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Response of clay soil to three-dimensional tunnelling simulation in centrifuge models

Abstract

Tunnelling-induced ground movements are complicated and investigations into them
normally require some simplifications. This paper provides a brief literature review which
highlights the advantages of adopting simplifications in physical modelling and addresses
some of the deficiencies in assessment of soil deformations due to the simulated tunnel
excavation. A set of centrifuge tests modelling a tunnel heading located at different
depths in clay was carried out at 125g. The tunnel was modelled by a semi-circular cavity
which partly supported by a stiff lining. The unlined tunnel heading was supported by a
thin rubber bag supplied with compressed air pressure. Tunnel excavation was simulated
by reducing air pressure. The induced ground movements at subsurface and surface
were measured by 2D image analysis and a new, novel 3D imaging system. The results
show that the experiment successfully reproduced key aspects of tunnelling-induced soil
deformation in practice. In addition, a new equation to predict horizontal displacements in

the longitudinal direction is suggested.
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LIST OF SYMBOLS

3D
3DIS

or
Oob

o)
TBM

three-dimensional

three-dimensional imaging system

tunnel radius

cover depth above tunnel

tunnel diameter

settlement trough length parameter
settlement trough width parameter at depth z
dimensionless parameter

acceleration due to gravity (9.81 m/sz)
function of the normal probability curve

Load factor

Tunnel stability ratio

Tunnel stability at collapse

unlined portion of tunnel heading

Particle Image Velocity

horizontal displacement in X direction
horizontal displacement in Y direction
volume loss

volume of settlement trough

volume of excavation

vertical displacement in Z direction

depth from soil surface

depth of tunnel centreline from the ground surface
unit weight of soil (kN/m?)

tunnel support pressure

overburden stress at tunnel centreline

soil displacement in spherical cavity contraction

Tunnel Boring Machine

EPBM Earth Pressure Balance Machine
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INTRODUCTION

The movement idealisation of soil displacements resulting from tunnel excavation in practice is
illustrated in Fig 1. Observations from field measurements have demonstrated that settlement
troughs in the transverse direction for single tunnel projects are nearly symmetric and that the
increase in the magnitude of soil settlement after the tunnel face has passed the measurement
line by a distance of a tunnel depth, z,, is often negligible (Attewell & Woodman, 1982; Nyren,
1998). Therefore, a simple 2D plane strain model can be used to study soil deformations behind
the tunnel shield. Many authors (Peck, 1969; O’Reilly and New, 1982) demonstrated that the

transverse surface settlement trough caused by tunnelling can be well described by a Gaussian

distribution;
W = Wy €XD (2—}:;) (1a)
Winax= Vs /N2miy; (1b)
where w is surface settlement,

y is the distance from the tunnel centre line to the settlement point in the

transverse direction (along the Y direction in Fig 1),
Whmax IS the maximum settlement (usually corresponding to y = 0),
iy is the distance from the centreline to the point of inflexion in the

transverse direction (along the Y direction in Fig 1),

B

Volume of settlement trough.

Previous studies, using centrifuge modelling techniques with 2D models, were shown to be
capable in reproducing soil responses similar to tunnelling-induced displacements, including the
shape of the Gaussian settlement curve and the development of settlement with depth (Grant,
1998; Marshall, 2009; Divall, 2013). One drawback of a plane strain 2D model is that it does not
take into account ground movements into the tunnel face (component 1-a in Fig 1), and only
movements in the plane perpendicular to the tunnel centreline are simulated. To some extent,

this may affect the distribution of the soil movements. More importantly, in cases where non-
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axisymmetric characteristics of soil displacements due to tunnelling is important then a 3D

model is required.

In some studies, efforts were made to conduct full 3D modelling of an advancing tunnel using a
miniature TBM in centrifuge modelling (Hisatake & Ohno, 2008) and at 1g (Bel et al.,2015).
These studies had the intention of simulating the excavation process of a TBM hence soil
displacements due to tunnel advance were expected to be replicated. However, fabricating a
miniature TBM and incorporating this into a physical model is not a straightforward task.
Moreover, soil displacements data from Hisatake & Ohno (2008) and Bel et al., (2015) were
limited to settlement at the surface only and no subsurface soil deformations were reported.
These might have been attributed to the complexity of having the miniature TBM which
obstructed sophisticated measurement systems that might have been used to obtain subsurface

deformations and horizontal displacements at the surface.

