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GROUNDWATER ANALYSIS OF UNDERGROUND
CAVERN BY MEANS OF ROCK BLOCK MODEL

Kuniakr Sato* and Masato lizawa**

ABSTRACT

With respect to the groundwater analysis involving tunnels and caverns in rock, most
papers have presented the problems on the basis of the assumption that the porous media
were undeformable. Because of the dynamic deformation between fissures and rock masses
due to water pressure, the groundwater motion will be affected by the deformable medium
in addition to the excavation of underground structures.

This paper aims at an examination of hydraulic behavior and the analysis of groundwater
flow by a rock block model which behaves as an elastic body affected by the dynamic
change of fissure water pressure. A new equation, which takes the vertical distribution of
permeability into consideration is proposed based on both theory and field investigations.
By this equation, the groundwater movement around the cavern is analyzed by the rock
block model in a confined stratum of fractured rock. Results obtained] from the finite
difference method are examined by some laboratory experiments, which were carried out by
using a rock block model composed of a number of cubic blocks and a cavern. Comparing
their numerical and experimental results, it is found that the seepage flow analysis of the
underground cavern by means of the rock block model may be valid for not only the analysis
of flow around the cavern but also the hydraulic modelling of seepage motion in rock
nasses.
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tions. Difficulties often involve how to model

INTRODUCTION

Groundwater flow in rock masses has
somewhat proper characters such as the
predominant existence of dynamic deforma-
tion between fissures and rocks due to water
pressure, non-isotropy of inter-connected
pore space, and complicated boundary condi-

a flow field and how to solve the problems
under given conditions. Until now, several
hydrodynamic models of flow have been
proposed by some authors, in order to de-
scribe the seepage flow through rock masses.
A simple model of a fractured channel is
known as one-dimensional flow of viscous
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fluid in a parallel interstice, which can be
derived from a rigorous solution of the
Navier-Stokes equation. This model is not
able to explain the spacial structure of a
flow field and to describe the dynamic de-
formation of a porous medium. Some authors
presented a network model consisting of a
number of interstices to explain the spacial
structure of fissured channels (Scheidegger,
1972). Considering the dynamic deformation
of rock masses and the compressibility of
water, Sato (1980) proposed a single joint
model of a fractured channel. With respect
to a somewhat different concept of double
porosity, Barenblatt et al. (1960) gave a
double porosity model of fractured rocks
consisting of the primary and secondary
porosities like a fractured sandstone. Warren
et al. (1963) and Duguid et al. (1977) ex-
amined flow in fractured porous media by
using the double porosity model. Snow
(1968) proposed unique model of a rock
block with due regard to the dynamic defor-
mation of fractured rocks and the compressi-
bility of fluid. However, until now, there
is no study on hydraulic analysis of cavern
and tunnel by means of such new models
taking permeability change, deformation of
fracture and unsteady void pressure into
consideration.

In order to apply the rock block model to
the groundwater flow around a cavern, at
first, a new relationship concerning to the
vertical distribution of permeability will be
introduced by both theory and field investi-
gations. In the next place, the groundwater
movement around the cavern is analyzed by
the rock block model for fractured rocks,
and results obtained from the finite difference
method with numerical computation are
discussed by the aid of some laboratory
experiments in a rock aquifer made from a
number of cubic blocks having a cavern
model.

PERMEABILITY DISTRIBUTIONS IN FRAC-
TURED ROCKS

One of the most important paramenters

Fractures:

7

Contact Fcints

Fig. 1. Fractured rock masses

for the flow through fractured rocks is the
permeability which may be distributed in a
spacially inter-connected system of channels.
In general, the formation and origin of
inter-connected pores of fissures, which be-
come flow channels in rock masses, may be
very complicated geologically, and may be
developed by various causes. The size and
direction of each channel vary in geometry.
However, the seepage flow will occur in
micro-cracks and interstitial channels, pro-
vided the rock texture itself is much less
permeable. In this study we shall pay atten-
tion to a rock ground, as demonstrated in
Fig.1. This stratum is assumed to be sat-
urated by water, and the permeability of
the micro-cracks in rock texture is negli-
gibly small. In addition, it is assumed that
the elastic deformation of contact points of
irregular void walls and rock texture itself
by the fluid pressure change in voids is
permitted.

Then, another rock block model is intro-
duced as shown in Fig. 2, instead of fractured
rocks mentioned above. The rock block
model is the same as that proposed by
Snow (1968). In this model a small column
in each interstice is used instead of contact
points of irregular void walls, and it behaves
as an elastic body subjected to a change in
effective stress.

Here, the spacial distribution of permea-
bilities in the case of hydrostatic state is
introduced by using the rock block model in
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Fig. 2. Rock block model

the following theory. Referring to Fig.2,
the fluid or hydraulic conductivity £ is
generally given by
19 .,
k= 3y =d (1)

for one-dimensional flow of viscous fluid in
a parallel interstice, in which ¢: the accele-
ration of gravity, »: the kinematic viscosity
of fluid, and 24: the width of interstice. Eq.
(1) can be rewritten by introducing a concept
of spacing, as Snow (1968) has proposed,
for a unit block of fractured rock as
2d_2 gdt

kf_ks 31/5

(2)
where s: the spacing given by the sum of
a size of block. Eq. (2) defines a permeability
for a unit block like an element of rock
block medium.

