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The necessity of accounting for small-strain behaviour of soils in numerical analyses of the serviceability limit states

of geotechnical structures is well established both nationally and internationally. This has led to further development

of appropriate soil constitutive models, as well as to further advances in accurate laboratory measurements of small-

strain stiffness. The current paper considers recent laboratory research into the behaviour of London Clay, performed

at Imperial College in conjunction with the major ground works for Heathrow Terminal 5 in London, UK. This research

has shown the small-strain response of London Clay to be different to that assumed previously and in particular to

that determined from good-quality commercial experiments. Both sets of small-strain stiffness data are applied in

this paper in finite-element analyses of a deep excavation and a tunnel construction in London Clay, with the

objective of investigating their effect on predicted ground movements.

1. Introduction

Advanced laboratory testing of geotechnical materials has en-
hanced our understanding of many aspects of soil behaviour.
Perhaps the most influential in recent years has been the
recognition of soil’s small-strain behaviour, which is charac-
terised, among other features, by non-linearity of soil stiffness at
small strains. A number of numerical studies of geotechnical
problems (e.g. finite-element or finite-difference analyses) have
shown that accounting for soil’s non-linear stiffness improves the
predictions of ground movements at serviceability limit states
(e.g. Addenbrooke et al., 1997; Higgins et al., 1996; Hight and
Higgins, 1994; Simpson et al., 1996; Stallebrass et al., 1994).

The constitutive modelling of small-strain behaviour of geotech-
nical materials has also evolved over the years, from simple non-
linear elastic empirical models (e.g. Jardine et al., 1986; Simpson
et al., 1979), to more advanced kinematic and bounding surface
models that can reproduce, in addition to non-linearity and
plasticity at early stages of loading, other advanced aspects of real
soil behaviour (Baudet and Stallebrass, 2004; Grammatikopoulou
et al., 2006; Kavvadas and Amorosi, 2000; Manzari and Dafalias,
1997).

Recent laboratory-based research on the behaviour of London
Clay, conducted at Imperial College and published largely in the

Géotechnique ‘Symposium in Print’ 2007 (vol. 51, issue 1), was
focused in part on the investigation of stiffness of natural London
Clay (Gasparre et al., 2007; Hight et al., 2007). In particular,
Hight et al. (2007) compared the stiffness decay curves of
London Clay, from samples taken at various depths and in various
lithological units, derived from earlier high-quality commercial
laboratory testing and from this recent research, and showed that
the two sets of results differ not only in the stiffness magnitude,
but also in their decay in the small-strain range.

Considering that significant experience and confidence has been
gained over the years in using the commercially derived stiffness
decay curves in predictions of ground movements in London Clay
(e.g. Higgins et al., 1996; Kanapathipillai, 1996; Schroeder et al.,
2011; Simpson, 1992), the availability of the new, and signifi-
cantly different, stiffness data for which there is no prior
experience in predicting ground movements, raises the question
as to which set of experimental evidence should be used in
representing the stiffness of London Clay in future numerical
analyses of geotechnical problems.

Hight et al. (2007) go some way to explain the reasons for the
differences in the two sets of stiffnesses, but recognise that this
needs further investigation. They also postulated that factors
related to stiffness anisotropy may help to explain this anomaly,
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considering that the commercial stiffness decay curves provided
only isotropic stiffness, whereas Gasparre ef al. (2007) contrib-
uted to further understanding of the small-strain stiffness
anisotropy of London Clay. A subsequent study of Grammatiko-
poulou et al. (2008), on a shallow propped excavation in London
Clay, indicated that there may be significant difference in
predicted wall and ground movements around such an excavation
when different sets of isotropic stiffness curves are used in
analyses.

Based on the above, the objective of the current paper is to
demonstrate the effects: (a) of the previous and the new isotropic
small-strain stiffness data, and (b) of using anisotropic as
opposed to isotropic small-strain stiffness data of London Clay
on predictions of ground movements. Two boundary value
problems are utilised for this purpose. The first one is the
excavation of the Jubilee Line extension tunnels at St James’s
park, for which there are measurements of ground movements
due to tunnel excavations that can be compared to numerical
predictions (i.e. class C analyses according to Lambe (1973)).
The second example is a deep excavation at Moorgate, on the
Crossrail route, which has not yet been constructed and hence the
numerical predictions are before the event (i.e. class A analyses).
It is further emphasised that in each of the two studies all other
numerical details (e.g. initial stresses, permeability, constitutive
models and boundary conditions) are the same, only the small-
strain stiffness of London Clay is varied. Also, the initial stresses
in the ground in each of the two studies correspond to
equilibrium greenfield conditions when the depositional history
of all the layers is completed. In terms of the non-linear small-
strain behaviour this means that the stiffness in the soil starts
from a respective elastic plateau and then degrades with the
increase in strain level due to the construction of tunnels or deep
excavation respectively. All analyses have been performed using
the finite-element software ICFEP (Potts and Zdravkovic, 1999),
which employs the modified Newton—Raphson method with an
error-controlled sub-stepping stress-point algorithm as its non-
linear solver.

