed to ensure fully drained conditions
within the specimen, an increase of pore water pressure was evident, particularly in the early
stages of test T06 (see section 6.4.7). To allow for this effect, the actual non-linear effective
stress path for each test was modelled directly. The use of a mid-height pore water pressure
probe allowed the accurate determination of the pore water pressure within the central region of
the specimen. The deviation of the actual and intended drainage conditions was tolerated in
view of the exceptionally long test times that would have been necessary to eradicate it.

For each diagonal stress path, five validation analyses were carried out. All the analyses
incorporated non-linearity but the form and degree of deviatoric and volumetric coupling varied
in each case.

a) Non-linear isotropic elasticity: the coupling stiffness, J', in equation 7.12 was set
to a suitably high value (lx 1020 MPa) effectively eliminating any coupling.

b) Non-linear cross-anisotropic elasticity: J' = J, i.e. the coupling stiffness set at
the upper bound of the experimental response.

c) Non-linear cross-anisotropic elasticity: J' = (J, + J,,) /2, i.e. the coupling
stiffness was set at the average experimental response.

d) Non-linear cross-anisotropic elasticity: J' = i;5 , i.e. the coupling stiffness was set
at the lower bound of the experimental response.
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e) Non-linear cross-anisotropic non-associated plasticity: J4,, ^ J,, i.e. the
constitutive matrix is not symmetric such that the coupling between deviatoric
stresses and volumetric strains is not the same as between volumetric stresses and
deviatoric strains. This analysis could not be carried out in CRISP due to the solution
technique requiring a symmetric matrix and so was only performed using
SingleCell.

For test T03, the computed and measured strains for the diagonal path are compared in Figure
7.13 and Figure 7.14 where strain is plotted versus change of deviator stress and effective mean
normal stress respectively. These results are presented in terms of the strain path in Figure 7.15.

Similarly for test T06 these comparisons are shown in Figure 7.16, Figure 7.17 and Figure 7.18

respectively.

The cross-anisotropic model predictions (cases b, c, and d) are reasonably close to the
experimental data and a significant improvement on the isotropic elastic prediction (case a). It
can be seen that the model response is relatively insensitive to variation in the coupling
stiffness for values of J' ranging between J and J. For test T03 there is practically no

variation between the anisotropic analyses. For both test T03 and test T06, the inelastic analysis
(case e) generally lies within the stress-strain response of the elastic analyses but is able to
provide a marginally closer fit to the data at small strain levels (see for example Figure 7.18).
The improvement in the prediction, however, is slight, and the simpler elastic analyses produce
acceptable results.

The relations of equation 7.31, describing the anisotropy factor, a, and Poisson's ratio, v,

being quadratic, have two roots. One of these solutions must be disregarded since it represents
impossible material properties, e.g. a negative value of a can produce a negative value of G.

The variations of E,v, and a, and the implied cross-anisotropic elastic parameters, with

incremental strain energy are shown in Figure 7.19 and Figure 7.20 for test T03 and test T06
respectively. In these figures cross-anisotropic elastic analyses are presented in which the
coupling stiffness is varied within the experimental range (/3 =0, 0.1, 0.2, ..., 0.9, 1.0).

The analysis with /3=0 for test T06 produces numerical instabilities in the solutions for a and

v (= v) at small strain energy levels (<0.0001 kJ/m3) which have been removed from Figure

7.20.

It is seen that, particularly in test T06, there is significant variation in the elastic parameters
over the range of coupling stiffness which would cause concern were it not for the associated
small variations in the resultant stress-strain response. A feature of the test T06 cross-
anisotropic parameters is that the implied Poisson's ratio is generally negative. This is both
unfamiliar and unrealistic and is probably the consequence of attempting to model inelastic
behaviour within an elastic framework.
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Figure 7.14 - Deviatoric and volumetric response due to change in effective mean normal
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Figure 7.19 - Cross-anisotropic elastic parameters implied from test T03
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Figure 7.20 - Cross-anisotropic elastic parameters implied from test T06
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8. Numerical modelling of
Elstow excavation

8.1 Introduction

One of the primary goals of the research described in this thesis was to predict the ground
behaviour at the Elstow site in response to the construction of the trial excavation. The Elstow
excavation has been described in Chapter 3, and the interpreted ground response has been
presented in Chapter 4. This chapter reports a prediction of the excavation behaviour using the
non-linear cross-anisotropic elastic model described in Chapter 7, and parameters derived from
the experimental results presented in Chapter 6.

An initial suite of numerical analyses was performed at the time of the excavation and these
analyses are briefly reviewed. In these analyses stiffness non-linearity and linear cross-
anisotropic elasticity were separately incorporated. It was necessary to repeat these initial
analysis stages both to check the reliability of the new model and to ensure a consistent
development of the modelling process.

As described below, the modelling process developed as increasing degrees of sophistication
were incorporated into the analysis as follows:

1. Linear isotropic elasticity

2. Non-linear isotropic elasticity

3. Linear cross-anisotropic elasticity

4. Non-linear cross-anisotropic elasticity

The influence of the stress path direction is discussed both in terms of the previous stress path
experienced prior to the in situ state, and the effect of reversals in the direction of loading
caused by excavation. The influence the method of modelling the excavation sequence is also
discussed.

Consolidation analyses of the excavation were not performed, but the influence of the degree of
drainage in the Oxford Clay was investigated by varying the bulk modulus of water.

At each stage the efficacy of the finite element solution was dependent on a number of factors.

The factors considered were the extent of the finite element mesh, the mesh discretisation, and
the number of load increments used to describe the non-linearity.
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Alter an initial attempt had been made at predicting the ground response due to excavation, the
site instrumentation data were analysed. The comparison of the numerical prediction with the
actual excavation response is discussed and is followed by an account of parametric studies
performed on certain parameters controlling the model behaviour. An attempt was finally made
to obtain a best fit to the instrumentation data by optimising the input parameters.

8.2 Previous modelling of the Elstow excavation

As part of the initial site investigation, a number of numerical analyses of the excavation were
carried out using a modified version of CRISP (Mott MacDonald, 1987). These early analyses
were used to provide an estimate of the ground displacements and the likely changes in pore
water pressure, to aid in the positioning of the instrumentation (see section 3.6). It was
envisaged that following excavation, once the actual ground response had been recorded, a
back-analysis of the ground behaviour would be carried out to establish material parameters
which could be used for the analysis of future structures on the site. This back-analysis had not
been carried out, however, before the site investigation works were cancelled.

A series of linear isotropic elastic analyses was performed, but it was soon concluded that the
soil's non-linearity and anisotropy had a significant effect on the ground behaviour. The CRISP

program was therefore modified to incorporate the stiffness non-linearity of the Oxford Clay. A
simple power law was incorporated to represent the incremental stress-strain response of an
isotropic elastic material as shown in equation 8.1.

La1 -• AT3 = ke	 ........................................................................................................(8.1)

where, k and n are material properties

This analytical model was fitted to triaxial test data of deviator stress against axial strain such
that,

.....................................................(8.2)

and the tangential Young's modulus could therefore be related to the current strain level using
equation 8.3.

E=--=nkE=	 ................................................................................................(8.3)
La

The stiffness was also normalised with respect to the undrained shear strength such that, if the
undrained shear strength was modelled as increasing with depth, the soil stiffness
correspondingly increased with depth.

The post peak strain softening response associated with the Oxford Clay was considered to be
of secondary importance, and was consequently ignored in favour of modelling the clay as
perfectly plastic with a Tresca yield criterion, with yield corresponding to the undrained shear
strength of the soil.

The material parameters required to defme the model were derived from a number of sources:

• For the Oxford Clay and near-surface deposits, the non-linear stress-strain response was
obtained from the series of consolidated undrained small strain triaxial tests performed on
vertical specimens from 6m depth, as described in section 6.2.
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• The variation in undrained shear strength with depth was determined from both the

conventional laboratory testing programme and from previous investigations in the area.

• In situ horizontal loading tests (Camkometer) described in section 3.4.3 containing unload-
reload loops were used to assess the variation with depth of both the horizontal shear moduli
and the undrained shear strength.

• In the strata below the Oxford Clay, only a very limited testing programme was carried out
before the suspension of works. Information in the literature regarding the engineering

properties of these layers was minimal and they were therefore modelled simply, using an
isotropic linear elastic model. The stiffness parameters were determined from the unload-
reload loops of the in situ horizontal loading tests. This resulted in a profile of increasing
stiffness beneath the Oxford Clay down to the Blisworth Limestone. It was realised that the
representation was fairly crude, but it was tolerated as deformations due to excavation were
expected to be concentrated in the Oxford Clay.

It was originally hoped that the pressuremeter tests would provide a guide to the in situ stresses
but, since they were apparently unsuccessful, a range of values for K, between 1.8 and 2.4

was assumed, in line with values used for London Clay.

The Head material, the Oxford Clay, the Kellaways Clay and the Blisworth Clay were modelled
as undrained; the Combrash and the Blisworth limestone strata were modelled as fully drained;
the Kellaways Sand, being confined by the Oxford Clay above and the Kellaways Clay below,
was assumed to be partially drained.

Comparison of these analyses with the instrumentation data available at that time showed that
the displacements were generally overestimated. The horizontal displacements in particular
were noted as exceeding the measured movements by up to 3 times.

A second set of non-linear analyses was then performed using the stiffness response for the
Oxford Clay reported from the same series of small strain triaxial tests, but derived from the
horizontally trimmed specimens. The small strain tests showed that specimens trimmed
horizontally were initially stiffer (in terms of the undrained Young's moduli) by 2 to 4 times,
and generally exhibited a more linear response than those trimmed vertically (see section 6.2.3).
These analyses showed that, although the horizontal displacements could now be more
accurately reproduced, the vertical displacements were significantly underestimated.

Thus, the inherent stiffness anisotropy of the Oxford Clay appeared to be having an important
influence on the actual ground response due to excavation. A non-linear anisotropic model had
not been incorporated into CRISP at that time, and further analyses were therefore perfonned
with the available linear anisotropic elastic model. Although further analyses were limited by
the suspension of the site investigation, a linear elastic anisotropic analysis, using secant
stiffness values derived at 0.1% axial strain, representing a ratio of horizontal to vertical
Young's moduli of 3, produced a displacement profile which was apparently much more in
accord with the instrumentation results.

Although it would have been possible to optimise the linear cross-anisotropic elastic input
parameters in the style of Cole and Burland (1972), the next logical step in the modelling
process was to combine the effects of the anisotropy with the observed stiffness non-linearity.

Analyses were performed both with and without the plastic yield criterion and little difference
between the results was found. It was also concluded that incorporating the effects of plasticity
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had a relatively minor influence on the model performance. However, the role of plastic strains
within the assumed yield surface could not be evaluated.

The following sections describe the work carried out as part of the present research in applying
the model described in Chapter 7, in which both cross-anisotropy and stiffness non-linearity
were incorporated within the framework of elasticity, to the Elstow excavation.

8.3 Mesh geometry

Numerous mesh configurations were tried until the final mesh design, shown in Figure 8.1, was
chosen. It was decided that the soil profile was sufficiently horizontally uniform for the
excavation to be treated as symmetric about the centreline, allowing only half the excavation to
be modelled. It was further decided that the analyses could assume plane strain conditions,
although such behaviour could only be confirmed once the instrumentation data had been
examined.

It was anticipated that the measurable ground response would be concentrated to a large extent
within the Oxford Clay strata to a horizontal distance of about three times the excavation depth.
It was important, however, that the outer boundaries would have no influence upon the
excavation response. The finite element grid extended horizontally 50m from the excavation
centreline, to the most remote instrument location, and vertically to 30m to include the
Blisworth limestone strata.

The final mesh configuration was relatively substantial, with 1232 grid nodes detailing a total
of 1705 finite elements. The elements comprised 1084 linear strain triangles (3 vertices; 7
integration points) and 621 linear strain quadrilaterals (4 vertices; 9 integration points),
resulting in a total of 13177 integration points. The stresses and strains within such elements
vary linearly. It was not envisaged that a consolidation analysis would be necessary and the
additional degrees of freedom that would have been needed were not incorporated.

The mesh was designed to simplify the subsequent analysis procedures. Element boundaries
were aligned to coincide with the instrumentation locations, the geological boundaries, and
excavation stages. During its construction, the excavation progressed in an even manner (see
section 3.5.1). Detailed site records were kept and this allowed the excavation process to be
modelled reasonably accurately. There were pauses in the excavation procedure at 3m, 5m and
7.5m before the final excavation depth of lOm was attained. These levels were included in the
mesh geometry; the mesh was further subdivided to provide 20 layers of elements which could
be removed during the analysis. Further discretisation was naturally based on providing more
elements (integration points) where the largest changes in the ground stresses and strains were
expected. It was found that it was the requirement of a smoothly varying pore water pressure

response rather than a smoothly varying displacement response which governed the number of
elements required in the analysis. Because it was the time required for thorough analysis of the
results, rather than the actual computing time required to run an analysis, which was the
limiting resource factor, a large number of elements, ensuring a precise solution was employed.