The total stress of void p,; at an arbitrary
depth of fractured rocks is assumed to be
the sum of the effective stress acting on an
inter-substance p,; and the fluid pressure of
void p;, and this assumption is valid, after
the total pressure is changed. Namely, be-
cause the contact area of inter-substance is
assumed to be negligibly small, their equations

are written by

Pu=prtpa }

APti:APf"}'APci 221,2,3
in which 7 is the number of directional
fractures. By the change of total pressure

the spacing s; and the width of interstice
2d; are written by

(3)

S»;‘:Sz/+2 dz

(4)
ASvL:AS«L,""A Zdy;
2 d-],:2 do’[,_l‘d 2 dﬁ

(5)
S1=Sos+4ds;

in which 4 is the difference, s,/ is the size
of a block, and the suffix 0 indicates the
initial stage. The displacement due to a
dynamic change in total stress 42d; is
given by, for the inter-substance in a void,

2d L 2duM,

AZdi-:—a ot Apes+ E, dps (6)
where E,: the elasticity modulus of inter-
substance, which is an elastic model of

fracture deformation resulting from the outer
forces and its material depends on the char-
acters of the fractures. M,: Poisson’s ratio
of inter-substance, and a;; a ratio of contact
areas of rock block and rectangular column

(ai<<l).
In Eq.(6), the effective stress 4p,; can be
eliminated by Eq. (3) as follows:

2d
42d,=—%~ Z,E M {(1+azM)APf Api}

(7)
2d
Oi (APf dpei)

since aiMc<<1.

On the other hand, the strain of rock block
dsi'[se;’ resulting from total pressure change
is given by the theory of elasticity as

A 14
Y= L (Upu— M, dpi— M dpiy)
Sot r
(8)
in which j, £=1,2,3, ixjxk E,: the

elasticity modulus of rock block, and M, :
Poisson’s ratio of rock block. In order to
find the width of interstice 42d; and the
spacing s; from Eqs. (4) and (5) after the
total stress is changed, ' the boundary condi-
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tion for rock block aquifer is required. For
the sake of simplicity, an infinite horizontal
stratum is assumed. In this case, because
the strain of rock block 4s;'/sy;’ is constant

at infinite horizontal distance, Eq. (8) be-
comes
ASi :0 (9>
Sot

for the case of i=j=k=x1.
The boundary condition for Eq.(9) is that
the size of rock block s;/ and the width of
interstice 2d; are changeable by the total
stress change under the constant spacing for
the horizontal direction.

Then, the difference of total stress 4p,; for
horizontal directions of ¢, j=2,3, ixj is
found by using Egs. (9), (7) and (8) as

{A+2p+4,M} dp 4+
{A, QA4+ A M+ A,A,M,2 A pyy

Aba= A+ 1) A+ A= A, M
(10)
_ E; sy _ Sos” _ E,
Xi“ai_E'; Zdoz’a"leCZdOZ’ ec= ET (11}

Accordingly, the variation of interstice 424,
for the condition Eq. (9) is given by
substituting Eq. (10) into Eq. (7) as follows:

d2di=so/(an G —an i) a2

_[ (1—M,) {<1+Mr>/1j+17}7]
LU AF A AF A — M2, 4,

13)

o :[ M {(A+M)A;+1} ]

v UL+AD)(A+4A0— M2, 4,
for i, j=2,3, i%j.
The strain of spacing 4 s;/s,;, becomes zero
from Eq. (9).
In addition, the wvariation of horizontal
interstice 42d, is written from Eq.(7) as

_2d01 AP]‘_. Aptl ’
A2d1"— alec( Er‘ Er > <7>

The strain in the vertical direction due to
spacing variation is allowable, while the
variation in the horizontal direction is not
allowed. Then, s, is obtained by substitut-
ing Egs. (10), (7)’ and (8 into Eq.(4).

A81:501,<Bla AEPTf_BIb AEPM> (14)

Bia=M (2= Ry0t50— R30t3,) +‘1—

1

. 15)
Bio=1—M,(Aesp+ Azetys) +"/{:

As a result, the width of interstice and the
spacing for each direction affected by the
variations of total stress 4p,, and void
pressure of fluid 4p; become from Eq.(5)

2d1=2d01{1+ 1 ("Pf— "E{’“>} (16)

ae; \ E, r
! 4 4
s e )
a7
— Sot/ dps APH)}
simso {142 (g, 4L —p, AL g
S4=S01» Z.,j=2, 39 Z;'j- (19)

The permeability in each direction can be
found by using the expression of Egq. (2)

from Egs. (16), (17), (18) and (19) as
follows:
3
()
k1 = k01 e . L (20}

S’ [ dps A&z}
1428, 420~ EE

I A A 3
o o i )
21)
_294dy ._
k=g L2 i=1,2,3 | 22)

where %,; is the permeability at the initial
state. From Eqgs. (20), (21) and (22), one
can find the permeability in each direction
for the variations of void pressure 4p, and
total stress 4p,, if the contact area and
elasticity modulus E, of inter-substance,
the size of rock block s,/, the elasticity
modulus of rock block E,, the Poisson’s ratio
of rock block M,, and the width of inter-
stice at the initial state d,; are given for
required flow. It is noted that the variation
of void pressure 4dp; is produced by falling
of piezometric head in case of groundwater
motion around the cavern, if the total stress
in rock ground is constant. It can be found
in Eq. (20) that permeability of a horizontal
fracture, %, is approximately governed by
the parameter a,e,, because the denominator
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in Eq. (20) becomes nearly 1. In addition,
the second term of Eq.(21) is very small
for an ordinary rock.

