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Tunnel-boring machine (TBM) tunnelling through an aquifer will generate excess pore water pressures in the soil
around the tunnel face. Accurately predicting the magnitude of the excess pore water pressures is significant
because it directly determines the effective face support pressure. In this study, an analytical solution for tran-
sient cylindrical flow caused by TBM tunnelling considering the elastic storage of the aquifer is developed.
Furthermore, a quasi-static solution to couple the effect of slurry infiltration with the elastic storage is presented.
It is shown that the pore water pressures derived from the analytical solution match quite well with the mea-
surements obtained in proximity to as well as far away from the TBM. The coupled quasi-static solution also
agrees with the measurements for the places close to the tunnel face, but underestimates the observations far
away from the tunnel face. The results also show that a larger infiltration distance leads to a slower dissipation of
excess pore water pressures, which does not make a difference during excavation (when excavation velocity is

faster than the pore fluid velocity).

1. Introduction

During tunnel-boring machine (TBM) tunnelling with active face
support using slurry in an aquifer, the tunnelling can be influenced by
soil permeability, soil layering, slurry pressure and tail void grouting
etc. Around the tunnel face, excess pore water pressures can be gener-
ated by slurry infiltration (Broere, 2001, 2002, Bezuijen, 2002, Hoef-
sloot, 2001, Bezuijen et al., 2016, Zizka et al., 2017). Other geotechnical
factors, such as grouting, may also generate excess pore water pressures
(Wang et al., 2020; Wu et al., 2020a, 2020b). Excess pore water pres-
sures generated by TBM tunnelling have been observed at several tunnel
projects in the Netherlands, such as the Second Heinenoord Tunnel, the
Botlek Rail Tunnel, the Green Hart Tunnel (GHT) and the tunnel of the
Amsterdam North/South Metro Line (N/S Line) (Broere, 2001, 2003,
Bezuijen, 2002, Bezuijen et al., 2001, 2016, Kaalberg et al., 2014), in
China, such as the Middle Ring Tunnel across Huangpu River in
Shanghai (Zheng et al., 2006) and in USA, such as the Alaskan Way
Viaduct replacement tunnel in the city of Seattle (Cording, 2018). All
these tunnels were bored through aquifers. In the case of tunnelling
through a semi-confined aquifer, for example a sand layer overlain by a
peat or clay layer, the area over which excess pore water pressures will

* Corresponding author.
E-mail address: taoxu@seu.edu.cn (T. Xu).

https://doi.org/10.1016/j.tust.2021.104162

be present is larger than in an unconfined aquifer. Apart from the un-
favorable influence on the effective face support, there is in a semi-
confined aquifer a risk that the excess pore water pressure may induce
cracks in the less permeable upper layer, creating a communication
between the aquifer and the free water table or in extreme cases even
lifting of the less permeable layers. As a result, for example, brackish
water coming from the artesian water table can pollute the agricultural
lands (Autouri and Minec, 2005). This situation is also commonly
encountered in the delta areas in America, Africa and China (Bohlke
et al,, 1996; Hamza et al., 1999; Min et al., 2015). Identifying the
mechanisms and the magnitude of the excess pore water pressures
caused by TBM tunnelling is of significance for the safety of tunnelling
and long term economy of agriculture in these areas.

Within a certain project, it is possible to perform a detailed numerical
simulation to calculate the excess pore water pressures to be expected
around the TBM, see for example Autuori and Minec (2005) and Kaal-
berg et al. (2014). However, analytical solutions or simple numerical
solutions are useful, for a general understanding of the conditions sig-
nificant where excess pore water pressures can be expected and to study
which parameters are of primary importance. Moreover, these are
relatively straightforward to include in the current models of tunnel face
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stability. Bezuijen (2002) proposed a radial steady state model for the
excess pore water pressure caused by TBM tunnelling in an unconfined
aquifer where the soil is homogeneous. Zizka et al. (2017) show that the
pore water pressure distribution in front of the TBM, estimated by this
model results in an excellent match with the results measured on the axis
of the tunnel in front of the TBM. This model was extended to a non-
steady state model (Bezuijen et al., 2016) that can calculate the pore
water pressure variations by considering the properties of the slurry that
infiltrates into the soil. Broere (2001) employed a transient one-
dimensional (1-D) linear flow model to predict the excess pore water
pressures caused by TBM tunnelling in a semi-confined aquifer. The non-
steadiness of the groundwater flow is governed by the elastic storage of
the aquifer.