Those difficulties in conducting full 3D models required simplifications to be adopted in
simulating the tunnel excavation process in physical models while allowing the full distribution of
the induced soil deformations to be observed. The use of centrifuge modelling to investigate the
effects of non-axisymmetric characteristics of tunnelling-induced soil displacements or soll
reinforcement measures (spiles or forepoles systems) were reported by Mair (1979), Calvello &
Taylor (1999), Date et al., (2008), Yeo (2011), Boonyarak & Ng (2014), and Le & Taylor (2016).
However, little information on the similarities between the observed soil displacements in the
experiments with those in tunnelling practice were provided which is deemed necessary to

support the findings obtained from the test results.

This paper presents the results from a set of centrifuge tests featuring a 3D tunnel heading
located at different depths along with empirical predictions and sophisticated field measurement

data from previous publications.
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CENTRIFUGE TEST

Test series

Two centrifuge tests simulating a 3D tunnel heading at two different depths /D = 1 and
C/D = 3 in clay were conducted. The test details are presented in Table 1. A schematic of a

typical centrifuge test is illustrated in Fig 2.

Model tunnel

The tunnel was simulated by a 190mm long, 50mm diameter semi-circular cavity cut in the front
face of the model clay which formed a plane of symmetry of the tunnel heading. That allowed
subsurface soil deformations in this plane, which were expected to be the largest, to be
measured. The model was partly supported by a 165mm long stainless steel lining which left the
unlined heading P = 25mm to be supported by a thin rubber bag supplied with compressed air
pressure. The ratio P/D = 25/50 = 0.5 was chosen because it is within the range of P/D =

0.1 — 1 which was reported in many case studies (Macklin, 1999; Dimmock, 2003). All the tests
were conducted at n=125g. At this acceleration, the corresponding prototype scale tunnel

geometries are as presented in Table 1.

Model container and potential boundary effects
The internal dimensions, 550mm (L) x 200mm (W) x 375mm (H), of the model container allow
centrifuge tests with normalised tunnel depth up to C/D=3 which is considered adequate to

cover different soil deformation mechanisms (Davis et al., 1980).

Regarding boundary effects, the distance, in transverse direction, from the centreline of the
model tunnel to the side of the container in this study is 200mm/50mm=4D which is larger than
the minimum distance of 3D suggested by Kimura & Mair (1981). The depth of the model clay
beneath the invert of the model tunnel was more than 1D, the minimum value suggested by
Taylor (1995). The distance from the tunnel face to the side wall of the container, in longitudinal
direction, was 165mm which was larger than 3D. Therefore, minor effects of the boundary to soil

displacements in the centrifuge model can be expected.
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Clay model

Speswhite kaolin power was mixed with distilled water, in a ribbon mixer, to produce a uniform
mixed slurry of moisture content at approximately 120%. At this moisture content, the clay
particles are free to develop their own structure under applied stress (Mair, 1979). Properties of
Speswhite kaolin are presented in Table 2. Prior to pouring the slurry into the model container,
grease was applied to the container’s side walls to reduce friction. Two sets of 3mm porous
plastic sheet and a filter paper were placed at the bottom and the top of the sample to enable
dual drainage paths to shorten the required time for consolidation. The model container was
then placed under a hydraulic press to one dimensionally consolidate the sample to a maximum

vertical effective stress g,,=175kPa.

The consolidation pressure ¢’,c=175kPa was chosen as it provided soft clay model in which the
soil deformations, induced by the simulated tunnel excavation, would be large and can be

observed clearly (Le, 2017). In addition, with a preconsolidation pressure g,,=175kPa, the clay
above the tunnel axis level in the centrifuge test is overconsolidated (Le, 2017) which is similar
to most of soil clays in practice (Parry, 1969). It is worth noting that the OCR of soils around the
tunnel in test CD1 and CD3 were different due to the different overburden depth. However, the
difference in OCR did not cause any noticeable effects to the shape of soil displacement profile

as shown in the test results section.