The fmite element mesh was created using the mesh generation package FEMGEN (Femsys,
1992), and the complete CRISP geometry and main program input files were created using a
computer program written during the current research.
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8.4 Material properties

The material properties of the soil strata were known at two contrasting levels of confidence.

For the Oxford Clay, the stiffness response was known to a high degree of accuracy, from very
small strains up to failure strains. The information on the lower strata was far more limited.

The Oxford Clay was modelled by the non-linear cross-anisotropic elastic model described in
the previous chapter. The input parameters for this model were derived from the experimental
programme described in Chapter 6. As described in section 7.5, the input for the model consists
of two, complementary, non-linear stiffness relations, for increasing and decreasing stress
levels respectively, for each of the four stiffness parameters in the constitutive relation of
equation 7.11. In the experimental programme, a certain degree of redundancy was
incorporated and allowed an average stiffness response to be formulated for the stress path
loading directions shown in Figure 7.4. From the initial stress point, the stiffness response was
investigated for constant p' stress paths, for both increasing q and decreasing q, and constant q
stress paths for increasing p'. The constant q, decreasing p' stress path direction was not
investigated in the experimental programme. If the holding period at constant stress did not
affect the stress-strain behaviour, a relatively low stiffness from the end of the constant q,
decreasing p' path approaching the assumed initial stress state could be used. However, the
influence of the holding period was found to be comparable with that of the change in stress
path direction and it was decided to use the same stiffness as for the constant q, increasing p'
stress path to represent this threshold effect.

The stiffness relations for each loading direction used for the Oxford Clay are shown in Figure
8.6. Equations were fitted to plots of stiffness against the incremental strain energy and it was
found that 3rd or 4th order polynomials fitted on a log scale were flexible enough to describe
the variation adequately. Subsequently, a more flexible definition was found (equation 5.14 in
section 5.6.2), but this was not used for the excavation predictions. Although the
implementation of the model could have incorporated a stiffness variation dependent on the
effective mean normal stress (e.g. equation 2.28), the experimental results were not thought to
justify a specific normalisation procedure and consequently this feature was not incorporated
into the analysis.

The effect of weathering on the stiffness response of the upper layers could not be adequately
investigated and the same stiffnesses were adopted for the weathered and unweathered material.

Very little information was available at the time of the site investigation regarding the stiffness
response of the soil strata below the Oxford Clay and no additional information could be
obtained experimentally during the current research programme. It was thought that beneath the
Oxford Clay the soil would generally experience small and very small strain levels and it was
therefore expected that the response of the Kellaways strata (and those below) would be more
reasonably described by data from in situ dynamic testing (Figure 3.10) rather than from
conventional triaxial testing. It was recognised, however, that there was a large degree of

uncertainty about the stiffness of these strata and, consequently, the stiffness was investigated
parametrically to determine the influence on the overall excavation response.

The stiffness parameters used for the lower soil layers are shown in Table 8.1. This table
includes the range of values used in the parametric study (see section 8.10). Linear cross-
anisotropic stiffness moduli have been derived by assuming values for a 2 and v of 3 and 0.25
respectively. Taking the derived in situ shear modulus as representative of the shear stiffness
response in the vertical plane (vertical particle motion with horizontal propagation, see section
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2.6.4), the four additional cross-anisotropic elastic parameters were derived using the relations
described in section 7.4.

The material properties required in addition to the stiffness properties are the bulk unit weight
of the soil (given in Table 8.2) and the bulk modulus of water (discussed in section 8.7).

Strata
	 G I G I vs i&i E 5 I E	 E,,' I V I V hI'' 1K'

MPa MPa MPa	 MPa MPa

94 281 94	 113 102
3 207 620 207 0.25 0.14 248 224

328 983 328	 393 355

72 217 72	 87 78
3 204 613 204 0.25 0.14 245 222

501 1503 501	 601 543

572 1715 572	 686 619
3 2589 7768 2589 0.25 0.14 3107 2806

6664 19992 6664	 7997 7223

204 613 204	 245 222
3 501 1503 501 0.25 0.14 601 543

572 1715 572	 686 619

Table 8.1 - Cross-anisotropic elastic model parameters used to define soil strata below
level of Oxford Clay

8.5 Initial stress state

For elastic analyses, such as those described here, it is changes in stress rather than the absolute
stress levels that govern the soil behaviour. However, for an excavation analysis, elements are
removed from the initial mesh during the analysis and the stresses within these elements are
applied as loads to the new mesh boundary. The in situ stresses are, therefore, directly relevant
to the analysis. The vertical stresses may be determined relatively accurately given a knowledge
of the bulk unit weight of the soil strata and the initial pore water pressure regime. Determining
the horizontal stress regime, however, is more problematic. In the previous numerical analyses
(see section 8.2) a typical range for K between 1.8 and 2.4 was used since the pressuremeter

testing was apparently unsuccessful and produced K values that revealed no trend with depth

and which varied between 1 and 15. For the current research the pressuremeter test data has
been re-examined as described in section 3.4.3 and, using an average response from each arm in
a test, a vague trend with depth was evident (Figure 3.11). The corresponding K predicted in

this case was greater than that associated with passive failure and may be indicative of the
problems associated with applying the pressuremeter testing system to stiff soils.

The value of K was assumed to be constant with depth at 2.25, corresponding to 	 = 22.60

and representing an average of the previously assumed values. This was considered a

reasonable value for such material and represented an average representation of that. In view of
the uncertainty surrounding Kvalues as shown in Figure 3.12 and discussed in section 3.4.3, it

was decided to conduct a parametric study with a much wider range of K (from 1 to 5) than

used in the previous analyses (see section 8.10).

The initial pore water pressure regime was clearly defmed by the piezometer clusters and was
presented in Figure 4.35. This suggested a water table at 29.6mAOD, 0.9m below the ground
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surface. The pressure distribution was assumed to be hydrostatic, although the actual pressure
in the Kellaways and Combrash strata was apparently sub-hydrostatic. It was assumed that this
would have a relatively minor influence on the excavation behaviour. The pore water pressure
conditions in the upper 0.9m of the head material, whether suction was maintained or lost, were
shown to have a minor effect in initial analyses.

The parameters governing the initial stress states are given in Table 8.2.

Depth
(m)

1
3
14
18
20

23.5

24.5

Strata

Head
Weathered Oxford Clay

Oxford Clay
Kellaways Sand
Kellaways Clay

Cornbrash
Blisworth

Bulk density	 K

Mm. I Avg. I
(kNIm3)

	17.80
	

1.0 2.25

	

18.53	 1.0 2.25

	

17.55
	

1.0 2.25

	19.50	 1.0 2.25

	

19.50
	

1.0 2.25

	

19.50
	

1.0 2.25

	

19.50
	

2.25

5.0

5.0

5.0

5.0

5.0

5.0

Table 8.2 - Modelling parameters governing the initial stress state

8.6 Simulation of excavation

The simulation of the excavation process in a finite element analysis would ideally be done by
using a mesh consisting of many small elements so that as elements are 'removed' the implied
loading to the remaining mesh is small, allowing an incremental non-linear analysis to be
sufficiently precise. However, the use of a large number of, possibly thin, elements could lead
to excessive solution times, or to numerical problems associated with finite elements of large
aspect ratio. CRISP partially circumvents these problems by allowing the effect of element
removal to be spread over a number of increments (Britto and Gunn, 1987). In CRISP, the
process of element removal involves the immediate reduction of the element stiffness to zero
followed by the application of the implied change of loading which is distributed over the, user-
specified, number of subsequent increments. The nodal loads, F, equivalent to the removal of
elements are calculated from equation 8.4.

F = Lj3 Ta d(Vol) - 5NTW d(Vol) - 5NTr d(Area)

	

/

	
(8.4)

	

Boundary	 Self-weight	 Nodal loads equivalent
forces	 loads	 to element edge

pressure loading

The Elstow excavation was simulated with 20 layers of 0.5m thick elements representing the
lOm excavated depth. A study was carried out to determine the influence of the rate of removal
of these elements on the overall modelled ground response and this is discussed in section 8.10.

8.7 Simulation of drainage conditions

As for the previous analyses, the Oxford Clay was assumed to be undrained. This was justified
from the relatively low values of in situ permeability recorded (6x10'° mis, Table 3.3). The
Kellaways Sand and the lower limestone strata were assumed to be fully drained since much
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higher values of in situ permeability were recorded for these strata. The influence of the degree
of drainage allowed in the Kellaways Sand was assessed parametrically and is discussed in
section 8.10.

In CRISP an undrained analysis is modelled by incorporating a suitable value for the water bulk
stiffness into the normal stress and strain terms of the D matrix. The bulk stiffness of water is
approximately 2x106 kPa which may be specified directly in CRISP. For a non-linear analysis,
however, where the soil stiffness is possibly changing over an order of magnitude, it is
advantageous to specify the water bulk stiffness as a multiple of the soil bulk stiffness. This
prevents numerical problems associated with performing calculations with large relative
differences in stiffness. This is described by equation 8.5 in which n is a constant value, usually
set between 50 and 500.

K = nK'	 ...................................................................................................................(8.5)

The required value n within this range is unknown but a value must be chosen that gives a
reasonable approximation to undrained behaviour. The required change in pore water pressure
is unknown but the change in volumetric strain is known and should be as close to zero as
possible. As the bulk modulus of the water phase is increased to ensure undrained conditions,
the possibility of numerically ill-conditioned equations increases. The volumetric strain
occurring for a centreline element at the base of the excavation is shown in Figure 8.2 for a
range of values for n. This figure represents an analysis in which the effect of lOm excavation
in Oxford Clay is spread over 100 increments. To maintain the maximum volumetric strain
below a nominal 0.001% strain, a bulk modulus of 500 times that of the soil skeleton was
required. For a given constitutive model, undrained analyses should be carried out for a range
of water stiffness values to determine the sensitivity of the results to the value selected and to
determine when numerical instabilities start to occur. The results of such analyses are presented

0	 10	 20	 30	 40	 50	 60	 70	 80	 90	 100

Increment number

Figure 8.2 - Effect of varying bulk stiffness of water on the volumetric strain at the
excavation base in a typical CRISP analysis
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in section 8.10.

In the present non-linear analyses, it was not always possible to obtain a smoothly varying pore
pressure regime. In such cases attempts were made to reduce the bulk modulus of the water
phase, and to significantly increase the number of elements close to the loaded boundaries.
There was still some oscillation, or unreasonable variation from integration point to integration
point within elements, and this is indicative of numerical problems in the solution. It was found
that calculating the average of the integration point values within an element, and taking the
average value to apply at the element centroid, provided a smoothly varying pore water pressure
field. The program was therefore modified so that the average element pore water pressure was
sent as an additional output parameter to a separate computer file.

8.8 Influence of the stress path direction

Incorporated into the model implementation, described in Chapter 7, is the ability to interrogate
the current stress path direction for each element and also to determine whether there has been
a change in the stress path direction from the previous load increment (see section 7.5.3). At the
start of an analysis a directionally dependent stiffness response is attached to each soil element
depending on the loading direction incurred in the first loading increment. If a stress path
reversal subsequently takes place, a different response is substituted. A change in the stress
path direction is identified by comparing the stress path direction for each element in the two
most recent load increments. In the excavation analyses, a reversal was deemed to have taken
place if there had been a reversal in the direction of the change in deviator stress defined in
triaxial stress space. A change from quadrant 'B' to quadrant 'A', for example, in Figure 7.4,
does not constitute a load reversal. This approach was adopted to ensure a solution always
existed for the constitutive relations as discussed in section 7.5.3. For the undrained analyses
considered here the change in effective mean normal stress is constrained by the degree of
anisotropy. Under these conditions, a load reversal definition based on the deviatoric stress
increment direction is sufficient.

The effect of excavation on the deviatoric stress response is shown for a particular analysis in
Figure 8.3 which shows the stress state after excavation has proceeded in steps down to the
berm at 3m depth. It is seen that beyond the excavation crest and beneath the centre of the
excavation, the soil is not expected to undergo any changes in the loading direction. Beneath
the sides of the excavation, however, as layers are progressively removed, soil elements do
undergo a change in the direction of loading. The actual stress path response for 6 elements at
key points around the excavation is shown for a non-linear cross-anisotropic analysis in Figure
8.4. This analysis consisted of 100 load increments, each 0.5m thick layer of elements being
removed in the course of 5 increments. All the stress paths have a consistently negative slope
which is indicative of a cross-anisotropic response for soil that is stiffer horizontally than
vertically (see section 6.2.2). At the base of the excavation, element 532 experiences a
continual fall in deviator stress. Just beyond the excavation crest and remote from the
excavation, elements 370 and 406 respectively experience a continual increase in deviator
stress as the excavation progresses. At the excavation sides however, first element 931, and
then element 700, are subject to a change in the loading direction as the excavation passes their
respective elevations.