In fact, the groundwater flow caused by TBM tunnelling is more
complicated than a 1-D flow. One finding from the observations at the
GHT was that there were still some excess pore water pressures even
100 m far away from the TBM perpendicular to the tunnel axis (Xu and
Bezuijen, 2018). This means that the flow caused by the TBM tunnelling
is not a 1-D flow, but is a complex three-dimensional (3-D) flow prob-
lem, that can be approximated by a combination of spherical flow and
cylindrical flow around a vertical axis (Bezuijen and Xu, 2018), as will
be detailed later. Therefore, a cylindrical flow model will be employed
to describe the excess pore water pressures caused by TBM tunnelling in
the semi-confined aquifer. Because the semi-confined aquifer has an
influence, the formula for homogeneous soil proposed by Bezuijen
(2002) cannot be used for this situation. It is also realised that the
transient models in Broere (2002) and Xu and Bezuijen (2018) are not
exact, because these models assume a constant discharge at the tunnel
face instead of a constant piezometric head, as will occur, e.g. at the
GHT. However, as an analytical solution for 3-D groundwater flow given
these boundary conditions has not been found, a numerical solution
assuming a constant discharge will be used.

In this study, first a numerical model for groundwater flow in a semi-
confined aquifer is developed, based on a boundary condition of
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constant piezometric head at the tunnel face. The applicability of this
model will be verified with the measurements from the GHT. Further-
more, the difference between the linear flow solution proposed by
Broere (2001) and the cylindrical solution will be discussed, and their
limitations will be shown. Broere (2002) suggests that slurry infiltration
at the tunnel face occurs in a very short period and that the increase or
decrease in pore pressure when excavation starts or stops is influenced
by elastic storage. Therefore, it is of interest to consider the excess pore
water pressure if plastering plays a role. The model considering the ef-
fect of slurry infiltration needs be coupled with the cylindrical sym-
metric solution considering the elastic storage of the semi-confined
aquifer. This will allow determining which of these parameters domi-
nates the observed pressure increases and decreases at GHT.

2. Models
2.1. Cylindrical symmetric solution

Some distance away from the TBM (more than the height of the
aquifer), the groundwater flow caused by TBM tunnelling in a semi-
confined aquifer is deemed almost identical to a cylindrical flow
caused by a discharging well in a semi-confined aquifer, and hence the
model proposed by Jacob (1946) is employed in this study. The
boundary conditions of the aquifer where the TBM is located are shown
in Fig. 1. A permeable (sand) layer resting on an impermeable base is
overlain by a semi-permeable (peat or clay) layer. The TBM is
completely located in the permeable layer. For a semi-confined aquifer,
there will be upward leakage through the semi-pervious layer and the
groundwater flow in the aquifer is assumed to be horizontal cylindrical
flow throughout the aquifer, because the leakage length will in most
cases be much larger than the thickness of the aquifer. The cylindrical
flow decreases in magnitude as a function of the distance from the tunnel
face. It is also assumed that the volume of water released from elastic
storage at each location within the aquifer is proportional to the decline

= ¢ Semi-permeable layer C
Infiltration Aquifer
l 777 l m\ T -
- s —_— @(x)
— S
Tunnel TBM ________ \-F’ X H
P Groundwater flow
SSS \ ______

+ m===
|

Excavation chamber
(slurry inside)