2. Calibration of constitutive models
Considering the objectives of this study, the main emphasis in
the calibration process has been on the small-strain stiffness of
London Clay, adopting the same modelling framework for both
the old and the new stiffness data. The chosen constitutive
model is a form of a non-linear elastic and non-associated
plastic Mohr—Coulomb model (Potts and Zdravkovi¢, 1999).
The non-linearity below the Mohr—Coulomb yield surface
accounts for stiffness variation with both stress and strain
levels. The isotropic non-linear model allows independent input
of the shear and the bulk stiffness parameters, according to the
Jardine et al. (1986) non-linear expression given in the
Appendix. The anisotropic stiffness model, developed by Fran-
zius et al. (2005), adopts similar expressions for non-linear
stiffness variation (see Appendix), but the bulk stiffness is not
an independent input.

2.1 Available stiffness data

The shear stiffness data for the London Clay used for calibration
are reproduced in Figure 1 from Hight et al. (2007). This figure
shows the normalised secant undrained Young’s modulus, E,/p’,
plotted against axial strain, &,, from recent undrained triaxial
compression tests on samples of London Clay from the Heathrow
Terminal 5 site, from a range of depths and lithological units
(Gasparre, 2005). Also shown in the figure is a range of
stiffnesses obtained in the past from high-quality commercial
tests. The new set of data shows a narrow range of stiffness
variation and very gradual stiffness decay. On the other hand, the
previously established bounds for London Clay indicate higher
magnitudes of stiffness, no clear plateau, a bigger range of
variation and also a more rapid decay.

The secant bulk stiffness data for the London Clay are reproduced
in Figure 2 from Hight et al. (2007). These data are also obtained
from recent experiments on samples of London Clay from
Heathrow Terminal 5. In particular, the bulk stiffness is obtained
from the recompression stages of the triaxial tests, during
reconsolidation to in situ stresses (Gasparre, 2005). The figure
plots the normalised bulk stiffness curves, K/p’, from various
lithological units against the volumetric strain, &,,. The scatter in
the figure indicates the difficulties in measuring volumetric
strains in an experiment, either from external or internal gauges.

2.2 Calibration of isotropic stiffness

The calibrated normalised secant shear and bulk stiffness curves are
plotted together with the experimental data in Figures 1 and 2
respectively. It should be noted that for an isotropic model £, = 3G.

The two shear stiffness curves in Figure 1, marked as ‘Previous
stiff” and ‘Previous soft’, have been calibrated in the past on
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Figure 1. Normalised secant shear stiffness of London Clay (data
after Hight et al., 2007)
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Figure 2. Normalised secant bulk stiffness data of London Clay
(data after Hight et al., 2007)

some of the commercial experiments and were adopted in the
numerical studies presented by Zdravkovi¢ et al. (2005) and
Addenbrooke et al. (1997) respectively. Therefore, they were not
calibrated in this study and the appropriate parameters for the
non-linear stiffness model are summarised in Table 1. It is
evident from the figure that these two curves fall into the
previously established range for London Clay at axial strain levels
between 0-005% and 0-05%. At larger strain levels they plot
below this range, falling back into the range for strains between
0-5% and 1%. There is no indication from the previous data in
Figure 1 about the stiffness values at strains less than 0-001%.

The isotropic secant shear stiffness calibrated from the new data
of Hight et al. (2007) is shown as a dot-dashed line in Figure 1,
whereas the corresponding parameters for the non-linear stiffness
model are summarised in Table 1. This curve plots approximately
as an average of experimental data, with the elastic plateau
chosen at E,/p’ = 500.

Similar to Figure 1, Figure 2 shows the ‘Previous stiff’ and the
‘Previous soft’ normalised secant bulk stiffness curves calibrated
from previous experiments and used in the studies of Zdravkovi¢
et al. (2005) and Addenbrooke et al. (1997). The parameters for
the non-linear model for both curves are summarised in Table 2.
It is evident from Figure 2 that both curves plot within the
experimental data, although the ‘Previous stiff” curve is on a
higher side in the range of 0-05 to 1:0% of the volumetric strain.
The curves also have similar rate of degradation, but different
plateaus.

Owing to the large scatter in the Hight et al. (2007) data in
Figure 2, in particular for volumetric strains smaller than 0-01%,
no new calibration of these data has been performed. Instead it
was considered that the ‘Previous soft’ curve averages the
experimental data reasonably well and hence the ‘new’ curve for
the secant bulk modulus was chosen to be the same as this curve.

Finally, for completeness, because the numerical software utilises
the tangent, rather than the secant stiffness, the isotropic secant
shear stiffness curves from Figure 1 are shown in their tangent
form in Figure 3, whereas the isotropic secant bulk stiffness
curves from Figure 2 are shown in their tangent form in Figure 4.

2.3 Calibration of anisotropic stiffness
The shear stiffness of London Clay has long been recognised as
anisotropic, due to its significant overconsolidation caused by the

Shear stiffness A B CX107* % a y eqmin X 1074 % &4 max: % Gmin: kPa

Original stiff 1400 1270 1 1-335 0617 8:66025 0-6928 2667

Original soft 1120 1016 1 1-335 0-617 8-66025 0-6928 2667

New data 350 330 30 1-336 0-617 107-39 1732 2667

Table 1. Shear stiffness parameters for London Clay for isotropic

non-linear elastic model (see Appendix)