The model assigns stiffnesses as shown in Figure 8.5. In (a) the change in q associated with the
elements highlighted in Figure 8.4 is shown for each load increment within the analysis, and the
associated stiffness response is shown in (b). In the first increment of the analysis, every
element is arbitrarily assumed to be unloading and the analysis adopts the stiffness curve
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associated with this condition. After the first increment, however, the true stress path direction
is known and the analysis continues with the elements outside the excavation plan area (370,

406) experiencing increasing q and the remaining elements experiencing decreasing q. The

stiffness of elements 370 and 406 is reset at zero incremental strain energy. As excavation
progresses the strain energy level increases and the soil stiffness corresponding falls. At

increments 31, 70 and 84, elements 991, 700 and 673 respectively are subject to a change in the

stress path direction from unloading to loading and the stiffness is reset in a similar manner to

that of elements 370 and 406.

The initial assumption that evely element is unloading has a negligible effect on the remaining

analysis as long as the change in load in the first increment is small. An alternative approach
would have been to carry out the first loading increment twice. The first time the loading
direction for each element would be stored and subsequently used to determine the stiffness

response during the second run of the analysis.
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Figure 83- The effect on the deviatoric stress experienced in different regions
surrounding the excavation as the excavation level progresses.
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(b)

Figure 83- Deviatoric stiffness response dependent on the stress path direction during
the process of excavation
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8.9 Methodology in the Elstow finite element analyses

8.9.1 Introduction

The methodology used in the analyses presented here was based on acceptance of the
conclusion of the numerical analyses performed at the time of the excavation, namely that both
anisotropy and non-linearity featured prominently in controlling the ground response. It was
important, however, to provide a single best prediction of the excavation behaviour before the
instrumentation data had been analysed and the actual ground behaviour following excavation
had been determined. Genuine prediction provides the most realistic test for any modelling
procedure. Thus, a single analysis will be presented as the prediction of the excavation
response. This analysis incorporated a soil model for the Oxford Clay with a stress path
dependent, cross-anisotropic, and non-linear stiffness response which was based on the
experimental (laboratory) data. Additionally this analysis incorporated the best estimate of the
material parameters and drainage characteristics for the remaining soil strata. It was hoped that
parametric analyses to define the error bounds of this prediction would be available
concurrently but time restraints meant that these were carried out following the initial
comparison of the numerical prediction and the instrumentation data. This is unfortunate but
does not detract from the validity of the original prediction.

All analyses subsequent to the interpretation of the instrumentation data must be considered
part of the back analysis. A back analysis of field behaviour usually involves the manipulation
of a particular constitutive model's input parameters to improve the representation of the field
behaviour.

The behaviour of the cross-anisotropic elastic model described in the previous chapter is
essentially governed by the eight non-linear stiffness relations required to describe the response
in each quadrant of q-p' stress space. A complete back analysis would therefore consist of the
integrated and simultaneous manipulation of the non-linearity in each equation. Such an
analysis would be very involved, and not necessarily useful, since a number of combinations
could perhaps provide an adequate fit to the data without being physically reasonable.

For the present work, the back analysis consisted of varying combinations of parameters for
which a physical justification could be provided. For the non-linear model this approach
resulted in assuming that the stress-strain responses from either or both of the constant p' and
constant q stress path directions were in error due to the testing method being either inadequate
or inappropriate or due to the soil specimen being disturbed. In these parametric analyses, the
non-linear stiffness relations were modified by scaling each stiffness value by the same
constant factor at each value of incremental strain energy.

8.9.2 Description of analyses carried out

The first analyses carried out on the excavation were linear isotropic elastic analyses designed
to check the finite element mesh and to assess the modifications made to CRIsP. These analyses
determined the size of the required mesh, and the number and type of fmite elements used.

Following the linear analyses and the final detailing of the geometry of the problem, a
prediction of the excavation behaviour was carried out. This could be considered a genuine
prediction since the instrumentation data from the excavation had not been analysed. In the
prediction:
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• the Oxford Clay, weathered Oxford Clay and head material were modelling using Model
O.C., the non-linear cross-anisotropic elastic model implementation. The stiffness
parameters were defined with respect to incremental strain energy, were dependent on the
current stress path direction, and were sensitive to reversals in the direction of loading as
shown in Figure 8.6. All strata beneath the Oxford Clay were modelled as linear cross-
anisotropic elastic using the average in situ derived stiffness parameters given in Table 8.1.

• the Oxford Clay, Kellaways Clay and Blisworth strata were modelled as undrained, and the
Kellaways Sand and Combrash strata as drained (using n=500 and n=0 respectively in
equation 8.5).

• the excavation process was simulated through the removal of elements incrementally in 20,
0.5m deep layers. The non-linear analysis was carried out over 100 load increments with the

Strain energy, U (U/rn3)

Figure 8.6 - Non-linear anisotropic elastic model input stiffness parameters
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effect of each 0.5m excavation layer removal being spread out over 5 increments.

• the in situ stress state was defined based on: a water table O.9m depth; a hydrostatic pressure
distribution; a total vertical stress distribution from the bulk densities given in Table 8.2; a
horizontal effective stress distribution using the average K in Table 8.2.

The sensitivity of this model prediction to assumptions regarding J' was then investigated. The
principal simplification of the experimental results was the implementation of cross-anisotropy
into an elastic model by combining the two coupling stiffness parameters, J and J, into the

single parameter J'. The first stage of the sensitivity analysis therefore consisted of varying the
factor/i in equation 7.40 globally over the range 0 to 1 (in each element this factor is more

usually determined from the current stress path direction as shown in Figure 7.6). Additionally,
the cross-anisotropic aspect of the model was removed by setting J' to a suitable high
value (lx 1020 MPa). The off-diagonal coupling stiffness terms in equation 7.12 were then

effectively zero, making the soil response isotropic.

At this stage, the modelling process was halted and the analysis of the instrumentation data
presented in Chapter 4 was carried out.

Subsequently, analyses were carried out to investigate the sensitivity of the prediction to stress
path direction dependent stiffness. This required carrying out the following additional analyses:

• all stiffness parameters determined from the stress path in the experimental programme for
increasing q ('compression' in Figure 7.4).

• all stiffness parameters determined from the stress paths in the experimental programme for
decreasing q ('extension' in Figure 7.4).

Once the sensitivity of the model O.C. implementation had been investigated, other
uncertainties could be investigated. This involved varying:

• the degree of drainage in the underlying sand and limestone strata, assuming that the
Kellaways Sand and Cornbrash strata, although laterally extensive, were confined by the
adjacent clay layers and consequently partially drained. Analyses were carried out by setting
the factor n in equation 8.5 to 0, 5, 50, and 500.

• the value of K in the Oxford Clay.

• the degree of anisotropy in the Oxford Clay.

• the linear elastic stiffnesses of the lower strata.

• the effect of the number of increments.

• the influence of the modelling of the construction process.
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8.10 Results of numerical analyses of Elstow excavation

The prediction of the ground response to excavation, carried out without knowledge of the
actual behaviour, has been plotted at the location of the field instruments. A coding of the
genuine prediction and a number of variants of this analysis are shown in Table 8.3.

Analysis I Description

AOl The genuine prediction - a non-linear cross-anisotropic analysis incorporating a
stress path dependent stiffness and responding to reversals in the stress path
direction

A04
	

As AOl, but with 13 = O;J' =

A05
	

As AOl, but with 13 = O.5;J' = average of coupling stiffnesses

A06
	

As AOl, but with

A07
	

As AOl, but isotropic

Table 8.3 - Description of excavation analyses

The instrumentation data for both horizontal and vertical movements are presented as the
collection of data taken from time Ito time S and covering the period following the completion
of excavation to the end of the monitoring period. Due to the variability of the some of the
responses (as discussed in section 4.2.2) it is helpful to view a range of data.

A vector displacement plot of the genuine prediction compared with the displacements at the
combined inclinometer I extensometer instrument locations is shown in Figure 8.7.

For vertical displacements, groups of extensometers were located within the Oxford Clay at
depths of 1.5m, 4.5m, 8m, urn, 12.5m, and 14m below the ground surface (see section 3.6 and
section 4.2.2). The measured ground response is compared with the cross-anisotropic and

isotropic responses of Model O.C. in Figure 8.8 to Figure 8.13. The analyses A04, A05 and
A06 are not included in these figures for clarity.

Beyond the excavation crest, the magnitude of settlement was generally underpredicted. This
was particularly noticeable at shallow depths as shown in Figure 8.8, in which the settlement
was underestimated by as much as 10mm, and in Figure 8.9. Similarly, the heave recorded
within the plan area of the excavation was generally greater than that predicted and in some
cases significantly so. The comparison was particularly poor at the base of the excavation. For
example, at 11 m depth, a heave of 22mm compares with a prediction of 7mm. At the base of
the Oxford Clay (14m depth), however, the model prediction and the instrumentation data agree
reasonably well. This perhaps suggests that the inability to correctly predict the vertical
displacements lies mainly with the modelling of the Oxford Clay. Contrasting the isotropic and
anisotropic model predictions, the main differences were seen adjacent to the excavation sides
where horizontal stress changes had a dominating influence. This resulted in a deeper
settlement trough for the isotropic prediction (see again Figure 8.8), although a convergence of

the responses was evident at the excavation base and away from the excavation where stress
changes were more one-dimensional.

The record of horizontal displacement was obtained from inclinometers located at section F
(x=O); sections G and H (x=±4.5m); section I and J (x=±12.5m); sections K and L (x=±19m);
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sections M and N (x=±23.5m); sections 0 and P (x=±34m); sections Q and R (x=±49m). (The
section locations are shown in Figure 4.1 and the displacements at these locations are discussed
in section 4.2.2). This ground response is compared with the cross-anisotropic and isotropic
predictions of Model O.C. in Figure 8.14 to Figure 8.25. For sections F, Q, and R, the predicted
horizontal displacement is zero which is a necessary consequence of the defined boundary
conditions (Figure 8.14; Figure 8.24; Figure 8.25). The instrumentation data shown in these
figures are the same as the average inclinometer profiles plotted in Chapter 4 to which
reference may be made. The section G response has not been included since no instrumentation
data were available at this location following completion of the excavation.

For horizontal displacements, the influence of incorporating cross-anisotropy was far more
marked than for vertical displacements and also considerably improved the ability of the model
to match the instrumentation data. Figure 8.14 shows the degree of scatter at the excavation
centreline which must be accepted at all other measurement locations, being attributable
principally to the inaccuracy of the inclinometers. This scatter was generally ±1-2mm with
greater variance in the upper 1-2m of the instrument as discussed in section 4.2.2. The form of
the predicted response was typically the same as that shown in Figure 8.15: very small
displacements below the Kellaways strata, increasing but still small displacements within the
Kellaways strata, and much larger displacements in the Oxford Clay. The comparison with the
instrumentation data at this location was relatively poor, although it improved when the
anisotropic response was incorporated. This mismatch can justifiably be attributed to the lack
of good quality data available for this instrument section. At sections I and J, in Figure 8.16 and
Figure 8.17 respectively, both the quality of the prediction and the importance of incorporating
anisotropy was clear. Similar conclusions may be drawn from sections K and L in Figure 8.18
Figure 8.19 respectively. Since it is the modelling of the Oxford Clay strata with which this
work is principally concerned, it is possibly justified to translate the displacement response
calculated for the Oxford Clay (to match the horizontal displacement at the base of the strata).
This improves the comparison at section 0 in Figure 8.22. However, the quality of the data at
these more remote single instrument sections is poor.

The influence of the choice of coupling stiffness within the range defined by the experimental
programme is shown in terms of horizontal and vertical displacements in Figure 8.26 and
Figure 8.27 respectively. In Figure 8.26, and in similar style figures to follow, the horizontal
displacement profile is presented, for each instrument section not on the mesh boundary, on an
offset horizontal scale. In Figure 8.27, and in similar style figures to follow, the parametric
influence on the vertical displacement response is shown for each of the vertical levels where
suitable extensometer data were available for comparison. It is seen that, for the prediction of
the excavation behaviour (analysis AOl), the stress path direction dependent /3 factor resulted in

displacements near the upper bound of the range (/3 = 1). This is as expected since the /3= 1

response is attributable to the constant p' stress path response in which the coupling stiffness is
defined by J. The undrained stress paths in the Oxford Clay are defined and restricted by the

imposed requirement of constant volume deformation. The stress paths (see for example Figure
8.4) are inclined to the left of vertical due to the anisotropic nature of the response but are still
reasonably near vertical and therefore result in a /3 factor relatively close to 1.0.