Instrumentation

For test CD1, a row of displacement transducers was used to measure surface settlements and
the image analysis program Visimet (Grant, 1998) was used to measure subsurface soll
movements. For test CD3 which was conducted later, a new 3D imaging system (Le et al.,
2016) was developed and used to measure 3D soil displacements at the model surface while
GeoPIV_RG (Stanier et al., 2015) was used to measure subsurface soil deformations. The
changes in pore pressure were measured by Pore Pressure Transducers (PPTs), model
PDCRS81 supplied by Druck Limited Leicester, which were installed within the soil model. The air
support pressure in the tunnel bag was measured by a model PX600-200GV series pressure

transducer, supplied by Omega Engineering Ltd.
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Test procedure

On the test day, the clay sample was removed from the hydraulic press and trimmed to the
correct height. The top surface and the front face of the clay were coated respectively by Plasti
Dip and silicone fluid to prevent moisture loss. For test CD3, Leighton Buzzard Sand faction E
was used to create texture to aid the 3DIS analysis (Le et al., 2016). The tunnel cavity was cut
which then allowed the model lining and rubber bag to be put into place. Targets or texture
material (glass ballotini) were embedded into the front face of the model for later image analysis
to determine subsurface displacements using Visimet (Grant, 1998) or GeoPIV_RG (Stanier et
al., 2015). The front perspex window was coated by high viscosity silicone fluid to minimise

friction with the clay sample before being firmly bolted into the model container.

The models were accelerated to 125g while the tunnel air pressure, or was simultaneously
increased to support the overburden stress at the equivalent centrifugal gravity, n.

Oop=YZN (2)
where
o,p- Overburden stress at depth z,

y is the unit weight of soil.

It is worth noting that the tunnel air support pressure within the tunnel heading was equal in all
directions whereas soil pressure increases with depth. If or was chosen to balance o,,, at the
tunnel axis level z = C + D /2 then the upper part of the tunnel would be over pressurised.
Therefore, it was decided to choose ot to balance o,, near the tunnel crown at depth z = C +

D /4 which was shown to be adequate to keep the tunnel heading stable, without significantly
over pressurising the upper part of the tunnel. For CD1 and CD3 tests, the initial tunnel support

pressure at 125g were o= 129kPa and ory= 335kPa respectively.

It is worth to note that the effects of the difference in soil stress and the initial air support

pressure in the tunnel heading was negligible. Good agreement between field measurement
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and centrifuge test results on the pattern of soil displacements are presented later in this paper,

in addition to observation made by previous research (Mair, 1979; Grant, 1998; Divall, 2013).

The air support pressure was controlled using a valve in the centrifuge control room and full
details, including drawings and diagrams, can be found in Le (2017). After the excess pore
pressure dissipated and the clay consolidated, the tests were started by gradually reducing the
air support pressure from o7y, at a rate of approximately 2kPa/s, to zero to simulate the tunnel
excavation process. Data from the LVDTSs, and pressure transducer, and digital images were

recorded at 1 second intervals for later analysis.

TEST RESULTS
An example of surface (from 3DIS) and subsurface (from GeoPIV_RG) displacement data for
test CD3 is illustrated in Fig 3. The definition of the coordinate system and displacement

convention is also presented.

Settlement trough in the transverse direction

A typical settlement trough at the model surface is illustrated in Fig 4 together with a
corresponding Gaussian curve (Equation 1a). The best fit method proposed by Jones &
Clayton, (2013) was used to estimate the settlement trough width for different stages of the test
which gave i,, ¥ 85mm. The corresponding dimensionless parameter K = i, /z = 85/175 =
0.49. This K value falls within the common range of typical K = 0.4+0.7 for many case histories
of tunnelling in clay (O’Reilly & New, 1982). Good agreement between the experimental and the

empirical Gaussian curves can be seen in Fig 4.

