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due to partial penetration skin (dots). Solid line indicates the drawdown and



List of Figures

recovery for a fully penetrating well. Aquifer type: confined, infinite extended;
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penetration effect is negligible after 2.104 minutes (-14 days)
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Figure 3.7. The superposition theory implies that the shapes of the drawdown and
recovery curves in pumped and observation wells are similar. This effect can be
used to determine the quality of the drawdown data
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S. Storage coefficient of the fracture Sf = 10-4
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Figure 4.5. Drawdown in a pumped well in a double porosity aquifer with transient
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confined aquifer with one closed boundary (marker) and in a double porosity
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Figure 4.14. The simulated curve (solid line) fits the observation well data (dots) very
well, but not the pumped well data (squares) due to additional well losses caused
by dewatering of the main water strike. Early time data of the pumped well are
fitted using a well bore skin factor of ~ = 3.7

Figure 4.15. Jacob's correction (s' = s - s2/2h) applied to the drawdown data of the
pumped well is not sufficient to overcome the additional losses due to the
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Figure 4.18. Comparison of drawdown in an infinite conductivity vertical fracture
with uniform flux (squares) and infinite flux (dots), both at the pumped well

Figure 4.19. Pumped well flow phases in various diagnosis plots. Linear flow is
shown in graphs A and B. Graph C shows radial-acting flow

Figure 4.20. Drawdown in a pumped well located in an infinite conductivity vertical
fracture. The positive shift of the drawdown curve from the origin indicates the
presence of skin effects

Figure 4.21. Skin effects on drawdown curves from pumped well (squares) and
observation well (dots) located at a distance X/Xf= 0.5. Both wells are drilled in
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Figure 4.22. Drawdown in a pumped well. The derivative is not affected by the skin
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fractures (Cr ~ 100). The flow lines directed towards the pumped fracture flow
almost perpendicular to all other fractures. Therefore, the whole system acts
similar to that of a single fracture embedded in a matrix
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Figure 5.24. Flow situation in a series of parallel vertical finite conductivity fractures
(Cr < 100). The flow lines directed to the pumped fracture originate a gradient
within the parallel fractures and the matrix. When the cone of depression in the
matrix reaches the next parallel fracture, it induces a gradient within this fracture
towards its centre. As a result, water flows along this fracture and increases the
gradient in the central region between the parallel fractures

Figure 5.25. Comparison of drawdown in a pumped well obtained with perpendicular
crossed infinite conductivity vertical fractures (squares) and a single vertical
feature (dots). To be able to obtain the same influx area in both cases each of the
crossed fractures is considered with a half-length of 200 m, while the single
fracture has a half-length of 400 m. The curves almost coincide at early time, but
differ considerably at late time. The crossed vertical fracture case shows a larger
drawdown at late time

Figure 5.26. Drawdown in a pumped well. Model calculation (dots) (Cr = 1000)
versus infinite flux (A) and uniform flux (B) solutions (solid line). The calculated
curves fits adequately the uniform flux solution

Figure 5.27. Comparison of drawdown in a pumped well calculated with a single
vertical feature and with crossed fractures, for selected values of Cr

Figure 5.28. Time-dependent development of the fracture influx along one of the
crossed fractures with infinite conductivity

Figure 5.29. Percentage of influx distribution along one fracture for the crossed
fractures (squares) and the single vertical fracture (dots), both with infinite
conductivity. Each half-length gets half of the plotted percentage

Figure 5.30. Set up used for the analysis of the drawdown in a bend fracture
Figure 5.31. Drawdown in a pumped well calculated for Cr = 1000 with a bend

fracture (squares) and with a single vertical fracture (dots). The uniform flux
solution from Gringarten et al. (1974) is additionally plotted as a solid line. It is
seen that the bend fracture case coincides with the uniform flux solution

Figure 5.32. Example of an open horizontal bedding plane embedded in a layered
sandstone aquifer, intersected by a well

Figure 5.33. Drawdown in a pumped well. Comparison between the modelled data
(infinite flux) and the uniform flux analytical solution of Gringarten & Ramey
(1974) (Sd= 2· 7t. T· s/Q, td= T· ti S . rh

Figure 5.34. Drawdown in a pumped well calculated for the infinite conductivity
pancake fracture and selected values of FeD (solid lines). The data published by
Valkó & Economides (1997) are represented by dots (FeD= 0.01 and 100). The
set of type curves are calculated for h, = 0.1. For practical purposes, the curves
for FeD ~ 100 correspond to the infinite conductivity case (Sd= 2· 7t . T . s/Q, td =
T· ti S . rh

Figure 5.35. Drawdown in a pumped well calculated for the finite conductivity
pancake fracture and selected values of FeD (solid lines). The curves published
by Valkó & Economides (1997) are represented by dots (FeD = 0.01 and 100). A
value of hd = 1 was used for the calculations. For practical purposes, the curves
for FeD ~ 100 corresponds to the infinite conductivity case (s, = 2 . 7t . T . s/Q, td
= T· t / S . rh

Figure 5.36. Drawdown type curves in a pumped well located in a horizontal penny-
shape fracture with infinite conductivity and infinite flux (Sd= 2 . 7t . T . s/Q, td =
T· t / S . rl)

Figure 5.37. Drawdown in a pumped well located in a pancake fracture for hd = 0.1
and FeD = 1000 compared with the drawdown calculated for a square fracture
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with the same characteristics and equal influx area. The derivatives are plotted as
solid lines in the lower part of the graph

Figure 5.38. Area equivalence between a penny-shape fracture and a square fracture.
The sum of the areas Al and A2 represents the area B, rf is the radius of the
penny-shape fracture, af is the half-side length of the square fracture

Figure 5.39. Schematic representation of a horizontal rectangular fracture
Figure 5.40. Normalized drawdown curves for a pumped well located in an infinite

conductivity bedding plane, hd-hor= 0.05, and various relative fracture half-width
br. The curve for b, = 1 corresponds to the drawdown in the penny-shape
horizontal fracture, the curve for b, = 0.000025 is identical to that of a horizontal
well with infinite flux. The slope of 0.5 indicates linear flow (Sd= 2 . 'It . T . s/Q,
td = T . t / S . al)

Figure 5.41. Normalized drawdown curves for a pumped well located in a finite
conductivity bedding plane, hd-hor= 0.05, and various relative widths b.. The
curve for b, = 1 corresponds to the drawdown in the penny-shape horizontal
fracture (s, = 2 . 'lt . T . s/Q, td= T . ti S . al)

Figure 5.42. Comparison of the drawdown computed for a pumped well located in a
bedding plane of limited extent (squares) and a horizontal fracture throughout the
model area (dots). Both cases are computed considering finite conductivity
fractures. The solid lines indicate the derivatives of the drawdown curves

Figure 5.43. Comparison of the drawdown computed for a pumped well located in a
bedding plane of limited extent (dots) and a horizontal fracture throughout the
model area (squares). Both cases are computed considering high conductivity
fractures. The solid lines indicate the derivatives of the drawdown curves

Figure 5.44. Example of parallel horizontal open bedding planes embedded in a
layered sandstone aquifer intersected by a well

Figure 5.45. Comparison of the drawdown in a pumped well located in a single
horizontal bedding plane and that of three horizontal parallel fractures for hd =
0.3. All fractures have infinite conductivity (FeD = 250, Sd= 2 . 'It . T . s/Q, td = T
. t / S . rl)

Figure 5.46. Example of a cross section through a typical tectonic fault situation. The
arrows indicate the direction of relative movement. The upper part of the fault
(closed to the surface) is assumed to be sealed, due to weathering processes. The
upper bedding plane is open on the left hand side due to shear forces and closed
on the right hand side due to compression forces

Figure 5.47. Drawdown of a pumped well located in a single vertical fault, a single
horizontal bedding plane (both with infinite conductivity), and a combination of
both

Figure 5.48. Drawdown of a pumped well located in a single vertical fault, a single
horizontal bedding plane (both with finite conductivity), and a combination of
both

Figure 5.49. Drawdown of a pumped well located in a single vertical fault (with
infinite conductivity), a single horizontal bedding plane (with finite
conductivity), and a combination of both

Figure 5.50. Drawdown of a pumped well located in a single vertical fault (with finite
conductivity), a single horizontal bedding plane (with infinite conductivity), and
a combination of both
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NOMENCLATURE

a = empirical parameter (generally a = 0.94) [-]
P = shape factor: 1/3 for spherical blocks 1 for slab blocks [-]
r = Gamma function
ilh = potential or head difference over the length of interest [L]
ill = length of interest [L]
ilt = time increment after the recovery phase starts [T]
~ = skin factor at the well [-]
~f = fracture skin factor [-]
~pp = partial penetration skin factor [-]
~T = total skin factor [-]
p = density of the fluid [ML-3]
!-l = dynamic viscosity [ML-Irl]
A = through-flow area [P]
a = side length of the square fracture [L]
af = side half-length of the square fracture [L]
a, = width length of the square fracture [L]
awf = width half-length of the square fracture [L]
b = extent of the flow region [L]
bh = average half thickness of the block [L]
b, = relative fracture half-width [L]
b, = thickness of the skin [L]
CDf = relative fracture storage capacity
Cr = relative fracture conductivity
d = drawdown over one log cycle [-]
d' = residual drawdown over one log cycle [L]
df = separation between fractures [L]
dt = integration variable [-]
Ei = exponential integral
F(u)= Theis well function [-]
FL = function for partial penetration skin in the Laplace space
g = acceleration of the gravity [Lr2]
h = aquifer or formation thickness [L]
hd = dimensionless aquifer thickness [-]
hd-hor = dimensionless aquifer thickness for a horizontal fracture [-]
hf = fracture height [L]
h, = hydraulic head [L]
lh = dimensionless drawdown at the source in the Laplace space [-]
hh = dimensionless drawdown in the reservoir in Laplace space [-]

= integer value
lo =modified Bessel function of the first kind of zero order
k = permeability [L2]
K = conductivity of the matrix [Lrl]
K, = equivalent conductivity [Lrl]
Kf = conductivity of the fracture system [Lrl]
K, = horizontal conductivity of the matrix or formation [Lrl]
Khf = horizontal conductivity of the fracture [Lrl]
Ks = conductivity of the skin [Lrl]
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Kv = vertical conductivity of the matrix or formation [Lrl]
Kvf = vertical conductivity of the fracture [Lrl]
K, = hydraulic conductivity of the formation in x-direction [Lrl]
K, = hydraulic conductivity of the formation in y-direction [Lrl]
K, = hydraulic conductivity of the formation in z-direction [Lrl]
Kv = modified Bessel function of fractalorder
KI = Bessel function of second kind and first order
K, = modified Bessel function of second kind and zero order
L = Laplace transform

= distance of the pumped well screen bottom to the top of the aquifer [L]
Id' = distance of the observation well screen bottom to the top of the aquifer [L]
If = fracture length [L]
I, = distance of the pumped well screen top to the top aquifer [L]
It' = distance of the observation well screen top to the top of the aquifer [L]
m = integer number
M = number of fracture segments
N = even number