The corresponding prediction of the change in pore water pressure for the above analyses is
shown in Figure 8.28 in which the change in pore water pressure first presented in section 4.2.4
is shown at the limited locations where data were available: at the base of the excavation, at the
toe of the excavation slope, and at the berm situated approximately halfway up the excavated

342



Chapter Eight: Numerical modelling of Elstow excavation

slope. No data concerning the pore water pressure are available beyond the excavation crest.
The numerical predictions and the piezometer data agree very poorly. The comparison is best in
(c) at the excavation berm, but the prediction still overestimated the change in pore water
pressure by a factor of 2. It is evident in these figures that varying the degree of coupling using
the fi factor has only a limited influence on the pore water pressure response. In order to show

that the choice of the bulk stiffness of water in these analyses was not having a significant
affect, further analyses were carried out in which the degree of drainage of the Oxford Clay
strata was increased (Figure 8.29), and in which the degree of drainage in the lower sand and
limestone strata was reduced (Figure 8.30). It is clear that even assuming near drained
conditions within the Oxford Clay, when n=5, the predicted pore pressure response within the
Oxford Clay still significantly exceeds that recorded by the instrumentation. The reduction of
drainage within the lower strata is, however, significant when contrasting this with the fully
drained response assumed in the excavation prediction analysis. It seems that choosing n to be
less than 5 for the Kellaways Sand and between 5 and 50 for the Cornbrash would reproduce
the recorded change in pore water pressure at these elevations. The effect of such an alteration
of the drainage characteristics on the deformation response is shown for these same analyses in
Figure 8.31. The influence was minimal, although greater for vertical displacements than for
horizontal displacements. The form and magnitude of the displacements varied little, even if the
more permeable strata below the Oxford Clay were considered to be undrained.

During the experimental programme, the anisotropic stiffness non-linearity was determined in a
manner that would pennit predictions to be made for element stress paths in any direction from
the in situ stress state (see section 5.3.2). Although the model implementation allocates the
stiffness defmitions dynamically as the excavation analysis proceeds, the effect of using a
single (fixed) set of parameters was investigated. Figure 8.32 shows horizontal and vertical
displacement contours, contrasting analyses in which the stiffness definition was dependent on
the stress path direction with analyses in which the stiffness characteristics were fixed.
Comparing (c) and (d) on this figure, the difference in applying the stiffness characteristics for
either increasing or decreasing q is clear. The horizontal and vertical displacements in (d) far
exceed those of (c) and compare very badly with the instrumentation data. It must be considered
unrealistic to apply the stiffness characteristic appropriate for the unloading at the excavation
base to the whole area of ground affected by the excavation. Comparing (a) and (c), the effect
of incorporating stress path dependent stiffness is evident in that, although the general form of
the displacement response was similar, the heave at the base of the excavation was 30-40%
greater when the lower stiffness associated with unloading is taken into account. The magnitude
of the horizontal deformation at the excavation sides also increased although this effect was
counter balanced by the increase in stiffness associated with the stress path reversals
experienced in this area.

The non-linearity in the material response is dealt with in CRISP through the incremental
tangent stiffness approach. The results are, therefore, generally dependent on the number of
increments over which an analyses is carried out and, for construction problems, on the rate and
method of element removal/addition.

The effect of the first of these variables is presented in Figure 8.33 and Figure 8.34. The
excavation prediction was carried out in 100 increments but here this is compared to 1, 2, 3, 4,
8, 20, 30, and 40 increment analyses. It is clear that even a 20 increment analysis is fairly close
to the final solution. For analyses carried out in fewer increments than this, the form of the
displacement response varied significantly, especially adjacent to the excavation where the
stress path direction dependent stiffness had a greater influence.
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The influence of the method of excavation is shown in Figure 8.35 and Figure 8.36. For a 100
increment analysis, the excavated elements were removed in 1, 2, 3, 4, and 8 layers, and the
results compared to the actual prediction in which 20 layers were used. In all these cases, the
change in stress was distributed evenly throughout the 100 increments, as described in section
8.6. These figures show that the method of modelling the excavation process had only a limited
effect on the resulting deformation response. Although small, the effect was greatest at the
sides of the excavation. This is as expected, since this was the region directly affected by the
increased stiffness due to reversals in the stress path direction.

The influence of the stiffness of the lower strata is shown for horizontal and vertical
displacements in Figure 8.37 and Figure 8.38 respectively. The actual prediction, using the
average values presented in Table 8.1, is compared with two analyses which use the upper and
lower bound of the stiffness values. The vertical displacement presented by the lower bound
values is perhaps closer to the actual instrumented response in terms of heave at the base of the
excavation, but the settlement beyond the excavated crest is not reproduced much better.
Additionally, the horizontal displacements clearly show that these lower bound values produce
excessive displacements below the Oxford Clay. The use of average values seems a reasonable
decision for the excavation prediction with, if anything, higher values were required to
reproduce the field response for lateral movement.

The effect of varying K in the Oxford Clay strata is shown for horizontal and vertical

displacements in Figure 8.39 and Figure 8.40 respectively. As expected, changing the value
of K has a much greater effect on the horizontal displacements than on the vertical

displacements. The excavation sides are the most significantly affected.

To determine the variation in the predicted displacements corresponding to scatter in the
experimental stiffness data, a series of analyses was carried out employing the range of data
retrieved. Since the scatter in the experimental data was greater at small strains, the scaling of
the stiffness data was biased towards this region (reducing exponentially to coincide with the
large strain stiffnesses which were not altered). A general ±25% variation in all the small strain
stiffnesses suggested a variation in the final excavation response of a maximum of ± 1mm for
the horizontal displacement (Figure 8.41) and ±0.5mm for the vertical displacement (Figure
8.42). This variation in displacement is neither very significant nor enough to explain the
discrepancies between the predicted and actual ground movements.
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(d)

Horizontal displacement
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(b)

(c)
	

(d)

Vertical displacement

Figure 8.31 - The effect of the degree of drainage in the underlying sand and limestone
layers on horizontal and vertical displacement following excavation when n=500 in

Oxford Clay and Kellaways Clay and n=O (b) n=1 (c) n=50 (d) n=500 in Kellaways Sand
and limestone strata
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(a)
	

(b)

(c)
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(a)
	

(b)

(c)
	

(d)
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Figure 8.32 - The effect of the initial stress path direction on non-linear anisotropic elastic
CRISP analyses of the excavation (a) stiffness characteristic applied dynamically dependent

on the current stress path direction at element centroid (b) stress path direction at individual
element integration points (c) stiffness characteristic associated with loading/compression

stress path (d) stiffness characteristic associated with unloading/extension stress path.
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8.11 Back analysis of instrument data

As described in section 8.9.1, the back analysis was limited to varying stiffness parameters in a
simple way associated with their method of determination. Consequently, this involved the
following exploratory computations (example plots are presented for the stiffness parameters
derived during increasing q or increasing p' stress paths although the conclusions are valid for

the other quadrants of q-p' space):

• The deviatonc stiffness, G', was scaled independently (Figure 8.43)

• The volumetric stiffness, K', was scaled independently (Figure 8.44)

• The combined coupling stiffness, I', was scaled independently (Figure 8.45)

• G' and J' (through J) were scaled simultaneously (Figure 8.46)

• K' and J' (through J,) were scaled simultaneously (Figure 8.47)

• Finally, all parameters were scaled equally and simultaneously (Figure 8.48)

In this sequence of figures (Figure 8.43 to Figure 8.48), the influence of varying the model
parameters is assessed in terms of the implied simplified cross-anisotropic
parameters (E, V. and a) in order to establish the likely effect on the model prediction. In each

case, the specified parameter is varied over a range of values from half that to twice that of the
original prediction. It should be noted that such scaling may produce physically unreasonable
responses within an elastic constitutive framework. A number of conclusions can be drawn
from these variational plots. When the deviatoric stiffness varied separately, E ,v', and a all

vary considerably, but when this variation is combined with a similar variation in the coupling
stiffness, a is practically constant. Similarly, when the volumetric stiffness and the coupling
stiffness are scaled together, a varies little. This demonstrates that the anisotropic nature of the

response is dependent on the ratio of the coupling stiffness to both K' and G'. This is shown in
Figure 8.48, when all input parameters are scaled together, resulting in no change in a, and in

Figure 8.45, when only J' is varied, in which a greater variation in a is recorded. The
anisotropic Poisson's ratio, v, varies considerably as one or two of the input parameters are
scaled, although is constant when the parameters K', G' and I' are scaled simultaneously in

Figure 8.48. The least variation in V 5 is seen when only J' is scaled (Figure 8.45) suggesting
that V5 is largely dependent on the ratio of K' to G'. The anisotropic Young's modulus, E, is
shown to be largely dependent on G', slightly affected by the variation in I', and affected very

little by variation in K'.
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Incremental strain energy, &U (U/rn3)

Figure 8.43 - Parametric influence of the deviatoric stiffness derived from constantp',
increasing q stress paths on the anisotropic elastic parameters
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Figure 8.44- Parametric influence of the volumetric derived from constant q, increasing p'
stress paths on the anisotropic elastic parameters
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Figure 8.45 - Parametric influence of the combined coupling stiffness on the anisotropic
elastic parameters
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Figure 8.46 - Parametric influence of the deviatoric stiffness and coupling stiffness derived
from constantp', increasing q stress paths on the anisotropic elastic parameters
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Figure 8.47 - Parametric influence of the volumetric stiffness and coupling stiffness derived
from constant q, increasingp' stress paths on the anisotropic elastic parameters
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Figure 8.48 - Parametric influence of simultaneously varying all the stiffness parameters
derived from the experimental programme on the anisotropic elastic parameters
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Following this study, an attempt was made to optimise the input parameters to the model to
produce a better general fit to the recorded excavation behaviour. Analyses were performed in
which the stiffness parameters derived for increasing p' and q (Figure 8.49 and Figure 8.50),
and those for decreasing p' and q (Figure 8.51 and Figure 8.52) were varied using a linear
scaling factor. Also, an analysis was performed in which all stiffness parameters were scaled
simultaneously (Figure 8.53 and Figure 8.54).

It is immediately clear from inspection of Figure 8.53 to Figure 8.52 that none of the above
combinations of parameter manipulation is able to produce the combination of relatively large
heave at the excavation base and settlement beyond the excavation crest. No individual cases
showed any overall improvement over the genuine prediction. For example, if all stiffness
parameters are reduced by 50%, a more realistic settlement at the excavation crest is calculated
but the overall the vertical displacement profile is less satisfactory. Furthermore, the horizontal
displacements are generally more than doubled within the Oxford Clay, which renders the
predicted horizontal displacement profile less realistic.

Optimisations were also attempted for linear elastic analyses using both isotropic and cross-
anisotropic stiffnesses. Figure 8.55 and Figure 8.56 show the horizontal and vertical
displacement respectively comparing a number of linear isotropic elastic analyses to the
genuine prediction, AOl. Figure 8.57 shows the corresponding pore water pressure response. A
range of G' was taken to cover the range encountered in the experimental programme, and
analyses are shown for G' =10,35, and 6OMPa. The resulting displacements vary considerably
between analyses although, interestingly, the G' = 35MPa analysis produces a response very
similar to the non-linear cross-anisotropic elastic analysis proposed as the genuine prediction. A
further analysis was carried out in which either a low (G' = 1OMPa) or a
high (G' = 6OMPa) stiffness was assigned to elements of Oxford Clay depending whether they
were 'unloading' or 'loading' respectively. The high stiffness value was assigned to elements
experiencing a reversal in the loading direction during excavation. This analysis, labelled
G' = 10/6OMPa,is also shown in Figure 8.55 and Figure 8.56 and also produces a similar
response to the genuine prediction, AOl. Figure 8.58 and Figure 8.59 show the horizontal and
vertical displacement respectively for a series of linear cross-anisotropic elastic analyses in
which G' = 1OMPa and a' =1 (isotropic), 2, or 3. A contour plot of this data is shown in
Figure 8.60. The most heavily cross-anisotropic analysis records displacements which are
similar to those of the genuine prediction. Clearly, there are a number of combinations of
parameters that can produce similar predictions for a variety of models. A similar conclusion
was reached by Ng and Lings (1995) who obtained suitable predictions of a retaining wall
problem using either a linear or a non-linear model. The key difference is that an appropriate
stiffness or degree of anisotropy for a linear analysis may only be found in retrospect, whereas
the non-linear stiffness variation may be obtained directly from suitable experimental data.
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Figure 8.60 - The effect of the anisotropy factor on linear elastic CRISP analyses of the
excavation, (a) a'=l, (b) a'=2, (c) a=3 showing horizontal displacement, and in (d), (e), (0

showing vertical displacement
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9. Conclusions

9.1 Introduction

This thesis has described the prediction of the ground response due to the construction of a
large, open and unsupported excavation in Oxford Clay. The lOm deep excavation was
instrumented and formed part of a full site investigation at Elstow, Hertfordshire, U.K.

The work has involved computer controlled triaxial stress path tests on high quality soil
specimens trimmed from block samples. These tests were designed to define the anisotropy and
the non-linearity of the stress-strain response. The use of local instrumentation and bender
element apparatus allowed the soil stiffness to be investigated from very small strains.

The stress-strain relationships defined in the experimental programme were used in a non-linear
cross-anisotropic elastic model based on the constitutive framework proposed by Graham and
Houlsby (1983). This model was implemented in the finite element computer program CRISP

and in the program SINGLECELL, which defined the unit element response. A prediction of the
ground response was then made without any prior knowledge of the instrumented excavation
response. Back analyses were then conducted in which the model parameters were varied
parametrically to investigate their effect on the predicted behaviour.

The Elstow site investigation has been described, particularly in relation to the trial excavation.
The instrumentation data have been analysed and presented in sufficient detail to allow
qualitative interpretation and quantitative comparison with numerical results.

