Modelling ground response to TBM tunnelling with active face support
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ABSTRACT: This article presents a simple numerical investigation of ground responses to tunnel-boring ma-
chine (TBM) tunnelling with active face support. Unlike other numerical modelling in which a flow inward the
excavation chamber was assumed, in this modelling a flow inward the ground surrounding the face was as-
sumed. The later flow is caused by the penetration of slurry (for slurry shield) or foam (for EPB). The effect of
soil layering (semi-confined and unconfined aquifers) was also taken into account. The numerical results show
that the ground response to TBM tunnelling with active face support can be significantly influenced by soil
layering. In a semi-confined aquifer, at a distance larger than approximately three times of tunnel diameter from
the face, the excess piezometric heads are the same at any depths. This finding is helpful to improve the solution
for the excess pore pressure caused by TBM tunnelling in a semi-confined aquifer proposed by Xu et al. (2019).
The existing analytical solution of excess pore water pressure distribution for the case of semi-confined aquifer
matches well with the numerical result. It appears that for an unconfined aquifer, contour of the excess pore
water pressures is like a radial distribution. The steady state model of piezometric head for the homogeneous
soil results in excellent matches with the values derived from the numerical modelling. For a semi-confined
aquifer, the ground surface heave was observed. Though the face collapse potential was found for the uncon-

fined aquifer, the displacement around the face was very small.

1 INTRODUCTION

Improper face support probably leads to face instabil-
ity during tunnel-boring machine (TBM) tunnelling,
especially in aquifers. Insufficient support may lead
to face collapse and too high may lead to face blow-
out. Active face support with pressurised slurry or
foam can successfully stabilise the face (Stack, 1992)
and hence it has been widely used.

With active face support, since the pressure in the
excavation chamber is higher than that in the soil,
slurry or foam or water from the foam will penetrate
into the surrounding soil and thus generates excess
pore water pressures. In this condition, the effective
face support pressure is reduced. Many analyses have
been conducted to investigate the face stability. Some
authors assumed that there would be an ideally imper-
meable layer formed at the face and thus set an uni-
form (Kasper & Meschke, 2004; Lambrughi et al.,
2012; Ukritchon et al., 2017) or a linear face pressure
in their analyses (Kim & Tonon, 2010; Zhao et
al.2015). Some others considered that the effective
face support pressure decreases with the distance of
slurry or foam penetration into the soil in front of the
face and proposed some formulas to describe the re-
duced effective support pressure (Anagnostou &

Kovari, 1994; Broere, 2001). However, only for
standstill, there can be a linear pressure over the thick-
ness of the penetrated zone, going from the pressure
at the tunnel face to the hydrostatic pressure in the
soil. For drilling the penetration of slurry or foam will
generate excess pore water pressure in the soil mass.

In reality, the cutter head will cut off the soil and
carry it into the gap between the TBM and the ground
and thus soil-slurry-mix or soil-foam mix rather than
‘clean’ slurry or foam presents at the face. For pure
slurry or foam there will be a low permeable layer and
the pressure drop will be at the boundary between the
slurry or foam and the soil. In this condition, there
will be no low permeable layer formed at the face, but
a continuous penetration (Xu & Bezuijen, 2019).
Since the penetration velocity decreases with the pen-
etration distance, after some time the penetration is
very slow and hardly influences the pore pressures in
the soil. This has significant influence in the pressure
transfer at the tunnel face. For this situation the tradi-
tional calculation method is valid. The question is
then: how is the ground response to TBM tunnelling
under such a penetration.

This article therefore aims to convince readers that
the groundwater flow has to be taken into account and
that concepts for the face pressure described in



previous research (references) have to be adapted. A
simple numerical modelling using a finite element
method (FEM) was carried out. The influence of flow
generated by the penetration at the face and soil lay-
ering are taken into account.

2 NUMERICAL ANALYSIS AND DISCUSSION

2.1 Model built-up

A sketch of TBM tunnelling with active face support
through a semi-confined aquifer is shown as Figure 1.
An aquifer (sand layer) is overlain by a semi-perme-
able layer (peat layer). An impermeable layer is be-
neath the aquifer. The tunnel is built in the centre line
of the aquifer. For an unconfined aquifer, it is as-
sumed that the soil is homogeneous.
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Figure 1. Sketch of TBM tunnelling in a semi-confined aquifer

Table 1. Inputs for the model

Parameter ~ Semi-permeable  Aquifer Impermeable
layer layer
" (KN/m®) 10.5 16 16
k (m/s) 10¢ 4.0x10* -
Ko (-) 0.66 0.47 0.43
E (kPa) 1.5x103 5.0 x 10* 7.5%x10°
v (-) 0.15 0.3 0.3
o (°) 20° 36.3° 32°
v (°) 0° 1° 2
c (kPa) 3 1 1

A two-dimensional (2-D) model was set up in the
finite element code PLAXIS 2D, see Figure 2. The
model dimensions 480 m x 60 m (length x depth)
were selected to balance the boundary effect and the
computational efficiency. A 14.5 m diameter tunnel
centre is situated at NAP -27.2 m. The inputs for the
model are listed in Table 1. Mohr-Coulomb model
was selected for the different soil layers.

