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- Nonstationary Dual—Porosity Fractal Model of Groundwater Flow
in Fractured Aquifers with or without Fracture Skin
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A new nonstationary dual-porosity fractal model is presented which simulates a nonsteady'
state block-to-fissure flow with or without fracture skin between the block and the fissure in
a fractal aquifer. The model includes wellbore storage and well loss effects on the production
well. Type curves for different flow dimensions with different values of hydraulic parameters -
are created.

The application of the model to experimental data in fractured aquifer is described.
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INTRODUCTION . ulating fissured rock has been described by
a certain number of authors(Barenblatt et
Several dual-porosity models for sim- al., 1960 ; Warren and Root, 1963 ;
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Kazemi, 1969 ; Streltsova, 1976 ; Boulton
and Streltsova, 1977 ; Moench, 1984). The
dual-porosity model is classified into two
categories - one assumes steady state flux
from a block to a fissure(Barenblatt et al,,
1960 ; Warren and Root, 1963) and the
other assumes nonsteady state flow-from a
block to a fissure(Kazemi, 1969 ; Boulton
and Streltsova, 1977). |

All the models mentioned above can only
freat integral flow dimensions while the
groundwater flow in fractured rocks is
controlled by the fracture network which
often shows a fractal geometry(Allégre,
1982 ; Thomas, 1987 ; Velde et al., 1991).

Ground water {low analysis by the fractal

theory has been introduced to hyd-
rodynamics by Barker (1988) and by
Chang and Yortsos(1988). Thus, we can
consider fractal models which account for
groundwéter flow in fractal aquifers
composed of fractal network of fractures.
Hamm and Bidaux(1994a) proposed the
fractal model of flow with leakage from
The

double-porosity fractal model of ground-

semipermeable laye_r. stationary
water flow was proposed by Hamm and
Bidaux(1944b). One of the important points
in the fractal models is the non-integer flow
dimension.

In this paper, the authors derived a
nonstationary dual-porosity fractal model
with or without skin_ fracture(Fig. 1). 1t
also takes into consideration the wellbore

storage and skin effects at the pumped well,

and can be easily utilized for the multi-well
and multi-rate’ pumping system composed

of several production and observation wells.
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Fig. 1 Nonstationary dual-porosity fractal
model.

THEORY

The nonstationary dual-porosity theory
comprises non-steady block-to-fissure flow.
Non-stationary flux between the block and
the fracture induces a difficulty due to the
flow of interior of blocks. So, it is required
to know the form and the size of the blocks.
In spite of this difficulty, we consider that
both the fissures and the blocks overlap and
they are related to each other as a total
volume. Furthermore, the parameters K;
(hydraulic conductivity of the fissure), Sy

~ (specific storage of the fissure) and S
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(specific storage of the matrix block) are
defined. Regards to K’ (hydraulic cond-
uctivity of the matrix block), it does not
contribute to the flow but controls the flux
in the block to the fissure. In order to
complete the description of the aquifer
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system, we should introduce a suppl
ementary parameter; b’ (extension of the
block to the direction of the flux). These
parameters are defined with supposing that
each “point” is occupied simultaneously by
the two porosities which extend to the
totality of the transverse extension of the
aquifer. That may be understood by the
representative elementary volume or REV

(Bear, 1972, pp.19—20) such that it covers

a sufficient quantity of each of 'the
porosities. Hence, the REV should be great
enough compared to the scale of fract-
uration. '

This model is a generalized model of
Boulton and Streltsova(1977).

The differential equation of the draw-
down s,(r,t) in the unit of matrix blocks is
as follows (Boulton et Streltsova, 1977) :

azsz S 052 e
02 K ot 1)
where

K’ : hydraulic conductivity of the matrix
block (LT™)

s/
(L™

s, . drawdown in the matrix block (L)

: specific storage of the matrix block

z : distance from a point in the block to
the fracture to the direction of flux (L)

t : time since pumping started (T).
The equation of drawdown s(r,t) in the
unit of fissures can be expressed -

LT AR

Ml o) e Y
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where
K X hydraulic conductivity of the fracture
(LT A
S, © specific storage of the fracture (L™!)
$1 . drawdown in the fracture (L)
r :radial distance from the production
well, along the flow line (L)
v . rate of flux from the matrix block to

the fissure (T 05,
e fissure (T™') | y= = (az)z—O

n : fractal dimension of flow.
We assume that the fractal system obeys |
Darcy’s law. Consequently, the change of
storage in the well can be given by :

ar)r=rw"'(3)

WA Oy *Q+ Kb mar,m ( o5
where

Q : discharge rate (L°T"!)