In this section, the main conclusions drawn in the preceding chapters are collected together and
possible areas for future work are identified. 	 -

9.2 Excavation response

The Elstow site is situated on an outcrop of the stiff, heavily overconsolidated Lower Oxford
Clay. The Clay overlies the Kellaways strata of sand and clay and, in turn, the Cornbrash and
Blisworth limestones. Chapter 3 described the construction of the excavation that was carried

out at Elstow to provide information on the ground's response to stress relief. Although the
planned work was not completed, a large body of data was nevertheless obtained. Excavation
took place from March until May 1987, at which time the site investigation was cancelled. The
monitoring of the excavation continued, however, for a further 3 months. The Oxford Clay was
thought likely to be the stratum most affected by the excavation and investigations were
concentrated here. In particular, a study of the large and small scale ground structure was
carried out through detailed logging. Trial pits constructed for this purpose were taken as the
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excavation progressed and 5m long profiles of the excavation sides were logged. As part of the
sampling operation, several block samples were retrieved which were used in the current
experimental programme.

In Chapter 4, an analysis of the instrumentation data was presented, although the pore water
pressure response had been analysed previously. It was found that the degree of variation
between successive measurements of individual inclinometers made necessary an averaging of
data for instruments installed at equal distances from the excavation centreline. The average
response along these instrument section lines revealed clear trends in the behaviour. The in-
plane horizontal displacements were negligible along the centreline of the excavation, and away
from the centreline their development closely followed the excavation sequence. The maximum
displacement was recorded soon alter excavation was complete. The out-of-plane
measurements (although less accurate than the in-plane measurements) were generally small
and suggested that plane strain conditions existed for lOm on either side of the main
instrumented section. The extensometer data conformed to the expected behaviour with heave
developing at the base of the excavation, compensated by settlement beyond the excavation
crest. At the berm, two-thirds of the way up the excavation sides, heave was initially recorded
but later, as the excavation passed this level, settlement was recorded.

The inclinometer and extensometer readings were combined to calculate the magnitude of
volumetric strain throughout the excavation. Although the accuracy of the technique was
limited, it showed that there was volumetric expansion at the base of the excavation that was
perhaps balanced by volumetric compression beyond the excavation crest. The volumetric
expansion at the base of the excavation was thought to be due to the opening of fissures due to
stress relief. Such opening of fissures was recorded in this location during the site investigation.
It was also noticed that there was seepage into the excavation along pyritic bands and other
discontinuities intersected by the sides of the excavation. It was thought possible that such
seepage could have produced the slight volumetric compression recorded beyond the
excavation crest.

The pore water pressure response recorded by the piezometers suggested that all strata were
undrained during the monitoring period. Following an initial fall in piezometric level
(corresponding to the removal of vertical stress during excavation), the level remained at a
constant depressed value for the following 3 months. This was true for all piezometers in clay,
sand, and limestone strata. This implication of undrained conditions was at odds with the
response suggested by the displacement measurements.

The inclinometer, extensometer and piezometer data all suggested a symmetry to the ground
response about both major axis of the excavation.

9.3 Stress path testing

In section 6.2, previous undrained tests on specimens of Oxford Clay from the Elstow site were
re-analysed. This showed that the ratio of the undrained horizontal to vertical Young's modulus
was approximately 2 throughout the small strain range (although up to 4 for the smallest stress
changes). However, the undrained deviatoric stiffnesses derived in these tests could not be
directly related to drained deviatoric stiffnesses because of the anisotropic material response.
The degree of anisotropy, defined in terms of the parameter a (Graham and Houlsby, 1983),
was calculated from the initial direction of the undrained stress path defined in q-p' space. The
exact value varied with Poisson's ratio but the average value was approximately 3.
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The undrained deviatoric stiffness obtained from these tests was also plotted normalised with
respect to the initial effective mean normal stress. It was suggested that differences in the
sampling technique (either tube samples or block samples) produced the apparent lack of a
relationship. It could not be ascertained whether normalisation techniques were useful for

interpreting the undisturbed soil stiffness.

The stress path tests carried out during the current work were designed to determine the in situ

stress-strain response of Oxford Clay appropriate for predicting the ground response following

excavation. By applying a series of constant p' and constant q stress paths the deviatoric and

volumetric responses were investigated separately. This allowed not only the deviatoric and

volumetric stiffness to be separately assessed, but also the coupling between these responses,

described by the parameters J and J,. The stiffness parameters were defmed for stress path

probes with a similar recent stress history (i.e. the approach paths were each of the same length

and from the same direction, and the period of time at which the specimen was held at constant

stress at the end of this path was similar). It was thought that, at small strains, the stress-strain

response for any stress path direction could be predicted using the stiffnesses derived from the

adjacent constant p' and constant q stress paths. Provision for testing this hypothesis was made

by incorporating a diagonal stress path in two of the tests.

Since the supply of test material was limited, it was necessary to maximise the information that
could be obtained from each soil specimen. A multi-stage testing technique was developed
allowing all necessary stiffness parameters to be obtained from a single stress path test. This
involved performing cycles of constant p' and constant q type stress paths such that an initial
stress state (corresponding to a conservative estimate of the calculated in situ stress state) was
approached from the same direction before carrying out a stress path probe from which stiffness
parameters could be derived. A total of 9 stress path tests was carried out, although only 2 of
these (tests T03 and T06) were carried out as intended to completion.

It was found that the deviatoric stiffness at small strains was significantly different for stress
path probes in compression (increasing q) and those in extension (decreasing q). The effect of
changes in the direction of the stress path, however, was found to be minimal. This is in
contrast to data reported for reconstituted London Clay in which such a recent stress history
effect was evident (Atkinson and Stallebrass, 1992). The deviatoric stiffnesses recorded for
paths following a 900 or 1800 change in the stress path direction, or where the stress path
continued in the same direction, were similar at small strains, if there was sufficient period at
which the specimen was held at constant stress to allow the specimen's strain rate to fall to
insignificant values. It was possible to create a recent stress history effect if a very small
holding period was allowed between stress paths. It is suggested that for Oxford Clay (and
similarly heavily overconsolidated soils), where the stress changes imposed during laboratory
testing are insufficient to cause significant alterations to the soil structure, recent stress history
effects are mainly due to the residual strain rates in the soil following the previous stress path.
These effects are therefore highly dependent on the duration of the holding period at which the
specimen is held at constant stress before carrying out a subsequent stress path probe.

The influence of the residual strain rate in a test specimen was found to be significant in these
tests because the requirement of fully drained conditions necessitated very slow loading rates.
The creep rate of the soil was consequently relatively significant compared to the strain rates
attained during a stress path. It was found that it was generally not possible to achieve fully
drained conditions and therefore the constant p total stress paths resulted in slightly curved
effective stress paths. It was realised that, for 100mm diameter specimens of low permeability

394



Chapter Nine: Conclusions

clay, the limits of the testing procedure were being reached. Two opposing factors had to be
considered. Stress paths had to be carried out slowly enough to ensure adequate drainage and to
accurately define the effective stress path, but not so slowly that the residual strain rate within
the specimen significantly affected the stress-strain relation.

A system of bender elements was incorporated into the stress path apparatus allowing wave
propagation tests. This work, and other research, has shown that the traditional bender element
test with a square wave input is unsuitable for interpretation of the shear wave arrival. A
sequence of traces is preferred, in which the frequency of a sinusoidal input is varied. This
allows different aspects of the propagating wave to be identified and ensures a correct
identification of the shear wave arrival. The installation in each of two stress path cells
produced different characteristic traces. A near-field effect was evident in the traces from both
cells. Additionally, in one cell, a secondary wave component was identified which was at first
interpreted as the shear wave arrival. However, it was decided that the wave was travelling too
fast to be a shear wave and that it was out-of-phase with the transmitted signal. It was suggested
that this wave component was possibly the secondary compression wave described by Biot
(1956a), or the consequence of the inability of the transmitter bender element to accurately
follow the prescribed input function, or a further manifestation of the near-field effect.

The shear stiffness calculated from the shear wave travel velocity was approximately 50%

higher than the deviatoric stiffness recorded at the smallest resolvable strains in the stress path

tests. It was suggested that this difference could be attributable to the effect on wave

propagation of a strongly cross-anisotropic soil. It was shown that, within the constitutive

framework proposed by Graham and Houlsby (1983), the elastic shear stiffness recorded in

bender element tests (GM,) could be 50% higher than the deviatoric stiffness (G') recorded at

small strains under triaxial conditions.

A consistent variation of volumetric, deviatoric, or coupling stiffnesses with the initial effective
mean nonnal stress was not apparent from the small strain data. A stiffness dependent on the
effective mean normal stress is commonly assumed and has been demonstrated for many soils
(see section 2.4.2). However, it was considered that, on the basis of the current data, it was
unjustified to assume such a variation during the subsequent prediction of the ground response
to excavation. The small strain stiffness of the soil was consequently assumed to be constant
with depth within the Oxford Clay.

The Oxford Clay used for the stress path tests came from block samples taken during the
Elstow site investigation and carefully preserved, and from newly taken block samples from the
nearby Kempston Pit. The Kempston Pit block samples were taken from approximately the
same depth as those from the Elstow excavation, although it was realised that the shallow
regional dip may have resulted in the samples being taken from different geological sub-zones
within the Oxford Clay. The moisture contents of both samples were similar, although the
Kempston Pit samples were considerably easier to trim to obtain a triaxial specimen. During the
trimming process, the Elstow block samples seemed to dry out more quickly and their fissures
were more prominent than the Kempston pit samples. However, modelling of the excavation
behaviour was mainly dependent on the stress-strain relation, and this was shown to be similar
for soil taken from either location.

The relative magnitudes of the volumetric, deviatoric, and coupling stiffnesses indicate
fundamental attributes of the soil response. The two coupling stiffnesses were numerically
different at a given incremental strain energy level (serving as a generalised measure of
deformation). This suggested that over the small strain range recorded in the current tests, the
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specimen response was not elastic, and that a flow rule describing a plastic response must be
non-associated. However, the inner strain energy contours plotted around the initial stress point
of the stress path probes in tests T03 and T06 were of a shape and orientation similar to that
which would be expected for a cross-anisotropic elastic material. At larger values of strain
energy the contour shape reflected the development of plastic strains.

The failure states in extension of the stress path test specimens were within the bounds quoted

in the literature but covered a wide range of mobilised angles of friction from 25° to

approaching tension failure (test TOl). Tests T03 failed at a relatively high mobilised friction

angle of 400, and Test T02, which was carried out on a specimen trimmed from the same block

that as used for test TOl, and tests T04 and T06 failed with Ø = 28°-34°. The failures at

high stress ratio could also be explained assuming a degree of cohesion to the failure envelope.

A further explanation of the high mobilised angles of friction was that the mid-height pore

pressure probe did not accurately record the true specimen pore water pressure (perhaps due to

the influence of fissures, or to the proximity of the specimen's filter paper drains), and that

dilation produced unmeasured negative excess pore water pressures. Consequently, the

specimen's effective mean normal stress would have been greater than that measured, allowing

apparently higher frictional strengths to be achieved. Alternatively, the differences could have

been purely attributable to experimental variation since differences in specimen quality were

apparent during the trimming process. Interestingly, considering all stress path tests, although

there was considerable variation in the frictional strength, the magnitude and non-linearity of

stiffness at small strains were similar.

It was found that the stress path apparatus generally performed well. The load cell proved to be
the least reliable component of the apparatus causing several failures during the testing
programme. The limiting factor controlling the accuracy to which the stress-strain relation
could be defined was the stress control rather than the strain measurements and consequently,
the resolution of the stepper motors should be increase considerably. Alternatively, strain
controlled testing could be implemented (in which a specific stress path could be applied
through manipulating the cell pressure).

9.4 Non-linear anisotropic soil modelling

A cross-anisotropic non-linear elastic model has been implemented in CRISP. The formulation
of the model accords with Graham and Houlsby (1983) with non-linearity introduced through
the evaluation of incremental strain energy. Input parameters have been obtained for Oxford
Clay from the triaxial stress path tests for constant q and constant p' stress paths with increasing
and decreasing stress levels. It was shown that diagonal path response could be predicted very
well using this technique, and that the influence of the coupling of the deviatoric and
volumetric behaviour was significant. Although the validation checks were limited in scope,
they suggested that the model would be capable of simulating behaviour along more general
stress paths, as would occur around an excavation. This model, called Model OC, was applied
to the prediction of the ground movements and pore water pressures due to construction of the
Elstow excavation.