Bulk stiffness R S TX 1073 % 0 n evolmin X 10730 eyoimax: % Kinin: kPa
%

Original stiff 686 633 1 2-069 0-420 5-0 0-15 5000

Original soft 549 506 1 2:069 0-420 5-0 015 5000

New data 549 506 1 2-069 0420 5-0 0:15 5000

Table 2. Bulk stiffness parameters for London Clay for isotropic
non-linear elastic model (see Appendix)
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Figure 4. Normalised bulk stiffness of London Clay

geological erosion of approximately its top 200 m. In general, the
horizontal component of stiffness is larger than the vertical. The
new experimental data of Gasparre (2005) and Gasparre et al.
(2007) contribute to the understanding of the elastic stiffness
anisotropy. In these experiments various components of elastic
stiffness were measured with bender elements and triaxial prob-
ing tests on samples of London Clay from Heathrow Terminal 5.
However, this work does not provide information as to how
anisotropy develops with strain level. Therefore, certain assump-

tions had to be applied in deriving anisotropic stiffness curves for
the analyses presented in this paper. Since there are no other data,
only the tangent stiffness curves will be derived in this part, as
this is the required input for the numerical software.

For the calibration of the very small-strain elastic stiffness
properties (i.e. the plateau values) the relevant data from
Gasparre (2005) and Gasparre et al. (2007) are reproduced in
Figure 5, which shows the variation of these properties with
depth/lithological units. The non-linear anisotropic model of
Franzius et al. (2005) is based on a three-parameter cross-
anisotropic formulation of Graham and Houlsby (1983), which is
valid for the plateau part of the stiffness curves, combined with a
non-linear elastic response beyond the plateau. The three inde-
pendent parameters required for this cross-anisotropic formula-
tion are: the drained Young’s modulus Ey (in the vertical
direction), the drained Poisson ratio up, for horizontal strain due
to horizontal strain and the anisotropic scale factor «
(= m = Gpn/Gyh = thn/tin). All other cross-anisotropic
parameters are calculated from this input as explained in the
Appendix. In the equalities for a given above, Ef, is the drained
Young’s modulus in the horizontal direction, Gy, and Gy, are the
shear moduli in the horizontal and vertical plane respectively and
Uy is the drained Poisson ratio for vertical strain due to
horizontal strain.

2.3.1 Calibration approach 1 (Cal1)

The calibration in this approach is based on the ‘new’ E,/p’
modulus decay curve calibrated in Figure 1, utilising its tangent
form given in Figure 3. Using the laboratory data on elastic
stiffness parameters presented in Figure 5, the average ratio with
depth of the undrained and drained Young’s moduli in the vertical
direction, E,/Ej, is estimated to be 1-6 from Figures 5(a) and
5(f). The whole ‘new’ tangent modulus decay curve E,/p’, shown
again in Figure 6(a), is divided by 1:6, thus producing the
normalised tangent Ey/p’ curve shown as a line with crosses in
Figure 6(a). This curve is an input for the anisotropic non-linear
model and the calibrated model parameters are summarised in
Table 3.

Further to this, the ratio of the drained horizontal and vertical
Young’s moduli, E}/Ey, is estimated from Figures 5(a) and 5(e) to
be about 2-2 on average. Therefore, the input parameter for the
model, a, is taken as 1-5. The normalised horizontal stiffness
curve Ep/p’, shown as a grey solid line in Figure 6(a), results
from multiplication of the Ej/p’ curve by 2-2 (i.e. the elastic
stiffness ratio is assumed constant over the whole strain range). If
an undrained triaxial compression test is now performed numeri-
cally, using the anisotropic small-strain stiffness model, the
resulting equivalent E,/p’ stiffness curve (solid black line) is
different from the ‘new’ E,/p’ curve from which the anisotropic
stiffness is derived. Although this may look anomalous, it is a
result of the scatter in the elastic data in Figure 5 from which the
adopted values are averaged. The distribution with depth of the
so-determined equivalent elastic values of E, in Figure 5(f) still
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Figure 5. Profiles of elastic stiffness parameters (data after
Gasparre et al. (2007)

plots within the bounds of experimental data (solid black line, E,
— Call). The same is valid for the profiles of elastic values of Ey
and E} in Figure 5(a) (the pair of solid and dashed black lines),
as well as for the elastic values of Gy, in Figure 5(b) (the solid
black line), which all plot within the experimental data.

As noted earlier, the bulk stiffness in this model is not an
independent input. The resulting normalised tangent bulk stiffness
curve for this calibration approach, obtained from simulating an
isotropic compression test with the above non-linear anisotropic
model parameters, is shown in Figure 7. The resulting distribution
with depth of the elastic bulk modulus is shown in Figure 5(c).
Although the experimental evidence is sparse, the numerical data
are broadly within the measured range. In comparison with the
curves shown in Figure 4, the magnitudes of the elastic very
small-strain normalised bulk stiffness are similar (i.e. within the

200—-300 range), but the elastic plateau itself is longer and the
decay is more gradual.

Since there is no experimental evidence to suggest that the elastic
stiffness anisotropy maintains the same Ep/E, ratio at higher
strains, an additional option is introduced in which this ratio
varies from its maximum elastic value (2-2 in this case) at the
end of the elastic plateau, to unity at the end of the non-linear
variation of stiffness. The resulting E}, (and E,) degradations in
the non-linear range are shown as dashed lines in Figure 6(a). All
other model parameters are the same as in the case of the
constant ratio.