$w . drawdown at the production well (L)

s: : skin factor (dimensionless)

W, storage capacity of the production
well (L?)

r'w . radius of the production well (L) _

b transverse extension of the fractures
to the flow path (L)

a,=27n"*/(n/2)

I'(n/2) : gamma function.
The drawdown in the production well will
be different from the drawdown at r=r,, if
there exists a skin loss :

Sw(t) =8,(Tw, t) _Srfw<%ﬁ‘

The initial conditions and the. boundary
conditions are :

$w(1,0)=5,(r,0) =5,(r,0)=0 for all the



344, Bidaux, Pasal

distance r
si(00,t) =s,(00,t)=0 for all the time t
Let us define the following dimensionless

parameters .
tp= (ijg o [ fesresesmnessessiesnanis (5)
PpmT /Ty woversesesssssmsnesusnsensesssensesess (6)
2ozl eeeerersesesss s (7)
= Pé"éw: .................................... (8)
o= sz-sl-er,' ................................ (9
Sm_ilLKszs__sl ........................ (10)
820_4_7'@%2 ........................ (11)
W W, (12)

0= n.nlzba_nrwn(ssf_i_ Ss’ )

Using the dimensionless parameters, we
can write equations (1), (2), (3) and (4)

in dimensionless forms :

%135?24(1;0)) %St? .................. (13)

(%Z‘,’)ZD_ ........................ "
WSt =1+ sy Rt 19
swots) =sio(Lto) =5 52+ (16)

Transforming the equations. (13)—(16)
in the space of Laplace gives
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A8 _ 4p(1—0)

dZD /{ ........................ (17)
d%p , n—1 dsp (ds-m)
erZ + I'p drp +4 dzp/zp=0
ZAPESyp reeeeeerrereerieeseesseasenase (18)
1 1 dSlD)
pWsDSwD p 2[!(“/2)< er I'D—]. (19)
SwD(p) sin(1,p)— s,(cglsr‘”)r _p (20)

The general solution of the equation (17)
in the space of Laplace is expressed .
Sulzop)=A cosh(yzp) +B sinh(7zp)

............................................. (21)
where

7 A=0) e, (22)
When zp=1,

50 (e nee

dZD a (23)
Consequently,

B:—Atanh(”) ........................... (24)

If we consider the fracture skin (Moench,
1984).

Ssp—=SipT b’ SF<%ST2;)) Zp= 0

where Sy=K’ by/K}b', dimensionless fract-
ure skin

K,=hydraulic conductivity of the fract-
ure skin(LLT™")

b,=thickness of the fracture skin(L).
If there is no fracture skin,
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The fracture skin impedes the flux of the
matrigc block to the fracture owing to a
lower hydraulic conductivity of the fracture
skin than that of the matrix block (Fig. 1).
The fracture skin may be derived from a
low permeability zone which is made by the
deposition  of ' minerals or by chemical
alteration. The Laplace transform of the
equation(25) is :

- _=- dsp
SzD—Sm+SF(d—ZD)Zd=0 """"""""" (27)
Since
ds, _ '
(&m), ) =—Agtanh(p) - (28)
and
Spp=A e (29)
the coefficient A is determined :
B e,
A= 1+ Sgptanh(y) (30)

Hence, from the equations ('21), (24) and
(30),
Sip
im[cosh(vz;,)—
tanh(#)sinh(7zy) ]

Sap=

When we take the average of drawdowns
in the matrix block by the integration on zp
from the height 0 to b’, the equation (31)
can be rearranged : .