To bring the complex boundary problem to a sim-
ple solution, some simplifications and assumptions
were made. The lining is assumed to be finished and
thus the gap is fully filled with grout and the volume

loss behind the shield is neglected. Hence, the tunnel
and shield are not modelled. No vertical displace-
ments of tunnel crown and invert are assumed, see
Figure 2.
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Figure 2. Model built-up

The support pressure can be assumed consisting of
slurry pressure and excess pressure. The slurry pres-
sure due to slurry self-weight is set as a linear pres-
sure along the depth and the density of slurry is 1300
kg /m3, which was a medium value that monitored in
Second Heinenoord Tunnel (COB, 2000). In case of
penetration velocity larger than the excavation rate, a
discharge is expected at the face. The discharge is as-
sumed as constant. Therefore, a hydraulic boundary
of constant discharge at the face is defined. In this
condition, according to Broere (2001), the volume of
the water discharged by the penetrating slurry is
roughly equal to the total pore volume of the exca-
vated material. The discharge per unit area of tunnel
was set as, according to:

q=-n-v M)

with n the porosity of the soil and v the excavation
rate of the TBM. In the GHT, the excavation rate is
about 40 mm/min and the porosity of the soil is about
0.37. The discharge at the face is estimated as
0.000247 m/s according to Equation (1). According
to Broere (2001), the starting value of the head at x =
0is 4.4 m. Hence, Equation (1) is only valid for exca-
vation face pressures higher than 4.4 m height of wa-
ter and the infiltration rate is higher than the TBM ve-
locity. If not, there should be a head boundary
condition.

A transient fluid-solid coupled analysis was per-
formed. Undrained condition was assumed to semi-
permeable layer and aquifer, the impermeable layer
was set as non-porous. The analysis step lasted 60
mins, corresponding to the normal excavation period
of 40 to 60 mins for one ring excavation.



2.2 Numerical result of excess pore water pressures

The soil layering may affect the pressures at the face
and thus the face stability. Two common types of soil
layering are shown in Figure 3. For an unconfined ag-
uifer, contour of the excess pore pressures is a radial
distribution, see Figure 4.
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Figure 3. Sketch groundwater flow caused by shield tunnelling.
(After COB, 1998, drawings by Bezuijen jr, used with permis-
sion)
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Figure 4. Contour of the excess pore water pressures around the
face in an unconfined aquifer (negative value indicates pressure
in PLAXIS 2D)
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Figure 5. Contour of the excess pore water pressures around the
face in a semi-confined aquifer (negative value indicates pres-
sure in PLAXIS 2D)

It is clear from Figure 5 that the magnitudes of ex-
cess pore water pressure caused by TBM excavation
in a semi-confined aquifer are the same at any depths,
when the flow reaches the place where is at least three
times of tunnel diameter from the face. This may be

helpful for improving the analytical solution for the
excess pore pressure caused by TBM tunnelling in a
semi-confined aquifer proposed by Xu et al. (2019).

Bezuijen (2001) proposed a steady state model to
describe the piezometric head in the case of homoge-
neous soil:

#) = o L+ /R) - X/ R] 2

Where ¢(x) the piezometric head (m) at a distance x
(m) in front of the tunnel face, ¢o is the piezometric
head at the tunnel face (m), and R (m) the radius of
the tunnel, assuming a piezometric head of zero far
from the tunnel in the pore water.

For a semi-confined aquifer, the steady state pie-
zometric head at the face can be derived from the one-
dimensional solution of pore pressure generated by
TBM tunnelling Broere (2001):

#(X) = ¢ exp(-x/ 1) ©)

with / the leakage length of the aquifer (m).

Figure 6 shows that, for an unconfined aquifer the
model of Bezuijen (2001) excellent match the numer-
ical results. For the tunnel in a confined aquifer the
agreement is not so good (see Figure 7). The reason
is that Eq. (3) is a purely 1D solution and the flow
close to the tunnel face has 3D aspects, see Bezuijen
& Xu (2018).
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Figure 6. Steady state head change with distance from tunnel
face in an unconfined aquifer compared at the axis of the tunnel
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Figure 7. Steady state head change with distance from tunnel
face in a semi-confined aquifer compared at the axis of the tun-
nel

2.3 Numerical result of displacements

Vector contour of the ground displacements induced
by TBM tunnelling in a semi-confined aquifer can be
seen in Figure 8. Neither face collapse nor blow-out
potential was observed. The ground surface heave
was clear. The maximum displacement was 226.5
mm. Figure 9 shows vector contour of the ground dis-
placements induced by TBM tunnelling in an uncon-
fined aquifer. There was a small blow-out potential at
the face, but the maximum displacement around the
face was only about 2.5 mm.
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Figure 8. Vector contour of the ground displacement for a semi-
confined aquifer
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Figure 9. Vector contour of the ground displacement for an un-
confined aquifer

3 CONCLUSIONS

A simple FEM modelling was carried out. Though
some simplifications and assumptions were made,
some new findings are found.

The steady state model proposed by Bezuijen
(2001) has been used to describe the measurements
from sites in semi-confined aquifers, but no data from
unconfined aquifer was used. In this study, the model
was validated by the numerical results.

The magnitudes of excess pore water pressure
caused by TBM excavation in a semi-confined aqui-
fer are the same at any distance, when the flow
reaches the place where is at least three times of tun-
nel diameter from the face. This is helpful to improve
the analytical solution for the excess pore water pres-
sure caused by TBM tunnelling in a semi-confined
aquifer proposed by Xu et al. (2019). In that model,
the groundwater flow is assumed to be a cylindrically
symmetric flow in the horizontal plane, when the flow
reaches the place where is tunnel diameter from the
face.

The soil displacement around the face may suggest
that penetration at the face is positive for the face sta-
bility. With proper face support, both collapse and
blow-out can be avoided. This also depends on the
soil layering condition.

Further work on the effects of such as diameter,
grout pressure, excavation process in the ground re-
sponse to TBM tunnelling with active face support
can be made based on but is not the focus of this
study.
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