2.3.2 Calibration approach 2 (Cal2):
The ‘new’ E,/p" curve from Figure 3 is also the basis of this
calibration approach, reproduced again in Figure 6(b). However,
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Figure 6. Calibration for the non-linear anisotripic model:
(a) Cal1 and (b) Cal2
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Parameters P Q D: % 3 Ed.min X 107% % Ed max: % Ey min: kPa
Call 219 207 0-0030 1-336 0617 107-39 0-6928 2000
Cal2 200 190 0-0025 1-3 0-55 107-39 0-6928 2000

Table 3. E,’ stiffness parameters for London Clay for anisotropic
non-linear elastic model (see Appendix)
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Figure 7. Resulting bulk stiffness curves from Cal1 and Cal2
calibration approaches, of the anisotropic non-linear stiffness
model

the calibration is now performed in such a way that the
numerical, undrained, triaxial compression test using the aniso-
tropic, non-linear, elastic model results in a similar equivalent
E,/p' curve as that calibrated from the ‘new data’. This is an
iterative process in which the same Ey/Ey = 2-2 ratio is adopted
in the plateau range, while its variation from 2-2 to 1-0 is adopted
in the non-linear degradation range. The resulting equivalent
E,/p' curve is shown as a black dashed line in Figure 6(b) and
the corresponding Ey/p" and Ep/p’ curves are shown as a line with
crosses and a grey dashed line respectively.

If a constant ratio Ef/Ey =2-2 is adopted in the whole strain
range, then the resulting equivalent E,/p’ curve deviates signifi-
cantly from the calibrated ‘new’ curve in the non-linear range
and at higher strain levels (black solid line) and the correspond-
ing Eh/p’ curve is shown as a grey solid line in Figure 6(b). It is
not possible to calibrate the model such that the same equivalent
Ey/p" curve is obtained for both the constant and the variable
E}/E, ratio and for the same Ey/p’ curve. The parameters for the
non-linear anisotropic model for this curve are summarised in
Table 3.

Comparing Figures 6(a) and 6(b) it is evident that the very small-
strain elastic values of the directional stiffnesses (i.e. Ey/p’ and
Ep/p') are lower with this calibration procedure compared to
those obtained with the Call approach. Therefore, their profiles
with depth in Figure 5(a) (a pair of grey solid and dashed lines)
plot to the left of the equivalent profiles from the Call calibra-
tion, but still within the experimental data. A similar result is
obtained for the elastic profiles of G, in Figure 5(b), £, in
Figure 5(f) and K in Figure 5(c). The resulting K/p’ stiffness
curve from this calibration is shown in Figure 7, plotting very
closely to the curve from the Call calibration.

3. Boundary value problem 1: Jubilee Line
tunnels at St James'’s park

3.1 Geometry and ground conditions

The first geotechnical problem considered in this study is the
excavation of the Jubilee Line tunnels at St James’s park in
London in 1996, as part of the Jubilee Line extension project
(Standing et al., 1996). This is a greenfield site where the west-
bound (WB) tunnel was excavated first, followed by the east-
bound tunnel (EB) 8 months later, both within the London Clay
formation. The geometry of the problem and the ground profile
are shown in Figure 8. Other ground conditions include a
hydrostatic pore water pressure profile from the top of Terrace
Gravel and a K, profile of 1-5 magnitude in the London Clay
formation and 0-5 in the layers above it.

The difficulty of predicting accurately settlement troughs in high
K, soils, such as London Clay, is well known and a number of
previous numerical studies (e.g. Addenbrooke et al., 1997
Franzius et al., 2005) have shown that this is also the case for the
St James’s park tunnels. An additional issue for this case study is
the high volume loss observed on site, with 3-3% and 2-9%
quoted respectively for the WB and EB tunnels (Standing et al.,
1996), which is much higher than the expected value of up to
1-0—1-5%, based on past experience.

3.2 Numerical modelling

Coupled consolidation plane strain analyses have been performed
in the current paper to investigate both the short- and long-term
ground movements around the tunnels, utilising both the isotropic
and anisotropic stiffness properties for London Clay presented in
the previous section. The remaining soil layers are modelled in
the same manner and with the same model parameters as in the
study of Addenbrooke et al. (1997), hence their calibration is not
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Figure 8. Geometry and ground conditions at St James's Park
(after Addenbrooke et al., 1997)

presented here. The made ground is modelled as a linear elastic
material, whereas the terrace gravel is modelled with the same
isotropic non-linear elastic Mohr—Coulomb model as applied in

the modelling of the London Clay. For simplicity, the tunnel
linings are modelled as elastic rings, with appropriate cross-
sectional properties. The parameters for all materials are sum-
marised in Tables 4—6. It should be noted that the analyses of
Addenbrooke e al. (1997) of this case study employed stiffness
properties of London Clay which correspond to the ‘previous
soft’ isotropic curves in Figures 3 and 4.

The finite-element mesh for this problem is shown in Figure 9. It
utilises eight-noded isoparametric quadrilateral elements to dis-
cretise the soil and three-noded beam elements to represent tunnel
linings. The construction sequence involves first the excavation of
the WB tunnel under undrained conditions (by prescribing small
time steps), followed by a rest period of 8 months during which
partial dissipation of excess pore-water pressures occurs, then an
undrained excavation of the EB tunnel (again prescribing small
time steps) and subsequent long-term consolidation until the
complete dissipation of excess pore-water pressures. The ‘volume
loss’ modelling procedure is applied (see e.g. Potts and Zdravko-
vi¢, 2001) to ensure that the observed volume losses are achieved
numerically. Each tunnel is excavated over 40 increments and

Layer Angle of shearing Cohesion, ¢’ Angle of Stiffness: kPa Poisson ratio, Permeability, ko:
resistance, ¢': deg kPa dilation, ¥: deg u m/s

Made Ground — — — 5000-0 03 Drained

Terrace Gravel 350 0-0 17-5 Small strains (Table 5) 0-2 Drained

London Clay 225 50 1125 Small strains (Tables 1-3) 0-2 2 X 1079

@ See Appendix for the permeability model.