= dimension of the fracture flow system
p = Laplace transform variable
Q = discharge rate [Ur I]

n

:9. = dimensioniess block-to-fracture flow in the Laplace space [-]
Q = extraction rate in the Laplace space [L3rl]
qb = additional source function [Url]
qd,qfd = dimensioniess matrix-to-fracture flux [-]
Qi = constant discharge rate of the ith period [L3rl]
qm = influx rate per fracture segment [L2rl]
Qn = last constant discharge rate [L3rl]
r = distance of an observation well to the pumped well [L]
re = casing radius [L]
rd = dimensioniess radius, ttx; [-]
r', rd', td', r, u, x' = integration variables
reff = effective radius [L]
rf = radius of the horizontal penny-shape fracture [L]
rpp = radius of influence of partial penetration [L]
rw = drilled radius or radius of the source [L]
rx = distance of an observation well to the pumped well along the fracture [L]
s = drawdown [L]
Sadd= additional drawdown due to skin [L]
Sd = dimensioniess drawdown [-]
Sf = storage coefficient of the fracture system [-]
Sf = drawdown due to skin at the fracture [L]
Sfd = dimensioniess drawdown in the fracture [-]
Sr = dimensioniess relative separation [-]
Sw = drawdown due to skin at the well [L]
S = storage coefficient of the matrix or formation [_]
Ss = specific storage coefficient of the matrix or formation [L-I]
Ssf = specific storage of the fracture system [L-I]
Sw = storage capacity of the source [-]
t = time [T]
t' = time corrected for the superposition effects in the drawdown phase [T]
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to = time at which the straight-line intercepts the time axis [T]
to, = time at which the first straight-line intercepts the time axis [T]
t02 = time at which the second straight-line intercepts the time axis [T]
tcorr= corrected time [T]
td = dimensionless time [-]
td' = integration variable
ti = start time of the ith discharge period [T]
ti' = end time of the ith discharge period [T]
T = matrix or formation transmissivity ~L2T']
Tr = fracture or feature transmissivity [L T']
Vf = fracture volume [L3]

Vi = weighting factor
w = fracture aperture [L]
Wd = dimensionless well bore storage coefficient [-]
xy, = function for reservoir properties
Xd = Cartesian dimensionless distance, xlx» [-]
xr = fracture half-length [L]
XL = dimensionless half-length of the model area [-]
Yd = Cartesian dimensionless distance, yIXf [ - ]
Z = vertical position of the observation well [L]
zr = distance from the fracture to the lower boundary of the reservoir [L]
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1. Introduction

1. INTRODUCTION

Pumping tests are the most important experiments for aquifer investigation in the
ground water industry. They are the only method that, based on the drawdown
analysis, provides simultaneous information on the hydraulic behavior of the well, the
reservoir, and the reservoir boundaries, which are essential for an efficient aquifer and
well field management. The drawdown behavior in primary aquifers has been widely
investigated and is well-known. However, research is still needed to completely
understand the drawdown development in secondary or fractured aquifers, due to the
complexity of the flow situation.

Fractured aquifers are characterized by the fact that the water flows along
fractures, faults, or other open geological features. These features are embedded in a
matrix that has either porous nature, like in sandstone, or is almost impermeable
(inert), as in the case of granite.

Fractures, faults, or bedding planes are geological features that have been
developed either by tectonic forces or artificially (hydraulic fracturing) and often act
as high or extremely high conductive conduits. These geological structures can appear
either as a single feature or interconnected to give way to clustered systems of various
complexity, from discontinuous fracture networks to continuously fractured
reservoirs. The continuous fractured aquifer is the most interconnected case and is
often described as a homogeneous fractured network (for example the double porosity
case).

The drawdown behavior in wells that intersect single preferential flow paths has
been investigated quite well by various authors (Prats, 1961; Gringarten et al., 1974;
Cinco-Ley et al., 1978; Raghavan et al., 1978; Agarwal et al., 1979; Cinco-Ley &
Samaniego, 1981a; Valkó & Economides (1997)). On the other side, the
homogeneous fractured case has also been intensely treated (Barenblatt et al., 1960,
Warren & Root, 1962; Kazemi, 1969; Boulton & Streltsova, 1977; Moench, 1984;
Bourdet, 1985; Cinco-Ley & Samaniego, 1985; Olarewaju, 1996; Olarewaju et al.,
1997). However, very little is known about the drawdown behavior in wells situated
in an aquifer that is neither a continuous fractured nor a single fractured case
(discontinuous fracture networks).

Aim of this thesis is the investigation of the drawdown behavior in discontinuous
fracture networks below the representative elementary volume (REV). It is
emphasized that a proper evaluation of the aquifer properties is not possible without a
thorough analysis and diagnosis of the test curves. To achieve the goal, this work is
subdivided into four major parts. The first part (Chapter 2) summarizes known
reservoir and well effects on ground water flow that affect drawdown and recovery
data. Basic instructions for pumping test planning and interpretation are given in the
second part (Chapter 3), which also includes the use of various diagnostic tools. In the
third part (Chapter 4), a selection of analytical models used for the analyses of
drawdown curves in wells that intersect single fractures or are located in
homogeneous fractured aquifers is presented. Methodologies for the analysis of
pumping test data for each of these analytical models are described step by step in a
kind of a handbook. Theoretical and field examples are evaluated using the computer
program TPA (Test Pumping Analysis)'. The program, which was compiled under the

I TPA was developed using Pascal language applying object oriented programming (OOP) with the
Borland Delphi 3 compiler. lt can be downloaded for free from the IGS (Institute of Groundwater
Studies) web page. The program allows the edition of own pumping test data by hand, but also the
import of data from Excel spread sheet and ASCII files. The pumping test evaluation curves can be
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umbrella of this thesis provides powerful tools for the diagnostic and analysis of
pumping test data and a simulator that can be used for the forward modelling of test
curves. The simulator provides solutions for a variety of fractured aquifer models like
the double porosity, the single vertical and horizontal fracture with both finite and
infinite conductivity, and the generalised radial flow (Barker, 1988). The influences of
reservoir boundaries, well bore storage, well bore and fracture skin, and partial
penetration can be considered in some of these solutions'. Most of the drawdown
curves presented in this thesis were drown using TPA.

The fourth part (Chapter 5) of this thesis studies the influence of various realistic
combinations of discontinuous fracture networks on the drawdown behavior with the
help of numerical modelling. Numerical models are flexible enough to accommodate
to complex study cases and thus, they are an appropriate tool for these investigations.
Furthermore, boundary conditions are clearly set and defined, so that even minor
effects on the drawdown curves can be explained. Additionally, they are affordable
compared to the usually very expensive detailed field investigations.

Although turbulent and non-laminar flows can occur within fractures (Wollrath &
Zielke, 1990), many experimental works demonstrate that laminar flow is also
common along these features (Witherspoon et al., 1979). Further, Guppy et al. (1982)
have shown that, for single fractures, the drawdown curves computed using non-
laminar flow are coincident with those obtained with the Darcian law. Therefore,
instead of using numerical models based on non-laminar flow like ROCKFLOW
(Zielke et al., 1984-1994), FRAC3DVS (Therrien and Sudicky, 1996), or Spring
(2000), this chapter will use MOD FLOW (Harabaugh et al., 1999) in a first approach,
which is based on the Darcian law. This thesis demonstrates that the application of
MODFLOW is sufficient for the examples studied in this thesis. However, it cannot
be applied for inclined fractures or crossings others than perpendicular. For such cases
the use of any of the above mentioned models is imperative.

This chapter shows that analytical results can be reproduced using numerical
modelling based on the Darcian law in combination with an appropriate set up. This is
demonstrated using single vertical fracture cases (Gringarten et al., 1974, Cinco-Ley
et al., 1978). In addition, the influences of fracture aperture and relative storage
capacity on the drawdown curve in a single vertical fracture are presented. To
complete the analysis of vertical structures, the drawdown curves in a series of
parallel and crossed features are shown. Further, the single horizontal fracture case is
modelled to confirm the semi analytical solution from Valkó & Economides (1997).
The effects of the structure shape on the drawdown curve are investigated.
Furthermore, the results obtained using a series of parallel horizontal structures is
presented. Finally, combinations of intersected vertical and horizontal structures are
described.

directly printed from the program environment, or saved as a WMF file, or transferred as a WMF file
via clip-board.
2 The simulator also provides solutions for primary aquifers like confined, leaky, delayed response, and
two aquifers. It is possible to combine this solutions with the influences from reservoir boundaries, well
bore storage, well bore skin, partial penetration, and horizontal well.
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2. BASICS ON RESERVOIR AND WELL EFFECTS

The rock properties that influence the ground water flow in fractured reservoirs are
introduced in this chapter. Further, the governing laws and flow situations that
describe the drawdown behavior in such aquifers are presented. Finally, the influence
of various well and reservoir boundaries on the drawdown curves is described.

All drawdown curves presented in this chapter are produced using the program
TPA, which was developed under the umbrella of this thesis.

2.1 Fracture Network Properties

Characteristic for fractured aquifers is the fact that a substantial volume of water
flows along fractures. Those fractures are usually embedded in porous matrix blocks
(sandstone) or micro fissured blocks (quartzite), which have a low permeability
compared to the fracture conductivity but capable to store water in the uncountable
pores or micro fractures. In extreme cases the blocks between the fractures have such
a low permeability (granite) that very little water can be exchanged between fracture
network and matrix, which is in this case called 'inert'.

If fractures are densely interconnected they form a 'fracture network continuum'
characterized by a large storage capacity that contributes substantially to the volume
extracted by a pumped well. Whether a fracture network is a continuum or not, is
determined by the following three properties:
• representative elementary volume (REV)
• fracture connectivity
• conductivity contrast between fracture and matrix

The REV is the characteristic volume of fractured rock that can be represented by a
homogeneous isotropic medium whose hydraulic properties do not change
significantly if an additional volume of rock is added (Fig. 2.1) (Long et al., 1982).
According to Long & Witherspoon (1985), a fractured reservoir can have various
REV depending on the scale of the investigation and, in some instances, it is not
possible to define a REV at all.

The fracture connectivity describes the interconnection between fractures in a
given volume of rock, which is a function of the fracture length and fracture density.
Generally the fracture network continuity of a rock volume increases with increasing
fracture length and fracture density (Long & Witherspoon, 1985).

The conductivity contrast between fracture and matrix can diminish or increase the
continuous behavior of a fracture network. Wei et al. (1998) by means of numerical
modelling observed linear flow in a well situated in a parallel fracture system
embedded in a matrix with a high conductivity contrast between fracture (Kr) and
matrix (K) (Kr/K = 10000). The same fracture distribution with a lower contrast
(Kj/K = 100) resulted in a long bilinear flow phase followed by a radial flow phase. A
similar situation was observed in a perpendicular two-dimensional fracture network
with low contrast, whereas using a high contrast the system behaved a homogeneous
media alike. However, both extremes the continuum and the single fracture case have
very characteristic flow behavior that can be observed during pumping tests and will
be presented in the following section.

It is often observed that in fractured aquifers the initially measured air lift yield is a
strong overestimation of the long-term sustainable yield of the well. The explanation

3



Large rock
volumex

Small rock
volume REV

2. Basics on Reservoir and Well Effects

lies on the fact that the storage of a single fracture or fracture cluster is very limited,
which can be demonstrated by the following calculation:

Vf = If' hf .W = 2000m .200m .0.002m = 800m3

where
Vr = fracture volume [L3]
Ir = fracture length [L]
hr = fracture height [L]
w = fracture aperture [L]

A well located in such a fracture, which extracts water at a rate of 10m3 /h would
empty it within 80 hours. However, if the matrix in which the fracture is embedded is
not inert, this does not happen because the matrix is drained by the fracture. In this
instance the fracture acts as a conduit or preferential flow path.