GOVERNING EQUATION OF FLOW

In an ordinary way, the governing equation
of groundwater movement can be introduced
by the equation of motion and the continuity
equation. In many cases, Darcy’s law can be
applied as the equation of motion, since the
inertia of flow is negligibly small in rock
masses having the fissures and fractures of
small opening not more than several hundred
microns.  For the flow through fractured
rock masses, the deformation of rocks and
the change of fluid density by pore pressure
become very important. Here, the governing
equation on the basis of the rock block model
will be derived from the quantities described
in early paragraph of this study as the same
manner as Snow’s model.

As is well known, the continuity relation
of a control volume dzdydz is

0 0
~ | (09 +2 00+ D00 | vy o

:{nogtﬁdzwaa’;‘)d +0 a%tz)

}Axdy
@3

in which z, y, and =z: the co-ordinates,
o: the density of fluid, ¢,, ¢, and ¢, the
velocity in x, y and z directions, respectively,
ny: the porosity, and # the time.
The righthand terms of Eq.(23) must be
rewritten for the rock block model. The
first term is written by

0p Tw Oh

% pTe O @
where y,: the unit weight of fluid, E,: the
compressibility of fluid, and h;=p,/pg.
The porosity n,; of each interstice is defined
as

2d, .
No=1Noy T Mga 7003, Mgy = sti :=1,2,3.
(25)
From Egs. (16), (A7), (18) and (19), the

porosity in each interstice is given by

IIZAWA

1 /dp, Ap“>}
:2d01 {l+alec< E, E,

So1 {1+ So1’ (Bm Apf Blbé‘gﬁ)}

(26)

_2dy, Sos < dps _ APM)}
Mgy = 501 {1+———2dot wza*E:* Xyp E,

@7

for i, j=2,3, ixj.
Generally speaking, the time rate of porosity
change n,; is written by
_@ﬂo_iz Ong, 0p; | Ony 0py,
at @pf at aptl at

Thus, the term 9n,,/8¢ can be expressed by

ot pu e O g, T Ol (28)
Ong;  soy’ Tw Ohy sy, Tw Ohy
ot sy, e E. 0t s, a“’f,_af_
(29)
in which

r
01/ —ae.Bi,+ (Bla—ﬁlb>fw—4ht1
»

So1

Ta= So1 Tw Tw 2
Ay {301, +Bmfr Ahf_BlbfAhtl}

—of*a1ec31b+(31a 311;)

So1

A {Sm +.31a Ahf Bw Ahm}

Tw B Ahs

No=

where A, =p,/pg (ertten by h; in above
equations for the sake of simplicity).
Accordingly, the term 9no/dt is obtained as

Ony _ Soo’ Sos” Tw Ohy
ot “<ﬂa+?“za+?ﬂ“2a> -V

E, 0t

Sos’ Sos’ Tw aht

‘<’7b+‘sz“”+‘s§ )
(30)
The third term of Eq.(23) is expressed by
0(4z) 4z 0s, _ 4z 8(ds,)
0t s, 0t  so+ds, 0t

_ dz[sy,  0(ds)) P
It ds,fse; 0z A8l
_ 4z 0(4s)
T se Ot

since d(d2)|dz=d(s,)/[s, is assumed.
Then, the third term is written from Eq.
(14) as
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DD [su' 5 Tw Ohy s o Tu %>
ot —< Soq Biag E, 8t s, By E, ot 4z
€29

As a result, by putting 8h;/0¢=0h[dt, h=

h;+z: the piezometric head, and using
Darcy equations
oh oh oh
Qx:’_km'a_;: (Iz/:—ky—a"?;, q,z:—kz"a;‘
(32)

Eq. (23) becomes from Eqgs. (24), (30) and
(31) as follows:

0 oh o oh 0 oh
5}(’%5;)*‘@“@@%5;(@‘@7)
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Fig. 3. Cavern model in confined
groundwater

oh Oh
=5, 00 _s, O 33)
in which,
7 ’ ’
’Sf:<lli+77a+502 aza“{“i(&_“aa‘l‘nofﬂ“gla)‘%@
€y Soz Sos So r

‘St—“<77b+fva°b+“-’"a3b+no Lt Blb) 2:
and e,=E,|E,.