Horizontal displacement in transverse direction

In practice, horizontal movements are difficult to measure and relatively few data from case
histories have been published. Fig 5 compares the trend of horizontal soil displacement in test
CD3 with field measurements from Hong & Bae (1995) and Nyren (1998) and the empirical

profile proposed by O’'Reilly & New (1982);
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ywy (3)

where vy, is the horizontal displacement in the transverse direction at a distance y
from the tunnel centreline,
w,, is the soil settlement at a distance y from the tunnel centreline,

calculated from Equation 1a.

The offset from the tunnel centreline y is normalised against i, and the horizontal displacement
v is normalised against the maximum value v,,,. It is evident that the maximum value v,
occurs at an offset of approximately y = i, from the tunnel centreline. It can be seen that the
experimental data are consistent with previously published field data and both are well
presented by Equation 3. This consistency also implies that the boundary effect was negligible
which further corroborates the suggested minimum distance to the boundary from tunnel

centreline of 3D (Kimura & Mair, 1981).

Longitudinal soil surface settlement above the tunnel centreline

Previous authors (Attewell & Woodman, 1982; Nyren, 1998; Dimmock, 2003) demonstrated
that, regardless of the tunnel construction technique and tunnel depth, the measured
longitudinal surface soil settlement in front of an advancing tunnel was well represented by the

cumulative probability function (Equation 4) proposed by Attewell & Woodman (1982);

X — X; X — X5
a6 () -0 ()]
where Wrinar IS the final surface settlement above the tunnel centreline;
iy is the settlement trough length parameter;
X; is the initial or tunnel start point (y = 0);
X¢ is the tunnel face position (y = 0);
GO is the function of the normal probability curve;
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For the model tunnel heading in the centrifuge tests, it is reasonable to consider that the start
point x; and tunnel face position x; respectively coincide with the edge of the tunnel lining and
the end of the unlined heading as depicted in Fig 6-a. The required variables to define the
longitudinal surface settlement profile above the tunnel centreline are the final surface

settlement wg;,,, and settlement trough length parameter i, .

It is reasonable to consider the final surface settlement wy;,,, as a constant and the normal
assumption is that the settlement directly above the tunnel face, wsqc, is 0.5wfnq;. Therefore,
the dimensionless profile of the longitudinal surface settlement above a tunnel centreline can be
obtained by normalising w, against wy,.. (depicted in Fig 6-a). The best-fit method (Jones &
Clayton, 2013) was used to estimate the value of settlement trough length as i, /z, = 0.46 for
both C/D=1 and C/D=3 tests. Fig 6-b shows a good fit between the empirical and the measured
longitudinal settlement profiles in the centrifuge tests for both depths ¢/D =1 and C/D = 3.
This suggests that the ratio i, /z, was the same for same sail, in this study Speswhite kaolin,
and the tunnel depth z, has almost no influence. It is also evident that the surface settlement is

very small at a longitudinal distance corresponding to z, from the tunnel face.

Settlement with depth

Fig 7-a illustrates settlement with depth obtained from extensometers, located in the vertical
plane of symmetry of the tunnel centreline, with respect to the advance of the west bound tunnel
at St James’s Park site for the Jubilee line extension project (Nyren, 1998). The tunnel, situated
in London Clay, was bored by open-face shield and mechanical backhoe. It can be seen that
settlement with depth in front of the tunnel face appears to be small and the difference in
magnitude of settlements at various depths were negligible. However, for settlements behind
the tunnel face, the magnitude of soil settlement w, increased with depth z. A similar trend was
also observed for EPBM tunnelling in London Clay (Wan et al., 2017). Soil displacements due to
the simulated tunnel excavation in the centrifuge test are presented in Fig 7-b. It is evident that
the trend of settlement with depth in front of and behind the tunnel face in the centrifuge test and

this case history are similar.
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Previous authors (Mair ef al., 1993; Nyren, 1998; Dimmock 2003; Wan et al., 2017), with
extensive data from centrifuge modelling and field measurements in tunnels constructed by
open-face tunnelling or TBM, showed that the profile of settlement with depth behind the tunnel

face was well predicted by Mair et al., (1993);

1 Z

iy z
—=0.175+0.325 (1-—)
2 20

(5)

The settlement trough width at the surface i§3=87.5mm (determined using Equation 5 with z=0)
is consistent with the estimated i = 85mm based on the experimental transverse settlement
trough. Combining Equations 1a, 1b and 5 give soil settlements with depth in the vertical plane

of symmetry of the tunnel centreline (y = 0) as;

w,=Vs/V2miZ (6)

where iy is the settlement trough width parameter at depth z.