Figure 2.1. The representative elementary volume REV of a fractured rock is considered as
hydraulically homogeneous (continuously fractured). A volume of rock larger than the REV would
maintain the same hydraulic properties, but not a smaller volume

2.2 Governing Equation for Flow in Fractured Aquifers

The Poiseuille equation or 'cubic law' governs the laminar flow within a single
fracture (Witherspoon et al., 1979). This law is a special case of the 'Darcian Law',
which is written as:

where
Q = discharge rate [Url]
A = through-flow area [U]
L1h = potential or head difference over the length of interest I [L]
L11 = length of interest [L]
K = hydraulic conductivity of the matrix or formation [Lrl]

The hydraulic conductivity is defined as K = kpg l)l, where
p = density of the fluid [ML-3]
g = acceleration of the gravity ~Lr2]
)l = dynamic viscosity [ML-Ir]
k = permeability [L2]

In the 'cubic law' the hydraulic conductivity is defined as K = (2·wfp·g 112')l [LIT]
and A = w-h- [L2]. Replacing K and A in equation (2.1):

4
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w3
• o- g. hj I1h

Q= .- (2.2)
3· Jl M

where
w = fracture aperture [L]
hf = fracture height [L]

Equation (2.2) represents the Poiseuille equation, which is valid for laminar flow or
Reynold numbers smaller than 2300 (Wendland, 1996). The rate Q is a function of
the cube of the fracture aperture, hence the name 'cubic law'.

Taking into consideration equation (2.2), the cone of depression produced by a
pumped well at a certain observation point P(r,z) in a fracture continuum can be
described by the following diffusivity equation in cylindrical coordinates (Moench &
Ogata, 1984):

where
hh = hydraulic head [L]
r = distance of an observation well to the pumped well [L], with r z rw
rw = drilled radius or radius of the source [L]
ZO = vertical position of the observation point P [L]
Khf = horizontal conductivity of the fracture network [Lr!]
Kvf = vertical conductivity of the fracture network [Lr!]
Ss = specific storage coefficient of the reservoir [L-!]
qb = additional source function

Equation (2.3) is valid under following conditions
• negligible change in the gravity acceleration
• constant fluid properties
• laminar flow
• confined conditions

In a fully penetrating well the hydraulic head does not vary with depth. Therefore,
the second term on the left hand side in equation (2.3) becomes zero and the equation
reduces to an ordinary linear inhomogeneous differential equation.

The solutions of equation (2.3) that will be discussed in this chapter were derived
by several authors using either the Laplace transformation or Green's functions under
different boundary conditions.

The Laplace transformation L applied to the hydraulic head function hh(t) is often
used to solve radial symmetric boundary conditions. It reads

CX)

L{hh (t)} = hh (p) = fe-p'l . hh (t) . dt (2.4)
o

The advantage of the Laplace transformation lies in the elimination of one of the
integration variables, which in many cases results in an ordinary arithmetic function.
The inversion of this function can be done either analytically or numerically. Mavor
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& Cinco-Ley (1979) and Moeneh & Ogata (1984) showed that the Stehfest (1970)
algorithm used for the numerical inversion of the Laplace transform is extremely fast
and usually accurate enough to be used in these cases. The Stehfest algorithm reads:

where Vi are weighting factors calculated as:

(!:!..)+i
V = -1 2

I

min(i,!:!..) z.,I2 n 2 • (2n)!

n=i+l (N _ n)!.n!-(n -1)!.(i - n)!-(2n - i)!
2 2

with
N = even number
i,n = integer values

The advantage of the algorithm lies in the fact that Vi is calculated only once for a
given even number N, becoming hence very fast. Stehfest (1970) and Walton (1996)
report that the quality of the results decreases with increasing number of N due to
rounding errors. For this reason solutions derived in TPA use a range of N from 4 to
26 depending on the time interval calculated.

Green's functions were first applied to boundary flow problems in fractured
aquifers by Gringarten & Ramey (1973) and have the advantage that they allow the
combination of two source functions by simply multiplication, which is known as
Newman product. Using this technique Gringarten et al. (1974) and Gringarten &
Ramey (1974) derived solutions for the drawdown in wells situated in single vertical
and horizontal fractures. The drawdown solutions for pumping wells located in
vertical fractures with uniform flux and infinite flux are generally analytically
derived, whereas in most cases the drawdown in observation wells within the matrix
is numerically determined.

2.3 Flow Behavior in Fractured Media

The following flow types can occur during pumping tests in fractured reservoirs
(Barker, 1988):
• linear flow
• radial flow
• spherical flow

2.3.1 Linear flow

The name 'linear flow' derives from the way in which the pressure drops along
fractures: linear-proportional to the extraction rate. Linear flow is also described as
'parallel flow' (Kruseman & de Ridder, 1991) because of the parallelism between the
streamlines.

The typical geological features where linear flow is observed are sub-vertical
fractures, faults, or dikes. The different flow phases that can be distinguished during
pumping tests in those features are listed below (Fig 2.2):
• linear fracture flow is observed when the feature has a finite conductivity and is

either embedded in a inert formation (matrix) or in a low conductivity formation
(Boehmer & Boonstra, 1986; Cinco-Ley & Samaniego, 1981a)
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• if the matrix is permeable enough, the linear flow in the fracture is superposed by
a perpendicular linear flow from the formation to the fracture. This flow situation
is described as the 'bilinear flow' (Cinco-Ley & Samaniego, 1977)

• linear flow from the formation to the fracture is also observed in the case of
infinite conductivity single features with negligible storage (Gringarten et al.,
1974)

• a special case of bilinear flow occurs in reservoirs that consist of a continuous
fracture network embedded in porous matrix blocks (Fig. 2.3), which is known as
double porosity reservoir (Barenblatt et al., 1960) or naturally fractured reservoir
(Mavor & Cinco, 1979)

Figure 2.2. Different flow phases observed in a single fracture of finite extension embedded in an
infinite formation (after Cinco-Ley & Samaniego, 1981a)

Aquifer bottom

Figure 2.3. Ground water flow in an idealised double porosity aquifer
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2.3.2 Radial Flow

Radial flow (also known as pseudo-radial flow or radial-acting flow) appears when
the cone of depression is approximately circular (Prats, 1961). It is generally observed
in a fully penetrating well (line source) located in homogeneous reservoirs, but also in
a well in any fractured reservoir that can be considered as continuum. Prats (1961)
demonstrated that radial-acting flow also appears for a single fracture case at late
time, when the cone of depression becomes almost radial (Figure 2.2).

2.3.3 Spherical Flow

In cases where the extraction source is a point in an isotropic medium, the cone of
depression becomes a sphere (Gringarten & Ramey, 1973). In sedimentary rock
aquifers or igneous rock aquifers with an upper weathered zone, spherical flow will be
observed only within small dimensions and over a short period of time because the
spherical cone of depression will reach the bottom of the aquifer and the cone will
become an ordinary radial flow (Fig. 2.4). Furthermore, due to anisotropy effects in
the aquifer the sphere will become an ellipsoid. Therefore, the spherical flow can be
considered as a special case of a partial penetrating well in a formation with isotropic
conductivity (K, =K, =K, or K, =Kv).

Q
/' waterlevel

Potential lines Flow lines Pctential Hnes Flow lines

Figure 2.4. Spherical flow behavior in a bounded aquifer under isotropic (K, = Kv) and anisotropic
(Kh> Kv) conditions

2.4 Influence of Well and Reservoir Boundaries

Following well and additional reservoir effects can affect the drawdown and recovery
data within fractured aquifers:
• well bore storage

• well bore skin

• partial penetration skin

• fracture skin

• pseudo-skin

• fracture dewatering

• reservoir boundaries

8



2. Basics on Reservoir and Well Effects

2.4.1 Well bore storage

Often the early time drawdown in a pumped well graphs with a slope of 1 in a log-log
plot (Fig. 2.5), which indicates that the drawdown is linear proportional to the
discharge time. This behavior is described as well bore storage effect and is
perceptible for a longer period in low transmissivity media. The well bore storage
effect can also be seen in observation wells. However, this effect decreases with
increasing distance to the pumped well and disappears at approximately 1000 times
the well radius (Fig. 2.5) (Streltsova, 1988).

" r = 0.20m • r = 2.00m • r = 20.00m v r = 200.00m
10+1

100

I lO".,

10.2

irr !--'O.~

L ~ ~.
E V~lE 0.1 r»

0 j"
0ê/ t i-

~If. I.
I'--Pumpedwell. 0

J. 0(. 0
~,"

I
a

Iv,.,10.3
10" 10.3 10.2 io- 100 io- 10'2 10'3 10.4 10'5 10'6

Ur' [minJ/[m'J

Figure 2.5. Well bore storage effect in a pumped well and observation wells at various distances.
Straight-line slope 1 indicates the well bore storage in the pumped well. The solid curve shows the
drawdown in the four wells without well bore storage effect. Aquifer type: confined, infinite extended;
Discharge Q = 12.5 m3/h; Transmissivity T = 50 m2/d; Storage coefficient S = 10.4; Drilled radius rw =
0.2 m. The well bore storage effect disappears at a relative distance tlr; = 1000.

The unit slope, which is also typical for closed reservoirs, is the basis for the
explanation of the well bore storage effect. When the pumping process starts, all the
water is extracted from the well bore that acts as a closed reservoir at this stage. This
results in a steep gradient between the water level in the well and the aquifer next to
the well. At this early time the gradient within the aquifer is still too small to provide
enough water to cover the demand in the well. With time, the gradient in the aquifer
increases and more and more water can be provided, which results in a decrease of the
well bore storage effect. The well bore storage effect disappears when the water level
in the well coincides with the water level in the reservoir next to the well (Fig. 2.6).
Due to this behavior, the well bore storage effect can be considered as a kind of
delayed response of the aquifer to the extraction in the well.

The time span in which the well bore storage is visible cannot be shorten by
increasing the extraction rate, as shown in Fig. 2.7.

Given wells with different radius pumped at the same rate, the well with a smaller
casing radius will show the larger drawdown at early time (Fig. 2.8A). This results in
a larger gradient between the water level in the well and the aquifer next to the well,
which forces a deeper cone of depression in the aquifer. Therefore, after a time ti, the
portion of the discharge rate provided by the aquifer is larger in the well with the
smaller casing radius (Fig. 2.8B). This is true during the phase, where the drawdown
is affected by well bore storage.

9
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Figure 2.6. Relationship between gradient changes in the reservoir and well bore storage

o
~~----~---------r--------+-----.I----r-------~ 10-1~.

<
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Cl)
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b-~----~---------r--------+-----r-~r-------~10-23
~

radial flow

10+1 10+2 10+3

t [min]

Figure 2.7. Drawdown in a pumping well which shows well bore storage effect with extraction rates of
10 m3/h (dots) and 1 m3/h (squares). The example shows that the well bore storage effect is not affected
by discharge rate or, in other words, the well bore storage effect in a given well is only related to the
pumping time but not to the extraction rate. Therefore a higher pumping rate produces only a deeper
drawdown, but does not overcome the well bore storage effect earlier. The well bore storage effect
should rather be understood as delayed response of the aquifer storage

10



2. Basics on Reservoir and Well Effects

Figure 2.8. Well bore storage effect, illustrated as drawdown A and sketch B in three pumping wells
with different casing radius re. Aquifer type: confined, infinite extended; Discharge rate Q = 12.5 m3/h;
Transmissivity T = 50 m2/d; Storage coefficient S = 10.4; Drilled radius rw= 0.15 m. Solid curve in A
indicates the drawdown without well bore storage effect

Figure 2.9. Drawdown in a pumping well during the well bore storage phase due to changes of the
casing radius. Solid curve indicates the drawdown without changes in the casing radius. Aquifer type:
confined, infinite extended; Discharge Q = 12.5 m3ih; Transmissivity T = 50 m2/d; Storage coefficient
S = 10-4; Drilled radius rw= 0.15 m
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If the water level in a telescoped casing drops from a bigger diameter into a smaller
diameter the drawdown increases suddenly (Fig. 2.9). Contrarily, if the water level
drops from a smaller diameter into a bigger diameter the drawdown decreases until
the well bore storage effect vanishes (Fig. 2.9) (Earlougher, 1977). The same effects
will appear if the diameter of the drilled radius changes in relation to the casing
radius.

