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Abstract

Pore pressure evolution induced by tunnel excavation in low permeability anisotropic ground
is investigated by means of a fully coupled hydro-mechanical finite element simulation. The
goal is to explore the main trends of the pore pressure evolution on the basis of a poroelastic
analysis, taking into account: on the one hand, the influence of excavation and face advance;
on the other hand, the inherent anisotropy of the material. It is shown that overpressures can
be induced before the passage of the face, depending on: the consolidation time of the rock,
the rate of excavation and the degree of anisotropy of both the material and the initial stress
state. Finally, a discussion about pore pressure evolution at tunnel wall is presented. An
analysis is performed in order to propose a pore pressure release rate at the tunnel wall for 2D

models.
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1. Introduction

Tunneling excavation performed in low permeability anisotropic ground has shown a
significant influence of the excavation progress on pore pressure evolution. Indeed,
continuous monitoring during excavations performed in claystone formations [1-5], showed
induced overpressures before and after the passage of the tunnel face. Moreover, it has been
observed that the amplitude of pore pressure change in the ground depends upon the distance
to the face and to the tunnel wall.

Analysis of hydro-mechanical response to excavation progress is of major concern for
tunnels design, mainly when it is excavated in low permeability ground. Indeed,
understanding this response is a key issue for an adequate support design. As shown in recent
analysis of excavation works in a claystone formation [5, 6], the response of the rock mass to
the excavation progress exhibits a strong interplay between the pore pressure evolution and
the induced fractured zone development around the tunnel. By analyzing the occurrence of
tensile zones due to significant pore overpressure around the excavation, Guayacan-Carrillo et
al. [6] have pointed out the key role of the hydro-mechanical coupling on the development of
the failed zone around the tunnels. Thereafter, Vu et al. [5] have shown that a more realistic
description of pore pressure change in the ground can be obtained by taking into account the
shape and the extension of the excavation induced fractured zone. Nevertheless, the
understanding of this interplay remains a challenging topic.

Among the recent studies on the pore-pressure evolution induced by excavation in
claystone formations, one can mention: analysis of in-situ measurements [1, 2, 7-12];
numerical analysis based on models using transversely isotropic poroelastic behavior [6],
anisotropic elastic and isotropic plastic behavior [13,14] and anisotropic elasto-visco-plastic

behavior [15]; hydro-mechanical analysis and coupled modeling of the excavation damaged



zone based on strain localization analysis [16,17]. Even though the development of different
numerical models has allowed significant progress in the simulation of the in-situ
observations, further studies are still needed. Most of the existing works study the pore
pressure evolution after the passage of the tunnel face using 2D simulations. However, for
excavations in low permeability ground, pore pressure changes can also be observed before
the passage of the tunnel face. Thus a careful evaluation of the overpressures observed before
the passage of the tunnel face and the understanding of the physical mechanisms that control
their evolution in time is of key importance for the assessment of the tunnel design.

In this paper, the pore pressure evolution induced by tunnels excavation is investigated
using a 3D fully coupled hydro-mechanical finite element simulation, in the framework of a
poroelastic analysis. The analysis is performed by taking into account different features that
can influence the pore pressure evolution such as: the excavation rate, the permeability of the
ground, the anisotropy of the material and of the initial stress state. Results obtained are
analyzed and compared to in-situ measurements. As 2D models are more frequently used in
tunnel design, a comparison between 3D and 2D numerical simulations is presented. A pore
pressure release rate at the tunnel wall is proposed in an attempt to take into account the pore
pressure evolution in a 2D model. This aims to propose a simplified numerical approach that
accounts for the influence of the face advance and that can be directly used in engineering

practice.

2. Theoretical framework
A fully coupled poroelastic analysis is performed using the finite element method to simulate
the pore pressure evolution induced by tunnel excavation. The main goal of this analysis is to

reproduce and understand the main trends of the pore pressure evolution with a simple



constitutive model taking into account the influence of the elastic anisotropy of the material
and the advance of the tunnel face.

2.1. Poroelastic constitutive equations
The bases of poroelasticity theory have been presented in several textbooks and reference
papers (e.g. [18, 19]). In this analysis, it is assumed that the porous material is fully saturated
and under isothermal conditions.

Assuming negative compressive stress, the poroelastic constitutive equations are given
by Eq. (1), where Cjjy; is the drained stiffness tensor, &; the strain tensor, p the pore pressure
and b;; the Biot effective stress coefficient tensor [20, 21]. For an isotropic porous material,
the Biot effective stress coefficient is given by b = 1 — K; /K, where K is the drained bulk

modulus and K is the unjacketed bulk modulus. The Lagrangian porosity variation is given

by Eq. (2).
do—ij = Cijkldgkl — bl]dp 1
d¢) :bl]dc‘fl]+%dp 2

where N is the Biot’s skeleton modulus. For an isotropic material 1/N = b/Ks — ¢o/Ky,
where Ky is the unjacketed pore volume modulus [22, 23]. The coupling equation between

the volumetric strain and the pore pressure change can be obtained by writing the fluid mass
conservation dmys = 0 (where my = ps¢ is the fluid mass per unit volume) and by using

Darcy’s law for the fluid. Finally, the stress equilibrium and the fluid mass conservation give

the system of coupled equations to solve:

7 (Cijkldgkl — bl]dp) =0 3



deij 1, %0\dp 1. k _
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where pr is the fluid specific mass, K¢ is the fluid compression modulus, 4 is the fluid

viscosity and k is the intrinsic permeability tensor.
In undrained conditions, the mass of pore fluid remains constant. Therefore, the pore

pressure change can be expressed as dp = — Mb;;de;;, where M is the Biot undrained

modulus (1/M = 1/N + ¢o/K¢).