In Eq. (33), S=S,4S; on the righthand side
may be considered as a storage coefficient per
unit thickness of aquifer. Specific storage
S, (107¢~10""/m) in the governing equation
for ordinary aquifer like sand includes all
dynamic factors such as deformation of soil
particles, voids and fluid, and permeability
change. It must be noted that Eq. (33) ex-
plains clearly such dynamic factors for the
flow through rock masses. Eq. (33) is the
governing equation of flow through the rock
block medium.

Referring to Fig. 2, the permeabilities %,
ky and k, for the x, y and z directions are

«efined by

km:k1+k3
ki/:kl'i"kz (34>
k,=kytks

CAVERN MODEL AND NUMERICAL COMPU-
TATION SCHEMES

In order to examine the groundwater
behavior around the cavern, a simple flow
field model is introduced as shown in Fig. 3.
In this model the cavern is rectangular, and

the fractured rock ground is covered with a
weathered layer. There are several types of
caverns in practice; for example, the electric
power station, the oil storage cavern. Here,
an oil storage cavern having a recharge water
tunnel is demonstrated in Fig. 12, as one of
examples. The flow can be regarded as the
confined one in horizontal rock masses. In
this study, unsteady behavior of ground-
water will be examined for those types of
flow in the following paragraphs.

Numerical computation schemes by the
finite difference method are presented in the
following manner. Governing equation of
the flow becomes as

0 oh 0 oh oh
ae(beae r o (b5 ) =S5y @

for vertically two-dimensional flow by ignor-
ing the unsteady effect originated from the
total stress variation in Eq. (33). In addition,
boundary conditions are adopted by
oh
“a_x’l:fO (36)
o]
02 _at impervious bottom
helat wall of cavern=2"+pg/0g ¢ const.  (38)
h=h,: at upper boundary of fractured
rocks (39

h=h,: at wall of recharge tunnel (40)

=0 @37

in which p,; the pressure in cavern, A
the piezometric head at upper boundary of
fractured rock ground, and A,: the head in
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(2) Finite difference scheme of
arbitrary mesh intervals
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!

G
!

it j

Cavern

(b) Computation scheme of
flow rate

Fig. 4.
recharge tunnel.
With respect to the finite difference scheme
of Eq. (85) Crank-Nikolson method is adopt-
ed by Tanaka and Aki (1979), since the
difference meshes are not the same in flow
field. Eq. (85) is written from Fig.4 (a) as

Computation schemes

g, n PRy
i g
=L im0} + g W +gh )
(41)
in which,
Axlkxiﬂ/z,jktﬂ,j“ (Ax kgyriss,s
Fy= T AT karsa, Dhagt AT Rer s, i,
dx’ dx" (dx’+ dx'")
2
Az,kzi,ﬁﬂ/zhi,jﬂ"(Azlkzz,1+1/2
(= A ke st A2 ke gk g0
gL = A2 42" (d2"+ 42'7)
2

3 o 9= 2 kx'L-!—l,jsz
1 A T A
xi+1/2,] kx2+1,]+kw

_ 2 kg, sk

B 108015
w2 Ryi—1,3Fkars

k Iy —_— Zkzi,ijz’Lj

I R V4 e A A

‘ kzi,j+1+kzij
k . o= 2kzi,j—1kzw
o1/ g e
el ki, j-1F ko

Then, practical computation is carried out by
means of the Over-Relaxation Method by
Tanaka and Aki until the convergence value
e=10"* is satisfied by repeating m times

mp, mHl=mpy, nt1 +Ii(}~lwn+1 —mp, mtY) (42)

ﬁwnJrl —_ 1
1+Cx<ﬁx/kxi+1/2,j+ Ax”kxi—lﬁ,j)
+Cz(Azlkzi,j+1/z+Az”kzi,j-l/z)

X [Cz(Ax'kxwl/z,jmhz“,jnﬂ

-+ Ax”kxi—uz,j . mﬂhz—x,jnﬂ)
+Cz(Azlkzi,jﬂ/zmht,jﬂnﬂ
+ Azukzi,J—-z/z : m+1hi,j—-1n+1>

L P g huy | (43
fi3

C = 4t
» szij’Ax”(Ax’%«Ax”)
C.= 4t

szjAZ/AZ”(AZI‘I‘ AZ”)
and

](E_Lj'm-l*mh“n+1>/m+1h“n+ll<<e (44)

in which 7, j: the mesh numbers and a:
the time step.
Flow rate into the cavern ¢, is found by

on
" on
in which %,: the permeability normal to wall,
and n: the normal direction to wall, positive

g.=—*F . at wall of cavern (45)

outward.
Referring to Fig. 4 (b), the finite difference
scheme of flow rate can be given by

by, s—1+hy _'—h_, —h
A‘h—x/z,j=kz Kot P¥ éiz’lz 1=1,J 4y

YRR SO .
Aqi,j+1/2:kx 1+1,] i+121+Alx 13 1, 41 AZ

(46)

At the impervious bottom of fractured rock
ground the following scheme is satisfied:
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Initial Head and
Permeability Dis-
tributions

oy
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I Boundary Conditions
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by Egs.(36)(38)
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n=n+1 ed N
i Flow Rate into
Cavern by Eq.
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!