Fig. 1. A sketch of infiltration and groundwater flow generated by TBM tunnelling in a semi-confined aquifer.
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of piezometric head at that location Ag, and to the storage coefficient of
the aquifer S. The storage coefficient S is a product of the thickness of the
aquifer H and the volume of water released from storage dV,, by a unit
decline of piezometric head d¢ for a volume V. That is:

S = H(dV, /dp)/V eh)

The prototype situation is slightly different, as slurry infiltration
from the TBM only occurs within the diameter of the TBM face, rather
than over the whole height of the aquifer. The simplification of cylin-
drical flow, therefore, assumes that over the height of the aquifer, the
piezometric head is constant and the only piezometric head variation
occurs in the horizontal plane (Bezuijen and Xu, 2018). It is assumed
that the groundwater flow caused by tunnelling is a radial flow in the
horizontal plane beyond the radius of the TBM, and hence the solution is
valid. In Fig. 2, the resulting isohypses in a horizontal plane at the height
of the tunnel are sketched, which shows that the assumption of cylin-
drical flow is only reasonable at some distance from the tunnel face. At
the tunnel face, the piezometric head is more or less constant and there
will be no cylindrical flow pattern. However, it is assumed that the in-
fluence of this simplification is limited with respect to the solution
further away from the tunnel, as has been shown for flow in an uncon-
fined aquifer (Zizka et al., 2017, 2018).

The differential equation for a transient two-dimensional flow due to
elastic storage in a semi-confined aquifer is:

_ P P _

Oq
g9 _7£+2/’

2
V((p)i()xz o )2 ﬂg

(2)

V2 is the Laplace operator and

= k{/]C} = i

2
* s kS H

where ¢ is the increase of piezometric head, (x, y) are coordinates in the
horizontal plane with respect to the centre (0, 0) of tunnel face, 1 is the
leakage length of the aquifer, t is the time, k; the hydraulic conductivity
of the aquifer, k;’ is the hydraulic conductivity of the confining layer, H
is the height of the aquifer, C is the height of the confining layer and S is
the storage coefficient of the aquifer defined as ‘the product of the
thickness of the aquifer and the relative volume of water released from
storage by a unit decline of head’ (Jacob, 1946).

Various analytical and numerical cylindrical symmetric solutions for
this differential equation are given, but none take into account the
desired boundary condition of constant head. Therefore, a numerical
solution was developed for such boundary conditions, using an explicit
Forward Time Central Space (FWCS) difference method.

The differential equation in cylindrical coordinates for the flow in a
semi-confined aquifer is:
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i) Ldp ¢
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where r is the distance from the centre of the tunnel face.
The boundary conditions for this situation are:

r=0-¢(0,1) = ¢,

r= oo—>aa—(f(oo7t) =0

It is assumed that at t = O the piezometric head is constant (taken
zero in the paper) everywhere (for all r) and then the piezometric head at
r = 0 is raised to ¢g. With this the model simulate that the filter cake (or
infiltrated zone) is destroyed at t = O when excavation starts and then
the soil comes in contact with the pressure in the mixing chamber. This
may be incompletely right. In reality, the filter cake (or infiltrated zone)
will be gradually destroyed and this process is not included in the
analytical solution.

The initial condition is:

t=0-¢(r,0)=0
The discretization of Eq. (3) is given by:

o1+ A1) = o) +% o(r— Ar,1) — 2(1/;(:;;) +o(r + Ar, 1)
1L o(r+ Ar,t) — o(r — Ar,t)  @(r,1)

3 Arr R @

The remaining drawdown of piezometric head to time in a semi-
confined aquifer in a cylindrical symmetric situation is the same as Eq.
4.

According to Bruggeman (1999), the steady state solution of Eq. (3)

_ Ko(r/4)
o(r) = PURo(R/A) )

where K is the modified Bessel function of second kind, see Appendix B,
and the approximation given in Eq. (5) is valid when r/1 < 1.