2.2. Pore pressure diffusion and characteristic times during tunnel excavation
Pore pressure response obtained around tunnel excavation is related to two characteristics
times. The first one, the consolidation characteristic time (z.) of the host rock; the second one,
the excavation time related to the pore pressure evolution (#,). The consolidation characteristic
time is evaluated by extending the solution of one-dimensional elastic consolidation to a

problem of tunnel excavation by [24-26]:

with L a length characterizing the considered consolidation problem. In the literature this
distance is set to tunnel radius (L = D/2) for deep tunnels [24, 27]. C, is the consolidation

coefficient defined as:



where S is the storage coefficient given by [28]:
b 1 1
S =1%o (K—f - E) 7

The excavation time #,, which is related to the excavation rate and to the distance within

which pore pressure changes are influenced by the tunnel face advance, is defined as [27]:

where X, is the first location where pore pressure starts to deviate from its initial value; x; the
location where the response becomes independent of the tunnel face advance; v the tunnel
excavation rate.

Therefore, the ratio #/#, s given by:

te v L?

tp - Cy (xo—xf)

3. Poro-elastic 3D finite element simulation of tunnel excavation
Tunnel excavation affects the surrounding rock ahead of the face. The deconfinement effect is
active before the passage of the face and influences the pore pressure field. Therefore, the
accurate simulation and interpretation of the overpressure observed before the passage of the
face and its evolution in time must be achieve.

Hydro-mechanical modeling is performed wusing the finite element program
ABAQUS/CAE. For the sake of completeness, the analysis has been performed taking into

account different features that can influence the pore pressure evolution around tunnel



excavation. Hence, three different cases have been studied. In a first step, an isotropic
axisymmetric model is considered in order to analyze the impact of the excavation rate and of
the permeability of the ground (Case 1). Then, in a second step, simulations using a 3D model
are performed to study the influence of the anisotropy of the material (Case 2) and of the
initial stress state (Case 3). Finally, the obtained results are analyzed and compared to in-situ

measurements.

3.1. Isotropic case — Axisymmetric model
Considering a radius of the tunnel R =2.6 m, the size of the finite element model is 80 m X
104 m. Fig. 1 shows the model geometry, the finite element mesh, and the initial and
boundary conditions. Mesh validation of the model is presented in Appendix A. We consider
22 steps of excavation, corresponding to 52.8 m of excavation. A zero pore pressure is
imposed at the tunnel wall, in order to simulate the excavation advance. The elastic
parameters considered for this simulation are taken from Guayacan-Carrillo et al. [6] and are
presented in Table 1. The unjacketed bulk modulus is Ky = 21.7 GPa, based on laboratory

works performed by Belmokhtar et al. [29].

Table 1. Elastic mechanical and hydraulic parameters

ax,O 0_-);’0 Ex v k %
Cases
(MPa) (MPa) (MPa) (m/s)
1 12.4 5200 0.3 wvariable 0.18
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Fig. 1. Initial and boundary conditions for an axisymmetric model (0 and ;o are the initial

horizontal and vertical stresses and po is the initial pore pressure).

A sensitivity analysis is performed by varying the ground permeability. Table 2 summarizes
the set of parameters used in each studied case. The ratios #/f, and v/k are also given. As
explained by Anagnostou [30], for a given value of the storage coefficient of the ground, the
ratio vk governs the stability, the deformations and the ground pressure acting upon a shield
or a lining in the vicinity of the face. It is observed that depending on the ratios t./#, or v/k, the

pore pressure evolution exhibits some differences, as explained below.

Table 2. Summary of different studied cases

Cases l.a 1.b l.c 1.d l.e

v (m/week) 24 24 24 24 24

k (m/s) 2.77E-13 54E-13 2.7E-12 54E-12 2.7E-11

to/ty >1 >1 >1 ~1 <1

vk 1.5E7  7.3E6 1.5E6  7.3ES 1.5ES




Pore pressure evolution induced by tunnel advance is studied before and after the passage of
the tunnel face. Various distances from the tunnel wall and also from the tunnel face are
considered for the analysis. In the following, the tunnel will be referred as z axis; the
horizontal and vertical axes in a cross section will be referred as x axis and y axis,

respectively. Fig. 2 shows the different positions analyzed in this section.

X Excavation advance
I P —

Fig. 2. Position of the studied sections. In dashed lines, sections followed at different
distances on x axis (distances are given with respect to the tunnel wall). Points A1 to A4 are
selected points located ahead of tunnel face, at a distance of 0.2 X D (D is the tunnel

diameter).

3.1.1. Pore pressure evolution observed as a function of the distance to the
tunnel wall

Fig. 3 presents the pore pressure evolution of four different sections on the x axis: (a) In the

axis of excavation, (b) at 0.2 X D (D is the tunnel diameter) from the tunnel wall , (c) at 0.5 X

D from tunnel wall and (d) at 1.0 X D from the tunnel wall. Pore pressure evolution is

presented before and after the passage of the tunnel face, along the z axis.
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Fig. 3. Pore pressure evolution induced by tunnel excavation in an isotropic elastic medium
with a ratio vk = 1.5E5 to 1.5E7. Sections located on the x axis at: a. In the axis of
excavation; b. At 0.2 X D from the tunnel wall; c. At one radius (0.5 X D) from the tunnel

wall; d. At one diameter (D) from the tunnel wall.