A genuine prediction was compared with the analysed excavation instrumentation data. The
horizontal displacement field was predicted successfully but, although the general form of the
vertical movements was predicted correctly, the magnitudes of the heave at the excavation base
and the settlement beyond the excavation crest were underpredicted by as much as 2 to 3 times.
On the other hand, the fall in pore water pressure following excavation was predicted to be
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much larger than that recorded. It was suggested that the deficiencies in this prediction were
related to the modelling of the Oxford Clay rather than to either the modelling of the lower
strata or to the method of modelling the excavation process (to which the final prediction was
relatively insensitive). The differences could not be accounted for by varying the model
parameters over the range encountered within the experimental programme. Furthermore, it was
not possible to manipulate the input parameters of the elastic model during the back analysis to
provide a more accurate fit to the data. It was possible to manipulate the parameters to obtain
better fits to particular aspects of the response, but the accuracy of the overall response reduced
in such analyses. It was found, however, that the results of the non-linear analysis could be
reproduced in an isotropic elastic analysis in which the shear stiffness was approximately half
that recorded at small strains, or if high and low stiffnesses were assigned to loading and
unloading regions respectively. The results could also be reproduced if the Oxford Clay were
modelled as a strongly cross-anisotropic linear elastic material with a relatively low shear

stiffness.

A significant feature of the back analysis and the parametric variation of the model parameters
was that incorporating anisotropy into the soil response was at least as important as including
the effects of stiffness non-linearity. A similar conclusion was reached by Simpson et a!. (1996)
for predicting settlements due to tunnelling in London Clay.

Although, the model was shown to perfonn well within the confines of triaxial stress space,
extending the application of the model to the more complex conditions of the Elstow
excavation was only partially successful. To account for the differences between the
instrumented excavation response and the range of the model predictions, the deficiencies in
the numerical modelling must be examined. An immediate criticism of the numerical modelling
is that, although it was based on an elastic constitutive model, the soil response can only be
considered elastic over a very limited strain range. This strain was certainly exceeded during
excavation. The inclusion of incrementally non-linear plastic deformation from small strains
may possibly improve the prediction.

The calculation of volumetric strains from the instrumentation displacement data suggested that
volumetric expansion was taking place at the base of the excavation, and, possibly,
corresponding volumetric compression was taking place beyond the excavation crest. Such
volumetric effects (attributed to the influence of structural features within the soil) were not
capable of being reproduced by the present model but may account for the major discrepancies
between predicted and actual movements.
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9.5 Further Work

9.5.1 Experimental

The influence of time related effects on stiffness parameters obtained in stress path tests
warrants further attention. This would include an investigation of both the holding period and
the effect of very slow loading rates on recorded stress-strain behaviour. For a heavily
overconsolidated clay in which the multi-stage testing techniques described in this thesis might
be applicable, a stress path similar to that shown in Figure 9.1 is suggested.

q

Figure 9.1 - Suggested multi-stage stress path test to investigate the influence of time on
soil stiffness

A heavily overconsolidated soil specimen would be consolidated from 0 to X before being
cycled through the series of stress paths from A-B-C-D at a constant loading rate. During each
cycle, the holding period would be the same at each point (A-D). In subsequent cycles this
holding period would be increased or decreased. The test could be continued until a degradation
in the specimen stiffness was noticed (this would be checked by repeating a previous cycle of
stress paths). The effect would be investigated for anticlockwise and clockwise stress path
cycles, and for compression and extension stress states.

The anisotropy of the shear stiffness implied by the bender element measurements for the
Oxford Clay requires further investigation. The relationship between the deviatoric stiffness
and the cross-anisotropic shear stiffnesses also requires clarification, perhaps by propagating
shear waves vertically, horizontally and obliquely through the specimen (for example, Bellotti
etal, 1996).

It was found that the bender element response was quite different in each of the two stress path
cells, although the testing procedures and the soil type were similar in each case. It is suggested
that this effect be investigated further, particularly the influence of the workmanship in the
bender element production and the effect of misalignment on wave propagation.

The resolution of the load control system in the stress path cells needs to be improved further to
match the greater resolution of the local strain measurements. The use of strain controlled
testing is suggested to eliminate load reversals during the initial stages of a test. The resolution
could be improved still further if a 16-bit AID converted were installed into the system.
However, this would only be suitable in a strain controlled test or in a stress controlled test with
an order of magnitude improvement in stress control.
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Further investigation of the Oxford Clay is required to investigate more fully the influence of
initial isotropic and anisotropic stress state on the stiffness of the natural soil. The stress-strain
response of the soil is presently ill-defined between the limits of the small strain
instrumentation and the dynamic measurements of the bender element apparatus. A general
improvement in the overall measurement accuracy will allow the relative magnitudes of the
deviatoric, volumetric, and coupling stiffnesses to be quantified at very small strains. Of
particular interest would be whether the magnitudes of the coupling stiffnesses coincided at
such strain levels as would be expected for an elastic material response (see Figure 9.2).
(Suitable testing material may be readily obtained from brick pits such as Kempston Pit with
permission from the London Brick Company.)

J' = J' ???	 Limit of local instrumentation data in
present experimental programme

Stiffness

7,Jqy

G'=f(G) ???

G'K'

Strain energy

Figure 9.2 - Qualitative possible stiffness response for very small to small strain range

9.5.2 Numerical

Model OC should be validated more extensively by investigating the remaining quadrants of q-
p' space that were not investigated in the work described here. This would require further
experimental investigations that included suitable diagonal stress paths. It is to be expected that
the model will be less effective in the zones closer to the failure surfaces and as plastic
straining increases.

The model would perhaps be of greater use in boundary value analyses if a normalised
formulation for the stress-strain relations could be derived and if a limiting plastic yield
condition was also incorporated.

Further 'predictions' of the Elstow excavation should be carried out using plasticity based
constitutive relations.
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Appendix A: Elstow excavation logging profiles

Appendix A — Elstow
excavation logging profiles

A

i'rotiie 2	 k'rottie I

Figure A.! - Location of logging profiles in relation to excavation plan

The logging profiles taken of the excavation sides during construction provide an essential
investigation of the structure and composition of the ground. The location of the five logging
profiles is shown in Figure A. 1 and their descriptions are presented below as follows: Profile 1
in Figure A.2 and Table A.!; Profile 3 in Figure A.3 and Table A.2; Profile 4 in Figure A.4 and
Table A.3; Profile 5 in Figure A.5 and Table A.4 (NB: Profile 2 not shown). The faces shown
for each profile are horizontally offset, and not aligned one above the other. Figure A.6 shows a
typical view of the unweathered Oxford Clay.

The main strata were numbered in sequence from ground level and a standard lettering scheme
was used:

• A - Made ground
• B-Topsoil
• C - Head deposits/subsoil
• D - Head deposits (granular)
• E - Head deposits (clay)
• F - Weathered Oxford Clay
• G - Slightly weathered Oxford Clay
• H-OxfordClay

Due to significant variation within the nature of these main strata the standardisation was not
carried through to the numbered sub-divisions. Therefore H7 on one profile does not carry
through to H7 on another profile.
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Appendix A: Elstow excavation logging profiles

Table A.! - Soil description for excavation logging profile 1
Disc tea

A	 Firm so stiff brown and black slightly sandy. alightly gravelly CLAY. anne roota and roodeta (MADE GROUND). Black due to ash content Fine to coarse ani
- to subrounded, predominantly lint, some sandstone, brick and clinker, gravel. Occasional brick cobbles.
C	 Finn brown mottled orange brows, slightly sandy slightly gravelly CLAY, anne roots arid models (SUBSOIL/HEAD DEPOSITS). Fine and medium occasion
- coarse angular to subsounded predominantly flint and some sandstone gravel
D	 Orange brown indistinctly thinly bedded often slightly clayey very sandy GRAVEL some models (READ DEPOSITS). Orange brown due to femiginous stair

Fine, medium and occasionally coarse angular to aubiounded occasionally rounded, predominantly flint, irene sandstone and occasional chalk gravel. Indistinct

Dl	 Approximately lOOm thick band of firm to stiff light grey, mottled brown, very sandy slightly gravelly CLAY with occasional models, Fine to medium angular to
- subrounded predominantly flint and some sandstone gravel.
D2	 Variable zone of firm to stiff light grey mottled orange brown very sandy slightly gravelly CLAY, with occasional models and light brown very clayey slightly
- gravelly SAND. Fine to medium, angular to subrounded predominantly flint and some sandstone graveL
B	 Finn light grey mottled light brows CLAY. occasional shells, numerous dessiccaiion cracks.

(HEAD DEPOSITS). Sheila scattered throughout Subverlical k, vertical closely spaced deasiccailon cracks, smooth to rough, irregular and planar gleyed up to
5mm occasionally 10mm, some roots, models and rootlet traces, At contact wiSh strata D. zone 50 to 150mm wide alightly gravelly. Fine medium occasionally

- coarse angular to rounded predtsninantly flint occasionally sandstone graveL
El	 With occasional, locally some, shear surfaces. Subhneizontal and inclined variably closely and medium spaced shear urafaces. smooth irregular and planar, slightly

polished, generally gleyed upto 2mm. occasionally ridged down dip. Individual extent 300 to 500mm. Orientation random apart from adjacent to D. surfaces often
-	 paiallel to the contact
E2	 With numerous lithorelicis. Lithorelicts generally upto 2x5mm, occasionally upto SxlOmm. random orientated. Lithcselicts light brown, surrounding material lighi

r	 nnn tecoming two to very sot!, rignt grey aria ogre nrown mouton lnaistincuy tniniy laminatea LLAI. wins numerous irtnoieiseta Decoming very closely tissured
with depth, slightly shelly and shelly. numerous selenile crystals, some dessiccasion cracks (weathered OXFORD CLAY). Centre of fissure blocks and litborelicts
light brown thinly laminated, margin light grey and deurtuctured. Selenite crystals upto 1mm concentrated tan fissures and margins of lithorelicts. Subvertical to

- vertical, closely to medium spaced dessiccation cracks, rough, irregular, planar, gleyed up to 5mm, some roots and rootlets, some selenite crystals and white coating.
Ft	 Firm light grey mottled light brown, with numerous lithorelicts slightly shelly. Lithorelicts light brown indistinctly thinly laminated at centre with light grey

destnsctused margins. Lithorelicts sine SxlOmm becoming lOx2Omm with depth, locally variable, horizontally elongated. Shells scattered throughout Closely to
- medium spaced dessiccatton cracks
F2	 Approximately 50mm thick band of orange brown mottled light grey, shelly. Orange brown colouration due to fesruginous staining. Germally shelly, occasionally no
- shells preserl
F3	 Firm to stiff extremely closely to very closely fissured, slightly shelly. Shells scatter throughout Dessiccstion cracks medium to closely spaced, gleying generally
- 2mm but occasionally opto 5mm.
F4	 Stiff, extremely closely to very closely fissured, shelly with some room and motlets. Extremely closely fissured becoming very closely flssrured with depth. Medium
- to closely spaced desiccation cracks. Shells distributed evenly throughout
r	 ,u-lrjsnm mono or stirs ugnt Drown mottled rigre grey, mrflstuncuy very closely tissureil, very smelly. Orange brown cotounng due to temigmous staining. Fissuring
- locally absent due to shellyness. Numerous selenite crystals up to 1mm. scattered throughout
F6	 Stiff to very stiff, light brown mottled light grey, very closely fissured slightly shelly, occasional desiccation cracks Subhorizontal to vertical generally very closely,

locally extremely closely spaced fissures, smooth and planar with numerous uelenite crystals, Shells evenly distributed. Widely spaced desiccation cracks with roos
- sndrootlettraces,gleyedupto2mmandwithwhitecoating.
F7	 Stiff to very stiff light brown mottled light grey very closely flsssured, uhelly. Light grey at margins of fissure blocks. Subhorizontal to vertical generally very closely,

locally extremely closely fissured, smooth planar and irregular. Flssurea indistinct due to uhellyness. Selenite crystals restricted to fissures, some to numerous. Shells
- evenly distributed throughout Desiccation cracks widely spaced.
Fl	 Stiff to very stiff brown very closely to closely fissured, some selenite, desiccation cracks absent Subhorizontal to vertical very closely to closely spaced fissures
- rough irregular, planar, fissures very indistinct due to shellytarss.

G	 Very stiff, grey and brown mottled thinly laminated clay, very locally extremely locally fissured CLAY. shelly, selenite absent (slightly weathered OXFORD CLAY).
Grey at centre of fissure blocks, brown at margins. Mainly brown at top of stratum, mainly grey at base. Subhoeizonral to vertical very locally extremely closely

- spaced fissures, smooth irregular sad planar. Locally indistinct due to shellysess. Shells scatter throughout.
H	 Very stiff green grey, thinly laminated, closely to very closely fissured CLAY, with occasiosal shells (OXFORD CLAY). Fissures generally closely to very closely

spaced locally closely spaced and locally very to extremely closely spaced. Fissure blocks elongated horizontally in ratio of 2 oc 3:1. Horizontal bedding fissures
smooth and planar, occasionally stepped. Occasionally subhorizontal, generally inclined to subvestical fissures, smooth, occasionally slightly rough, generally slightly
curved and curved, often stepped, occssrotrally planar. Subveilical to vertical fissures smooth and planar occasionally slightly curved and occasionally slopped.