Table 4. Mohr—Coulomb parameters for soils in St James's park

tunnel analyses

Shear stiffness A B CxX107% % a y eqmin X 1074 % &g ma % Gmin: kPa

Terrace Gravel 1380 1248 5 0-974 0-940 8-83346 0-3464 2000

Bulk stiffness R S TX1073: % 0 n evolmin X 1073 % eyolmax: % Kinin: kPa

Terrace Gravel 275 225 2 0-998 1-044 2-1 0-2 5000

Table 5. Shear stiffness parameters for isotropic non-linear elastic
model for Terrace Gravel in St James's park analyses (see
Appendix)

Young's modulus, E: kPa Poisson ratio, u

Cross-sectional area, A: m?  Second moment of inertia, /: m*

28-0 X 10° 015

Table 6. Parameters for tunnel lining linear elastic model in St
James's park analyses

02 6:667 X 1074
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Figure 9. Finite-element mesh for St James’s Park analyses

when the desired volume loss is achieved the tunnel lining is
constructed. Because of the high volume loss, a high ground
unloading had to be applied before lining construction, which
was about 80% on average for both tunnels.

The boundary conditions applied to the mesh are those of zero
horizontal and vertical displacements at the bottom boundary, as
well as zero horizontal displacements and zero vertical forces on
the vertical boundaries. As the analyses are coupled, hydraulic
boundary conditions are also needed, which in this case involve
no change of pore pressures along the vertical and the bottom
boundaries of the London Clay and drained behaviour of the
Made Ground and Terrace Gravels. In addition, when each of the
tunnel linings is installed, the precipitation boundary condition is
applied on the whole tunnel boundary. This boundary condition
automatically applies either a zero flow (compatible with short-
term tunnel behaviour) or a zero pore pressure (compatible with
the long-term tunnel behaviour) boundary condition at nodes of
the tunnel boundary (Potts and Zdravkovi¢, 1999).

3.3 Results - short term

The results from the excavation of the WB tunnel are considered
first, as this is the first excavation on site. Since it is performed
under predominantly undrained conditions, it is the shear stiffness
properties of the soil that govern the ground response. Figure 10
shows the surface settlement troughs immediately after the
construction of the tunnel lining, resulting from the analyses
utilising isotropic shear stiffness properties of London Clay
shown in Figure 3. The analyses with the two ‘previously’ derived
shear stiffness curves result in almost identical settlement
troughs, with a maximum settlement above the WB tunnel of
10-5 mm. The isotropic shear stiffness curve calibrated from the
new data of Hight et al. (2007) results in a wider and shallower
settlement trough, with the maximum settlement of about 8 mm.

For clarity, the resulting settlement troughs from analyses em-
ploying the anisotropic small-strain non-linear model (with stiff-

Horizontal distance: m
—100—-80 —60 —40 —20 0O 20 40 60 80 100

O 11 11 I 11| 11 | 1 1 I 1 I 1 1 | 11 1 1 I 11

4 — WB tunnel - —
| L X axis ol

£ 0.003 ™~ 74

c N :

c

[}

IS

<

§ 0-006 ‘

g ~./

2 0-009 Previous stiff

————— Previous soft
. —-—=-= New data
0-012 —

Figure 10. Predicted short-term settlement troughs above the WB
tunnel using isotropic small-strain stiffness properties

ness curves from Figure 6) are shown separately in Figure 11. For
comparison, the settlement trough from the isotropic ‘new data’
is also shown, as the anisotropic stiffness curves have been
derived from the ‘new’ isotropic stiffness. It is evident that such
modelling of London Clay results in marginally narrower settle-
ment troughs and higher maximum settlements, but these are still
smaller than those predicted by the ‘previous’ isotropic stiffness
curves in Figure 10. It is also evident that the calibration
procedure Call results in a combination of anisotropic stiffness
which produces larger settlements than the anisotropic stiffness
resulting from the Cal2 calibration procedure. However, the
influence of how the stiffness ratio Ej/E; varies with strain is not
very large, although the combination with the varying stiffness
ratio produces marginally larger settlements from both calibration
procedures.

Although the maximum difference in predicted maximum settle-
ments from all analyses is about 20% (8—10 mm), these are on
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Figure 11. Predicted short-term settlement troughs above the WB
tunnel using anisotropic small-strain stiffness properties

average only about half of the observed maximum settlement of
20 mm. The slight differences between the predicted settlements
can be explained partly by the mobilised levels of elastic
deviatoric strain, &g, around the WB tunnel in each analysis. In
this respect, Figure 12 shows the mobilised &4 strain in the soil in
the WB tunnel vertical axis directly above the crown (Figure
12(a)) and along its spring line (Figure 12(b)), for the conditions
in the soil when 1% and 3-3% volume loss is reached. These
figures show that even at 1% volume loss, the mobilised &4 is
already in the range of 0-01 to 1-0%. The indication is therefore
that the shear stiffness degrades very quickly from the beginning
of tunnel excavation and this strain range remains operational
until the final volume loss of 3-3% is achieved. In this range the
‘previously’ derived shear stiffness curves in Figure 3 have
steeper degradation and lower shear stiffness values compared to
the ‘new’ isotropic shear stiffness, which has a much more
gradual decay, thus resulting in smaller settlements. A similar
observation is valid for the anisotropic stiffness curves whose
settlement predictions plot in between the two extreme values of
isotropic predictions.