2.2. Coupled steady state model considering the influence of infiltration

Bezuijen et al. (2016) and Xu and Bezuijen (2018) showed that the
excess pore water pressure around the TBM can be caused by slurry
infiltration. In these models, a steady state flow is assumed. During
standstill, slurry infiltration in the soil will continue until the maximum
infiltration distance is reached. If the piezometric head far from the
tunnel remains constant, the piezometric head in the sand just before the
bentonite slurry front ¢(x), can be approximated as (Huisman, 1998):

Fig. 2. Contour of excess pore water pressures generated by TBM tunnelling in a semi-confined aquifer. It is made on basis of the calculated result from a FEM
modelling, in which a constant outflow boundary on the tunnel face is set and the undrained condition is applied to the whole model.
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X\ nv,

o) = o (1-7) ~Toa ©
where ¢nx is the piezometric head in the excavation chamber, L the
maximum infiltration distance, v, the pore fluid velocity, k; the hy-
draulic conductivity of sand for the bentonite slurry.

Eq. (6) assumes that there is no filter cake formation but only mud
spurt during the slurry infiltration. This is true for the real TBM
tunnelling in a sandy soil. In such a case, no ‘clean’ slurry but slurry
containing sand will be present at the tunnel face. Xu and Bezuijen
(2018) showed that, during infiltration of slurry containing sand, there
will be no external filter cake but an internal low permeable layer
formed. At the end of the slurry infiltration, infiltration distance x is
equal to maximum infiltration distance L, and v, and ¢(x) will tend to
zero (Xu and Bezuijen, 2018).

In case of an unconfined aquifer, the flow in the sand just before the
bentonite slurry front can be described, assuming radial flow, as
(Bezuijen, 2002):

o) =2

A R @

with R (m) the radius of tunnel. The value of ¢, can be estimated from
Eq. (6). Combing Egs. (6) and (7), with v, = dx/dt, it can be derived
(Bezuijen et al. 2016):

dx _ ¢, (1—x/L)

dar nR/ks + nx/k, ®

with t the mud spurt time.
Integrating Eq. (7) with respectto tatt=0s,x = 0 m gives:

nL [([R—L L X 1 1

= | —=+= 1-2 -
=GR ) -D) (E )| ®
Bezuijen and Xu (2018) have shown that Eq. (9) can also be used to
approximate for the slurry infiltration in a semi-confined aquifer, when

R is replaced by Rs, which takes the influence of the semi-confined
aquifer on the flow into account:

Ro=— 10)

From Eq. (8) the value of v, can be determined, and hence Eq. (7) can
be used to calculate the pore water pressure during excavation and
during standstill. The pore water pressure during excavation can be
similarly calculated, as presented by Xu and Bezuijen (2018).

3. Evaluations

A transient flow model for the excess pore water pressure generated
by TBM tunnelling in a semi-confined aquifer and a quasi-static model
coupled with the influence of slurry infiltration have been presented
above. Here, the applicability of these models will be validated by
comparing the calculated results with the measurements from the GHT
that is constructed in a semi-confined aquifer, underneath the
Noordplaspolder.

3.1. Results from the model considering the elastic storage of the aquifer

3.1.1. Parameters determination

The tunnel is bored through a saturated sand layer, where the
overburden consists of peat and clay. The hydro-geotechnical conditions
have been described in detail by Aime et al. (2004). The tunnel is con-
structed in a semi-confined aquifer where the Ring 2117, where the pore
pressure transducers (PPTs) are installed (see Fig. 3), was located at the
tunnel chainage 4219 m. The input parameters for the transient model
are summarised in Table 1. The values of ks, Ap, H and C are obtained
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Fig. 3. The sketch of PPTs instrumented around ring 2117 at the GHT (after Xu
and Bezuijen, 2018).

Table 1
Input values of parameters for the cylindrical solutions for the transient flow
model.