S = £"»_m tanh(’?)
79[ 1+Sk ptanh(p)]

If there is no fracture skin,

sap="8p[ cosh(#zp) —tanh(z)sinh(7zp) ]
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The general solutions of dimensionless
drawdown at the production well and in the
fractures are (Hamm, 1994) :

—~ 1
SwD= 1 1
p[pW=n+ 5T(0/2) Kz_l(a)+sf]
............................................. (34)
5 1 1
1D— T 1 1
P2t Kz-1<a>+sf]
r'K.(arp)
K(0)+soK () (35)
where K
_ __Aptanh(p)
0'=4pw+ 1+ Spptanh(z) (36)
V)= BK2) .
KV—l(Z)_ sz_l(Z) (37)
and V=]_—n/2 ................................. (38)

The Egs. (32), (34) and (35) can be
inverted into the real plane, using Stehfest
algorithm (1970). K.(z) is caleulated by
Amos package (1986). In Eq. (35), setting
wellbore storage to zero and then letting the
well radius tend to zero, we obtain :

= _ 2" ryKu(arp)
81p= v
P g

THEORETICAL CURVES

Fig. 2 demonstrates some selected the-
oretical curves of the nonstationary dual-
(NDPF) with
different values of r,/b" for the production

porosity  fractal madel
well and for the dimensions 1, 1.5, 2 and

2.5. One can distinguish three parts on the
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Fig. 2 Selected theoretical curves of the NDPF model with different values of ru/b" for the
production well and for the fractal dimensions 1, 1.5, 2 and 2.5, W.=0.03m?is used.

curves. The first part represents wellbore
storage effect followed by flow in the
fracture. The portion concerning welbore
storage effect shows a straight line with a
slope of 1. The second part reflects the
progressive contribution of water from the
matrix block to the fissure, Finally, the
third part shows the response of the total
system of both the fissure and the matrix
block. |

Fig. 3 illustrates
curves of the NDPF model with different
valyes of r/b" for the observation well in

selected theoretical

the fissure, and for the dimensions 1, 1.5, 2
and 2.5. The curves are composed of three
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parts. The first part reflects the con-
tribution only from the fissure. The second
part represents the progressive contribution
of water from the matrix block. The third
part represents the response of the total
system of both the fissure and the matrix
block, and the curve becomes that of
Barker’s model. The duration of the second
part is dependant on . The level of
drawdown depends on A It is noticeable
that for the same value of r/b", when the
dimension of flow 1s larger, dimensionless
drawdown is higher in the first part, and it
is lower in the last part. For the same
dimension, when the value of r/b’ is larger,
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Fig. 3 Selected theoretical curves of the NDPF model with different values of r/b’ for the
observation well in the fracture, and for the fractal dimensions 1.1.5,2and 25.

the drawdown is smaller. Furthermore, for
different dimensions, when the value of
r/b’ is small, the point of intersection is met
rapidly. :

Flg 4 shows the curves of the matrix
block. The bigger the value of r/b’, the
more the curve approaches that of Barker’s
model. On the contrary, when r/b’ is small,
the curve has a sraight line in the first part
and joins the curve of fracture. For the
same value of r/b’, the slope of the curve is
gentle with an Increase in dimension.
Moreover, for the same value of r/b’, the
greater the dimension, the .greater the

drawdown in the early part, and the smaller
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it is in the last part. For different
dimensions, the smaller the value of r/b’,
the earlier the point of intersection, The
drawdown
between different dimensions is becoming
great with a decrease in the value of r/b’.

difference of dimensionless

Inversely to the case of the fissure, for the
same dimension, when the value of r/b’ is
great, the drawdown is also great.

Fig. 5 displays selected theoretical curves
of the NDPF model with different values of
the fracture skin (S¢) for the abstraction
well, and for the dimensions 1, 1.5, 2 and
25. We used W,=10*m? and r./b'=0.01. As
the case of the production well of the non-
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steady state dual-porosity fractal model,
they show three parts on the curves :the
first part of the wellbore storage followed
by the flow in the fissure, the second part of
the flow in the fissure plus the contribution
from the matrix block and the third part of
the flow in the uniform system of the
fissure and the block. When Se increases,
the slope of the second part is gentle.