Fig 8 compares the profiles of the empirical and the measured settlement with depth for the
tests CD1, CD3 and field measurement from Nyren (1998). The fit between the measured and
the empirical profiles is very good except for the settlement near the depth z/z, = 0.8. Mair et
al., (1993) also suggested that their equation was established based on many field
measurements but only a few data points were available in the area near the tunnel centreline

(i.e. when z/z, = 0.8) and caution should be exercised with the prediction at this depth.

Longitudinal horizontal soil displacement

Fig 9 compares profiles of horizontal displacement with depth at different distances in front of
tunnel face in the centrifuge tests with field measurements from a tunnel constructed using the
NATM method (Clayton et al., 2000). In Fig 9, the depth of the measured point, z, is normalised
by the tunnel depth z, and horizontal displacement, u, is normalised by the maximum horizontal
displacement in the profile, u,,,,. Interestingly, despite the difference in the normalised tunnel

depth C/D, the tunnel diameter and soil strength, most of the data points in the horizontal

10
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displacements with depth profile in the centrifuge tests and field measurements, when plotted in
the manner as in Fig. 9, shows good agreement. A Gaussian distribution curve expressed by

Equation 7 is also superimposed in Fig 9;

uu —exp {—16 (Zi— 1)2} (7)

It can be seen that the Gaussian curve (Equation 7) fits well with the data especially with the
field measurements. This suggests that if the horizontal displacement at the tunnel axis level is
known, then the profile of longitudinal displacement at any depth can be estimated using

Equation 7.

Mair & Taylor (1993) and Mair (2008) demonstrated that a simple linear elastic perfectly plastic
model (Mair & Taylor, 1993) provided reasonable predictions of longitudinal horizontal
displacement at tunnel axis level in front of a tunnel face. In their model, soil deformations in
front of an advancing tunnel heading can be idealised as being consistent with the contraction of

a spherical cavity in which displacement is given as;

6 Sy san\?
v (Z ) _ 8
- =3¢ (r) exp(0.75N — 1) (8)
Oop — OT
N = 9
5 (9)
where 1) is the soil displacement at radius r; in this paper § = u
a is the inner radius of the cavity (tunnel) i.e. 0.5D,
G is the elastic shear modulus (for isotropic conditions, the undrained

Young’'s modulus E, = 3G),

N is the stability ratio (Broms & Bennermark, 1967),
Sy is the undrained shear strength of clay,

Oop is the overburden stress at tunnel axis level,

or tunnel support pressure.

11
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The required parameters to calculate u/a at a distance of a/r in front of the tunnel face are the
tunnel stability N which can be calculated using Equation 9 and the ratio S,,/3G. While S,, can
be measured by hand shear vane on the soil model post-test, obtaining an accurate and reliable
soil stiffness, G, in a centrifuge model is not a straight-forward task hence no further analysis
was carried out. Nevertheless, from Fig 10 it is evident that u/a is linear with a/r as observed

in a field measurements reported by Mair & Taylor (1993) and Mair (2008).

3D Volume loss

In the conventional tunnelling framework, volume loss V; is referred to as the two dimensional

cross-sectional area of the settlement trough when the tunnel excavation has been completed

and is often expressed as a percentage of the tunnel area excavated. This volume loss can be

predicted using the Load Factor method given by Equation 10 which was proposed by Macklin

(1999);
V,=0.23e**CF); for LF > 0.2 (10)
N = 201 (12)
u
where LF is load factor,
N is tunnel stability ratio (Broms & Bennemark, 1967) (Equation 9),

Nrc is the stability ratio at collapse (Equation 12).

Orc is the tunnel support pressure at collapse.