- Prominent subvertical to vertical fissures generally smooth and planar and sapped, with locally up to 5mm comminuted clay. Shells scattered throughout
Hi	 Grey, very to extremely closely fissured, shelly. Subhorizontal to vertical, very to extremely closely fissured, indistinct due to shell content, smooth and rough, planar
Ft2	 Green grey, very to extremely closely fissured, very shelly. Subhorizontal to vertical, very to extremely closely spaced fissures very indistinct, very indistinct due to

alsellynras, rough, irregular and planar. Band contains single pyritized shell 200mm long and 40mm high, 0.SOm long. With some lenaea up to 10mm thick, 25mm
- long of grey sliglaly thrlly clay
113	 Closely so way closely, locally very to extremely closely fissured, shelly and slightly shelly. Increasing shellynesa with depth, locally very sheily at base. Up to 20mm
- thick pyritic and slightly pyriric discontinuous band. Flsaiiea locally indistinct due to shellyness. Prominent fissures widely spaced
144	 As main description. Subverrical so vertical dominant over inclined to subwttical fissures, Prominent fissures generally medium spaced, locally closely and widely

thick band as H4 but shelly and contsint discountinuous pynric arid slightly pyritic band up to 5mm thick
I thick very shelly bind containing continuous pyritic and slightly pyritic band upto 20mm thick, with occasional carbonaceous material. Subhoriwmntsl to
.1 very to extremely closely spaced fissures, rough irregular, indistinct due to shell content

H6a	 upto 80mm thick of green grey calcareous MUDSTONE, with nwnesoua shells, moderately weak to moderately strong pyritic and slightly pyntic band
rung through it. Extends from 2.50 to 3.90m across face.
to medium fissured. Inclined to wades! closely so medium, locally closely to very closely spaced fissures, smooth planar, occasionally slopped, ionall
y curved. Other fissures absent Locally slightly sheily
50mm thick very to exlresnely closely fissured, very shelly band with continuous pymitic arid slightly pyrilic humid generally 20mm locally up to 35mm thick.
wizontal to vertical very to extremely closely spaced fissures, rough to irregular, indistinct due to shelbmess and pytitisation.

H9
	

ly thelly. Subverrical to vertical fissures in equal proportions to inclined to wbvesiical fissures. Prominent flsumsea generally medium spaced, occasionally
luau spared, occasionally wide. Individual prominent fissures over 0.SOni exposed extent individually logged.
y to very closely flsaiaed, locally closely, locally very closely. Inclined to subvertical fissures dominant over subverlical to vertical fissures. Prominent flusu
illy medium spaced, occssioutally close to medium spaced, occasionally wide. Individual prominent fissures over 0,50m exttosed extent individually kiierot
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Appendix A: Elstow excavation logging profiles

Table Al - Soil description for excavation logging profile 3

Finn to stiff black and brown slightly sandy slightly gravelly CLAY. with sonar roots and rootleSs and occaasosral layers of ash sand (MADE GROUND). Fine to
nueditas mid occasionally costar msbangular to subrounded predominantly flint, some sandRane, brick and clhikergriwL Occasional brick cobbles. 50mm thick
band of black slightly dsyey gravelly ash and towards base of A
Finn to Miff brown and grey sandy slightly gravelly CLAY (SIJBSOIIJHEAD DEPOSrrS). Fine to median angular to stdrrosmded predominantly flint with

to median, angular to
sonar sandstone

nsunerouu desacation cracks, Vertical to sutnertrcal very

D	 Orange brown, often slightly clayey very sandy GRAVEL some rootleSs (HEI
	

to Ienuginosia staining. Fine to
occasionally comae, angular to subtowrded, predominantly flint and sandstone

Dl	 Diacontirsuous 30mm thick band at contact with Eat fuss to stiff liiht brown

E	 Finn to stifl light grey mottled light brown CLAY. with occasional shells, acme to nrunerow dessiccation cracks. some to numerous disseminated white
nanotphoua masetial (HEAD DEPOSITS). Shells scatter throughout. Vertical to subveriical closely spaced desasccatrois cracks, smooth to rough, irregular,

- planar, gleyed up to 5mm with some roots and rootlets an white amorphous coating. Occasional carbonaceous material.
El	 As E2 but numerous desiccation cracks. numerous disseminated white mineral and occasional omnge brown lenses. Desiccation cracks closely to very closely
- spaced. Occasional orange brown Rained lenses, up to 50mm of selenite crystals.
E2	 With msmeroua lithoselicta. Lithiarelicis generally 2x5mm, occasionally up to SxlOmm randomly orientated, generally stiff but firm adjacent to desiccation
- cracks. Lithorelicts light brown susrosmded by light grey.
ES	 Numerous desiccation cracks, no white material, acme shear surfaces. locally some gravel occasionally some rootleta. Desiccation cracks closely to very closely

spaced. Shear surfaces generally acme, locally niasiercus subhocizontal to inclined closely spaced, smooth irregular and plant. gleyed 2snm. Slightly polished.
sometimes ridged down dip, extent generally UU .4Otanm, locally longer as shown on log. Orientation random except close to D contact where 1 to 3 shear
msifaces, msbparsflel to D conmet contained in a band tspto 50mm thIck. Locally, with some gravel. increasing in quantity to D. fir to coarse subrounded

- predominantly flint gravel. Shear surface: I): 260-3(ff20-30 - subhorizcntal, smcoth arsl planar, slightly polished, gleyed = mm.
F	 Stiff light grey an light brown mottled indistinctly thinly laminated closely fisutsed with depth, with occasional shells. somv to numerous solenite crystals, with

scan dislocation cracks, some roots and rootleSs (WEAThERED OXFORD CLAY). Lithorelicta mid centres of flasturd blocks, light brown and thinly
laminased, margins light grey mid dractructured. Selenite crystals (-'clnun) concentrated on fissures and between lithorelicts. Subvertical to vertical median to

- closely spaced desiccation cracks. rough, Irregular. gleyed up to 4mm with amorphous white coating, with toots and rootlets
Fl	 Light grey mottled light brown, with ntsnerears lithorelicts, slightly ahelly. numerous selenite ayatala. Lithorelcta li gJnt brown, indistinctly thingly laminated,

horizontally aligned. Light grey destructsrred margins and between lithoeelits. Locally msinerorss diasmninated amorphous white material desiccation cracks

mottled tight grey, very to

F3	 Light brown mottled light grey, indistinctly very to extremely closely fissured, sheily. numerous selenite crystals. Locally orange brown due to
Raining. Fissuring indistinct due to ahell content. Selenite crystals concentrated to orange brown areas. Median spaced desiccation cracks.

P4	 Indistinct discontinuous, lth)mm band of stiff light brown mottled light grey, indistinctly very to extremely closely fissured, shelly. Occasional
oranee brown femieinous stained selenite. eenerallv unto 5OxSOmm. occasionall y no to 3(X)x40mm. Medium maced desiccation cracks.
Light brown mottled tight grey, very to extremely closely fissured shelly, with scan selenite. Light grey restricted to the centres oltissure blocks. Subtsxizcntal
extremely closely saced fissures, rough, planar. Subvertical very closely spaced fissures, smooth, planar, irregular.
Continuous 1(X) to 150mm band of light brown mottled light grey indistinctly very closely fissures, very shelly, some aelerrnte. Occasional lenses of light grey
thingly laminated clay tspto lSOclOmm.
Light brown mottled light grey, generally very closely fissured, occasional shells, with numerous selernite crystals. Fissure blocks light brown with occasional dark
brown ceastrea, grey confined to fissure block margrtrs. Subirorizontal and subvertical generally very closely, occasionally closely to extremely closely spaced
fissures, smooth planar. Desiccation cracks, medium spaced, white coating absent
Light brown mottled light grey, very closely to extremely closely dissured, slrelly. numerous selerrite crystals. Fissure block centres light brown thinly laminated,
margins light grey, occasionally destructured. Subliorizontal to vertical, very to extremely closely spaced fissures, rough, planar and irregular. Desiccation cracks,
medium to widely spaced.
Brown very closely to extremely closely fissured, very ahelly. some selenite crystals with numerous lenses upto Sx3Omm of light brown slightly shelly clay.
Subhorizontal to vertical to extremely closely spaced fissures. rough, planar and irregular.. Indistinct due to shell content Fissure blocks brown and thinly
laminated. Occasional lenses upto 4(K)xlOOmm of stiff orange brown clay with ntunerosrs selessite crystals >2mm, mid some tyritic shells (degraded ammonite).
Desiccation cracks widely maced.

U	 nan, seaming very sort wim nepal, grey anti tigris trown nnotueo tnrnly tamtnar.ed, very to exoemely closety rtasurea CLAY. slimy, occasional selerute (slightly
weathered OXFORD ClAY). Fissure blocks grey at centre, light brown at margins, mainly light brown at top of stratum becoming mainly light grey at base.
Subberizontal to vertical, wry to extremely closely spaced fissures. rough, occasionally smooth, irregular and planar. Sheila scattered through. Occasional

- selenite crystals spto 1mm concentrated on fissures. mainly at top of stratum.
H	 Very stiff, green grey, thinly laminated closely to very closely fissured CLAY. with occasional shells (OXFORD CLAY). Fissures generally closely to very

closely spaced, locally closely spaced, locally very to extremely closely spaced. Fissure blocks elongated horizontally is the ratio of 2 or 3:1. Horizontal bedding
fissules, smooth, planar, occasionally stepped. Occasionally subhonzontsl. generally inclined to subvrzticsl fissures, smooth to slightly rough, generally nlighdy
curved to curved, occasionally conchsoidal, occasicmally planar. Subvertical to vertical fissures. smooth, planar, occasionally stepped, occasionally slightly curved.
Prominent aubvertical to vettical flamaes, generally unocub as planar, or slightly curved, occasionally stepped, locally with apse 2mm consmimrted clay. Shells
scattered throughout

HI	 (hey, very to extremely dosely fissured. aIrily. Sisbhoeizontsl to vertical. very to extremely closely spaced fissures, rough, occasionally smooth, irregular and
planar. Prominent fissures absent

grey mottled grey, indistinctly closely to very closely fissures very abelly. Numerous lenses ispto lOx4Omm of grey
rizontal to vertical to extremely closely seaced fissures, roueh and irreeular. Fissures indistinct due to thellyness.

at

to

to very shelly and 30 to 50mm thick, as H5 except flssra
tar. Prominent fissures medium to widely spaced. Individ
slightly aIrily. Subventical to vertical medium spaced flu
siring and prominent fisarses absent. Slightly slielly tlwou
apse 60mm thick, indistinctly thinly laminated. Franuring

fissures. median to widely spaced.

occasionally irregular and stepped, locally

upto

Very sltelly band indistinctly thinly laminated, fissuring any indistinct or absent, containing pyrilic tassri Pyritic band 2030mm thick continuous.
Generally very closely fissures, slightly airily. Subliorizontal to vertical, wry closely spaced flansrea, smooth and irregular, locally curved, locally planar.
Occasionally apse 2mm elconinihiintd clay on vertical flumes. Ptominent fisairs mcdliii spaced, locally closely, locally widely spaced. Individual pmonsaneal

H13 Very closely to closely fissures. Fissures generally very clomly to closely spaced, locally very closely to extremely closely spams. occasionally closely spaced.
Inclined to adivertical 0mstes demhiust over ubvettical to vertical fismars. Plumhierst fissures median to widely spaced with isp so Ssnsn, occasionally apse
5mm comminuted clay infix. Individual izominmst fissures gresmr then 0.5m.