Fig. 6 shows selected theoretical curves
of the NDPF model with different values of
the fracture skin (5¢) for the observation
well in the fissure, and for the dimensions 1,
1.5, 2 and 2.5. r/b" =5 is used. The curves

are composed of three parts. The early part
of the curves represents the flux from
fractures, The intermediary part represents
water supply from the matrix block
progressively so that the rate of drawdown
diminishes. The last part represents the
contribution form both the fracture and the
matrix block. When Sp is large, drawdown
15 also large.

Fig. 7 shows selected theoretical curves
of the NDPF model with different values of
the fracture skin (S;) for the observation
well in the matrix block, and for the
dimensions 1, 15, 2 and 25. The
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Fig. 6 Selected theoretical curves of the NDPF model with different values of the fracture skin
(Sk) for the observation well in the fracture, and for the fractal dimensions 1, 1.5, 2 and 2.5,
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dimensionless drawdown in the matrix
block (sup/rp?™™) is the average value over
b’ of the matrix block. r/b” =5 is used. The
response of dimensionless drawdown of the
matrix block is later than that of the
fissure, and the rate of drawdown is faster

than that of the fissure.
APPLICATION

The NDPF model was applied to typical
experimental data of the Pocheon site. Two
wells (No.1 and No.2) have been utilized
for pump test analysis. No.l is the pumped
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well of the depth of 600m, and No.2 is the
observation well of the depth unknown
(Lim et al., 1990). The distance between
No.1 and No.2 is 240m.

The geology at the well No.1 is composed
of biotite granites. According to tem-
perature and gamma-ray loggings, the most
important aquifers are situated in the
interval between 405m and 415m, and the
interval between 475m and 500m.

The pump test has been executed with a
discharge rate of 7.3x10m%~ for
24hours(Lim et al., 1990). The drawdown

was observed at the production well and the
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Table 1. Calculated hydraulic parameters.

Site Kb** K/S« Kb K'/S, n Sr S W. PI
(m*sec™") (msec™) (m*"sec™") (miec™) (m?)  (m%ec™)
Pocheon 326x10™ 28 37x107°2.0x10™* 1456 0 66 0.018 9.1x10°°

Pocheon(43)
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Fig., 8 Theoretical curves and observed cu-

rves at the pumping well (No.1) and
the observation well (No.2), Pocheon
gite. Void triangle and black triangle
represent observed drawdowns and
derivatives of the observed drawdo-
wns, respectively, Corresponding cur-
ves represent theoretical drawdowns
and derivatives of the theoretical
drawdowns,
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observation well. For the pump test
analysis, the value of the specific storage in
the fractures is fixed as 5x10~*m~! and
that in the matrix block as 5x107% m™!
(Walton, 1970).

completely deviates from the Thels curve.

The observed curve
Its derivative curve shows a typical form of
the NDPF model. As a result -of the
analysis, the theoretical curves and the
observed data show a good accordance at

“the pumping well and the observation well

simultaneously (Fig. 8). One remarkable
thing 1s that the drawdown curve of the
observation well represents that of matrix
block, not fissure. From the calulation, the
flow dimension is determined 1.45 and the
specific capacity (PI) 9.1 x10"°m? sec™!
(Table 1). One
hydrodynamic situation is that similar to

explanation of the

bilinear flow with an important fracture
(Cinco-Ley and Samaniego, 1981).

CONCLUSION

The NDPF model can reasonably describe
the hydraulic property of fractured aquifers
having double porosity while Boulton-
Streltsova model and Moench model are not
sufficient to do it because fractured aquifers
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-often have fractal geometries. Hence, the
new model can be used as a more versatile
tool to analyze pumping test data from
fractal and fractured media. The model can
take into' account the wellbore storage and
the well loss effects on the production well,
It can also be easily applied to the multi-
well and multi-rate pumping
of

ohservation wells.

system

composed several production and
An application of the model to field data
in Pocheon site gives 1.45 of the flow

dimension.
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