For the case 1.e, with a lower v/k ratio (1.5ES), the pore pressure evolution depends on the
distance to the tunnel wall (i.e. in the direction of the x axis), with values that decrease as the
distance to tunnel wall decreases. It should be noted that no overpressure is observed in the
numerical results. For the case with a v/k ratio equal to 7.3E5 (case 1.d.), a slight overpressure
develops before the passage of the face and begins to dissipate before the face arrival.
However, for the cases with higher v/ ratios (i.e. 1.5E6 to 1.5E7; cases l.c to 1.a), an
overpressure is observed at a distance up to about one radius from tunnel wall, in the direction
of the x axis. The overpressure is higher for a higher ratio v/k. At a distance from the tunnel
wall of about 0.2 X D, it is observed that an overpressure develops before the passage of the

tunnel face and vanishes after.
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As it can be observed, the pore pressure evolution presents three different patterns
depending on the ratio tz./t,: (1) for t/t, < 1, no overpressure is observed before the face
arrival; (2) for t/t, = 1, a slight overpressure is observed before the passage of the face and
begins to dissipate before the face arrival; (3) for #/f, > 1, the induced overpressure is
observed before the passage of the tunnel face. A detailed discussion of these different types

of pore pressure response is presented in the next section.

3.1.2. Pore pressure evolution observed before the passage of the tunnel face
In order to better understand the three-dimensional redistribution of stresses induced by the
excavation in the near zone to tunnel face, Eberhardt [31] has shown that further insights
could be gained by following a unit volume response as the tunnel face approaches it. To this
aim, the pore pressure evolution at one point is followed as the tunnel face advances, until it
arrives at a distance of about 0.2 X D. It should be noted that this distance has been chosen in
order to be far enough of the corner that delimits tunnel face and tunnel wall. Fig. 4 shows the
pore pressure evolution of four selected points located, in the direction of the x axis, at: the
tunnel axis (A1), the tunnel wall (A2), 0.2 X D (A3) and 0.5 X D from tunnel wall (A4) (Fig.
2).

For a low value of v/k (Fig. 4d), the pore pressure evolution at point A2 presents a
similar response as the one obtained on Al. For a larger value of v/k, the dissipation is slightly
different. This difference observed can be linked to the rotation of the principal stress axes
induced by the progressive advancement of the tunnel face advance [31]. Stress concentration
in association with stress rotation close to the tunnel face influences ground deformation and
thus, the pore pressure evolution.

Deeper in the rock, for points A3 and A4, it is observed that for a low value of v/k

(Fig. 4d, t/t, < 1), pore pressure changes occur at a distance of about 2 X D ahead of the

11



tunnel face. Moreover, it is observed that the pore pressure diminishes as the distance to the

tunnel wall decreases, as explained above. For a larger value of v/k (from 7.3E5 and higher), it

is observed that the pore pressure begins to increase at about 2 X D from the tunnel face and

that higher overpressures are observed at higher values of v/k.
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Fig. 4. Pore pressure evolution induced by tunnel advance. Four points located ahead of

tunnel face at a distance of about 0.2 X D are considered. Points are located on the x axis

direction at: the tunnel axis (A1), the tunnel wall (A2), 0.2 X D and 0.5 X D from tunnel wall

(A3 and A4). a. v/k = 1.5E7; b. v/k = 1.5E6; c. v/k =7.3ES; d. v/k = 1.5ES.

As explained by Prassetyo and Gutierrez [27] this non-monotonic behavior and the increase of

the pore pressure are related to the Mandel-Cryer effect [32-34], which is a consequence of

the hydro-mechanical coupling. When the pore pressure at the tunnel boundary starts to

dissipate, the induced local deformation may lead to an immediate effect inside the ground,

leading to an increase of the pore pressure. Therefore, the induced pore pressure in the ground

12



ahead of the face increases above the initial pore pressure value before the face arrival. For
cases with low values of the ratio t./#, (<1), the pore pressure dissipates. However, for higher
excavation rates (¢/f, >1), induced overpressures are observed even after the passage of the
tunnel face.

Note that, before the passage of the tunnel face, the response obtained for cases with 7./%,
>1 is similar to the undrained response. These results confirm that excavating in a ground
with a very low permeability and/or high rate of excavation leads to a quasi-undrained
response in the short-term. Appendix B presents a comparison of the results obtained for case
l1.a. with a simulation performed by considering elastic undrained parameters. These results
are in accordance with in-situ observations. As explained by Armand et al. [2] and Corkum et
al. [35], if the advance rate is fast enough no excess pore pressure is dissipated; while with a

low rate of excavation pore pressure diffuses and over-pressures are lower.