To show more clearly the differences in settlement troughs from
all analyses and from the measured trough, the normalised
settlement troughs (i.e. settlements of each trough normalised by
the maximum settlement of that trough) are shown in Figure 13
for comparison.

Figure 14 presents the total surface settlement profiles immedi-
ately after the construction of the EB tunnel (i.e. total movements
mobilised from the beginning of analysis, including both tunnel
excavations and the 8-month rest period in between). In general,
the settlement troughs have moved to the right of the WB tunnel
axis, with maximum settlements being in between the two tunnel
axes and about twice as large compared to the corresponding
settlements immediately after the WB tunnel construction. In
terms of the different analyses, comparing Figures 10, 11 and 14,
the smallest settlement is still predicted using the ‘new’ isotropic

105 —

100 — I

] J:Z

Previous stiff
————— Previous soft
—-——-- New isotropic
- Anisotropic Cal1
= Anisotropic Cal2

Elevation above WB tunnel crown: m
(0]
ul

70 —
65 . T T T TT | T T T TTTTT |
0-01 0-1 1
Mobilised elastic deviatoric strain: %
(a)

Previous stiff
————— Previous soft
——-——=-= New isotropic
Anisotropic Cal1
Anisotropic Cal2

—
(@]
! IIII

—
Ll I.IIII

0-1 /—\ X
WBI )—D
L/ -
Lo = 10%
001 T T | T T | T | T T T 1T TT T |
=5 0 5 10 15 20 25
Horizontal coordinate from WB tunnel spring line: m

(b)

33%

Mobilised elastic deviatoric strain: %

Figure 12. Mobilised elastic deviatoric strain: (a) above the crown
along the tunnel axis and (b) along the tunnel spring line

stiffness, whereas the largest settlements are predicted by the
‘previous’ isotropic stiffness curves.

3.4 Results - long term

After the construction of the EB tunnel is completed, a period of
time is simulated in all analyses to allow full dissipation of
excess pore-water pressures, thus allowing an assessment of long-
term ground movements above the tunnels. The predicted long-
term settlement troughs from all analyses are shown in Figure 15.
It should be noted that for this analysis stage both the shear and
the bulk stiffness and their variation with stress and strain levels
affect the soil behaviour.
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Figure 13. Normalised settlement troughs above the WB tunnel
from all analyses

In general, the maximum settlements in Figure 15 are 3—4
times larger than the maximum short-term settlements predicted
above the WB tunnel. This is broadly in agreement with what
was measured on site, where the consolidation settlement is
reported to be about 4 times larger than the short-term
settlement (Mair, 2008). However, the absolute magnitudes of
long-term settlements are still underpredicted and the introduc-
tion of the newly derived isotropic and anisotropic shear
stiffness does not appear to significantly affect the predictions,
compared to those obtained using the previously established
data. The maximum difference between the largest (46-1 mm)
and the smallest (34-3 mm) predicted maximum settlement is
26%. The order of some predictions has also changed from
short to long term, indicating the interaction of the shear and
bulk stiffness.

4. Boundary value problem 2: Moorhouse
excavation
4.1 Geometry and ground conditions

This boundary value problem involves a deep excavation at
Moorgate in London, on the route of the future Crossrail tunnels,
known as the Moorhouse excavation. It is planned to serve as a
launching chamber for Crossrail tunnel excavation and subse-
quently as part of a station hall. The geometry of the excavation,
which is 40 m deep and involves several levels of propping, and
the ground profile are shown in Figure 16. The details of the
ground conditions (i.e. pore-water pressure and K, profiles)
applied in the analyses presented here are given in Zdravkovi¢ et
al. (2005) and are not repeated in the current paper, for the sake
of brevity.

4.2 Numerical modelling

Coupled consolidation plane strain analyses have also been
performed for this problem, investigating both the short- and
long-term ground movements around the excavation, utilising
both isotropic and anisotropic stiffness properties for London
Clay as in the tunnelling analyses. The remaining soil layers are
modelled with the same constitutive models and model para-
meters as in the study of Zdravkovi¢ ef al. (2005), hence their
calibration is not repeated here. The Made Ground is modelled as
a linear elastic material, whereas the Terrace Gravel and Thanet
Sand are modelled with the isotropic non-linear elastic Mohr—
Coulomb model. All soils are discretised with eight-noded
quadrilateral elements. The props (modelled with two-noded bar
elements) and the wall (modelled with three-noded beam ele-
ments which are placed on the excavation side of the actual wall
in Figure 16) are also considered elastic. The parameters for all
materials are summarised in Tables 7-9. It should be noted that
the study of Zdravkovi¢ et al. (2005) employed stiffness proper-
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Figure 14. Predicted surface settlement troughs after the
construction of the EB tunnel
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Figure 15. Predicted long-term settlement troughs

ties of London Clay for this site which correspond to the
‘previous stiff’ curves in Figures 3 and 4.

