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Abstract/ 2 f

The stationary dual-porosity model is not sufficient to describe the hydraulic charac-
teristics of fractured aquifers as the groundwater flow in fractured aquifers is often
controlled by the fractal geometry of fractures.

This study deals with new stationary dual-porosity fractal model. This model simu-
lates pseudo-steady state flow from matrix block to fissure in the fractal aquifer. Fur-
thermore, it considers storage capacity and well loss effect at the production well. Type
curves for different flow dimensions with different dramage factors are plotted.

This new model has been . applied to experimental data. The result of the interpreta-
tion shows a good accordance between the theoretical model and the observed data.
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INTRODUCTION

The characteristics of ground water
flow in the fractured media have been
studied since several decades(Barenblatt
et al, 1960; Warren and Root, 1963,
Kazemi, 1969; Streltsova, 1976; Boulton
1977a; Boulton and
Streltsova, 1977b; Gringarten and With-
erspoon, 1972; Ferris et al, 1962; Jen-

and Streltsova,

kins and Prentice, 1982; Cinco-Ley et
al., 1981; Moench, 1984). The dual-po-
rosity concept was, initially, proposed by
Barenblatt et al.(1960)). The dual-poro
sity model is classified into two catego-
ries : one assumes pseudo-steady state
flux from a block to a fissure(Barenblatt
et al, 1960; Warren and Root, 1963)
and the other assumes unsteady state
flux from a block to a fissure(Kazemi,
1969; Boulton and Streltsova, 1977b).
The dual-porosity theory is applicable
where a fractured system behaves as a
dual-porosity medium. The dual-porosity
medium is composed of units of fissures
with high hydraulic conductivity and low
specific storage, and of units of blocks
with low hydraulic conductivity and high
specific storage.

All ‘the models mentioned above can

only treat integral flow dimensions, ex-
cept Cinco-Ley et al.(1981), while flow
in fractured rocks is controlled by the
fracture network which often has a
fractal geometry(Allégre, 1982; Thomas,
1987; Velde, 1991). The basic concept
of fractal theory is that a phenomenon
will be repeated on different scales in
the same way. A major parameter is the

fractal dimension which 15 used as a

" measure of the nature of the phenome-

non. Ground water flow analysis by
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fractal theory has been introduced into
hydrodynamics by Barker(1988)
Chang and Yortsos(1988). Bangoy et al.
(1992) successfully applied the fractal

and

theory to field data. Hamm and Bidaux

-(1994) proposed a fractal model of flow

with leakage from aquitard. The theory
iIs a generalization of Hantush equation
(1956). Moench(1984) developed a new
dual-porosity model with fracture skin.
Barker(1988) proposed a global concept
of dual-porosity fractal theory. One of
the important points in the fractal the-
ory is non-integer flow.

In this paper, the authors propose sta-
tionary dual-porosity fractal model which
can simulate pseudo-steady state flow
from a block to a fissure in the fractal
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media, It also considers wellbore storage
and skin effects at the pumped well. It
can be easily utiized for the multi-well
and multi-rate- pumping system com-
posed of several production and observa-
tion wells.

MATHEMATICAL FORMULATION

The stationaI'}; dual—porosity fractal
model may be applicable especially to
the with  high
hydraulic conductivity and low specific

system of fractures
storage and blocks with low hydraulic
conductivity and high specific storage
(Fig.1). We write K; and S, as the
hydraulic conductivity and the specific
storage of fissures, and K’ and S¢ as
those of blocks. These parameters are
supposed that each “point” is occupied
simultaneously by the two  porosities
which extend to the totality of the trans-
verse extension of the reservoir, That
may be understood by the representative
elementary volume or REV(Bear, 1972,

g oc(h|-h2)
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Fig.1 Stationary dual-porosity fractal model.
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p.19-20) such that it covers a sufficient
quantity of each of the porosities. Hence,
the REV should be large enough to com-
pare to the scale of fracturation. It is
not necessary to know b’ (the transverse
extension of the matrix block) as the as-
sumption of Warren-Root model.

It is a generalized model of Warren
and Root(1963).

In the dual-porosity fractal medium at
pseudo-steady state condition, the flux in
the matrix block may be written ;

where

K’ : hydraulic conductivity of the matrix
block[LT!]

S¢' 1 specific storage of the matrix block

(dimensionless)

s, . drawdown in the matrix block[L]
r .radial distance from the produc-
tion well, along the flow line[L]

t :time since pumping started[T]

v :rate of drainage from the fracture
to the matrix block per element of
volume[T!]

n . fractal dimension of flow.