By means of 3DIS, the volume of the settlement trough in 3D induced by the reduction of tunnel

support pressure in the centrifuge test was measured which enables the developing 3D volume

loss to be calculated by Equation 13;

(13)

12
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_ ([ nD? (14)
o= () s

(Note — only a half section of tunnel is modelled in these tests)
where Vg: volume of the settlement trough in 3D measured by 3DIS (mm®),

.,: volume of the excavation in 3D (mm3) corresponding to the unlined heading P.

This approach to 3D volume loss gives an opportunity to assess if the Macklin (1999) method is
applicable in a 3D scenario. The tunnel support pressure at collapse g in test CD3 was
determined as 108kPa (Le, 2017). The undrained shear strength of the clay model was
estimated as S,=31.5kPa (Le, 2017). Using o = 108kPa and S,=31.5kPa in Equation 12
gives the stability ratio at collapse for test CD3 N;.=8. This is in line with the value suggested by

Kimura & Mair (1981) for a tunnel with P/D = 0.5 at depth of C/D = 3.

The relationship of the calculated LF (Equation 11) and the measured volume loss V} is
compared with the empirical relationship (Equation 10) in Fig 11. It is evident that most of the
data points fit closely with the empirical line (solid line) and fall within the bounds proposed by
Macklin (1999) (dashed lines). The results from Fig 11 suggests that the Load Factor approach

is applicable to the developing total 3D volume loss.

SUMMARY AND CONCLUSION

A relatively straight-forward centrifuge testing apparatus was used to simulate the excavation of
a 3D tunnel heading in clay at two normalised tunnel depths C/D =1 and C/D = 3. The
obtained data covered soil displacements at the surface and subsurface in three-dimensions
which would have not been possible in a 2D model test. High precision measurement
techniques, including the novel 3D imaging system, allowed rigorous analysis and assessment

of soil deformations in the centrifuge tests.
The soil movements, in horizontal and vertical directions at surface and subsurface, were found

to be very consistent with those obtained from field measurements and a simplified analysis for

tunnel in clay. In addition, from the test results, a new equation was proposed to predict

13
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horizontal soil displacement in the longitudinal direction which showed reasonable agreement

with field and experimental data. However, more field data are needed to confirm this finding.

The experimental evidence presented further corroborate appropriate simplifications in
centrifuge modelling. That allows the complicated tunnel excavation process to be studied while
ensuring the key aspects of soil displacement will be reproduced. This gives confidence that a
more sophisticated experimental study, for example the effect of soil reinforcement measures or
the interaction with piles and other foundations, will reveal realistic insights into tunnelling-

induced soil deformations.
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FIGURE CAPTION

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

9:

10: Horizontal displacement in longitudinal direction at tunnel axis level.

. Idealisation of tunnelling induced soil displacements.

: Schematic of the centrifuge model.

: Typical soil displacements from the centrifuge test CD3.

: Typical transverse settlement trough in test CD3.

: Transverse surface horizontal soil displacement in test CD3.
: Longitudinal surface settlement above tunnel centreline.

: Settlement with depth at different locations to tunnel face.

: Settlements with depth behind tunnel face.

Horizontal displacement in longitudinal direction.

11: Relationship of Load Factor, LF and volume loss VL.

18



Parameter Model (mm) | Prototype (m)
Tunnel Diameter, D 50 6.25
Unlined portion, P 25 3.125
Cover depth C (C/D=1) 50 6.25
Depth at tunnel CL, z, (C/D=1) 75 9.375
Cover depth C (C/D=3) 150 18.75
Depth at tunnel CL, z, (C/D=3) 175 21.875

Table 1: Details of centrifuge test and their corresponding prototype scale tunnels.




Symbol | Parameter Value

K average gradient of swelling line in v:Inp’ space | 0.05

A gradient of compression line in v:Inp’ space 0.19

M stress ratio at critical state (q": p") 0.89

r specific volume at critical state when p'=1kPa 3.23

N specific volume on INCL when p'=1kPa 3.29

Qe critical state angle of shearing resistance 23°

y unit weight of soil (saturated for clay) 16.5 (kN/m3)
Yo unit weight of water 9.81 (kN/m’)

Table 2: Speswhite kaolin clay properties (Grant, 1998).
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