Ag 2 ki (m/s) kS (m/ H C SE) 7
(m) (m) s) (m) (m) (m~2s)
22 205 1.5 1 x 35 8 5 x 0.309
1074 10°° 107*

from measurements (Xu and Bezuijen, 2018). The head difference be-
tween the head, 8 m in front of the face, and the equilibrium head ¢o =
2.2 m and TBM radius R = 7.25 m. The averaged hydraulic conductivity
(ks”) of the overlying peat and clay layers was roughly set at 1.0 x 10~®
m/s, much smaller than the hydraulic conductivity (1.5 x 10~* m/s) of
the sand in the aquifer. Leakage length 1 = 205 m, storability S = 5 x
10~*and g% = 0.309 m~2:s are calibrated by fitting the results from the
transient cylindrical solution to the field measurement at r = 8 m. The
distance indicates the distance between the TBM and ring 2117, where
the PPTs WAO and WR1 are located. Fig. 4 shows that the transient
cylindrical solution well matches the measurement during excavation.
During standstill, the pore pressure is slightly underestimated. The ob-
tained parameters are then used for the predictions of excess pore water
pressures at other distances.

From the steady state distribution of head, the value of transmitivity
T (see Appendix B) can be determined using Theis’ modified method
(Jacob, 1946), assuming the leakage length 4 is known. The storage
coefficient S may be determined by Theis’ method using the drawdown
during the earliest phase of the transient state. Subsequently, the derived
value of T can be checked.

The excess pore water pressures measured at GHT are compared with
the steady state solution for the transient flow model (Eq. (4)) in Fig. 5.
The excess pore water pressure far away from the tunnel was assumed to
be zero, which corresponds with a pore water pressure of 153 kPa at the
depth of the piezometer of WAO. As the measured pore water pressures
are plotted as a function of distance, vertical downward spikes occur
during TBM standstill as the excess pore pressures dissipate in time
whilst the TBM is stationary. WR1 in the figure shows the results at
place, 100 m perpendicular from the TBM. The model is a close match to
the measurements close and far away from the tunnel.

3.1.2. Calculated results

The pore water pressures at distances of 16-28 m from the TBM,
calculated from the transient analytical model (Eq. (4)), are plotted with
the field measurements in time in Fig. 6. Fig. 6a, ¢ and e show the in-
crease of the pore water pressure after excavation starts, while Fig. 6b,
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Fig. 5. Comparison of calculated and measured steady state pore water pres-
sures at the GHT.

d and f show the delay during the standstill. The distances indicated in
the figures are the distance between the TBM and ring 2117, where the
PPTs WAO and WR1 are located. TBM positions before ring 2117 are
considered equivalent to positions after this ring (Kaalberg et al., 2014;
Aime et al., 2004). It is shown that the transient model well agrees with
the measurements during excavation at r = 16 m, but underestimates the
pore water pressures at r = 20 and 28 m. It would be expected that the
rate of rising and falling pore water pressures during excavation and
standstill are the same for the same pressure difference. However, the
TBM is continuously advancing during excavation, and at the location of
the TBM the soil conditions can slowly change, and impact the mea-
surements. For the distance r = 107 m that is far away from the TBM, as
shown in Fig. 7, a similar effect is once again seen during standstill, and
the cylindrical model predicts the measurements best from the start of
the excavation phase. Clearer result can be observed from Figs. 8 and 9.

Figs. 8 and 9 show the relative transient pore water pressures at
various distances from the TBM. It is clear that there is an effect of elastic
storage. At the start of excavation/standstill, the pore water pressure
further away from the TBM increases/decreases at a lower rate than
closer by. On average the increase rate at r = 8 m is slightly faster than at
r = 28 m, but the difference is limited.

From Figs. 8 and 9, it can be concluded that the measured lines are
closer together than the calculated ones for r = 8 until r = 28 m.
However, the calculated slower raise and fall of the pressure at r = 107
m is in good agreement with the measurements. Without elastic storage
the lines should all on top of each other.