Supposing that the hydraulic conduc-
tivity of the matrix block is small, the
leftside terms of the equation (1) is neg-
ligible comparing to the terms of the
light-side. Consequently, equation (1) be-
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comes .

v=-8¢ & (2)
For the steady-state condition,

v=xK’ (5,—%,) (3)

s, . drawdown in the fracture[L] -

Here, ¢ is the geometry factor of fractured
medium[ L~?].

From equations (2) and (3),

’ aSZ

xK’ (32_51)=“Ss 3t

(4)

Similary, the equation of the drawdown

for the fracture is written as .

(rn—l_%%) = S )

Ki d oy
ot

! oor

()

K;: hydraulic conductivity of the frac-
ture[LT™"]
S« specific storage of the fracture

(dimensionless)

We assume that the fractal system
obeys Darcy’s law. Consequently, the
change of storage in the well can be

given by !

s

WS%ZQ%,&-" ax (&

)r=r- (6)
where Q is the discharge rate [L/T], s«
is the drawdown at the production well

[L], s is the skin factor(dimensionless),
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W, is the storage capacity [L’] of the
production well, ry is the radius of the
production well, b is the transverse ex-
tension of the fractures to the flow path
and @,=27"%/'(n/2). Here, I'(n/2) 15 a
gamma function. The drawdown at the
abstraction well will be different from
that at radius ry if there is a skin loss :
sw(t) =s1(rw t) —stw (%)mrw 0
If we assume that water level is sta-
ble before pumping and the lateral ex-
tension of the aquifer is infinite, the ini-
tial conditions and the boundary condi-
tions are .
sw(r,0)=8,(r,0) =s,(r,0)=0 for all the
distance r
8,(o0,t) =8,(o0,t)=0 for all the time t

Let us define the following dimensionless

parameters :‘
e ®
To=T/Tw (9)
p=EEY (10)
Sootsy a
_ A Kp (12)

Sip= Qr‘_wz— 8
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T Qry

W

W=, 7(55.57)

(14)
In consequence, we can write equations
(4), (5), (6) and (7) in dimensionless

forms ;

4(1-w) %‘l#(slo—sm) (15)

(v %i':)

aSwD —_
5D aD ‘— ]- +

1 9

asw aSZD
oy -|-4(l a))

(16)
W

1 aSw)
2F(n/2)\ oty / 1=1 (17)

aSlD

swn(to) =sin(1, tp) — S‘( ar,,) =1 (18)

Transforming the equations (15)-(18)
in the space of Laplace gives

4p(1~w)3p= A(8ip—5p) (19)

’ 4 as
(cli:;? _{_n_r.l)i%srl.?[’—4p(l—a))§m=4pw Sip.
(20)

]_ 1 ds;p
pWSD Swp= D 2[’(n/2) ( er ) rp=1 (21)

dle
wn(p) Sin(1, p)— Sr( drp ) o (22)
Here, $up, Sip and §;p denote the Laplace
transform of swp, S;p and sy, respectively.
p is the parameter of the Laplace trans-
. form. Solving the equations (19)-(22)

(13)

131

gives(Hamm, 1994) :

_ 1
Swo= 1 1
| p["“’“’”’ 2r(n/2) Kv-l(a)+sf]
(23)
o= 1
ID—p 1 1
[pW*”+2F(n/2) Ky. 1(a)+sf]
TDVKV(GTD)
Ky(0) +s0Ky-,(0) (24)
§ =—-—’1~——§ (25)
2D 4p(1_w)+,‘ 1D
where
_ 4p[4pw(l—w)+A]
R S (26)
Ky-i(2)= g2 (27)
and
y=1-n/2 (28)

The Egs. (23), (24) and (25) can be in-
verted into the real plane, using Stehfest
algorithm(1970). Ku(z) is calculated by
Amos package(1986).
storage to zero to Eq.(24), we obtain :

Setting wellbore

5= 2I'(n/2) rp'Ky(orp)
' p oKy-1(0)

(29)

Then letting the well radius tend to zero,

we obtain :

s 2" ro'Ky(orp)

1D— p o.v (30)
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THEORETICAL CURVES
OF THE MODEL

Fig.2 shows some selected theoretical
curves of the model with different val-
ues of A for the production well and for
the dimensions 1.0, 1.5, 2.0 and 2.5. The
curves are composed of three parts. The
first part represents wellbore storage ef-
fect followed by flow in the fracture.