3.2. Anisotropic case — 3D model
As shown in several recent papers [e.g. 2, 6, 10, 35] field monitoring during the excavation
progress in low permeability ground, as claystone, shows pore pressure changes around
tunnels with overpressures induced by the face advance. It is observed that, the amplitude of
the overpressure peak in the ground depends upon several factors, such as the orientation of
the tunnel with the major principal stress, the distance to the tunnel wall and also the distance
to the face. In order to study the influence of the anisotropy on the pore pressure evolution
induced by the tunnel excavation, two additional cases are considered in the following:
Case 2: An isotropic initial stress state with an inherent anisotropy of the material;
Case 3: An anisotropic initial stress state, and an inherent anisotropy of the material.
A 3D finite element analysis is performed on a 104 m X80 m X80 m size model, considering

the same radius of the tunnel as before (R = 2.6 m).
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Fig. 5 shows the model geometry, the finite element mesh, and the initial and boundary
conditions. The results presented in this analysis are obtained after 22 steps of excavation,
corresponding to 52.8 m of excavation. Here again, a zero pore pressure is imposed at the
tunnel wall. In order to compare the numerical results with field measurements, the elastic and
hydraulic parameters considered for this simulation are based on the parameters proposed by
Guayacan-Carrillo et al. [6] and are given in Table 3. An elastic transversely anisotropic

behavior (E,=E;) is assumed for the rock mass.

Table 3. Elastic and hydraulic parameters considered in the 3D numerical model

Ox0 05,0 Ex Ey Uxz  Vyx kx ky @
Cases
(MPa) (MPa) (MPa) (MPa) (m?* (m?)
2 =100, 124 6400 4000 0.2 0.3 2.7E-20 0.18
3.a. =130, 124 6400 4000 0.2 0.3 2.7E-20 0.18
3.b. =160, 124 6400 4000 0.2 0.3 2.7E-20 0.18
Oy0 Po
80m [ R
ey, R
—-—"’i A \ J_l
som = L] oo
—1—1— Po

104 m
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Fig. 5. Initial and boundary conditions for 3D numerical model (Oxo and Oy,o are the initial

stress state; and po the initial pore pressure).

Fig. 6 shows different positions analyzed in the following. Note that points Al to A4 are

located at the same positions as in the axisymmetric model, presented in the section above.

a. b.
z ¥
| Fm——————— 2.0xD | .
Before the passage s - 1.5xD
of the face e -1.0xD A4_y @ 0.5xD
e —" -0.5xD A3_y @ 0.2xD
Face —p@—&—8-8—— 020 y S
Emm————— 0.5xD =
After the passage e 1.0xD
of the face temcamme=. 1.5xD Al [ *. +. :
E e 2.0xD W7

Fig. 6. Position of studied sections. a. In the plane x-z. In dashed lines, sections followed in
the x axis direction. Sections are located from 2 diameters before to 2 diameters after the
passage of the tunnel face. b. In the plane x-y. Al to A4 are selected points located ahead of

tunnel face, at a distance of about 0.2xD.

Fig. 7 shows the pore pressure evolution obtained for Case 2. In Fig. 7.a it is observed that the
pore pressure evolution is very similar in the three points (Al, A2_x and A2_y) and that a
difference is observed at a distance of about 0.6 X D, between the pore pressure evolution on
point Al as compared to the two other points. As explained in the above section, this
difference is mainly related to the stress rotation induced by the progressive face advance.
Moreover, a slight difference begins to be observed between the pore pressure evolution at
points located on the axis of horizontal tunnel wall (A2_x) and on tunnel crown (A2_y). Note

that for points located deeper in the rock (A4_x and A4_y, at around 0.5 X D from tunnel

15



wall, Fig. 7.b a slight overpressure is also observed, mainly in the horizontal direction of the

cross section (A4_x).
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Fig. 7. Pore pressure evolution induced by tunnel advance. Plots refer to various selected
points located ahead of tunnel face, at a distance of about 0.2 X D. a. In the tunnel axis (A1),
the horizontal and the vertical tunnel wall axis (A2_x and A2_y); b. In the horizontal and the

vertical direction of the cross section at 0.5 X D from tunnel wall (A4_x and A4._y).

Comparing the pore pressure evolution obtained for Case 2 and Case 3 (a and b) it is observed
that, along the tunnel axis (Fig. 8), the pore pressure changes before the passage of the tunnel
face are observed on distances beyond 3 diameters. This is in accordance with the field
observations in claystone formations [2-4,9], for which the excavation affects the pore
pressure on a distance of about four diameters. Moreover, it is observed that the overpressure
is stronger for an anisotropic initial stress state. For a higher anisotropy ratio of the initial
stress state, a higher overpressure is obtained. For the studied cases, a maximum of about

1.10Xpo is obtained for case 2, 1.14Xpo for case 3.a. and 1.20Xpo for case 3.b.
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Fig. 8. Pore pressure evolution, at tunnel axis, induced by tunnel excavation in anisotropic

medium with a ratio vk = 1.5E7, before the passage of the tunnel face.

Looking at the pore pressure evolution before and after the passage of the face, it is observed
that in both studied cases the pore pressure field is anisotropic. Overpressures are developed
in the horizontal direction of the cross section, in the direction of the x axis. Fig. 9 presents
isolines of the pore pressure field around the tunnel face. Fig. 10 presents the pore pressure
evolution (in the direction of the x axis) induced by the tunnel excavation in an anisotropic
medium with a ratio vk = 1.5E7 (t/t, >1), from 2 diameters before to 2 diameters after the
passage of the tunnel face (Case 2 and Case 3.a.). It is observed that the overpressure is higher
before the passage of the face in Case 3.a., while it is more pronounced after the passage of
the face in Case 2. These observations suggest that, in addition to the ratio v/k, the anisotropy
of the initial stress state has a significant effect on the pore pressure field before the passage
of the tunnel face (i.e. when the deconfinement of the rock mass formation is still very weak),
while after the passage of the face, the pore pressure response is mainly affected by the

inherent anisotropy of the material.
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Fig. 9. Isolines of pore pressure field induced by tunnel excavation in anisotropic medium

with a ratio vk = 1.5E7, before and after the passage of the face. a. Case 2; b. Case 3.a.
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Fig. 10. Pore pressure evolution induced by tunnel excavation in anisotropic medium with a
ratio v/k = 1.5E7, before and after the passage of the face. Pore pressure change at the

horizontal direction of the cross section (at x axis direction). a. Case 2; b. Case 3.a.