Ramey & Gringarten (1976) found that well bore storage effect can also occur
when the water-well system is substantially compressible, e.g. extremely hot ground
water from geysers that is heated up and contains volatile components or the pumping
test is performed in a section delimited by compressible packer systems. However,
ground water under typical physical conditions is almost incompressible for all
practical purposes (Papadopulos & Cooper, 1967; Moench, 1984). For this case,
Moeneh & Ogata (1984) defined the dimensionless well bore storage coefficient Wd:

where
re = casing radius [L] in which the water level change occur
rw = drilled radius [L]
S = storage coefficient of the reservoir [-]

The dimensionless well bore storage coefficient Wd is included In the
determination of the drawdown affected by well bore storage (Section 2.4.2).

2.4.2 Well bore skin

Well bore skin can be caused by a thin layer with a very small storage capacity, which
is located between borehole wall and aquifer and restricts the inflow to the pumped
well. In the presence of a high conductivity zone around the pumped well, non-
laminar or turbulent flow can give place to a similar effect (Kruseman & de Ridder,
1991). As a result of any of these effects, an additional drawdown is observed within
the well (Fig. 2.10). It averages the effects of various sources as clogged screens,
gravel pack, too small open area of the screens and mineral precipitation between
borehole wall and formation. Mathematically the losses caused by well bore skin are
described by a linear and a non-linear term (Jacob, 1946) that are constant as long as
the discharge rate is constant (Kawecki, 1995). The sum of both well loss components
can be represented by a constant total well skin factor ~ [-], which is simply added to
a given well function F (van Everdingen, 1952) to calculate the total drawdown within
the pumped well:

F(u,~)= F(u)+~ (2.7)

Here u is the argument, which is a function of the aquifer parameters T and S as
well as the geometry of the extraction source over the extraction period. The
drawdown affected by a skin is a curve parallel to that without skin effects, whereas
no effects appear during the recovery phase, except during the well bore storage
period (Fig. 2.11). Due to the parallel shift, the determination of the transmissivity is
not affected by the presence of well bore skin. However, the storage coefficient will
be wrongly evaluated, as it will be explained in Section 3.1.3.
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Figure 2.10. Well bore skin and its effect on the drawdown in a pumped well

Figure 2.11. Drawdown and recovery curve in a pumping well with and without additional drawdown
caused by a skin

The drawdown s for a fully penetrating well in a homogeneous confined aquifer
pumped at constant discharge rate and affected by skin, writes (van Everdingen, 1956)

s = Q . [Ei(u)+ 2~] (2.8)
4·Jr·T

'" x

F(u) = Ei(u), with Ei = f':_dx
u x

Q = discharge rate [Url]
T = matrix or formation transmissivity [L2rl]
t = time [T]
rw = drilled radius or radius of the source [L]
S = storage coefficient of the matrix or formation [-]

The dimensionless well skin factor ~ derived from equation (2.8) reads:

~ = 2· Jr . T .s _ 0.5 .Ei(u) (2.9)
Q

If u s 0.03, the exponential integral Ei(u) is satisfied by the Cooper & Jacob (1946)
approximation: Ei(u) ~ -In(1/u)-0.5772 within 1% error. The corresponding additional

well bore storage

20 L-L..L.J.J.Uul-1_L.LU.ll1!_.l....U.WllL--L..Ww.wil.~..I.J.W'j__,_-U.llllll
10.2 10.1 ro-: 10'2 10.3 10'·

t{min)

where
S ·r2u= __ w_

4·T·t

Recoverv curve

well bore storage ___.-...
v·~"'"

_........

..~II
sd1VI '0.

20
10.3 10.2 10-1 100 10" 10'2 10'3 10'·

Ip'dV(lp+dl) l-l

13



2. Basics on Reservoir and Well Effects

drawdown Sadd in metre can be calculated from following relationship (Kruseman &
de Ridder, 1991)

s - ;.Q
add --2--r-

. Jr'
(2.1 0)

In a homogeneous aquifer and an ideal well ~ is zero. Physically this would mean
that the effective radius refTis equal to the drilled radius rwbecause ~ can be related to
drilled radius as follows (Sabet, 1991):

(2.11)

By restricted inflow, ~ becomes positive, which according to equation (2.11)
results in an effective radius smaller than the drilled radius, what is known as negative
skin effect (de Marsilly, 1986). In cases where the permeability of the formation
around the well is improved, for example with well development, a negative skin
factor ~ will be observed (de Marsilly, 1986; Gustafson & Anderson, 1997), which
results in an enlarged effective radius (positive skin effect). However, for practical
purposes it is unlikely that the development would produce a negative skin factor
smaller than -0.5 (Fig. 2.12). An increased effective radius will be observed in a well
situated in single fracture that acts as a conduit (Home, 1995).

/Q

-il

Figure 2.12. Increased effective radius (or positive skin effect), due to an increased permeability zone
around the well caused by development or fracture influence

The additional drawdown caused by skin is almost instantaneous, due to the
limited storage capacity of the skin layer. During the radial-acting flow phase the
calculated skin effect using equation (2.9) will plot always as a horizontal line in a
semi-log plot, but not for those parts of the curve affected by well bore storage or
other reservoir effects (Fig. 2.13). This effect can be used for identification of the
radial-acting flow phase.
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Figure 2.13. Drawdown data (dots) and skin factor ~ (solid line) for a pumping well with well bore
storage in a confined homogeneous aquifer and one closed boundary. The skin factor (solid line) plots
as a horizontal during the radial-acting flow phase

2.4.3 Partial penetration skin

The reduced entrance area in a partial penetrating well causes an additional drawdown
due to high velocity losses at the bottom of the well and anisotropy effects of the
aquifer in the area closed to the well (Fig. 2.14).

Figure 2.14. Flow to a fully penetrating well and a partial penetrating well

Under partial penetration effects, the slope of the drawdown at the pumped and
observation wells within the critical distance rppis increased and not only shifted as in
the case of well bore skin (Fig. 2.15). This effect, if not considered, can lead to an
underestimation of the reservoir transmissivity, which might not be dangerous in the
design of a water supply scheme, but certainly it is in the design of a dewatering
scheme for mining or engineering purposes. For late time data only, an additional
drawdown shown as a parallel shift is observed (Fig. 2.15). Moeneh & Ogata (1984)
give following equation for the calculation of the partial penetration skin in the
Laplace space:

15
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where
xY, = function that describes the reservoir properties. For a line source III a

homogenous confined aquifer xv,= (p.SIT) v,
K, = modified Bessel function of second kind and zero order
T = matrix or formation transmissivity [Url]
S = storage coefficient of the matrix or formation [-]
p = Laplace transform variable [-]
n = Kv/Kh [-]
Kv = vertical reservoir conductivity [Lr I]
Kh = horizontal reservoir conductivity [Lrl]
I, = top of the screen related to the top aquifer in the pumped well [L]
I,' = top of the screen related to the top aquifer in the observation well [L]
Id = bottom of the screen related to the top aquifer in the pumped well [L]
Id' = bottom of the screen related to the top aquifer in the observation well [L]
h = aquifer or formation thickness [L]
n = integer value from 1 to infinite, for practical purposes n = 30 is sufficient

The application of the numerical inversion algorithm of Stehfest (1970) to
equation (2.12) expressed as

h(p)= FL

P
(2.13)

o Drawdown curve additional
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Figure 2.15_ Increased drawdown and recovery slope in a pumped well at early time due to partial
penetration skin (dots). Solid line indicates the drawdown and recovery for a fully penetrating well.
Aquifer type: confined, infinite extended; Transmissivity T = 100 m2/d; Storativity S = 7.10-4; Vertical
conductivity 1mid; Aquifer thickness h = 100 m; Partial penetration depth = 50 m. Partial penetration
effect is negligible after 2.104 minutes (-14 days)
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2.4.4 Fracture skin

Fracture skin is a thin layer between fracture and matrix with reduced conductivity
and very small storage capacity. Such a skin can be created by mineral precipitation
(Moench, 1984) or by clay minerals from weathering. Fracture skin in a single
fracture causes an additional drawdown similar to that of a well bore skin (Fig. 2.16)
(Cinco-Ley & Samaniego, 1977). It increases clogging phenomena and, in extreme
cases, can even destroy the stimulation effect of drilling in a fracture zone
(Economides & Nolte, 1989). Cinco-Ley & Samaniego (1977) defined the fracture
skin factor ~f as follows

(2.14)

where
bs = thickness of the skin [L]
Xf = fracture half-length [L]
K = conductivity of the matrix or formation [LT)]
Ks = conductivity of the skin [LT)]

Aquifer
thickness h

Well Fracture half-length Xf

Figure 2.16. Drawdown in a single vertical fracture affected by skin between fracture and matrix

In continuous fractured rock with double porosity behavior, the fracture skin
results in a pseudo-steady flow exchange between fracture and matrix blocks
(Fig. 2.17) (Moench, 1984). Moeneh (1984) introduced the fracture skin factor for the
double porosity solution as

j: _ 2· K ·bs
"::Jf - Ks ·W

(2.15)

where
w = fracture aperture [L]
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Figure 2.17. Effect of fracture skin on the drawdown of the matrix and fracture system in a double
porosity aquifer, both pumped with the same discharge rate

2.4.5 Pseudo-skin

An observation well located within or in the proximity of a fracture that acts as a
conduit shows less drawdown than that expected for observation wells in a
homogeneous formation (Fig. 2.18). This effect is known as pseudo-skin
(Gringarten & Ramey, 1974). The determination of the skin using equation (2.9) leads
to a negative skin factor ~ [-] which, after equation (2.11), results in a larger effective
radius.

t [min]

Figure 2.18. Drawdown in a pumped well situated in a homogeneous aquifer and an observation well
25 m apart (solid curves). Drawdown in a pumped well (squares) situated in a single fracture (fracture
half-length Xr = 200 m) with infinite conductivity and an observation well (dots) located in the matrix at
a distance of 25 m perpendicular to the fracture strike direction. Transmissivity of the matrix T =
50 m2/d; Storage coefficient S = 10-4.The difference in the drawdown is known as pseudo-skin effect
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This effect can be used to determine whether a well is located in a fracture zone, as
in principle no negative skin factor smaller than -0.5 (or enlarged effective radius) is
observed in a continuous fractured aquifer. If the REV is equal or smaller than the
drilled radius rw(Section 3.1.3, Fig. 3.6), ~ will be zero. An exception might be a zone
of higher permeability due to caving processes during the drilling works.

2.4.6 Fracture dewatering

Fracture dewatering should be avoided whenever feasible because of the danger of
mineral precipitation that can cause fracture and well clogging. These effects are
directly related to the water chemistry. Precipitation occurs especially when ground
water with high manganese, iron, or bicarbonate contents are oxygenated.

If a continuous fracture network (homogenous aquifer) is dewatered, the physical
conditions change gradually with time due to the reduction of the down-hole influx
area. Under these circumstances the dewatering phenomena can be approached
applying the Jacob correction s' = s - s2/2h to the drawdown data, as for an
unconfined aquifer.