3.2. Results from the model coupling the effect of slurry infiltration

Figs. 10 and 11 show the results from the quasi-static cylindrical
solution coupled with slurry infiltration (Eq. (7)) compared to the
transient model (Eq. (4)) and measurements close to and far away from
the tunnel face, respectively. It can be seen that the coupled model is in
good agreement close to the tunnel face but underestimates the pore
pressures away from the face. The maximum infiltration distance (L) has
a significant influence on the results calculated with the coupled model.
With increasing infiltration distance, the excess pore water pressure
dissipates slower. This indicates that lower infiltration distance, and
therefore controlling the bentonite quality, is important to ensure the
stability of the tunnel face. Furthermore, as shown in Fig. 12, the leakage
length 4 influences the ratio between the excess pore pressures at 8 m
and at 107 m. This is also the case in the transient solution.

4. Consequences for estimation of the stability of the tunnel face

Following van Rhee and Bezuijen (1992) and Broere (2015), Xu et al.
(2020) argued that a minimum hydraulic gradient of 2 has to be main-
tained to achieve a vertical micro-stability of the tunnel face. For a semi-
confined aquifer, assuming that there is spherical flow up to a distance
equal to the thickness of the aquifer (H) and cylindrical flow beyond that
point, the gradient at the tunnel face (r = 0) can be approximated from
Egs. (5) and (10) by integrating ¢ to r (Bezuijen and Xu, 2018):

1

~ g+ g (1)

._de

do 9o
= dr

w2 an

|r:0:

where ¢ is the piezometric head at the face; R the tunnel diameter, H
the height of aquifer, x the distance from the centre of the tunnel face, 1
the leakage length. K is the modified Bessel function of second kind, see
Appendix A.

For a 5 m radius tunnel in a 35 m high aquifer with leakage length of
205 m, a support pressure of 50 kPa (piezometric head of 5 m) a gradient
i < 2 will be achieved at the face. This gradient is unable to achieve a
stable body of cohesionless grains. This means that a stable face cannot
be maintain when the tunnel are being drilling with water (a fact well
known in practice). However, with a slurry with a 10 times lower
permeability in the sand than the water, the gradient will be 10 times
higher and normally stability is achieved. That’s why tunnelling is done
with slurry. For a 2.5 m diameter tunnel, the gradient will be larger than
2 and thus a stable tunnel face can be achieved.

In a limit analysis of the global stability of the tunnel face, to account
for the presence of the excess pore water pressure, the distribution of
excess pore water pressure in the soil mass surrounding the tunnel face
should be used (Wang et al., 2013; Perazzelli et al., 2014; Huang et al.,
2017). This can be obtained from a seepage analysis using FEM.



T. Xu et al.

Pore water pressure: kPa Pore water pressure: kPa

Pore water pressure: kPa

Pore water pressure: kPa

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 118 (2021) 104162

170 170
(b) r = 16 m, Standstill
1654 o 1654 —— Measured Calculated
Wﬂfv‘f—‘“’"{ &
e o
™
uﬂ"" @n
160 - ¢ 160
o
§
©
3 ‘]'
155 4 Measured Calculated L 155 M&W
&
(a) r = 16 m, Excavation
150 T T T T 1 150 T T T T T !
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000 3600
Time: s Time: s
170 170
(d) r =20 m, Standstill
1654 o 165- —— Measured Calculated
a
x
g
p=3
@
160 4 3 160
Q
[}
g
155 4 Measured Calculated o 155
&
(c) r = 20 m, Excavation
150 T T T T 1 150 T T T T T 1
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000 3600
Time: s Time: s
170 170
(f) r = 28 m, Standstill
165 4 1654 Measured Calculated
o
-
g
=
@
160 o 160+
(=%
9]
g
155 4 Measured Calculated o 455
&
(e) r = 28 m, Excavation
150 T T T T 1 150 T T T T T !
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000 3600
Time: s Time: s

Fig. 6. Pore water pressures at various distances from the TBM, from the measurements and cylindrical flow model.