3.3. Discussion of the results and comparison with in-situ measurements
Fig. 11 presents in-situ pore pressure measurements around experimental drifts excavated in
Callovo-Oxfordian claystone [6]. It should be noted that the boreholes devoted to the pore
pressure measurements have been installed before the beginning of the drift excavation as a
part of mine-by-tests [6, 8]. Therefore, boreholes permit to follow the pore pressure evolution

induced by the excavation progress. In-situ measurements have shown an anisotropic pore
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pressure distribution around experimental drifts, which depends on the drifts orientations. For
drifts following the direction of on (similar to Case 2 in this work), overpressures in the
horizontal direction (i.e. in the direction of the x axis) have been measured before the passage
of the face. The pore pressure drops down at the vicinity of the drift wall when the drift's face
passes by the monitored section. After the passage of the face, an overpressure is observed
inside the rock, with a maximum overpressure situated at about 1-1.5 diameters from the drift
wall [2,6]. In-situ observations do not show a significant overpressure in the vertical direction.
For drifts following the direction of on (similar to Case 3.a.), an overpressure in the lateral
direction has also been recorded before the face passage. Higher values of overpressures are

observed for drifts excavated following the direction of on [2, 5, 6, 36].
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Fig. 11. Measurements recorded during GCS drift excavation at M/HM URL. Pore pressure
evolution in the horizontal (a.) and vertical (b.) direction of the cross section. D — drift

diameter (adapted from Guayacan-Carrillo et al. [6]).

Comparing with numerical results, it is observed that poroelastic analysis allows to describe
some main trends observed in-situ:
* The numerical results allow to reproduce pore pressure changes before the passage

of the face. Pore pressure increase before the passage of the tunnel face is observed

on distances beyond 3 diameters.
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For both cases (i.e. Case 2 and Case 3.a), an overpressure is obtained in the
horizontal direction of the cross section. This overpressure is observed before the
passage of tunnel face. After the passage of the tunnel face, an overpressure is
observed in the results obtained for the Case 2. It is important to note that
Guayacéan-Carrillo et al. [6] based on a 2D poroelastic model has studied the
influence of the anisotropy of the elastic moduli. To this aim different anisotropy
ratios (Ex/Ey) from 1.2 to 2.0 have been considered. It has been observed that, for
similar parameters to the ones of Case 2, an overpressure is always obtained in the
horizontal direction (as recorded in-situ). While, for similar parameters as to the
ones of Case 3.a., an overpressure in the horizontal direction of the drift cross
section is obtained only for an anisotropy ratio of the Young's modulus (EvE, )
greater than about 1.4. For a higher anisotropy ratio of the Young's modulus,
higher overpressures are obtained in the horizontal direction.

In-situ observations have shown that the pore pressure evolution is very similar for
different drift sizes (diameter of 0.9 m, 5 m and 9 m [2, 36]). As explained by Vu
et al. [5], some differences between these excavations are observed in terms of
magnitude near the drift wall. The rate of excavation also plays a role at it is higher
for micro-tunnels (i.e. 0.9 m of diameter). Induced overpressures are observed
before the passage of the face, with higher overpressure values at higher values of

v/k, which is in accordance with results presented in section 3.1.

In summary, based on the performed poroelastic analysis, it is observed that overpressures can

be induced: (1) before the passage of the face, depending on the anisotropy of the initial stress

state and on the interplay between the excavation rate and the permeability of the rock mass

formation; (2) after the passage of the face, anisotropic pore pressure field is mainly related to

the anisotropy of the elastic stiffness of the ground.
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Note that, the in-situ measured overpressures have reached higher values than the ones
obtained in the numerical simulations. Moreover, the maximum measured overpressure is
situated at a deeper distance to the tunnel wall than the one obtained in the numerical results.
In fact, as observed in the field and discussed in the literature [e.g. 12, 31], rock will yield
under high stresses, resulting in stress redistribution and dilatancy around the tunnel and near
the face. Therefore, it is expected that pore pressure will decrease in a zone close to the tunnel
wall. Notwithstanding, in-situ measurements have shown an overpressure deeper in the rock
which could be related to the transversal isotropy [2, 5, 6]. As explained by Vu et al. [5], the
anisotropic pore pressure field is related to the inherent anisotropy of the elastic stiffness and
also to the anisotropy of the induced excavation damaged zone.

It is interesting to point out that, similar observations have been performed for
excavations in Boom clay and Opalinus clay formations [e.g. 3,10]. Wild et al. [12], based on
an experimental work studying the influence of the stress path on the hydro-mechanical
response of the Opalinus clay, concluded that an increase in pore pressure as the tunnel face
approaches the monitoring sensor location can be related to poroelastic response. As
explained by Wild et al. [12], considering a tunnel excavated in a transversely isotropic
medium and with an isotropic stress state, the stability is affected by the anisotropy of the
medium. They also concluded that the different pore pressure evolutions related to transversal
isotropy affects the state of failure of the rock mass around the excavation.