Permeability Dis-
tributions by Eqs.
(20)'\422)‘

No

Yes

End

Fig. 5. Computational flow of ground-
water analysis
My, jo1—Rs, 501 _ ’
RV S

In addition, the other boundary conditions
are assumed to be constant. Computational
procedure is shown in Fig.5. Piezometric
heads are computed at each finite mesh
under the boundary conditions, the flow
rate into the cavern is obtained, and the
permeability distributions are determined
from the fluid pressure and the total stress
at the arbitrary time. There is no conver-
gence problem by this finite difference
method.

For all numerical computations of flow
analysis around the cavern, three different
mesh sizes are used for improving the ac-
curacy: 4dx;=0.2 L[, i,=16, dx,=0.3 L/i,,
i,=12, and 4x,=0.5L/i;, ;=10 in Figs. 3,
12 and 16. The meshes become larger with
distance from the cavern in a half aquifer.
Physical quantities used in the computations
are given by Table 1, in which the specific
weight of water is y, =1, that of rock
that of weathered layer 7,=2.0,
the elasticity modulus of rock is I,=2.1x
10°kgf/cm? and Poisson’s ratio is M,=0.3

7,=2.5,

for the granite. Other conditions are given
for each computation in accordance with the
symbols in Figs.3 and 12.

DISCUSSIONS OF PERMEABILITY DISTRIBU-

TION AND CHARACTERS OF GROUNDWA-

TER MOTION AROUND CAVERN

Discussions of Permeability Distribution
Prior to the examination of groundwater

motion around the cavern by means of the

rock block model, it is very interesting to

Permeability . ky. kyiks

0 05 (x10°m/s) 10
100 1
N
£
o M
@
a
200 .
K
00002
000005
a-e
200 .
Fig. 6. Permeability distributions with

depth z for different parameter ae,

Permeability, ki k)ky

0 05 10 (x107°m/s) 15
T 1
! * aec= 00002
Tw= 1.0t/ m3
7r= 2.5h‘/m3
Er=21x10°kgE o rh2
100 F ki .
Zz
= (m)
@
Q
200 k2,k3 ) kg.kg ]
Casel~. _ Casel
Mr=03Cese 2/ [~ - —Case2 Mr:02
iCose3 Case3|
L i L \V
Fig. 7. Permeability distributions with

depth z for different parameter M,
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conditions (see Figs.3 and 12 for notations)

Table 1. Physical quantities of numerical

Storage

. Interstitial : 1 Permea«f
Block size s Porosity ] e .
Case s width o i Ceof. bility | Other quantities
0@ gy x105(m) | Mex 10 | Spx10Mm |k (m/s) |
C-S-1 0.1 5.85 | 35.00 K 34.70 ! |
) I f ) ae,=0. 0002 7»=1.0tf/m3
I | L=400m 7,=2.5tf/m3
C-8-2 1.0 12.50 1.63 9 1075 * M
l 5 » 0 | E,=2.1x10 kgt/cm? M,=0.3
T T ”“""r“"‘ - H,=100m, H,=200m, 7,=7,=20m
C-8-3 10.0 27.10 1.63 3.00 ‘
S R e i
C-L-1 ) \ Hy=20m, H;=122.0m, H,=10m, H,=52.0m
R 1.0 1.51 0.603 | 9.79 1.72x108 | H,=70.0m, H=27.0m, [=52.0m
C-L-2 , | rp=15.0m, 7,=18.0m, AH=5m, 7,=2.0tf/m?3
I S l_ R S
discuss the adaptability of permeability equa- k; will increase with depth if Poisson’s

tions proposed in early paragraphs as com-
pared with field data. Particularly, a quanti-
tative evaluation of the vertical and hori-
zontal permeabilities and the comparison of
parameters becomes important.

At first, two theoretical relationships
between the permeabilities %;, %; and the
depth z are given in Figs. 6 and 7 from

ratio becomes small. For the distributions
of k, and k; with depth =z, the following
interpretation is taken notice generally.
From Eq. (21), k; can be written by

ky=ko(1+Dy-Dy)*

in which D, and D, are given from Egs. (11)
and (13) by putting A=21,=4; as follows:

Eqgs. (20), (21) and (22) for the quantities D,= K"b“w: A=MHA+A-MIA 1
of Table 1. In Table 1, the spacing s, @ A=MHAE+24+1 ae
the width of interstice d,;, the porosity D :<_4‘_Z?‘7];_ Mi_ﬁgt_x) l:fi@i
ny; and the permeablitity ky; are assumed to ’ E, 1-M, E, /) do

be homogeneous and isotropic for each case
at the initial condition: namely, s,=s54,=
Soe=503, 2do=20=2dp=2ds;, and ky=ky=
koo=ky; at the initial stage py=0 and p,;=
0. In order to examine basic characters of
permeability change with depth and behavior
of flow around cavern, all values in Table 1
were assumed on the basis of practical judg-
ment. Fig.6 shows the relationships between
k,, ks, k; and z for ae, as the parameter
after the fluid pressure p,=y,2z and the
total stress p,=7,2 (yw 7. the unit
volume weight of fluid and rock block,
respectively) are loaded in an instant. At
the initial condition the permeability k&, is
the same for all cases, since d, and n, are
appropriately presumed. It can be noted from
Fig. 6 that the horizontal permeability k, will
not be related with Poisson’s ratio and the
spacing, because the value of denominator
in Eq. (20) approaches to 1, and k&, will
approach proper constant value with depth.
In addition, the vertical permeability %, and

