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Abstract

The excavation of boreholes induces a damage zone in the vicinity of the boreholes, and
thereby affects the hydro-mechanical properties of the rock mass surrounding. This paper
outlines analytical models of effective permeability and moduli of the porous rock
containing a randomly crack distribution, which is an explicit function of the dimensionless
crack density, crack conductivity, crack length and matrix permeability. These proposed
models are then introduced into a finite element open source code, Code_Aster, to study
hydro-mechanical responses of the medium around a horizontal borehole under isotropic
far-field compressive stress for different cases of crack density. The results showed that the
crack density changes the effective permeability and moduli and therefore under isotropic
compressive stress it influences significantly the behavior of the borehole.

Keywords: Effective permeability; horizontal borehole; hydro-mechanical behavior; porous medium;
crack density.

1. Introduction

Boreholes are widely used for many different purposes including the extraction
of water, liquids or gases or for underground storage of unwanted substances, for
example in carbon capture and storage. They are bored in the ground, either vertically or
horizontally [1-3].

Most underground works such as drifts, drilling, mining, etc., causes damage for
the rock mass in the vicinity of the openings due to the excavation, i.e. damaged zone.
This damage modifies the hydro-mechanical properties of the rock, in particularly, the
change of permeability that had been shown by experimental studies [4-7]. Therefore,
the deep understanding on the hydro-mechanical coupling of the damaged zone around
the opening is one of interesting eco-scientific subjects to reduce the cost of the
underground works including boreholes.

In geo-mechanical engineering applications, geo-materials are normally saturated
with one or several phases of fluid and generally heterogeneous with different fracture
families. In the literature, the permeability of the fractured zone is usually assumed to be
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constant in large scale geo-mechanical application [9-11]. Moreover, the evolution of
mechanical properties and permeability is normally uncoupled by numerical approaches
[12, 13], by empirical and statistical investigations [14] or by homogenization technique
[15-17]. However, cracking considerably increased the permeability because under
compressive stress, the cracks tend to grow and coalesce to form a percolated network
[8]. Thus, a coupled hydro-mechanical model of the rock taking into account the effects
of the change of the permeability is essential in simulating the response of the
boreholes.

Recently, an analytical model describing the physical behavior of fluid flow
through a cracked porous material was proposed (see [18, 19]). According to these
researches, the fluid flow obeys Poisseuille’s law along the crack and Darcy’s law in the
porous medium. Flow through and around a single crack are explicitly derived, which is
an important key for estimation of effective permeability. In the present study, this
model is incorporated in the open source finite element code (Code_Aster) to study the
hydro-mechanical responses of the excavation induced damaged zone (EDZ) around a
horizontal borehole. The crack density in this zone depends on the mechanical
properties of host rock. Therefore, different crack densities are considered to show their
effect on the hydro-mechanical behavior of the rock mass around the borehole.

2. Effective Permeability of Porous Medium

Let us consider a heterogeneous permeable medium occupying a domain Q in space,
containing a crack network I'. As shown in [20], the average of Darcy’s velocity reads:

v:_keﬁ_ézéhvdw+zm:f[qu} (1)

where G:éj p(x).n(x)dQ is the average pressure gradient within Q, q(X) is Darcy’s
Q
velocity at point X, p(x):A.x is a pressure of fissure on its boundary and

A= éijda) is a constant pressure gradient.
Q
As seen in (1), é I vdw =—-k.A presented the flow occurred in the porous
Q
medium following Darcy’s law and équds:—ka related to the global
m r
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contribution of the fractures to the flow in the domain. Therefore, the effective

permeability k" of an elastic porous medium taken from the dilute model can be
written as:
k™ =k +k' 2)

where k is the permeability tensor of solid medium (without pores) and k' is the
permeability tensor in factures.