H14	 Slightly thelly. Inclined to subvertical fissures domirnar* over aubvertical to vertical fissures. Prominent fissures median to widely sparred, locally medium spaced.
smooth, stepped, planar, up to 2mm occasionally up to 5mm comnminuted clay infill. Individual oconsinent fissures muter than 0.5m. Shells scattered throuehout
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Appendix A: Elstow excavation logging profiles

Table A.3 - Soil description for excavation logging profile 4

Al
to	 roots and mallets. Fine to medium occasionally cosrie, angular to subrounded glint

A4
AS AL OUt Win iaxaDiOtiai Us.JUSAHIS Ut SUSUJDI C ClaY up to

150mm diameser field grain sending 280 degrees, locally subrowrded by 200mm land &ain. Oveslain by medium to coarse angi
flint graveL
Variably orange brown and brown, often slightly claycy very sandy GRAVEL and light grey and brawn gravelly CLAY and bra
and rootleta (HEAD DEPOSrI'S). Fine to medium angular to subrounded, ptrdorninmttly flint, some sandstone occasionally clii
Brown sandy GRAVEL In the upper pest, with irregular 10 to Sthnm thick bands of gravelly clay. In be lower past, indistinctly
gravelly SAND.
Discontinuous band spin 100mm thick of fins light grey molded orange brown, gravelly CLAY with some roots and rootlets. I
subrounded, oredotninantly glint sortie chalk graveL
UlSU DroWn 55151 unit y ci... rilE to mcuiuru tJxaaouauy Conow graven

Firm orange brown, gravelly very sandy CLAY, gravel contest increasing at base.
E Firm light brown mottled light grey CLAY. with occasional shells sortie to numerous desiccation cracks and some shear surfaces (HEAD DEPOSITS). Shells

scattered thioughout. Vertical to subvertical closely to very closely spaced, smooth to rough isreguiar and planar desiccation cracks, gleyed spin 2-3mm, with
occasional roots and rootleta.
Brown mottled light grey, locally molded orange, with ntstsesous litliotelicts and numerous desiccation cracks. Utliorelcts 2 to 5mm across, randomly orientats

Numerous shear surfaces, locally some gravel, some roots and rootleta. Subborizootal to inclined very closely to closely spaced she surfaces, smooth irregular
sod planar, slightly polished gleyed 2 to 5mm extent 50-600mm orientations random Towards base o(strattan extent less than 100mm, closely spaced, often
slickensided down dip. Band 50mm wide at contact with strawni D has extremely closely spaced shear surfaces aubpsrallel so the D contact Slightly gravelly
next to D contact in band is less than 50mm wide. Nature of gravel as D. Shear surfaces I: 200-215/18-20: smooth, planar. slightly polished, gleying up to 5mm.
Firm to stiff, light grey and light brawn mottled, indistinctly thinly laminated CLAY. with numerous lithorelicts, becoming very to extremely closely fissures, with
occasional shells and shelly some to numerous desiccation cracks, and some roots and rootless (weathered OXFORD CLAY). Lilhoselcts and centre of fissures
blocks light brown thinly laminated, margins light grey mid destructured. Selenite crystals <1mm concentrated on fissures and between lithorelictt Subvcrtical to
vertical desiccation cracks, rough, irregular with some amorphous white coating, generally gleyed 2-5mm, occasionally up to 15mm.
Light brown mottled light grey, very to extremely closely fissures shelly with some selenite aystala. Light grey restricted to margins of fissure blocks.
Subborizoutsal extremely closely spaced fissures, rough, planar. Subvertical very closely spaced fissures; smooth, planar, soegular. Medium spaced disiccation
cracks, smooth, planar, irregular
Light brown molded light grey, very to extremely closely fissures, occasionally shells, numerous selenite crystals. Fissures as Fl. Medium spaced desiccation
cracks.

Fl	 I Continuous	 orange brown, very to extremely closely fissured, 	 numerous orange brown

Light grey mottled light brown, extremely to very clowly flsswes, shelly. numerous selenite. Subhosizontal to vertical extremely to very closely spaced fissures,
smooth and planar. Desiccation cracks medium spaced with some roots and rootlets.

F5
	

Light grey molded light brown, numerous hthoeelicla, slightly shelly to ahelly. Uthoselcia light brown indistinctly laminate at centre, light grey dessructured at
margins and between the lithotelicts, Size ispto SxlOmm becoming lOx4Omm with depth. Locally numerous aelenir crystals. Desmmriosi cracks medium spaced
with some roots and rootlers. Occasional stiff orange brown lenses, spin 7Ox4Omm, of femrgirasus admits crystals in 50mm band.
As F5 but light brown mottled light grey. Shelly becoming slightly shelly with depth.

Fl
	

Stiff brown, indistinctly thinly laminated very to extremely closely fissured, very shelly, selenite absent, desiccation cracks absenL Subborizontal to aubvertical
very to extremely closely spaced fissures, rough and irregular, planar. Fissuring indistinct due to shell content.
Stiff to very stiff, light grey an light brawn molded, thinly laminated, very closely fissured CLAY. shelly sumetoss selerrits (slightly weathered OXFORD
CLAY). Light grey at centre of fissure blocks, light brown at margins. Subhorizontal to vertical very closely, occasionally extremely closely spaced fissures,
smooth, rough and planar. Generally shelly, occasionally slightly shelly. Selenite crystals restricted to fissure surfaces.
Very stiff indistinctly thinly laminated, very to extremely closely fissured, very shelly , selenite absent Localiaed areas of light grey mottled light brown and light
brown mottled light grey. Subhorizontsl to vertical very to extremely closely spaced fissures, rough. irregular and plarisr, flaunting indistinct due to ahellyness.
Shells scattered throughout
•Ci SOIL 5107 IUUtLEU 115511 LIIUWU, V017 LI) CAUCIIICI7 ClOUdY ICSU1CS, SCLCUIC AUi.

Very stiff green grey laminated closely to very closely fissured CLAY with occasional shells. (OXFORD CLAY). Fissures generally closely to very closely
spaced, locally closely spaced, locally very in extremely closely spaced. Fissure blocks elongated horizontally in ration of 2 or 3:1. Horiwsital bedding fissures
smooth and planar, occasionally stepped. Occasionally subliorizositsl, generally inclined to subvertical fissures, smooth or slightly rough, generally slightly curved
arid curved, occasionally stepped, occasionally co,rchoidal, occasionally planar. Subvettical to vertical fissures, generally smooth and planar, occasionally
stepped, occasionally slightly curved. Prominent subvertical to vertical fissures, generally smooth and planar or slightly curved, occasionally stepped, often with
up to 2mm of comrninutcd clay. Shells scatted throughout
Grey, very to extremely closely fissured, rhelly. Subborizontal to vertical very to extremely closely spaced fissures, indistinct due to shell content, smooth and
sough. Fiwir. Prominent fissures absent. Locally slightly shelly. -

nottlnd grey, indistinctly very to extremely closely fissures, very
alto vertical wny to extremely closely spared fissures, rough, ir
shelly band 100mm thiclt, as 115 except fissures indistinct due to
criptioc. Inclined to subvertical and subveslical to vertical fissun
rorninent fissures greater than 0.50m exposed extent
wry to extremely closely fissures, very siselly band containing g
Subhorizcntal to vertical very to extremely closely spaced fissu

Juan fissured. Subvestical to vertical close to medium spaced, In
erflasueing absent
thick very to extremely closely fissured, very shelly band ceastas

SubtiorlzOntsj to vertical very to extremely closely spaced fissures, rough and irregular, indistinct due to andllyness and pyritiastion.
Very closely fissured, slightly ahelly. Fissures very closely spaced, locally very closely to closely aid locally very to extremely closely spaced. Inclined to
subverticai fiwures dominant over sabwr*al to vertical fissures. Prorminesteflasunes, generally medium spaced, locally closely, locally widely spared, then with

Very closely to closely fissures. Fissure generally very closely to closely spaced, locally very closely to extremely closely spaced, occassenally closely spaced.
Inclined to sithvestical fissures dominant over susbwr*al to vertical fissures. Prominent fissuses medium to widely spaced with spin 2mm occasionally spin
5mm ceanminuted clay isfilL Individual prominent fissures oIgre than 0.50m exposed extent
Slightly sicily. Inclined to subvertical fissures dominant over subverlicsl to vertical fissures. Prominent fissures meduuan to widely spaced locally medium to
widely spaced locally median spaced, spin 2mm occasionally spin Stem cosnmirinted clay hnfill. Individual prominent fissures of greater than 0.Sm exposed
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Appendix A: Elstow excavation logging profiles

Table A.4 - Soil description for excavation logging profile 5

FIrm to stiff cringe brown slightly sandy, slightly gravelly CLAY, some roots and ototlets, occasional desiccation crack, (HEAD DEPOSITS/SUESOIL).
Becomes gravelly and sandy towards base. Fine to medium occasionally cosine subsngular to ,vunded, predominantly flint acme qussizite and sandstone graveL

and orange (sown very sandy GRAVEL, with acme models (HEAD DEPOSITS). Fine to medium occasionally coarse, subangular to
Iv flint with sonic ouaroute and sandstone and occasional chalk traveL

Finn to sEP light grey mottled light brown CLAY. with occasional shells and nunarzoua desiccation cracks (HEAD DEPOSITS). Shells scattered throughout.
Subveiticsl to vertical closely saced desiccation cracks, rough, inegular and planar, gleyed upto 2mm, some roots and roodets and root and roodet caces.
With occasional shear surfaces. Horizontal and aubhorizontal possibly closely spaced shear sinfacea. smooth itregular and planar, slightly polished. gleyed up to
2mm. Individual surfaces 100-300mm extent Surfaces commonly parallel to the interface with straftim Dma zow up to 100mm wide, and am locally very

Finn to stiff becoming stiff to very idfl light brown and light grey mottled indistinctly thinly laminated CLAY, with numerous lithomclicts becoming very cloud:
flsauied, slightly shelly and ahelly. nunsimmis aelenile cryalals, acme desiccation cracks (weathered OXPORD ClAY). Centre of fissure blocks and lidiorelicts
light brown indistinctly thinly laminated, margins light grey and deslructured. Selenite crystals up to 1mm concentrated on fissures and around margins of
lithorelicta up to 1mm thick. Subvertical to vertical medium spaced deation cracks, rough. irregular and planar. gleyed up to 2mm, sonar roots and rootleSs.

P1 FInn to stiff, with numetous litho,thcta variably slightly shdlly and shelly. Uthorelicts light brown indistinctly thinly laminated, surrounding material light grey
destiuctured. Lith(welcta approximately Zx5mm becoming lOx2thnm with depth elongated laceimsatally. Generally rheily with local amese (about 2.00m high amid
upto l.00m across) slightly shelly. Shells scattered throughout.

P2 Stiff to very stiff extremely becoming very closely indistinctly fissured, slightly shelly. Cessie o(flstum blocks light brown amid indistinctly thinly laminated,
margins light grey amid destrucosred. Subhoeizontal is vertical extremely closely, becoming very to extremely closely spaced with depth, fissures, smooth and
planar with numerous scienite ciyslals. Shell, scattered throughout

F)	 As P2 but shelly. Shells scattered throughout
P4	 Stiff to vesy stiff light brown mottled light grey vesy closely fissured with occasional shells. desiccation cracks absent. Trees of light grey on fissures.

Subhoeimrsital to vertical generally way closely, locally extremely to veiy closely spaced fissures smooth and planar with numerous selemte crystals. Shells
scattered throughout

P5	 20-30mm thick band of firm to stiff oranee brown clay.

1%	 Vesy to extremely closely fissured, slightly andlly to slidlly. Desiccation cracks close to medium spaced. Occasionally the very centre of the fissure blocks li
grey. Subhorizonlal to vertical very to extremely closely spaced fissures smooth and planar with numerous selenite crystals. Sheila scattered throughout

P9	 Brown, vemy sheily, some selenite cmysials and occasional orange brown lenses, Occasionally lenses spto lOs40mm of light brown and light grey slightly di
clay. Occasional orange brown stained lenses upto lOx5Omm of aelenite crystals apis 1mm. Occasional lenses of carbonaceous material spis dOxlSmm.

0 Stiff becoming very stiff with depth, light grey and brown mottled thinly laminated, very closely to extremely closely fissures CLAY, slightly shelly and shel
(slightly weathered OXIVRD CLAY). Fissure blocks light grey at centre, light brown at margins. Mainly light brown at top of sosnan becoming mainly li
grey at base. Fissure blocks thinly Issnisisted, margins occasionally destructured. Subborizontal to vertical vesy closely is extremely closely spaced fissures,
smooth and planar. Generally slightly shelly, locally shelly.

31	 Brown and grey mottled veiy shelly. Fissure blocks grey atcenlie. brown at margins. Fissures indistinct due to shell content, rough, irregular and planar. B

H Very stiff green grey thinly laminated closely to very closely fissured CLAY with occasional shells (OXFORD CLAY). Fissures generally closely to very cbs
spaced., locally closely spaced and locally very to extremely closely spaced. Fissure block, elongated horizontally ins ratio of 2 or 3:1 Horizontal bedding
fissures smooth and planar, occasionally stepped. Inclined to subvertical fissures, smooth or slightly rough, generally slightly curved and curved, occasionally
stepped or conchoidal, occasionally planar. Subveslicsl to vertical fissures genesilly smooth and planar. Preuninesit suibwrticsl is vertical fissures generally
smooth and planar or slightly curved, occasionally stepped locally with apis 2mm comminuted clay. Shells scattered throughout

HI	 As main description. Subvertical to vertical fissures dominant over inclined to subveitical flssus. Prominent fissures medium spaced, acne over (L50m expo
extent

112	 100mm thick shelly band coutaining discontinuous slightly pyritic and pyrilic band apis 10mm thick. Sublarrizontai to vertical extremely to very closely spac
fissures rough, irregular and plane, indistinctly due to shell content.

113	 150mm thick band as Hi but slightly shelly occasionally slightly pyrilic or pyntic.
H4	 50mm thick very sbelly band containing discontinuous slightly pytitic and pyritic band apis 20mm thick. Subbotizontal to vertical extremely closely spaced

fissures, rough and irregular. indistinct due to shellyiras.
115	 Close a, medium spaced fissures. Subverdoal to vertical, close to medium spaced fissures smooth and planar occasionally stepped. Other fissures absent

Individual nn,sninent fissures treater than 0.50m exoosed extent
H6
	

ltXSnm thiut way shelly band containing coulisalous pyritic band tçto 3tknm thick. Subboeizonral to vertical very to exuesnely closely spaced fissures, tee
and irregular, indistinct due to shell content
As main description. Inclined to subvertical fissures dominant over vertical to aubvrrticsl fissures, Prominent fissures medium spaced. Individual jartaninent
fissures treater than O.50n exnosed exteur

HE
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