If a discontinuous fracture network is dewatered (Fig. 2.19), a sudden drop of the
water level in the borehole is observed when it reaches the fracture (van Tonder et al.,
1998). This effect is characteristic for discrete down-hole water strikes. In these cases,
the physical conditions in the vertical direction change instantaneously due to
following reasons:
• the aquifer above the dewatered fracture becomes a perched aquifer that releases

water into the fracture and borehole
• unconfined conditions in the dewatered fracture
• turbulent flow in the dewatered fracture and along the borehole wall
• reduced influx area

-. -. -.

f f f f f f

Figure 2.19. Effects caused by the dewatering of a bedding plane or horizontal fracture

19



..

T3

2. Basics on Reservoir and Well Effects

The drawdown scenario can be described as follows:
• as soon the water level in the borehole reaches the water strike e.g. a bedding

plane, the flow conditions in the dewatered fracture change from confined to
unconfined

• if the storage capacity of the fracture is small compared to the discharge rate the
drawdown will drop continuously below the water strike at the cost of the well
bore storage (this part of the curve in a log-log plot shows usually a slope of 1)
until the gradient between the water level in the borehole and the matrix is large
enough to cover the discharge rate

• if radial flow is observed in both before and after the dewatering of the fracture,
the drawdown curve after the dewatering in the semi-log plot will show an
increased slope compared to the initial one (Fig. 2.20). The slope increment
depends on the importance of the dewatered water strike

o Test curve

e .. ..
10~ ~ e_"_o_o~~~~_~_T=1=--+ ~ ~

first water strike" -

"0

-..~
second water strik~~2

20~------~--------+--------+~~--~~------~
w"<lbaao,

third water strike

30~~~~~11~~~~~1~~~~~--~1~~~11~111--~1~~~1~
10-1 100

o

10+1 10+2 10+3 10+4

t [min)
Figure 2.20. Typical drawdown behavior in a pumped well during dewatering of discrete fractures

The determination of aquifer parameters using such disturbed drawdown curves is
sometimes possible applying conventional methods for parts of the curve. But in
general the evaluation is extremely complicated and it is rather recommended to
repeat the drawdown test using a smaller pumping rate to avoid the dewatering of the
fractures. Step tests are usually very helpful for the proper adjustment of the pumping
rate. The rate to be chosen should lead to a drawdown that does not reach the water
strikes.

Some fracture dewatering effects on drawdown curves will be demonstrated later
using field examples (compare Section 4.1.4).

2.4.7 Reservoir boundaries

All ground water reservoirs are limited. Whether the influence of reservoir boundaries
is seen in a pumping test curve is a function of the pumping time, the transmissivity,
the storage coefficient and the distance to the boundaries, but not of the discharge
rate. This can be demonstrated by the calculation of the distance at which the cone of
depression is zero (drawdown s = 0). The Cooper-Jacob (1946) equation, which is the
solution for the differential equation (2.3) for long pumping time (u < 0.03), gives:
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Figure 2.21. A: One closed boundary and its representation as superposed image well. B: Example of a
drawdown curve in a pumped well affected by one closed boundary (squares)
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0.183·Q 1 (2.25-T.t)
S = T . og -S-.r---:2- (2.16)

If a well is discharged (Q > 0), the term 0.183·Q/T cannot become zero. Therefore,
the logarithm should be set equal to zero:

1 (
2.25-T.t) 0og = = s
S -r? (2.17)

Applying exponential:

2.25· T ·t = 1
S. r2

(2.18)

The radius at which the drawdown disappears is given by the positive result of the
square root:

r = ~2.25; T· t (2.19)

Equation (2.19) proves that the discharge rate has no influence on the time at
which a reservoir boundary is reached. This equation is useful to estimate the
extension of a cone of depression after a given period of pumping or, knowing the
distance from the well to the boundary, to determine at which time t the cone of
depression will reach the boundary assuming that TIS (diffusivity) remains constant.
Further, Equation (2.19) shows that the larger T and smaller S, the larger the cone of
depression for a given time.

Ferris et al. (1962) introduced the widely used concept of mirror wells to include
the effect of positive (recharge) boundaries or negative (closed) boundaries.
Earlougher (1977), Streltsova (1988), and Kruseman & de Ridder (1991) presented a
detailed overview on how the mirror well concept can be used. The effects of positive
and negative boundaries on a drawdown curve are shown in Figures 2.21 to 2.24.
Basically, recharge boundaries show a flattening of the curve, whereas closed
boundaries show an increase of the drawdown when the cone of depression reaches
the boundary.
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A Recharge boundary
e.g. River =Q,eaJ

B

20
10.2 10.1 100 10.1 10.2 10.3 10·" 10.5

I 10.

Real well Image well

Figure 2.22. A: One recharge boundary and its representation as superposed image well. B: Example of
a drawdown curve in a pumped well affected by one recharge boundary (squares)
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Figure 2.23. Diagnostic straight-lines in a semi-log plot for the identification of reservoir boundaries,
which are valid for pumped and observation wells. In this example, the slope of 0.48 indicates radial
flow not affected by boundaries. A doubled slope (0.96) indicates one closed boundary. A quadruple
slope (1.92) indicates two perpendicular closed boundaries

~ 10+1~--~-,L4----+----+--~~~~~~-+----+- _
Cl)

t [mln]

Figure 2.24. Diagnostic straight-lines in a log-log plot for the identification of various reservoir
boundaries, which are valid for pumped and observation wells. The slope 1 at early time indicates well
bore storage effect. The slope 1 at late time indicates a closed reservoir (four boundaries). The slope 0.5
at late time indicates two parallel boundaries or channel flow (triangles) or three boundaries
perpendicular to each other (squares)
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3. Flow Diagnostics

3. FLOW DIAGNOSTICS

This chapter explains principles and tools that should be followed during the planning,
performance, and evaluation of pumping tests in fracture media.

All drawdown curves presented in this chapter are produced using the program
TPA, which was developed under the umbrella of this thesis.

3.1 Basic Instructions for the Analysis of Pumping Test Data

3.1.1 Discharge rate

As it is shown in Figure 3.1A, an increase of the discharge rate in a given well does
not accelerate flow effects. The influence of the well bore storage is overcome
simultaneously in both curves, as already explained in Section 2.4.1. Similarly, any
aquifer boundaries (positive or negative) will be reached at the same time with both
discharge rates, as explained in Section 2.4.7. The only effect that an increase in the
discharge rate has is the development of a steeper cone of depression, as shown in
Figure 3.1B. These effects should be considered in the planning and performance of a
pumping test.
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well bore storage radial closed i"slope = 1
I flow boundary

slope = 1 ' "",,0

_~.• dY
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Discharge: • Q = 11/5
• Q = 10115

t[min]

~ ~w
10-1 100 10+1 10+2 10+3 10+4 10+5 10+6

Discharge: • 0 = 1 Vs t[min]

·0=101/5

Figure 3.1. Drawdown in a pumped well for different discharge rates. An increase of the extraction rate
cannot accelerate the overcoming of well bore storage or reaching of a boundary

3.1.2 Correction for discharge variations

For step drawdown tests or in cases of variations larger than 10% in the extraction
rates during a constant discharge test (pump failure, etc.), only the recovery or build
up curve is suitable for common analysis methods like Theis (1935) or Agarwal
(1980). However, these methods would lead to correct results, if the influence of the
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discharge variations in the pumping time are eliminated. The time correction can be
computed using the Birsoy & Summers (1980) correction, which writes:

n-I (t-t )~~
tcorr= Il --~

i=1 t + l ,
(3.1)

where
ti = start time of the ith discharge period [T]
ti' = end time of ith discharge period [T]
Qi = constant discharge rate of ith period [L3r I]

Qn = last constant discharge rate [L3rl
]

If the time correction is ignored, significant differences in the recovery behavior
are observed (Fig. 3.2), which would result in a wrong determination of the
transmissivity.

o Recovery curve

~
-.

"b.

~ ~'~:2
-. K_.

'''".,~ ~ .
'b = 1.03

2

(tp+dt)/dt [-I

Figure 3.2. Pumped well recovery curve from a step test run at Q = 4 m3fh, Q = 8 m3/h, and
Q = 12 m3/h. The dots graph the recovery considering a constant average discharge ofQ = 8 m3/h and
no time correction. The solid curve shows the same recovery data with time correction. The Theis
recovery method estimates transmissivity values of T = 50 m2/d for corrected data and T = 43 m2/d for
uncorrected data, due to the differences in the applied discharge rate (Q = 12 m3fh for corrected data
and an average ofQ = 8 m3fh for uncorrected data)

The corrected time tcorr replaces the pumping time tp In the Theis (1935) time
correction for the recovery curve, which then reads

t'= tcorr + dt (3.2)
dl

where
t' = time corrected for the superposition effects in the drawdown phase
dt = time increment after the recovery (build up) phase starts

The time correction for the recovery curve in the Agarwal (1980) method reads

t'= tcorr·dt (3.3)
t.: + dt
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3. Flow Diagnostics

The advantage of the Agarwal method lies in the possibility of using common type
curve fitting for the determination of the transmissivity and storage coefficient (if skin
effects are negligible).

3.1.3 Influence of the pseudo-skin effect

Common analysis methods for primary aquifers (Cooper-Jacob or Theis) can be
applied to pumping test results from a fracture network with limited extent for the
determination of the transmissivity T, but only after the establishment of the radial-
acting flow phase. However, these methods cannot be used for the estimation of the
storage coefficient S, due to the pseudo-skin effects (Section 2.4.5).

After Cooper-Jacob (1946), the storage coefficient is calculated using following
equation:

s= 2.25·T·to (3.4)
r2

where

T = matrix or formation transmissivity [L2r1]
r = distance of the observation well to the pumped well [L]
to = time at which the straight-line intercepts the time axis [T]

The value of to in the presence of pseudo-skin will be wrongly evaluated
(Gustafson & Anderson, 1997) and consequently also S will be wrongly estimated, as
illustrated in Figure 3.3.

2

É-
f/)

3

4

5
10-1 100

incorrect to, due to
pseudo-skin effect

10+1 10+2 10+3 10+4

t [min)

Figure 3.3. The application of Cooper-Jacob approach for the determination of the storage coefficient
in pumped and observation wells gives wrong results due to pseudo-skin effect

Figure 3.4 shows the extremely large error made in the calculation of S, when the
Cooper-J acob (1946) straight -line method is applied to the drawdown data measured
in observation wells located in various directions around an infinite conductivity
vertical fracture with uniform flux. Indeed, common methods are only applicable for
the calculation of S, when the observation well is located at a distance of 1.5 to 5
times the fracture half-length, depending on the direction of the fracture. For practical
purposes, a distance of 3 times the fracture half-length can be applied, as the error for
larger distances becomes less than 1% for all directions. This distance represents the
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REV of such system or, in other words it is the distance at which the cone of
depression reaches the radial-acting flow phase.

10:::::

2 3
Dimensioniess distance r/xf

Figure 3.4. Deviation from the real storage coefficient calculated using the Cooper-Jacob straight-line
method for data of the radial-acting flow phase in observation wells in the vicinity of a single vertical
infinite conductivity fracture with uniform flux

o 4 5
0.1

It must be beared in mind that once the radial-acting flow phase in the observation
well located in a discontinuous fractured aquifer has been reached, the drawdown is
only a function of its location and not of the extraction time. Figure 3.4 can also be
used to either determine the correct storage coefficient, if the relative position of the
observation well to the fracture is known, or to determine the fracture half-length if
the storage coefficient is known.