+13-7
+10-0  Made Ground

 GWT__+65  Terrace Gravel
s The construction sequence (see Figure 16) involves consecutive

excavation of soil (the dashed lines indicate various excavation

: E)r(cf;\llaesgln level London Clay levels) .followed by the construc'tion. of a prop, until the final
excavation level at —27 m elevation is reached and all props are
installed. It is assumed that the wall acts as a cantilever during
the first excavation stage to +6-5 m elevation, before the prop P1

—220 is installed. The excavation is modelled as undrained by applying

small time steps.

Lambeth Group

12m Clay The boundary conditions applied to the mesh are those of zero
17-5m |“ _400 horizontal and vertical displacements at the bottom boundary, as
well as zero horizontal displacements and zero vertical forces on
i the vertical boundaries. The Made Ground, Terrace Gravels and
i _53.0 Thanet sand Thanet Sand are considered as drained materials and a zero change
i Chalk of pore-water pressure is prescribed in the clays on the right-hand
side vertical boundary. A no flow of water boundary condition is
Figure 16. Geometry and ground conditions of the Moorhouse assumed at the axis of symmetry. After the final excavation stage
excavation (after Zdravkovi¢ et al., 2005) is performed, a zero pore-water pressure boundary condition is
applied along the excavation boundary in the long term.
Layer Angle of shearing Cohesion, Angle of Stiffness: kPa Poisson ratio, Permeability, ko:
resistance, ¢': deg  c¢’: kPa  dilation, y: deg U m/s
Made Ground 25-0 0-0 12-5 10000-0 0-2 Drained
Terrace Gravel 350 0-0 17-5 Small strains (Table 8) 0-2 Drained
London Clay 220 0-0 11-0 Small strains (Tables 1-3) 0-3 1% 107?
Lambeth Group Clay 220 0.0 11-0 Small strains (Tables 1-3) 03 1% 10710
Thanet Sand 320 0-0 16-0 Small strains (Table 8) 0-2 Drained

Table 7. Mohr—Coulomb parameters for soils in Moorhouse
analyses
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4.3 Results - short term 15 ]
Figure 17 shows horizontal wall movement predicted by different ]
analyses for the stage when the wall is acting as a cantilever 10 _
(Figure 17(a)) and for the stage when the final excavation depth ! .

has been reached (Figure 17(b)). Again, because of predomi- ]
nantly undrained conditions, the behaviour is dominated by the
shear stiffness in the soil. The mobilised range of elastic 0—
deviatoric strain behind the wall is 0-1-1% at both stages. This
again indicates that the soil stiffness degrades very quickly from
the beginning of excavation and the wall movements for the

&
Lo

majority of excavation are governed by stiffness changes in the

Elevation: m
|
=)

non-linear range. However, differences between the various ] \
predictions are much more pronounced than in the previous case _q5 | — Previous stiff \
of tunnel excavation. 4| =~ — — — Previous soft

0| — " New data
In this respect the smallest horizontal wall movements are predicted : ———— Call - constant a
using the non-linear anisotropic stiffness model. As this is the g5 Al ===== Cal1 —varying a
predominant direction of wall movement, the high directional J a2 — constant a
horizontal stiffness that the model employs in this strain range 30 : Cal2 - varying a
prevents larger deformations. The effect of the E}/Ey, stiffness ratio, ]
a, is also more pronounced compared to the tunnelling case, in .

=35 I L L I B I
—0:06 —0-05 —0-04 —0:03 —0:02 —0-01 0
Horizontal wall movement: m
(—ve into excavation)

particular at deeper excavation levels. At the final excavation stage
in Figure 17(b), analyses with a varying stiffness ratio produce on
average 17-5% higher maximum wall movement (61-8 mm) than

the analyses with a constant stiffness ratio (52-6 mm). @)
15 —

Analyses employing the isotropic non-linear stiffness model — Previous stiff

predict larger wall movements, the largest being the one that | __ - _ Previous soft

utilises the ‘previous soft’ parameters. The maximum wall move- ——-——-- New data

ment from this analysis (95-4 mm) is 80% higher than that —_— Call - constant a

predicted from analyses with an anisotropic non-linear model and | — — — — — Cal1 - varying a

constant stiffness ratio. The shear stiffness for this model (see Cal2 - constant a

Figure 3) is the smallest in the working strain range for this Cal2 —varying a

problem (0-1-1%). =

Similar relationships between the various predictions can also be
seen in the profiles of ground surface settlements behind the wall,
presented in Figures 18(a) and 18(b) for the cantilever and final

Elevation: m
I
=)

stage of excavation respectively, and for the 80 m distance behind —15—
the wall (for clarity, the whole lateral extent of the mesh of .
200 m is not presented). —20 —

4.4 Results - long term ]
After the excavation is fully completed under undrained condi- —30 —
tions, a period of time is allowed in all analyses for full

dissipation of excess pore-water pressures. For brevity, only the —35

ground surface settlement profiles are presented in the long term 010 -008 -006 —004 —002 0
in Figure 19. It is interesting to note that the three analyses with Horizontal wall movement: m

isotropic non-linear stiffness properties predict slight heave (—ve into excavation)

beyond the 50 m distance from the wall, whereas this is not the (b)

case when anisotropic non-linear stiffness is utilised. In general,
the patterns between different predictions are not as clear as in  Figure 17. Predicted short-term horizontal wall movement:

the short-term predictions, most likely due to the interplay  (a) stages after cantilever; (b) and final excavation stage
between the bulk and the shear stiffness. However, the maximum
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Figure 18. Predicted short-term ground surface settlements
behind the wall at: (a) cantilever stage and (b) final excavation
stage

(b)

difference in predicted surface settlements up to a distance of
20 m behind the wall is about 33%.