Recall that the fluid flow along the crack obeys Poisseuille’s law and Pouya and
Vu (2012) (see in [21]) obtained an analytical solution for the integral of fluid flow over
the crack as in the following:

2
izjqu:im(t@m 3)
o Q 2c+ 7L, flk|
in which c, L, t being the crack hydraulic conductivity, the halt-length of crack and the
tangential vector to crack defining its orientation, respectively.
The relationship between the crack hydraulic conductivity and the crack aperture e
in can be read by mean of a cubic law [22, 23]:

3

4
12f u )
where y,qg, f,u are respectively the fluid density, the gravity, the friction factor

c=79

accounting for the fracture roughness (fracture spacing) and the fluid dynamic viscosity.
It is noted that the definition of permeability of the crack family is:

k== 5)
€

Now we consider a crack family which has N cracks, characterized by an average

length 2L, an average orientation t, a density p :%. The cracks are supposed to have

no interaction between them. The effective permeability of all cracks was derived using
self-consistent scheme [18]:

N 27zcLl? [k

f

(t®t) (6)

Q 2c 4 7Ll

The crack density is defined as:
,3:ﬂ;zL2 = prl? (7
Q
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Introducing the definition of p in Eq. (6) then substituting Eq. (6) into Eq. (2),

the effective permeability for this medium can be rewritten as follows:
2¢p, |k

k" =k +
2c+rxL

(t®t) 8)
keff

In case of a random distribution of equal size cracks, the average of (t®t) is
equal to %(5 with & unit tensor. Consequently, the effective permeability tensor is
isotropic with the diagonal component:
keff
keff

cH
keff :k p

9)

2c+rxL

The Eq. (9) is a quadratic equation and has a simple root:

— 2
k|1, (P=2n n 8z 2-5-Z~ (10)
2 2 2\ n n

where 7 = ﬁ is the dimensionless fracture hydraulic conductivity.

Therefore, the dimensionless hydraulic conductivity can be written as:

eff = 2
K _ lJr(’o 2)77+i 8—”+ 2—,5—Z (112)
k 2 2r 27\ n n

As observed in Eq. (9), the dimensionless hydraulic conductivity depends on
eff

k
noted that both 5 and 7; depend on the length of crack which has a propagation under

fracture hydraulic conductivity and crack density (i.e., =f(p,1)). It should be

stress. Thus, the permeability changes due to crack growth and stress that has been
proved in [24].

3. Effective Moduli of Porous Medium

Considering a saturated medium with linear elastic solid containing cracks of
diverse shapes and arbitrary orientation distributions. Two types of shapes: needle-
shaped spheroidal cavity or crack-like spheroidal cavity filled with non-viscous
compressible fluid (which is characterized by the fluid compressibility x ) are
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considered in the study of Shafiro and Kachanov [25]. Taking into account the stress
interactions between the cracks in analyzing in terms of elastic potentials, the effective
compliance tensor s is written in the form:

Love o5 g g
E. E. E:
_E i _E O O 0
E. E- =P
va Ve 1 0 0 0
S Es Es Es . (12)
0 0 0 — 0 0
Hos
0 0 0 0 i 0
Hszy
0 0 0 0 0 i
Hio

The effective elastic properties are best analyzed in terms of elastic potentials in
stresses: f = f, +Af where f, f,, Af are respectively the total potential, the potential
in absence of cavities and the potential due to cavities.

For an isotropic crack distribution, the components of (12) can be defined
as follows:

Ei=Eo=Es=E, yyy=p=u,=1,ve=va=va=v
E, . 16 (1-v))

= :1+Em[(10—3v0)4’—3(2—v0)cfl] (13)

,uo_ 16 d-vy)
W P I oy B (2m)4]
where
1 n (i n |
=52, G= 5> >“ .= gy (B ~30-2)] (1)

E,. 4, and v, are the Young’s moduli, the shear moduli and the Poisson’s ratios of
uncracked medium, respectively; y=%<1 is aspect ratio of cracks; n is number of

crack families. For more details, the reader could see in [26].
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4. Numerical Test

We consider a horizontal borehole of radius ro = 0,1m excavated in an isotropic
saturated porous medium whose poro-elastic properties are taken as follows: Young's
modulus: E, =E, =5600 MPa, the Poisson’s ratios: v,, =v,, = 0,14 and the