Y Flow line

Figure 3.5. REV for a single vertical fracture with infinite conductivity. An observation point beyond
the grey area would show only radial-acting flow behavior
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3. Flow Diagnostics

The start of the radial flow indicates the time at which the fractured reservoir
behaves as homogeneous. The distance from the pumped well to the point where
radial flow starts defines the size of the REV, as demonstrated in Figure 3.5.

Whether the influence of a fracture network can be observed or not depends on the
location of the observation point. Is the REV smaller than the drilled radius
(Fig. 3.6A) or is the observation well located outside of the REV (Fig. 3.6B), the
influence of the fracture network cannot be observed and the drawdown curve will
follow a Theis curve. Therefore, in Figure 3.6B only the data in the pumped well can
show the influence of the fracture network. In instances where the REV coincides
with the drilled radius rw,any observation well will show radial-acting flow.

Q

B
'V Rest water level

REV

Figure 3.6. If the REV is smaller than the drilled radius (A) or the observation well is located outside of
the REV (B), the influence of the fracture network cannot be observed

Radial-acting flow data can then. be analysed with methods usually applied to
primary aquifers, whereas for observations within the REV the influence of the
fracture network must be considered.

3.2 Diagnosis Tools

3.2.1 Comparison of drawdown and recovery data

Under continuous pumping rate both the drawdown and the time-corrected recovery
curves must show the same behavior, even if boundaries are present, due to the
superposition theory (Fig. 3.7). An exception is represented by a closed reservoir
(Streltsova, 1988), for which these curves differ from each other once the boundaries
are reached as illustrated in Figure 3.8. Often the drawdown curve is disturbed by
variations in the pumping rate. This effect can also be easily recognised by
comparison of the drawdown and recovery curves.

10.1 Drawdown curve 10.1 Recoverv curve

.." ..'...............
I100r- ,_ __ ~~.-.~r_----,_----~
"'

I 10°r- __ -+ +--.~·~,_--~~--~
"'

....~.....

10.,'-:-'-'-W-'-':u.L...--'--1....1..U.L.LLL:-'--'-W..w..ul-:-,-'-l.-l..W.lJJ
100 10.1 10+2 10+3 10+4

10.,L-L.-'-L.I.J.WL-'--L..L.U.LuL-1-W..J..WJ.l-:-,-.IJ..ll.wL..-,-,-WoWJJ
10.1 100 io-: 10+2 10+3 10+4

t[min) tp'dV(tp+dt) H

Figure 3.7. The superposition theory implies that the shapes of the drawdown and recovery curves in
pumped and observation wells are similar. This effect can be used to determine the quality of the
drawdown data
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Figure 3.8. In the presence of four boundaries (limited reservoir), the drawdown and recovery curves in
pumped and observation wells behave differently once the boundaries are reached

3.2.2 Diagnosis by straight-lines

As already described in Chapter 2, flow boundaries as well as flow types influence the
drawdown and recovery data by plotting as straight-lines in the various diagnosis
plots, which often have typical slopes as follows:

Straight-lines in a log-log plot identify following effects:
• linear fracture flow plots as a slope ofO.5 (Cinco-Ley & Samaniego, 1981a)
• linear formation flow graphs as a slope of 0.5 (Gringarten et al., 1974)
• bilinear flow plots with a slope ofO.25 (Cinco-Ley & Samaniego, 1981a)
• well bore storage shows a slope of 1 at early time
• two parallel closed boundaries show a slope of 0.5 known as channel flow (Ehlig-

Economides & Economides, 1985)
• three closed boundaries perpendicular to each other show a slope of 0.5
• limited reservoir (four closed boundaries) shows a slope of 1 at late time

The straight-lines in a semi-log plot provide following information:

• radial-acting flow appears as a straight-line (Cooper-Jacob, 1946)
• one closed boundary doubles the slope of the radial-acting flow straight-line
• two perpendicular closed boundaries quadruple the slope of the radial-acting flow

straight -Iine

Pumping tests data should be systematically examined to the presence of the
characteristic straight-lines, as these are the most powerful tools for the determination
of the various aquifer boundaries and flow phases. Only the correct identification of
the flow phases will allow a proper test evaluation. The practical use of diagnosis by
straight-lines will be illustrated in Chapter 4.

3.2.3 Special plots and skin analysis

Besides the log-log and semi-log plots, following three additional plots are very useful
for the diagnosis of pumping test data in fractured aquifers (Cinco, 1982):
• linear drawdown versus square root of time
• linear drawdown versus fourth square root of time
• linear drawdown versus the inverse of the square root of time
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The first plot is useful for the determination of linear flow behavior; as the
drawdown data will plot on a straight-line that starts in the origin of the diagram. In
the second plot the drawdown data of the bilinear flow phase plot on a straight-line
starting in the origin. The drawdown data of a spherical flow plot on a straight-line
that starts in the origin in the third plot. The practical use of these diagnostic plots will
be illustrated in Chapter 4.

Cinco- Ley & Samaniego (1981 b) demonstrated that the first two diagrams are very
useful to determine skin effects in drawdown data of wells in single fractures with
either linear or bilinear drawdown behaviors.

Cinco- Ley & Samaniego (1981 b) found that, due to skin effects, the early time
linear flow data in a log-log plot graphs as an almost horizontal line that develops into
the radial acting phase (bilinear flow would plot similarly). Plotting the same data in a
linear drawdown versus square root of time diagram, a straight-line shifted
downwards from the origin will be shown. Both authors stated further that data only
from the pumped well does not provide a unique solution for the determination of the
skin location, which could be located at the well, between fracture and formation, or
at both. Bardenhagen (1999) showed an unique evaluation method for the skin
location in a single vertical fault by using drawdown data of a pumped well and an
observation well located in the same fault, both plotted on a linear drawdown versus
square root of time plot.

These considerations are also valid in the case of horizontal fractures, as they are
only related to the flow regime and not to the fracture position.

3.2.4 Curve derivatives

The same plots mentioned above can be applied to recovery data after time correction.
In most practical cases the quality of the recovery data is better than that of the
drawdown, as they are not influenced by fluctuations in the pumping rate. This holds
especially for the application of derivatives that are commonly used as diagnosis tools
of drawdown phases. The use of derivatives is of great advantage due to their
sensitive reaction to small changes in the drawdown or recovery, while they are
independent of skin effects. Usually, the first derivative is computed as (ós/ót . t)
(Economides & Nolte, 1989) and its plot provides following information:
• all characteristics of the straight-line slopes remain the same
• the radial-acting flow phase is plotted as a horizontal line, which eases the

identification for the human eye

Unfortunately, derivatives are often noisy when applied to real data. Smoothing of
the derivatives would overcome this problem, but it cannot be ensured that the applied
mathematical algorithm would not produce misleading artifacts. Nevertheless, with
some experience even noisy derivatives can be interpreted.
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4. Analytical Models

4. ANAL YTICAL MODELS FOR EVALUA TION OF PUMPING TEST IN
FRACTURED AQUIFERS

In this chapter, various analytical and semi analytical models that describe flow and
drawdown in wells intersecting single fractures or are located in homogeneous
fractured aquifers are presented. Methodologies for the analysis of pumping test data
applying these models are described using the program TPA, which was developed
under the umbrella of this thesis. The ability of the program to evaluate pumping tests
performed in fractured aquifers is shown for both published data and pumping test
data collected in the field.

4.1 Double porosity model (Moench, 1984)

4.1.1 Theory

The concept of double porosity introduced by Barenblatt et al. (1960) considers
homogenous distributed conductive fractures embedded in a homogenous distributed
matrix. For both, fracture and matrix, different conductivity and storage coefficients
can be adopted. Two matrix types are generally discussed, the spherical block matrix
(Warren & Root, 1962) used to represent aquifers like quartzite and the layered matrix
(Kazemi, 1969) adopted for example for sandstone with bedding planes (Fig. 4.1) .

•... -!%~~:oor"§~._"I-'::y.._ ... '.~ .. ' /~_~.".' .. '\ fractu~ed <:: • ;1 matnx ::::==;-r~'
~ !

'-.& ,: /

~~"~,"re~
Quartzite blocks Sandstone layer

Spherical-shaped block Slab-shaped block

Figure 4.1. Natural fractured systems and their simplification into spherical-shaped block and slab-
shaped blocks

Olarewaju (1997) introduced a solution that explains the flow exchange between
matrix and a fractal fracture system which, although representing a more realistic
approach for the description of double porosity behavior, requires detailed knowledge
of the fracture system and therefore its discussion lies beyond the scope of this work.

The concept of double porosity was extended to a triple porosity by Abdassah &
Ershaghi (1984), which was recently reinterpreted by Al-Ghamdi & Ershaghi (1996)
with the introduction of a dual fracture model connected to matrix blocks. Both
models concentrate on the interpretation of the very early time data behavior, which
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are unfortunately often masked by well bore storage effects. Therefore, the practical
use of these interpretations is questionable and will not be further discussed.

Warren & Root (1962) introduced a pseudo-steady state block-to-fracture flow
solution, which seems to adequately represent field data but, using numerical models,
Kazemi (1969) and Wei et al. (1998) found that the flow in the double porosity
reservoirs is of transient block-to-fracture type. However, Moeneh (1984) shows that
the pseudo-steady flow case is in fact a special case of the transient flow restricted by
a skin between fracture and matrix (Fig. 2.17, Section 2.4.4) caused by mineral
precipitation on the matrix blocks' surfaces.

For the mathematical description of the drawdown behavior, Moeneh (1984)
considers two representative elementary volumes (REV) one for the fractures and one
for the matrix. However, the classic concept of double porosity cannot be applied if
the cone of depression is not larger than both REV. If this is not the case, the
influence of the individual fractures is not negligible, as demonstrated by Wei et al.
(1998).

Furthermore, Moeneh (1984) assumes an infinite extent of the matrix and fracture
system under confined conditions. To be able to deal with well bore storage, well
losses (skin at the well), and partial penetration he derived a solution in the Laplace
space using the Stehfest (1970) algorithm for the numerical inversion. The solution
infers that only water from the fracture network reaches the well and that the
contribution of the matrix is negligible. Combining the findings from Mavor & Cinco-
Ley (1979), Moeneh & Ogata (1984), and Moeneh (1984), the drawdown in a pumped
well with well bore storage, skin effect, and partial penetration in the Laplace space
can be written as:

(4.1)

and in an observation well as

where
hh(P) = dimensionless drawdown in the Laplace space [-]
K, = modified Bessel function of second kind and zero order [-]
KI = Bessel function of second kind and first order [-]
FL = partial penetration skin function (Section 2.4.3)
~ = dimensionless skin factor at the well (well bore skin factor) [-]
Wct= dimensionless well bore storage coefficient [-]
p = Laplace transform variable [-]
x = (P+qd)Y2
-q = dimensionless block -to-fracture flow in the Laplace space [-]
rct = dimensionless radius, ttt; [-]
r = distance of an observation well to the pumped well [L]
rw = drilled radius or radius of the source [L]

The dimensionless transient block-to-fracture flow q for sphere-shaped blocks is
given by Moeneh (1984) in the Laplace space as
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Moeneh (1984) also presents a solution for the pseudo-steady flow exchange,
which seems to contradict the general findings of his work. The solution produces an
almost horizontal flattening of the transient phase for small dimensionless fracture
skin value ~f, which in some instances may fit data better than the transient solution.
The flow q for sphere-blocks under pseudo-steady state flow situation reads:

- 3. y2 .12
q=(3+~J'/) (4.5)

and for slab-shaped blocks

- y2 .1. tanh(/)q-[-1 + ~J ·1·tanh(/)]

and for slab-shaped blocks

where
~f = dimensionless fracture skin
y = rwlhh(K/Kf) Yl[-]
f =(S/SfP)Yl/y[-]
rw = drilled radius or radius of the source [L]
bh = average half thickness of the block [L~
K = conductivity of the matrix block [Lr ]
Kf = conductivity of the fracture system [Lr)]
S = storage coefficient of the matrix block [-]
Sf = storage coefficient of the fracture system [-]

10+1 Drawdown curve

~r= 0

(4.3)

(4.4)

100 10+2 10+5

t [min]
Figure 4.2. Comparison of the drawdown behavior in a pumped well with and without skin in the
pseudo-steady case. The solid curve represents the flow in a confined infinite aquifer without skin

10+110-1
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Unfortunately, if no skin is present the matrix responds immediately to pressure
changes, which results in an almost instantaneous water release from the matrix into
the fracture network masking the flattening effects (Fig. 4.2).