This quantity D, governs %; if D, is con-
stant. For that case, %; becomes larger as 2
increases so dD,/dA>0. Namely, the spacing
so will be related with the distribution of
ky; under constant ae,. Fig. 7 shows the
permeability distributions for M, as the para-
meter in case of ae,=0.0002. The distribution
of £, with depth depends largely on ae,: namely,
the strength and the size of both inter-
substance and rock block become a governing
factor of permeability distribution. Iwai
(1976) has reported that the ratio of contact
areas a is dependent on the acting stress:
a=0.001 for the effective stress p,=2.6 kgf/
cm? and a=0.1~0.2 for p,=200kgf/cm? in
the case of granite. At the same time, the
geometrical form and weathering are closely
related with e, of the inter-substance.

On the other hand, the practical values of
parameter ae, can be determined by referring
to some results of field measurements. Figs.
8 and 9 show the permeability distributions
with depth by Carlson et al. (1977) in Sweden
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Fig. 8 (a). Comparison between permea-
bilities by field measurement and
those by present theory (Carlson et
al,, 1977)
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Fig. 8 (b). Comparison between permea-
bilities by field measurement and
those by present theory (Carlson et

al., 1977)
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Fig. 9. Comparison between permeabilifies
by field measurement and ones by pre-

sent theory (Kozima et al., 1980)

and Kozima et al. (1980) in Japan. Both
investigations have been carried out by

Lugion Test Method at the zone of granite.
Permeability k,, at initial stage in Eq. (20)
was assumed as ky,;=6.0x10""m/s for Fig.8
(a), 5.0x107°m/s for Fig.8 (b), and ky=
6.2x10%m/s for Loc.B, 3.0x107%m/s for
Loc. A in Fig.9. In those figures the most
fitted curves by Eq. (20) are shown for ae,=
0.0001 and 0.0002 in Fig.8, and ae,=0.0001
in Fig.9, by letting the denominator of Eq.
(20) is equal to 1. The permeability distri-
butions with depth by field investigations
are explained by the present theory, while
the total stress and fluid pressure are assumed
to be proportional to the depth.

Numerical Analysis of Groundwater Flow
Around Cavern

Numerical analysis of groundwater flow
around the cavern is carried out for three
somewhat different cases: the first case is
the analysis of piezometric head, the permea-
bility and the flow rate around the cavern in
a submerged confining aquifer, the second is
that of a confined aquifer below a weathered
layer and the third is that of the second case
having a recharge tunnel above the cavern.
Referring to the cavern models in Fig. 3,
the computations are done according to the
conditions shown in Table 1.

At the initial condition of fractured rocks,
the permeability distributions are obtained by
Egs. (20), (21) and (22) as shown in Fig. 10
(a) for each case. As described before, the
vertical change of permeabilities £, and %,
is more notable as the block size becomes
large. In this figure, %, and £%,, are the
permeabilities at the surface of rock ground.
Permeability distributions will change with
time, if the pressure in the cavern is kept
atmospheric after excavating the cavern.
Results of permeability distribution computed
from Egs. (41) to (46) and (20) to (22) are
given by Figs.10 (a), (b), (¢) and (d) for
the conditions in Table 1. Figs.10 (a) and
(c¢) show the non-dimensional permeabilities
k,lk,, and k,[k,, at t=2min and £=30min in
a half plane, so the flow field is symmetric.
Because the effective stress increases as the
fluid pressure drops under constant total
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t= 2min - t=30min

t= 2 min t = 30 min

(a) kylky at ¢=2min and £=30min for C-S-2 L))
1 f
t= 30 min t =30 min
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(e) kylky at =30 min

<d) k:v/kxo at t=30min

Fig. 1. Permeability distributions (in which o indicates value at surface of rock

ground)

stress, the width of fractures decreases with
time toward the outer zone of cavern.
Namely, it is reduced to the drop of
permeability in the whole aquifer. Par-

q
X107
1
€]
1.0
{054
0 10 20 30 t (min)
Fig. 11. Flow rate ¢ with ¢ (C-8-2"; con-

stant uniform permeability of C-S-2
and C-S-2'; no change of effective
stress with time for C-5-2)

ticularly, the tendency is distinguished for
horizontal permeability %,/k,, and the
change of %,/k,, with time is attained steady
and stable state in early stage. Moreover,
Figs.10 (b) and (d) show the permeability
distributions of k,/k,, and they mean that
the change of permeability is related with
the block size. Thus, final change of
permeability becomes large as the block size
increases. Then, the change of flow rate
into the cavern is computed as shown in
Fig. 11 for each case. In this figure C-S-2’
means the flow rate for which the permea-
bilities k,, and £k,, are assumed constant
in a whole ground for the case C-S-2.
In addition, C-S-2 is for the case of C-S-2
in which the change of effective stress with
time is ignored. It may be laid down as
a general rule that the degression curves of
flow rate are slower than those of C-S-2' and
C-S-2” because of the change of permeability.
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Fig. 12. Cavern model having recharge tun-
nel in confined ground below weathered
layer