Drop in pore pressure in the nearest zone to the tunnel is not reproduced by this
analysis, due to the simplified constitutive model used here. Failure and the associated stress
drop will be studied in future work. The effect of non-linear and time dependent behavior of

the rock mass as well as the effect of the anisotropic fractures network around the excavation
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might significantly influence the evolution of the pore pressure field and will be addressed in

future work.

4. Analysis of the face advance effect — from a 3D to a 2D model

Recent studies have been carried out on pore pressure evolution induced by excavation in a
poro-elastoplastic ground. In an attempt to take into account the pore pressure evolution in a
2D model, Callari [26], and Callari and Casini [37] proposed a linear function of pore
pressure vs. excavation time for tunneling in saturated ground. More recent works [27,38]
have proposed a pore pressure evolution profile, taking into account the transient coupling
effect between the fluid flow and the deformation induced by the excavation. However, the
current practice for the simulation tunnels excavation in low permeability ground, as
claystone, assumes a linear dissipation of pore pressure very close to tunnel face (e.g.
[5,14,16,39]).

In order to better understand and reproduce the induced pore pressure variations in low
permeability anisotropic ground, a simple poroelastic approach is proposed in this section. An
analysis is performed based in a near section to tunnel wall (0.2 X D). Fig. 12 presents the
deconfinement rate and the pore pressure evolution for the case 1l.a (¢#/f, > 1), which is
compared with cases 1.d (#/t, = 1) and l.e. (#/t, < 1). For ratios t/t, = 1 and t/t, >1, a pore
pressure increase is observed before the passage of the face and is stronger for higher v/k
ratios. Moreover, it is observed that a higher vk ratio leads to delay the pore pressure
dissipation. The excavation time remains very small as compared to the consolidation time.
Therefore, the ground response close to the tunnel face can be identified to an undrained
behavior, as explained above. Moreover, it is observed that this ratio affects the displacements
evolution. Pore pressure increase will lead to a slight reduction of displacements, then

displacements will increase as pore pressure dissipates.
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Fig. 12. Pore pressure evolution induced by tunnel excavation in an isotropic elastic medium
with a ratio vk = 1.5E5 (¢t/t, < 1); v/k =7.3ES (t/t, = 1); vk =1.5E7 (t/t, > 1). a.

Deconfinement rate curves. b. Pore pressure evolution (p/po).

For the isotropic case, as shown in Fig. 12, the first pore pressure changes are observed at
about -2D (x¢) ahead of the tunnel face. Then, after the passage of the face, a strong pore
pressure change is observed until about 1D. Afterwards, the pore pressure evolution is mainly
related to the dissipation time. Thus, the excavation time can be defined as t, = 3D /v and
the ratio #./1,is given by t./t, = vL?*/(3DC)).

In an attempt to better understand the influence of the pore pressure evolution condition in
a 2D model, for low permeability ground, two simulations are proposed and compared
considering the parameters of Case 1.a. Two different relations of pore pressure evolution are
presented in Fig. 13. The first one, proposes a linear dissipation of pore pressure near to
tunnel face. The second one, based on the analysis proposed by Prassetyo and Gutierrez [27]
takes into account the transient coupling effect between fluid flow and deformation. For this
purpose, before the passage of tunnel face, the pore pressure evolution is taken as the one
obtained in undrained conditions. A slight overpressure begins to develop from —2 X D, then

the overpressure increases rapidly from —0.5 X D to the tunnel face. After the passage of the
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face, the pore pressure strongly decreases until 0.5 X D and then more slowly until p/po = 0,

when the tunnel face is at about 1 X D and beyond.
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Fig. 13. Evolution of confinement ratio A and of the pore pressure at the tunnel wall. a. Linear

pore pressure dissipation very close to tunnel face. b. Pore pressure evolution taking into

account the transient coupling effect between fluid flow and deformation.

Fig. 14 presents the pore pressure evolution obtained for an isotropic case by imposing a non-

linear pore pressure evolution (Fig. 13b). Results show that the pore pressure increase before

the passage of the tunnel face can be reproduced, however the overpressure remains very

close to the wall. Indeed, for an isotropic 2D simulation, overpressures are not expected to

occur. In this case the obtained overpressure is mainly controlled by the imposed pore

pressure at the tunnel wall.
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Fig. 14. Horizontal pore pressure evolution induced by tunnel excavation in isotropic medium
with a ratio vk = 1.5E7, before and after the passage of the face.

Accounting for an equivalent isotropic pore pressure rate, a simulation is performed using

Case 2 parameters (isotropic initial stress state, and an inherent anisotropy of the material).

Thus, pore pressure rates proposed in Fig. 13 are used. Note that, Case 1.a and Case 2 present

similar initial conditions. The elastic parameters values of Case 1.a. are the average

parameters values of Case 2.

Fig. 15 presents the pore pressure evolution in the horizontal direction (i.e. in the
direction of the x axis) obtained by imposing the two different pore pressure profiles. It is
observed that taking into account pore pressure increase ahead of tunnel face, permits a better
reproduction of the pore pressure in time, as compared to 3D results presented in previous
sections. Before the passage of the face, for both cases, an increase of the pore pressure is
observed inside the rock up to 0.5 X D from tunnel wall (i.e. in the direction of the x axis).
However, for the case with linear dissipation this increase remains weak. After the passage of
the tunnel face, pore pressure dissipates slower for the case with non-linear pore pressure rate.