The double porosity model presented by Moeneh (1984) was implemented in TPA
because it considers a fracture skin thus, it is a more realistic approach as it produces a
restricted flow exchange between matrix and fracture.

4.1.2 Diagnosis

In a double porosity aquifer, when pumping starts mainly the fracture network
releases water. Thus, the drawdown at early time data is characterized by a straight-
line in a semi-log plot that is proportional to the transmissivity of the fracture system.
The flattening of the curve is originated by the ever-increasing additional contribution
from the matrix storage. The later drawdown, which is also proportional to the
transmissivity of the fracture system, is the response of both the matrix and the
fracture storage, and plots as a straight-line parallel to the initial one in the semi-log
plot. In a log-log plot, both the initial and the late drawdown are characterized by
Theis curves shifted horizontally from each other. The distance between the two
parallels or two Theis curves depends on the fracture/matrix storage coefficient ratio
(Fig.4.3).

10+1 Drawdown curve _~_,t'
..--R:"~""'" •• 1iJ-.-~~~..--

Theis curve _a-~~~
.,~ o oe>

~~
V

666~ •• _.pPlo.

.6 v:~ -, ..<,
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...fl' I\.
S> 10.1

/"-
~IO-S -. S = lO')

S = 10-4

1111 Ill' 1111 Ill'100
10-2 10-1 100 10+1 10+2 10+3 10+4 10+5

t [min)

Figure 4.3. Drawdown curves in a pumped well for various matrix storage coefficients S. Storage
coefficient of the fracture Sr = 10-4

Both the pseudo-steady state and the transient model with fracture skin show an
almost horizontal flattening (Fig. 4.4). However, the flattening does not appear in the
transient model without block-to-fracture skin. In this case, the late time data plot on a
straight-line that doubles the slope of the early time data (Fig. 4.5). If well bore
storage masks the first straight-line this behavior can be mistaken as a drawdown in a
confined aquifer with one closed boundary (Fig. 4.6). In fact, there is no unique
diagnosis method applicable, if data from observation wells are not available.
Figure 4.7 shows that if double porosity data is plotted in a log-log plot, the extension
of the late time data joins the distance dependent time axis = t/r", whereas in case of a
boundary effect it is the medium time data that joins this axis. However, this diagnosis
method can be applied to identify double porosity if either data from a pumped well
and one observation well are available and the well losses or skin at the pumped well
are negligible, or data of at least two observation wells are present (Fig 4.7).
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Figure 4.4. Drawdown in a pumped well. Comparison between pseudo-steady state flow (marker) and
transient flow (solid curves) for various fracture skins
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Figure 4.5. Drawdown in a pumped well in a double porosity aquifer with transient block-to-fracture
flow and no fracture skin. The correct transmissivity is obtained using the late time data
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Figure 4.6. Drawdown in a pumped well. Comparison between the drawdown in a confined aquifer
with one closed boundary (marker) and in a double porosity aquifer (solid line), both with well bore
storage. For all practical purposes, it is not possible to distinguish between both cases
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Figure 4.7. Comparison between the drawdown in a pumped well and two observation wells in a
confined aquifer with one closed boundary (marker) and in a double porosity aquifer (solid curves),
both with well bore storage. It is clearly seen that the double porosity curves merge the time dependent
axis at late time, whereas in the confined case the merge occurs at medium time, while the boundary is
not yet affecting the drawdown

4.1.3 Method of analysis

Moeneh (1984) proposed a type curve approach for the analysis of double porosity
data, which includes well bore storage, well skin, and fracture skin and therefore is
more advanced than the simple straight-line approach proposed by Warren & Root
(1962) and Kazemi (1969). However, the tremendous increase of computer
calculation power allows a combined approach of straight-line and forward modelling.
This approach will be described in this work using TPA. The advantage of this
proposed method lies in the ability to calculate different drawdown scenarios after
model calibration to find the optimal extraction rate of a particular well.

4.1.3.1 Application of straight-line methods
If a double porosity case is diagnosed and it has been determined that the influence of
the well bore storage is negligible, the Warren & Root straight-line method can be
applied to the pumped well data. The method allows to determine the transmissivity T
of the fracture system and the storage coefficients Sf and S for the fracture system and
the matrix, respectively (Fig. 4.8).

The steps to follow in the application of the Warren & Root method to the pumped
well data using a semi-log plot are:
• one straight-line must be fitted to the early time data (first branch) of the curve
• a second parallel straight-line must be fitted to the late time data (second branch)

Both straight-lines must have the same slope, as they reflect the transmissivity of
the fracture system. In the presence of skin at the well, the Warren & Root method
gives wrong results for the two storage coefficients, as demonstrated in Figure 4.9. A
simple method for the skin determination will be presented in the following section.
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Figure 4.8. Application of the Warren & Root method to a pumped well that shows double porosity
behavior. The solid curve indicates drawdown affected by well bore storage. It is clear that in this case
it is not possible to fit a straight-line to the early time data

t[min)

Figure 4.9. The solid curve is drawn using the same aquifer parameters as in Figure 4.8. An additional
drawdown of2 m due to well bore skin still gives the same transmissivity T = 25 m2/d, but both storage
coefficients S and Sr are much smaller due to the fact that the extrapolated time value to be used in
equations 4.8 and 4.9 are wrongly determined

Kazemi (1969) showed that the Warren & Root method (1962) can also be applied
for observation well data. Both methods are in fact similar to the Cooper-Jacob (1946)
straight-line method. The aquifer parameters for both methods are calculated as
follows:

10.1 100 10.1 10.2 10.3 10·. 10.5 10.6

T
_ O.l83·Q

f -
d

2.25· tOI' TfSf = -------''-
r2

(4.7)

(4.8)

[
2.25.t02.Tf ]

S= 2 -Sf'/3
r

(4.9)

where
d = drawdown over one log cycle [L]
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Results
Match param eter:
0: 12,5 [m'/h]

t1: 0,000502 [min]
t2: 0,0519 [min]
b1.b2: 2,19 [m]

Aquifer parameter:
T: 25,1 [m'/d]
k: 1,25 [mld]
Sf: 0,00049 H
Sm: 0,05 H

Results
Match parameter:
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Aq uiter param eter:
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r = effective well radius (Warren & Root method) or distance of the observation
well to the pumped well (Kazemi method) [L]

Tr = transmissivity of the fracture system [L2rl]
Sr = storage coefficient of the fracture system [-]
S storage coefficient of the matrix or formation [-]
P = shape factor: 1/3 for spherical blocks 1 for slab blocks [-]. This parameter

implies that the conceptual model of the geological situation is known
tm = time at which the first straight-line intercepts the time axis [T]
t02= time at which the second straight-line intercepts the time axis [T]

Both methods can be applied, if following conditions are true:
• aquifer is infinite
• aquifer is confined
• Darcian flow prevails in fracture network and matrix
• fracture network acts as continuum during the whole extraction period
• matrix acts as continuum during the whole extraction period
• well penetrates the aquifer fully
• well bore storage is negligible
• well bore skin is negligible
• first straight-line can be applied ifu < 0.03, where u is defined as Srr2/(4t Tr) with

t = time since extraction started. The time is equal to the time at which the first
derivative becomes horizontal

• second straight-line can be applied if 1/u > 100, where u is defined as
(St+pS)r2/(4t Tc) and t is the time at which the first derivative for late time data
becomes horizontal

4.1.3.2 Determination of the well bore skin
Equation (2.9) can be applied for the determination of the well bore skin in a double
porosity aquifer. The transmissivity T is set equal to the fracture transmissivity Tr,
calculated as described above. Two storage coefficients are available, Sr and S for the
fracture system and the matrix, respectively, and both can be used in equation (2.9) to
determine the correct well bore skin. Similar to Figure 2.13, the early time and late
time radial-flow phases plot horizontal, when the time series of the skin factor ~ is
graphed (Figure 4.10). Which of these horizontals gives the correct well bore skin,
depends on the storage coefficient adopted in equation (2.9), as shown in following
example.

The example assumes a zero value for the well bore skin factor. If the storage
coefficient for the fracture system Sr is used to determine Ei(u) in equation (2.9), the
correct zero skin factor ~ is given by the first horizontal, whereas the transient and late
time data result in a wrong negative skin value (Fig. 4.l0A). When S in equation (2.9)
is replaced by the sum of Sr+ pS, a wrong positive skin is obtained in the first
horizontal (early time and transient data) and the correct zero value is given by the
late time data (Fig. 4.10B).

If the well bore skin data is different from zero, the methodology applied is the
same, but the resulting graph will plot as a parallel curve shifted along the vertical
axes.
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B

Figure 4.10. Determination of the skin factor for early time and late time in a pumped well

Another approach for the determination of the well bore skin is shown in Figure
4.11, where the offset between the late time data of the pumped well and an
observation well gives an approximate value of the skin effect in meter. Equation
(2.10) can be used to evaluate the dimensionIess skin factor S.
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Figure 4.11. The offset between the late time data in a pumped well (squares) and an observation well
(dots) indicates the additional drawdown in metres that can be used as an initial approximation of the
skin factor ~

4.1.3.3 Application of theforward modelling
The aquifer properties obtained with the straight-line approach, the well bore skin
value, and the conceptual model of the aquifer geology constitute the 'known aquifer
parameter' for the forward modelling. These are:
• transmissivity of fracture network Tf [L2y-l]
• storage coefficient of the fracture network Sf [- ]
• storage coefficient of the matrix block S [-]
• well bore skin factor S [-]
• principle geometry of the matrix block
• characteristic thickness of the matrix block (2·bh) [L]
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The unknown parameters for the Moeneh model are:
• conductivity of the matrix block K [Lrl]

• fracture skin Sr [-]

These two unknowns must be estimated via trial and error to fit the measured data
until the simulated curve and its derivative satisfactorily fit the measured data and its
derivative. This procedure is very fast for the experienced user. Generally 3 to 5 runs
are enough to get a good fit.