Final constant flow rate is related with the
block size, and the degression velocity is
abrupt in early stage for case C-S-3, since
the permeability change with time is finished
in a short time. By numerical analyses
mentioned above, one can point out the fol-
lowing characteristics of the rock block

——t=2{min)}
~=== t=30{min}

Case-L-2 : Case-L-1

(a) kylky at t=2min and £=30min for
C-L-1 and C-L-2

Case-L-2
0 | kz,=10

— t=2(min)
~~== t=30(min) I~

(b) Eky/ky at t=2min and £=30 min for

C-L-1 and C-L-2

Fig. 13. Permeability

which “0” indicates value at surface of
rock ground)

distributions (in

mmwme }230(min)

i
i
]
!
[l
i
!
i

Fig. 14. Distributions of piezometric head
h/hy at t=2min and £=30min for C-L-1
and C-L-2 (in which A, is value of 2 at
surface of rock ground)

Fiow rate
qx107% (M%Ymin)

30 1 \ Case-L-2
4
~ 2.69
207 Case-L-1
: 167
1.0 5 . . ; Time
0 10 20 30 t{(min)

Fig. 15. Flow rate ¢ with time ¢

model: the permeability change spreads over
the outer zone of cavern with time, the flow
rate decreases gradually and it becomes
constant at final stage of time, and both
permeability and flow rate depend mainly on
the block spacing.

On the other hand, the permeability dis-
tribution, the piezometric head and the flow
rate degression are examined for the cases
in which the cavern is excavated in a confined
aquifer below a weathered layer. Two cases
are considered: one is the flow around a
cavern of »,=18.5m in width and r,=15.0m
in height, and another is that of a cavern
having a recharge tunnel. The recharge
tunnel is often used for the caverns for
storing oil and liquefied gas to prevent the
stored liquid from leaking and to conserve
of groundwater. The conditions and para-
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meters in the following computations are
summarized in Table 1. Permeability distri-
butions, the piezometric head distributions
and the flow rate curves are computed as
shown in Figs. (13) (a) and (b), Fig.14 and
Fig.15, respectively. For each distribution
in Figs. 13 and 14, the changes of distribution
with time are presented for the case in which
there is the recharge tunnel in the left side
as compared with the case without them.
In those figures the subscript “o” indicates
the value at the top of fractured rock
ground. Both permeability and piezometric
head distributions are not so different in the
neighborhood of the cavern wall, in spite of
whether the recharge tunnel exists or not.
However, both differences are distinct far
from the cavern, so the pressure drop is
limited by the recharge water supply. The
flow rate into cavern increases by the exist-
ence of recharge tunnel. Because of the
flow is within confined ground, unsteady
state of motion becomes steady in a short
time. Its character of flow is one of the
most marked properties for confined ground-
water movement.

Several interesting results are derived from
numerical computations by the rock block
model. In particular, it may be worth notice
that the interstitial width of fractures de-
creases by the pressure drop around the cavern
and the degression curve of flow rate is
retarded with time. The opinion cannot be
applied immediately to the ground outside
the cavern wall, since the rock ground is
loosened during excavation. The loosening
has been observed by field measurements of
Seikan tunnel to the extent of a few meters
for a tunnel in tuff rock (JSCE, 1979), and

not a few meters for the cavern in granite.

EXPERIMENTS AND THEIR RESULTS

Experimental Apparatus and Conditions

In order to examine the present theories
and numerical analyses the experiments are
carried out wunder appropriate conditions.
Experimental apparatus is made from trans-
parent resin, and it is 1.0m long, 0.5m

Interstice metals O c”j
/ s
. — L
AE=te]  DUGONOCIINO0I00] 118
/  — 75.5 — g
Over Flow “’H‘QZ Subsidence meter
T i’ Qo
I eEren Al
; | T
! ]
, ] i
T il Q.
ic ) B
: ]
i i
" Q
= :|[ !n e o
: —
/ Cavern model
N T
f—40— : s
7 7 '
M Sa
80V e ' 02 032
7 [ et |
40 So’z-»fa
f1 Elastic gum substances
Guide
block \\D Guide steel pipe
W !
Detail of inter-substance
Fig. 16. Experimental apparatus

(dimension : X10~2m)

high, and 0.06 m wide, as shown in Fig. 16.
Rock ground model with a cavern is
set up by using a number of transparent
block as shown in Fig.16. Four pieces
of elastic gum are inserted into each hori-
zontal interstice so as to deform in vertical
direction only. Two vertical interstices are
kept from deforming by small guide blocks
and hard steel rods. The cavern model is
located on the right of the ground model,
because the flow field around the cavern is
established in a left half domain of the
cavern. The size of cavern is equal to
only one block. Flow rate at steady state is
measured by a graduated cylinder, and the
ground subsidence at surface is measured by
displacement gage. The fluid wused in
this experiment is a viscous oil having a
viscosity of 4.881x107*m?s, and the specific
weight of 0.85. The specific weight of the
block model is 1.20, and the value of &E, is
0.002 kgf/cm?, which was determined before-
hand by loading experiment of a block having
elastic gum inter-substances in the viscous.
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Table 2. Physical quantities of experi-
ments (see Fig.16 for notations)