The second part, the transition zone, re-

flects the progressive contribution of_

water from the matrix block. Finally, the
third part shows the response of the
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Fig.2 Selected theoretical curves of the model with different values of A for the production
well and for the dimensions 1, 1.5, 2 and 2.5. Ws=0.03m? is used.
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Fig.3 Selected theoretical curves of the model with different values of Ary? for the observa-
tion well in the fracture, and for the dimensions 1, 1.5, 2 and 2.5.

and Sg. During the intermediate period
(transition period), the matrix block pro-
vides water progressively so that the
rate of drawdown diminishes. The length
of this period depends on w. For a cer-
tain dimensionless distance(rp), the start
of the transition and the level of stabili-
zation of drawdown is dependent on Ar.
During the final period, both the frac-
ture and the matrix block give water
this the
drawdown is characterized by a hydraulic

simultaneously. In period,

conductivity equivalent to K; and a spe-
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cific storage equivalent to the sum of Sy
and Sy
curves represents the system of fissures

Thus, the upper limit of the

and the lower limit displays the total system
of the fracture and the matrix block.

Fig.4 shows selected theoretical curves
of the model with different values of Arp?
for the observation well in the matrix
block, and for the dimensions 1.0, 1.5, 2.
0 and 2.5. When the values of Arp? are
large, the curves approach those of gen-
eralized radial flow model(Barker, 1988).
On the contrary, when the value of Ary’
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Fig.4 Selected theoretical curves of the model with different values of Arp* for the observa-
tion well in the matrix block, and for the dimensions 1, 1.5, 2 and 2.5.

is small, the curve becomes a straight posed of granites, andesites and sedimen-
line in the first part and rejoins the tary rocks of the cretaceous age. Fur-
curve of the fissure. thermore, acidic dykes and alluviums

exist. The pumped well 18 located in the
granite. The well 1s 502m in depth with

APPLICATION TO casing until 250m depth. According to

EXPERIMENTAL DATA

gamma-ray logs, 1t appears to have
weathered zones and alluviums up to

60m in depth, a moderately weathered

The model was applied to typical ex- zone between 60m and 250m, and fresh
perimental data. The pump test site is and fractured rock between 250m and
situated in the Geochang area(Lee et al., the bottom of the hole.

1989). The geology of the site 1s com- The pump test was conducted with a
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Table 1. Calculated hydraulic parameters.

Site be3—n Kf/sz K’ b’ Al

K’ /8¢
(L] [LT] LT (LT

Ws Pl

n 2 |
(L] [LT]

8¢

Geochang 3.0%x107* 4.6

57x107° 1.8x10~° 1.8 35x107° 474 0.03 1.3x10°*

discharge rate of 1.04x107% m%™' for
1,535minutes(Lee 1989). The
drawdown was measured at the produc-
tion well(Table 1).

For the pump test analysis, we have

et al,

fixed the value of the specific storage in
the fractures as 5x 107 m™' and in the
matrix block as 5x107° As a
result of the analysis, we have deter-

m™.,

mined the values of the hydraulic param-
eters as in Table 1. The dimension of
flow is determined as 1.8. The diffusivity
of the matrix block is much smaller
than that of the fractures owing to
much smaller hydraulic conductivity com-

pared to specific storage in the matrix

Geochang(3422)
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block. Also, K'b’ ¥ is larger than Kb*™"
because b’ is much greater than b.

As shown In Figb, the theoretical
curve shows a good agreement with the

drawdown data.

Geochang(3422)
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Fig.b Theoretical curves and observed
cuves at the pumping well
Geochang site. Void triangle and
black ftriangle represent observed
drawdowns and derivatives of the ob-
served  drawdowns,  respectively.
Coresponding curves represent theo-
retical draw-downs and derivatives of
the theoreticd draw-downs. P! signifies
the spegific yield.
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CONCLUSION

The stationary dudlwporosity fractal
the
hydraulic characteristics of fractured ag-

model leads us to understand
uifers more reasonably than the Warren-
Root model because the fractured aquifer
often behaves as a fractal media. So, it
is a more versatile tool to analyze pump
test data from fractal or fractured
media. It can considers wellbore storage
and well loss effect at the production
well. It can also be easily applied to the
multi-well and multi-rate  pumping
system composed of several production

and observation wells.

An application of the model to field

data in Geochang area gives 1.8 of the

flow dimension.
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