It is observed that for low permeability ground, overpressures induced before the passage
of the face can be reproduced in a 2D model by taking into account an undrained ground
response. After the passage of the face, taking into account a transient response will lead to a
better reproduction of the pore pressure evolution in time. This response is mainly influenced
by face advance rate and ground consolidation time. Higher pore pressure values can be

observed in the zone close to the tunnel face.
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Fig. 15. Horizontal pore pressure evolution induced by tunnel excavation in anisotropic
medium with a ratio vk = 1.5E7, before and after the passage of the face. Left side: linear

pore pressure rate; right side: non-linear pore pressure rate.

S. Conclusions

Pore pressure evolution induced by excavation of tunnels in low permeability anisotropic
ground is investigated using a 3D fully coupled hydro-mechanical finite element simulation.
An analysis has been performed by taking into account different features that can influence
the pore pressure evolution around tunnel excavation such as: the excavation rate, the
permeability of the ground, the anisotropy of the material and of the initial stress state.

First, special emphasis is given to the influence of face advance in an isotropic ground. The
obtained numerical results show that the pore pressure evolution depends on the interplay
between the excavation rate and the ground consolidation time. Indeed, for rapid excavation
rate with respect to the consolidation time, the ground response close to the tunnel face can be
considered as undrained. Overpressures are obtained before the passage of the tunnel face.
Subsequently, an analysis of the impact of anisotropic initial stress state and mechanical
anisotropy of the rock was performed. The obtained numerical results have evidenced that
overpressures can be induced before the passage of the face, depending on the anisotropy of

the initial stress state and on the interplay between excavation rate and consolidation time of
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the rock mass formation. After the passage of the face, the anisotropy of the pore pressure
response is mainly related to the anisotropy of the elastic stiffness of the ground.

Finally, in an attempt to propose a pore pressure evolution at the tunnel wall that can
be used in 2D models of tunnel excavation, an analysis of the pore pressure evolution at
tunnel wall is presented. It is observed that for low permeability ground, overpressures
induced before the passage of the face can be reproduced in a 2D model by assuming an
undrained response of the ground. After the passage of the face, taking into account a
transient response between tunnel face and 1 diameter behind this one, leads to a good
reproduction of the pore pressure evolution in time as compared to 3D numerical simulations.

Comparison with in-situ measurements has shown that the main trends of the pore
pressure evolution can be simulated and analyzed based on an efficient and simplified
poroelastic model. In-situ pore pressure evolution, mainly the observed overpressure, will
play a key role in the failure initiation and development around excavations. Further
quantification of these mechanisms is required to move towards a comprehensive model that
also accounts for non-linear behavior of the porous material and failure initiation and
propagation. In the future, this work will be extended by introducing a degradation of the rock

properties and an increase of the permeability in zones where the failure criterion is reached.

Appendix A — Mesh validation

The geometry of the model exhibits a sharp corner at the intersection between the face and the
tunnel wall. As explained in the literature domains with reentrant corners could present a
global loss of accuracy caused by the influence of the singularity point. Several approaches
are used to improve the accuracy of the solution in the zone around corner, most of them

showed that accuracy of solution near the singularity can be improved by a graded mesh
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refinement towards singularity point (e.g. [40, 41]). Therefore, in practice the most common
approaches are based in systematic local mesh refinement near the singularities.

Moreover, for analysis of coupled solid-fluid problems within the finite element
method, mixed element formulations are used for the spatial discretization, where stable
discretization is to use quadratic shape functions for the solid displacement and linear shape
functions for the pressure [42, 43]. Mesh elements characterized by 8-node biquadratic
displacement, bilinear pore pressure interpolation have been used.

In order to analyze the singularity influence on results, several numerical simulations
have been performed by a procedure of graded mesh refinement towards the corner. Fig. A.1
presents the evolution of hoop stress and Fig. A.2 the pore pressure evolution for three
different mesh coarseness. It is observed that the influence zone of the singularity around the
corner is reduced with refinement mesh and remains very close to the corner. At a distance of

about 0.2 X D it is observed that pore pressure evolution is similar between three models.
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Fig. A.1. Hoop effective stress (0’ee) at tunnel wall obtained from simulation of an excavation

with drained boundary conditions. Mesh size variations from 0.03xD to 0.10xD.
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Appendix B — Pore pressure evolution obtained from undrained case

Based on the set of parameters obtained from laboratory work by Braun et al. [44], the
undrained elastic parameters considered for this simulation are presented in Table B.1. Fig.
B.1 presents a comparison of obtained results with Case 1.a. (drained case). The pore pressure
evolution before the passage of the tunnel face is shown at four different points, located on the
x axis direction at: the tunnel axis (A1), the tunnel wall (A2), 0.2 X D from tunnel wall (A3)
and 0.5 X D from tunnel wall (A4). Note that this simulation is performed in terms of total
stresses and strain by solving the purely mechanical problem using undrained properties of the
ground. Then, the pore pressure field is calculated from the computed strain field. The pore

pressure change can be expressed as dp = — Mb;;de;j, where M is the Biot undrained

modulus and b;; the Biot effective stress coefficient tensor.
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Table B.1. Elastic undrained mechanical parameters