5. Conclusion

Recent research on the advanced characterisation of the behaviour
of London Clay produced some new insights into the small-strain
stiffness properties of this soil. In particular, the isotropic
stiffness was shown to be different from that derived in the past
from commercial experiments. Additionally, the parameters de-
scribing the anisotropic elastic stiffness have been carefully
measured and interpreted.

The objective of the study presented in this paper was to
investigate the effects of these new data for small-strain stiffness
of London Clay on predictions of ground movements in numer-
ical analyses and to compare the results with those obtained using
the previously established data. Analyses for each of the two

boundary value problems considered differed only in the small-
strain stiffness properties employed for London Clay. The follow-
ing conclusions can be drawn from the presented case studies.

Tunnelling

B The isotropic non-linear shear stiffness calibrated from the
new data, with a smaller plateau magnitude but larger
plateau, and with more gradual non-linear degradation
compared to the previous data, predicts a shallower and wider
short-term settlement trough compared to that predicted by
the previously established isotropic non-linear shear stiffness
of London Clay.

m  Using anisotropic non-linear stiffness parameters derived
from the new data predicts short-term settlement troughs that
are slightly deeper and narrower than that predicted using the
isotropic shear stiffness derived from the same data. However,
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Figure 19. Predicted ground surface settlements behind the wall
in the long term

these are still wider and shallower than the two settlement
troughs predicted using previously established isotropic non-
linear stiffness properties.

B The effect of the stiffness ratio a in the anisotropic non-linear
stiffness model (i.e. whether it is constant or varying) is
negligible when considering the predicted ground movements
in this tunnelling problem.

m In general, the isotropic shear stiffness calibrated from the
new data results in the smallest predicted ground movements
both in the short and long term.

B The maximum difference between the various analyses in
predicting maximum surface settlement is 20% and 26% for
the short and long term respectively.

Deep excavation

m Contrary to the tunnelling case, the smallest wall and ground
movements in a highly propped deep excavation are predicted
using the anisotropic non-linear stiffness properties, due to
the high horizontal directional stiffness component.

B The effect of anisotropic stiffness ratio « is more pronounced
than in the tunnelling case, in particular in the short term.

B The maximum difference between various analyses in
predicting maximum ground movements is 80% and 33% for
the short and long term respectively.

In general, for the geotechnical problems considered in this study,
the finite-element analyses which employed recently obtained
data on the non-linear small-strain stiffness of London Clay
predicted smaller ground movements compared to predictions that
used previously established stiffness data. Clearly, for any
definitive conclusions to be drawn, further investigations are
needed on a range of geotechnical problems, in particular those
that have some measurements of ground movements.
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Appendix

Non-linear isotropic small-strain stiffness model
Coefficients in Tables 1, 2, 5 and 8 are fitting parameters used in
the following equations to give a variation of tangent shear
(3G/p") and bulk (K/p') stiffness with both stress and strain level

&g |€vol|)
X=1Io and Y =1lo —
£10 (C \/§> glO( T

3G Bay X!

S = A+ Beos(aX?) — % sin(aX?)
K Sonyn!

o R+ Scos(0Y") — 727.7303 sin(6Y")

Non-linear anisotropic small-strain stiffness model
Coefficients in Table 3 are fitting parameters used in the
following equation to give a variation of tangent drained vertical
Young’s modulus (E;/p") with both stress and strain level
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Shear stiffness A B CX10™* % y edmin X 1074 % &g ma: % Grnin: kPa
Thanet Sand 930 1120 2 1-100 0-700 3-6373 0-1645 2000
Terrace Gravel 1104 1035 5 0-974 0-940 8:83346 0-3464 2000
Bulk stiffness R S TX 1073 % n evolmin X 10730 % eyomax: % Kiin: kPa
Thanet Sand 190 110 1 0-975 1-010 11 0-2 5000
Terrace Gravel 275 225 2 0-998 1-044 2-1 0-2 5000

Table 8. Shear and bulk stiffness parameters for isotropic non-
linear elastic model for Terrace Gravel and Thanet Sand in
Moorhouse analyses (see Appendix)

Element Young's modulus, E: kPa Poisson ratio, u Cross-sectional area, A: Second moment of
m? inertia, I: m*

Wall (beam elements) 28-0 X 10° 0-2 1-2 0-144

Props (bar elements) 3.0 X 10° 0-2 1-0 —

Table 9. Parameters for wall and prop linear elastic models in
Moorhouse analyses

&
Z=1o —_—
£10 <D \/§>

E _opez!

v é ; g
Pl = P+ Qcos(BZ%) 2303 sin(B2°)

Using input parameters Ey, up, and a, the remaining cross-
anisotropic elastic parameters are calculated as (Graham and
Houlsby, 1983)

El, = o’E],
a £
Gpy = =
™7 2(1 + pin)
E},
Gpp=————
"7 2(1 + i)
Uoh = Uin/ @
! ! El{l
Uhy = Uyh E_}l,

Permeability model

The coefficient of permeability & is assumed to be related to the
mean effective stress p’ through the following equation (Vaughan,
1994)

k=kye ¥

where for London Clay a = 0-007 and k, = 2 X 10~° m/s.
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