\I“;iﬁggs Fracture Fracture Fracture

Quantitie&\ fi f2 s
WSVI;acing So (m) 0.0432 7 0.0425 0. 0625
Block size sy’ (m) 0.04 0.04 0.06
7F’fai‘“f_wé‘yi(ﬂl 0.0032 0.002 0.005
kg (m1/5) 0.00129 0.00032 0.00022
o (m1/s) ¥“t~ 0.00151 _— —
ko (m/8) | — | — | o.oosa
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Fig. 17. Comparison between flow rate by

‘0il. In this experiment the spacing s, the
block size s,/ and the permeability &, at the
initial condition are summarized in Table 2.
All experiments were accomplished in an air
conditioned room at a constant temperature
(19°C~20°C) and humidity. Two cases of
experiments were carried out: Run-1 is on
confined flow around the model cavern for
the case in which the permeability is change-
able by the fluid pressure drop, and Run-2
is with constant permeability by using four
pieces of small metal instead of elastic gum
inter-substances. The results of both experi-
ments will be compared and discussed below.

Experimental Procedure and Discussion of
Test Results

At first, the blocks are packed in 18
columns and 10 layers by using the guide
rods and elastic gum substances for Run-1
as shown in Fig. 16. For the packing of
blocks the displacement in depth direction
is restrained by two interstice metals, and
the uppermost and lowest layers are packed
by a half size block; 0.02m in height.
Viscous oil is filled in the block model after
adjusting the overflow tank in the left side
to keep a constant confined head H,=0. 03 m.
Then, the cavern model is pulled out sud-
denly, and the subsidence gage is observed
by photograph. In addition, final constant
flow rate is measured by graduated cylinder.
In that occasion, the oil pressure around
the cavern model becomes atmospheric in an
instant, because the cavern model is only one
of the blocks. Experimental procedure of
Run-2 is the same with Run-1, but four

numerical computation and one by
experiment (In this figure, Run-3 is
with no change of effective stress)

Distance X.(x1072m}

s
<
3
wv
E
@ Calculated
E 05+ —O— Experiments
B t=30s _
N
Ah(XIO'zm)i,
Fig. 18. Vertical subsidence

pieces of small metal are used instead of the
elastic gum substances. Flow through net-
work interstices is laminar, since Reynolds
number R, at the maximum velocity around
cavern is smaller than R,=0. 26.

Comparison between numerical computation
by the block model and the experimental
result are shown in Fig. 17 for flow rate, and
in Fig.18 for surface subsidence. In Fig. 17,
Run-3 means a computed result assuming
that the initial distribution of permeability
is kept constant despite the fluid pressure
drops.

In spite of difficult experiments, the discrep-
ancy between numerical solutions and ex-
periments is small in both results of flow
rate. One of the reasons why some discrep-
ancy is induced for subsidence experiments
will be the friction between the blocks and
the guide rods. However, it can be concluded
by the experiments that the change of flow
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rate with time is well explained by the
theory of rock block model, and the subsid-
ence is induced from the change of spacing
within a limit of unavoidable experimental
error.

CONCLUSIONS

Hydraulic behavior in fractured rocks were
studied by introducing the rock block model
which behaves as an elastic porous medium
subjected dynamic pore pressure. The present
theory was applied to the analysis of ground-
water around the cavern in fractured rock
masses, and the results were examined by
an experimental apparatus similar to the
rock block model. Conclusions by this study
are summarized as in the following.

The permeabilities in three directions can
be given formally by Egs. (20), (21) and
(22). From proper character of those equa-
tions, the permeability %, of horizontal inter-
stice is very changeable because the spacing
so; is fixed along two vertical sides. Perme-
ability %, is mainly dependent on the ratio
of contact areas a,;, that of elastic moduli
e,, the change of total stress 4p,; and
fluid pressure 4p,. For other directions the
permeabilities %, and k; are not so large as
k,, and they are related with a,e,, Poisson’s
ratio and the spacing s,;.

With respect to permeability %, of granite,
the governing parameter a,e, becomes 0. 0001

~0.0002 for several results of field meas- .

urements.

Governing equation for the rock block
model is given by Eq.(33), in which two
terms S, and S, are interpreted as the storage
coefficient in a broad sense. By using Egs.
20), (@21), (22) and (33), the flow rate
change with time decreases gradually for the
cavern of confined rock ground, compared
with the case that the dynamic change of
permeabilities are ignored. In addition, the
permeability distributions in the ground
change with time, and their values decrease
gradually with elapsed time around the
cavern since the fall in fluid pressure propa-
gates to the outer pore channels one after

another. Furthermore, the present theory
was examined by means of a newly-designed
apparatus for the flow model of a cavern.
Validity of the theory was demonstrated
within unavoidable error of difficult experi-
ment. This joint study was carried out at
Saitama University during the period when
the junior author M.Iizawa was a graduate
student.
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