Jx0 Uy,O E‘u Uy
Cases
(MPa) (MPa) (MPa)
1 12.4 8500 0.35
a 12 b. 12
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— 10 —_— 10
\ 3 \ 3
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Fig. B.1. Evolution of pore pressure before passage of the tunnel face. a. Results from Case
1.a. b. Model taking into account undrained elastic parameters. Four points located ahead of
tunnel face at a distance of about 0.2 X D are followed. Points are located, in the direction of
the x axis, at: tunnel axis (A1), tunnel wall (A2), 0.2 X D and 0.5 X D from tunnel wall (A3

and A4).
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Tables captions

Table 1. Elastic mechanical and hydraulic parameters

Table 2. Summary of different studied cases

Table 3. Elastic and hydraulic parameters considered in the 3D numerical model

Table B.1. Elastic undrained mechanical parameters
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Figures captions

Fig. 1. Initial and boundary conditions for an axisymmetric model (0 and 0,0 are the initial
horizontal and vertical stresses and po is the initial pore pressure).

Fig. 2. Position of the studied sections. In dashed lines, sections followed at different
distances on x axis (distances are given with respect to the tunnel wall). Points Al to A4 are
selected points located ahead of tunnel face, at a distance of 0.2 X D (D is the tunnel
diameter).

Fig. 3. Pore pressure evolution induced by tunnel excavation in an isotropic elastic medium
with a ratio vk = 1.5E5 to 1.5E7. Sections located on the x axis at: a. In the axis of
excavation; b. At 0.2 X D from the tunnel wall; c. At one radius (0.5 X D) from the tunnel
wall; d. At one diameter (D) from the tunnel wall.

Fig. 4. Pore pressure evolution induced by tunnel advance. Four points located ahead of
tunnel face at a distance of about 0.2 X D are considered. Points are located on the x axis
direction at: the tunnel axis (A1), the tunnel wall (A2), 0.2 X D and 0.5 X D from tunnel wall
(A3 and A4). a. vk = 1.5E7; b. v/k = 1.5E6; c. v/k = 7.3ES5; d. v/k = 1.5ES.

Fig. 5. Initial and boundary conditions for 3D numerical model (Ox,0 and Oy, are the initial
stress state; and po the initial pore pressure).

Fig. 6. Position of studied sections. a. In the plane x-z. In dashed lines, sections followed in
the x axis direction. Sections are located from 2 diameters before to 2 diameters after the
passage of the tunnel face. b. In the plane x-y. Al to A4 are selected points located ahead of
tunnel face, at a distance of about 0.2xD.

Fig. 7. Pore pressure evolution induced by tunnel advance. Plots refer to various selected
points located ahead of tunnel face, at a distance of about 0.2 X D. a. In the tunnel axis (Al),
the horizontal and the vertical tunnel wall axis (A2_x and A2_y); b. In the horizontal and the

vertical direction of the cross section at 0.5 X D from tunnel wall (A4_x and A4._y).
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Fig. 8. Pore pressure evolution, at tunnel axis, induced by tunnel excavation in anisotropic
medium with a ratio vk = 1.5E7, before the passage of the tunnel face.

Fig. 9. Isolines of pore pressure field induced by tunnel excavation in anisotropic medium
with a ratio vk = 1.5E7, before and after the passage of the face. a. Case 2; b. Case 3.a.

Fig. 10. Pore pressure evolution induced by tunnel excavation in anisotropic medium with a
ratio vk = 1.5E7, before and after the passage of the face. Pore pressure change at the
horizontal direction of the cross section (at x axis direction). a. Case 2; b. Case 3.a.

Fig. 11. Measurements recorded during GCS drift excavation at M/HM URL. Pore pressure
evolution in the horizontal (a.) and vertical (b.) direction of the cross section. D — drift
diameter (adapted from Guayacan-Carrillo et al. [6]).

Fig. 12. Pore pressure evolution induced by tunnel excavation in an isotropic elastic medium
with a ratio wk = 1.5E5 (t/t, < 1); vk = 7.3E5 (t/t, = 1); vk = 1.5E7 (t/t, > 1). a.
Deconfinement rate curves. b. Pore pressure evolution (p/po).

Fig. 13. Evolution of confinement ratio A and of the pore pressure at the tunnel wall. a. Linear
pore pressure dissipation very close to tunnel face. b. Pore pressure evolution taking into
account the transient coupling effect between fluid flow and deformation.

Fig. 14. Horizontal pore pressure evolution induced by tunnel excavation in isotropic medium
with a ratio vk = 1.5E7, before and after the passage of the face.

Fig. 15. Horizontal pore pressure evolution induced by tunnel excavation in anisotropic
medium with a ratio vk = 1.5E7, before and after the passage of the face. Left side: linear
pore pressure rate; right side: non-linear pore pressure rate.

Fig. A.1. Hoop effective stress (0’ep) at tunnel wall obtained from simulation of an excavation

with drained boundary conditions. Mesh size variations from 0.03xD to 0.10xD.
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Fig. A.2. Pore pressure evolution obtained from simulation of an excavation with drained
boundary conditions. Results obtained at tunnel wall and at a distance of 0.2 X D from tunnel
wall. Mesh size variations from 0.03xD to 0.10xD.

Fig. B.1. Evolution of pore pressure before passage of the tunnel face. a. Results from Case
l.a. b. Model taking into account undrained elastic parameters. Four points located ahead of
tunnel face at a distance of about 0.2 X D are followed. Points are located, in the direction of
the x axis, at: tunnel axis (A1), tunnel wall (A2), 0.2 X D and 0.5 X D from tunnel wall (A3

and A4).
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