250+ 250 -
(a) r = 107 m, Excavation (b) r = 107 m, Standstill
245 —— Measured Calculated o 2454 —— Measured Calculated
<
g
=
2
240 o 2404
Q
@
©
= K&\_
@
235 g 2351
— a
230 T T T T 1 230 T T T T T 1
0 600 1200 1800 2400 3000 0 600 1200 1800 2400 3000 3600
Time: s Time: s

Fig. 7. Pore water pressures at various distances from the TBM, from the measurements and transient flow model.



T. Xu et al.
100
80
© 60
o
< 404
=3 !
= f —r=8m
4 -=--r=16m
oodll 2 e r=20m
—-=-r=28m
(a) Measured r=107m
0 T T T T 1
0 600 1200 1800 2400 3000
Time: s

Tunnelling and Underground Space Technology incorporating Trenchless Technology Research 118 (2021) 104162

100+
80+
60+

404[,"/

204
(b) Calculated r=107m
0 T T T T 1
0 600 1200 1800 2400 3000
Time: s
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Fig. 9. Excess pore water pressures (a) measured at various distances from the TBM during standstill, and (b) calculated from the cylindrical model.
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Fig. 10. The results calculated from the coupled model compared to other
models and measurements during standstill close to the tunnel face. Leakage
length 2 = 205 m.

However, the key factors that affect the stability of the tunnel face are
difficult to directly identify. With a coupled calculation method, it is
possible to calculate whether or not the front face is stable, as a function
of the permeability of the slurry. Moreover, the effect of slurry infil-
tration is an extra complication. As an alternative, the models developed
in this study provide an indication of the excess pore water pressure and
reflect the effectiveness of the slurry infiltration. In this way, it is directly
evident how factors such as the tunnel radius, thickness of the aquifer,
leakage length of the aquifer and infiltration distance, affect the tunnel
face stability.
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Fig. 11. The results calculated from the coupled model compared to other
models and measurements during standstill far away from the tunnel face.
Leakage length 2 = 205 m.

5. Conclusions and recommendations

An analytical solution for the excess pore water pressures caused by
TBM tunnelling in a semi-confined aquifer has been presented and an
approach to couple the solution with the influence of slurry infiltration
has been derived.

For the steady state, the model matches quite well with the mea-
surements. This holds for measurements close to the TBM face, as well as
far away from the TBM. This indicates that the excess pore pressures
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Fig. 12. The results calculated from the coupled model during standstill at r =
8 m for various leakage lengths.

generated by TBM excavation are well matched by a cylindrical flow
model in a semi-confined aquifer. For the transient state, the model also
shows good agreement with the measurements.

The quasi-static cylindrical solution coupled with the influence of

Appendix A
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slurry infiltration shows good agreement with the measurements only
for locations close to the tunnel face. Also, the maximum infiltration
distance of the slurry, and therefore the slurry quality, has a significant
influence on the calculation results. For a high permeable soil, a larger
infiltration distance leads to a slower dissipation of excess pore water
pressures. It does not make a difference during excavation (when
excavation velocity is faster than the pore fluid velocity) and it gives a
thicker impermeable layer when air pressure is necessary.

In a limit analysis of the stability of the tunnel face, the models
developed are of interest to estimate the effects of the leakage length of
the aquifer and infiltration distance.
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For a non-leaky confined aquifer, the differential function of the draw down at any time (¢t) is:

o 1 dp _ ,0p

o2 ror o

with 2 = >

The solution to Eq. (A1) is given by:
_ Qo /m e
o0 == s du

with T = k,D

(A1)

(A2)

The remaining draw down at any instant in time after discharge at x = 0 has stopped is:

P Qo et © et
==L du — d
¢ () T \ Jos u 7 Jas w
4xTt an1i’
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