E,
2(1+ 1)

subjected to a uniform pore pressure p"=4,7 MPa, the initial stresses

=2456 MPa. This borehole drilled in the medium

shear modulus: t,, =

ocs =0, =12,5MPa at far-field as well as the mud pressure p, =10 MPa on the

borehole boundary [9].
Due to the symmetry of the considered problem only one quarter of the model is

considered as shown in Fig. 1. Note that K—E(W) for the water. Considering the

Beishan granite [19], the crack aperture and the isotropic permeability of the uncracked
medium are e = 1,73x10° (m) and k, =k, =k =2,0x107 (m?). The crack density 5
is supposed to be from 1,0 to 5,0 while the half-length of crack L is 0,00012 (m).
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Figure 1. The finite element simulation of the borehole in 2D plane strain by Code_Aster.
According to the relations (14), (13) and (11), the others parameters of the
damaged zone are presented in Tab. 1. Size of EDZ depends on the rock properties, the
initial stresses and the axcavation rate. In this study, we suppose that EDZ distributes

around the opening in the range of a half of the radius ro from the borehole boundary.
To study the hydro-mechanical behavior of the borehole and EDZ around it, the
finite element open source code Code_Aster is used. Code_Aster is the software on

which we can include material parameters as functions that can be established using
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Python language, which can be embedded into source code of the software. Thus, the
effective permeability as well as the effective elastic constants of EDZ can be calculated
directly in Code_Aster.

The analyses of stress-strain state in both cases of impermeable and permeable
rocks are considered. Depending on the hydraulic boundary condition on the borehole
wall, the mud pressure p,, can act both as a radial stress and as a pore pressure (case of
permeable boundary) or act only as a radial stress (case of impermeable boundary). We
note po as the pore pressure on the borehole wall which will be equal to p™ (p, = p™) in the
impermeable boundary case or equal to pw (po = pw) in the permeable boundary case.

For each case, four different crack density p of 0,0; 1,0; 2,0 and 5,0 were
designed and labeled as CASO, CAS1, CAS2, and CAS3, respectively. The material
properties are shown in Tab. 1.

Table 1. Parameters of damaged zone around the borehole

Cases / Parameters =10 p=20 p=5,0
J, 0,0044 0,0044 0,0044
n 299636 299636 299636
- 0,318 0,636 1,591
¢, 0,317 0,633 1,584
E (MPa) 4516 3783 2544
1 (MPa) 2122 1868 1374
ke (M?) 4,0x10°% 874,7x107 572557 x107%°

It is noted that the behavior of borehole under isotropic compressive stress is also
isotropic. In general, we can see the difference between the impermeable case and
permeability case in the rock. Fig. 2 presents the results of radial displacement on the
boundary of the borehole for four cases of p to point out differences between the

permeable and impermeable cases. In case of impermeability, no difference can be
observed by time, from 1 hour to 2 days for each case of crack density. On the contrary,
the permeable case shows that the radial displacement of the wellbore wall increases
over time and it attains stability value after short time (the line for t = 1 day coincides
with the one for 2 days, see Fig. 3b). In addition, in Fig. 3, the radial displacement in the
permeable case are considerably higher than that of impermeable case when the crack

density increases. The comparison between displacements at 1 hour and at 2 days shows
55



Section on Special Construction Engineering

a maximum difference about 58% and 108% for the impermeable and permeable
cases, respectively.

40 4,0
- @ ® = y
E —4,5 777315777f17)7¥7(337Aiiiig7(557‘777777 I?E _50 ,7,4(1),,,£27),,,£a),gf(,gfgfg;Sl,‘,(,sl,,,
e » » o ’
‘c_ 50 L )| -48320) | -46273 ;
2 -5,1346 90553 5 1346 51347 T 60 57794 et 57573700900 5 75,9900
L 55 [-20ERlo__o2 LR & 46,0603
> 6,0 -1.0
* CAS 0 CAS1
40 4.0
50 F-+---H---H---H---H---H---}-
S50 bt s ta st 50 tolollellwllelle]-
03 m @] ® )] (5) (6) -5
= "PE 70 b H—
% 60 +-——H-—-H---H---H---H---}- e
bt X80 -bectH-—-—bH - |-
S ;o | 64600 [ |-64500 ~—o0 64600 o = PO Il I Il I diead I
TATTT
100 f———mof e 96147 —— 96147 —
80 10,1881
' CAS2 11,0
CAS3

(1) Impermeability -Ur 1 hour (3) Impermeability - Ur 1 day (5} Impermeability - Ur 2 days
(2) Permeability -Ur 1 hour (4) Permeability - Ur 1 day (6) Permeability - Ur 2 days

Figure 2. Radial displacement Ur on the borehole boundary: Comparison between
the permeable and impermeable cases and for 4 cases of crack density.
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Figure 3. Evolution of the radial displacement Ur calculated from the impermeable
and permeable cases for four cases of crack density.

Figure 4 presents the results of tangential stress on the borehole boundary (hoop
stress) calculated from the numerical simulation at different instants of time from 1 hour
to 2 days for two state of permeability. In general, we can state that the hoop stress is
time-independent and can be considered constant in function of crack density. The
impermeable state gives stress values higher than the permeable state with the
differences from 4,5% to 5,7%.
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Figure 4. The hoop stress (MPa) on the borehole boundary: Comparison between
the permeable and impermeable cases and for 4 cases of crack density.
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Figure 5. Pore pressure evolution in EDZ for CAS1 and CAS3.
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Figure 6. Tangential stress evolution in EDZ for CAS1 and CAS3.
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Figure 5 and Figure 6 present the evolution of the pore pressure and tangential
stress in EDZ over time. It can be seen that the pore pressure in EDZ attends stable value
(note that the line for 1 day coincides with the line for 2 days) after one day for both
CAS1 and CAS3. This is also the case of tangential stress illustrated in Fig. 6. It is
observed that the differences of pore pressure and tangential stress between the borehole
wall and the EDZ boundary is higher in CAS1 corresponding to the smaller crack density.

5. Conclusion

In this study, the theoretical models of effective permeability and moduli are
outlined for the excavation induced damaged zone around a horizontal borehole and
then are implemented in open source finite element code to study the hydro-mechanical
behavior of the borehole.

The results show that under isotropic compressive stress, the effective
permeability and moduli of the rock in the vicinity of the borehole change remarkably
the behavior of the borehole where the stress reduces and displacement increases. This
suggests that it is necessary to take into account the effective permeability and moduli
of the rock surrounding the opening to evaluate the stability of the borehole.

Future work will devote to study a horizontal borehole in anisotropic permeable
rock taking into account an anisotropic crack distribution with crack growth which
could be considered a right perspective.
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ANH HUONG CUA MAT PO VET NUT POI VOI UNG XU THUY CO
CUA LO PAO NGANG CHIU UNG SUAT NEN PANG HUONG

Tém tdt: Viéc dao 16 thurong gay pha hoai ving 1an cdn cua 16 dao va do dé anh hueng
dén tinh chat thuy-co cia ddt da xung quanh. Bai bao nhdc lgi cac mé hinh gidi tich vé dg tham
va cac md dun dan hoi hiéu dung cua méi truong dd cé 16 rong chira cac vét nit phan phoi
ngau nhién. B¢ tham va cac md dun dan hoi ndy 1a cc ham twong minh cua mdt dé vét mit
khong thiz nguyén, tinh dan vét nit, chiéu dai vét nit va dg tham méi truong. Cac mé hinh dé
Xudt ndy sau dé dwot dwa vao ma nguon me phan tir hitu han Code_Aster dé nghién ciru iing X
két hop thuy-co xung quanh mét 16 dao ngang chiu ing sudt nén dang hwdng Véi cdc truong
hop kh&c nhau cia mdt dé vét nit. Két qua nhdn dieoc chi ra rang mdt dé vét niet lam thay doi
hé sé tham va md dun dan hoi hiéu dung va do dé duwéi tac dung cua iing sudt nén dang hudng,
mdt dé vét mirt lam thay doi dang ké vmg xir cua lé dao.

Tir khéa: Hé sb tham hiéu dung; 15 dao ngang; (g xir thay - co; mi truong rdng; vét nut.
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