4.1.4 Field examples

First example: Effects of well bore skin and well bore storage

Figure 4.12 illustrates the forward modelling results for the drawdown and its
derivatives using TPA. Drawdown data of a pumped well (UE-25b) and an
observation well (UE-25a) published by Moeneh (1984) are analysed. Both wells are
situated in a drilling site in Nevada, USA. The aquifer is composed of layered
volcanic rocks that show double porosity behavior. The curve fit was achieved using
the aquifer parameters listed by Moench:

Discharge rate [m /h] Q = 129
Fracture transmissivity [m2/d] Tr = 345.6
Fracture storage coefficient [-] Sr = 0.0006
Matrix storage coefficient [-] S = 0.12
Matrix conductivity [mid] K = 0.7
Well bore skin factor [-] S = 0
Fracture skin factor [-] Sf = 1
Aquifer thickness [m] h = 400
Slab thickness [m] 2bh = 80
Drilled well bore radius [m] rw = 0.11
Distance of the observation well [m] r = 110

Both curves do not show horizontal derivatives, therefore the straight-line methods
of Warren & Root (1962) and Kazemi (1969) cannot be applied. The solution was
obtained by forward modelling instead. Although the results for both wells are
acceptable, the fit for the pumped well can be improved, if a negative well bore skin
factor S = -0.5 is applied. This indicates that either the drilled radius is larger than the
published value or the REV for the fracture network is larger than the drilled radius.
The drawdown data of the pumped well at early time show an increase of the casing
radius to approximately 0.14 m, thus data are still affected by weU bore storage (Fig.
4.13). An increase of the matrix storage coefficient S to 0.25 leads to a better fit of the
late time data from the observation well without worsening the fit in the pumping
well.
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Figure 4.12. Forward modelling results for the data published by Moench. The pumping well data are
indicated by squares and the observation well data by dots. Both curves do not show horizontal
derivatives, therefore the straight-line methods of Warren & Root and Kazemi cannot be applied
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Figure 4.13. Forward modelling with matrix storage coefficient S increased to 0.25 and casing radius of
the pumped well increased to 0.14 m leads to an improved fit in the early time pumping well data. The
very early time data does not fit probably due to a larger upper well diameter (see text above). The
pumping well data are indicated by squares and the observation well data by dots

Second example: Effect of dewatered water strike

Figure 4.14 presents data of a pumped well and an observation well situated in a
layered Karoo sandstone aquifer in Botswana. Both curves do not show horizontal
derivatives, therefore the straight-line methods of Warren & Root (1962) and Kazemi
(1969) cannot be applied. The solution is obtained applying forward modelling
instead and the parameters listed in the table below. Using these parameters, it is
possible to fit the observation well data, but not the pumped well data due to the
dewatering of the main water strike, which was recorded at 9 m below the rest water
level. This example illustrates that in the case of strikes dewatering, it is difficult to
determine the aquifer parameters, if only data from the pumped well are available.
The early time data in the pumped well can be fitted with a well bore skin factor of
~ = 3.7, but not the medium and late time data (Fig. 4.14).
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Discharge rate [m /h]
Fracture transmissivity [m2/d]
Fracture storage coefficient [-]
Matrix storage coefficient [-]
Matrix conductivity [mid]
Well bore skin factor [-]
Fracture skin factor [-]
Aquifer thickness [m]
Slab thickness [m]
Drilled well bore radius [m]
Distance of the observation well [m]

Q = 19.2
T, = 35
Sr = 0.0003
S = 0.015
K =0.011
~ = 3.7
~r = 0.3
h =70
2bh = 11
rw =0.155
r = 14.1
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Figure 4.14. The simulated curve (solid line) fits the observation well data (dots) very well, but not the
pumped well data (squares) due to additional well losses caused by dewatering of the main water strike.
Early time data of the pumped well are fitted using a well bore skin factor of S = 3.7

The Jacob's correction (s' = s - s2/2h) applied to the drawdown data of the pumped
well is not sufficient to overcome the additional losses due to the dewatering of a
water strike. The correction leads to a reduction of the well bore skin factor to ~ = 2.4,
but the medium and late time data still cannot be fitted (Fig. 4.15).

Vr' [m inl/[m 'I

Figure 4.15. Jacob's correction (s' = s - s2/2h) applied to the draw down data of the pumped well is not
sufficient to overcome the additional losses due to the dewatering of a water strike. In this case the
early time data of the pumped well are fitted using a well bore skin factor of S = 2.4
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4.2 Single vertical fracture with infinite conductivity and finite extent (Gringarten et
al.,1974)

4.2.1 Theory

The drawdown behavior in wells connected to a single vertical fracture (Fig. 4.16)
became a focus of interest in the petroleum industry after the introduction of hydraulic
fracturing, which is used to enhance the yield of production boreholes in low
permeable formations. Stober (1986), Merton (1987), and other researchers showed
that the solutions applied to hydraulic fracturing could be utilized for natural vertical
fracture cases as well.

drawdown curve

aquifer
thickness h

r-:»:
vertical fracture

Figure 4.16. Drawdown behavior in a system composed of a single vertical fracture with infinite
conductivity embedded in a matrix

Prats (1961) investigated the drawdown behavior of single vertical fractures with
finite extent using an electrical analogue model. Based on Green's source function
and applying the Neuman product, Gringarten et al. (1974) produced following
general solutions for the dimensioniess drawdown Sd in a vertical fracture with infinite
conductivity and finite length:

(4.1 0)

where

2qjt/). hj .xIc.(Id) = Q

qm = influx rate per fracture segment [L2rl]

Q = influx rate over the entire length of the fracture equivalent to the discharge at
the well [L3rl]

hr = fracture height [L]
Xf = fracture half-length [L]
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Generally, equation (4.12) must be solved by numerical integration. However,
analytical solutions exist for the pumped well and observation wells located along the
fracture. For the pump well the analytical solution reads

(4.12)

4. Analytical Models

Xd = Cartesian dimensionless distance, x/Xf [-]
Yd = Cartesian dimensionless distance, Y/Xf[-]
td = dimensionless time,
t _ T· t [_]
d - S 2=.
T = matrix or formation transmissivity [L2r1

]

t = time [T]
S = storage coefficient of the matrix or formation [-]
M = number of fracture segments
m = integer number
td' = integration parameter
e = exponential function
erf = error function,

2 x

J
u2

erf(x) = C e" du
"'Jr 0

The transformation of equation (4.10) in real world coordinates is given by

s= Q .sAxd'Yd,td) (4.11)
2·Jr·T

Gringarten et al. (1974) presented solutions for two different flux conditions along
the fracture surface:
• uniform flux, where the flux distribution is homogeneous along the fracture and

constant in time
• infinite flux, where the flux distribution is uniform along the fracture during the

linear flow phase, but not in the transient and radial-acting flow phases.
Simultaneously, it varies with time until the radial-acting flow phase is reached

In the uniform flux case the flux Qm is independent of time. Thus, it can be taken
out of the integral in equation (4.10) and the solution reduces to

Sd(O,O,td) = F-:t;. erf[ ~J-_l_Ei(-_I_J
2Vtd 2 4· td

(4.13)
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For observation wells along the fracture the solution is given by:

Gringarten et al. (1974) found that the uniform flux drawdown at a dimensionless
distance Xd = 0.732 is equal to the infinite flux drawdown at the well (Fig. 4.17).
Substituting this Xd value in equation (4.14) the drawdown reads:

sAO,O,td)~±~{e'f( 0;'4)+e'1 0;/)]_
0.067·E{ - 0.~18)-0.433. E{ - 02) (4.15)

Although the drawdown for both cases does not differ much (Fig. 4.18), data
measured in a pumping well can usually be described by only one of the two models
(Gringarten et al., 1974).

10+1 Drawdown curve
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Figure 4.17. Comparison of drawdown in an infinite conductivity vertical fracture for uniform flux at
Xd = 0.732 (dots) and infinite flux at the pumped well (solid line)

The drawdown s in a fracture at early time is given by Gringarten et al. (1974) for
both the uniform and infinite flux cases and reads

s= Q .~
2·;r·T

(4.16)

with
td < 10-2 for uniform flux
td < 2.10-1 for infinite flux
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10+1 Drawdown curve
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Figure 4.18. Comparison of drawdown in an infinite conductivity vertical fracture with uniform flux
(squares) and infinite flux (dots), both at the pumped well

Equation (4.16) describes the drawdown during the linear flow phase, which
implies uniformity of flux along the fracture for both, the infinite flux case and the
uniform flux case. Due to the fact that the fracture has infinite conductivity, there is an
infinite small pressure gradient along the fracture that can be neglected (ilpl ilXf = 0).
Therefore, at early time the same drawdown is observed along the entire length of the
fracture and an observation well located in the fracture will show the same curve as
the pumped well.

The long-term solution describes the radial-acting flow phase (td ~ 10) on the
fracture as

(4.17)

Equation (4.17) plots as a straight-line in a semi-log plot. Analogue to a
homogeneous aquifer, the transmissivity value for the formation can be obtained
using the Cooper-Jacob (1946) method, which will be demonstrated later.

The concept of relative storage capacity was initially introduced by Ramey &
Gringarten (1976) for compressible fluids. However, due to the fact that the
compressibility of ground water is negligible, the relative storage capacity CDr
defined by Cinco-Ley et al. (1978) will be used in this work. It is defined as:

S ·w
CDI = _;;_I_-

;r,S,x
I

(4.18)

where
S = storage coefficient of the matrix or formation [-]
Sr = storage coefficient of the fracture system [-]
w = fracture aperture [L]
Xf = fracture half-length [L]
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o Drawdown curve

4.2.2 Diagnosis

The drawdown in a pumped well situated in a vertical fracture with infinite
conductivity and finite extent is dominated by two different flow phases:
• linear flow at early time, which shows a typical slope of 0.5 in a log-log plot

(Fig. 4.19A) or a straight-line in a lin tv,plot (Fig. 4.19B)
• radial flow after a transition period, which plots as a straight-line in a semi-log

plot (Fig. 4.19C)

Unfortunately drawdown data at early time plot often on an almost horizontal line
due to skin effects at the well (well bore skin; Section 2.4.2), at the fracture interface
(fracture skin; Section 2.4.4), or at both (Cinco-Ley & Samaniego, 1977). In these
cases, the data draw as a straight-line in a lin ë plot with a positive shift from the
origin (Fig 4.20). This plot can also be used to uniquely identify the skin location
(Bardenhagen, 1999), as shown in Figure 4.21. Alternatively, the derivative of the
curve can be used to determine the linear flow phase, due to the fact that it is not
affected by the skin effects. The derivative will plot as a straight-line with a sIewe of
0.5 in a log-log plot (Fig 4.22A) or as a straight-line from the origin in a lin t" plot
(Fig 4.22B).

Whether the radial-acting flow phase is present or not, can be determined using the
derivative in a log-log plot, as it graphs horizontal during the radial flow phase. The
data beyond the point where the radial-acting flow starts can be used for the
estimation of the transmissivity applying the Cooper-Jacob (1946) straight-line
method. If the radial-acting flow phase is not fully developed, the Gringarten type
curve method should be applied, whose handling is basically the same as the common
Theis type curve approach.
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Figure 4.19. Pumped well flow phases in various diagnosis plots. Linear flow is shown in graphs A and
B. Graph C shows radial-acting flow

t[min)

3
0.0 10.0 20,0 30.0 40.0 50,0 60.0 70,0

t% [min)%

o Drawdown curve. . ...... , . "-
••••• tI!

~
i\•.

"
-,

-,
,ya 0,

C

7,

3
100 10+1 10+3 10+4

t[min)

46



4. Analytical Models
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Figure 4.20. Drawdown in a pumped well located in an infinite conductivity vertical fracture. The
positive shift of the drawdown curve from the origin indicates the presence of skin effects
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Figure 4.21. Skin effects on drawdown curves from pumped well (squares) and observation well (dots)
located at a distance xJXf = 0.5. Both wells are drilled in the same fracture
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Figure 4.22. Drawdown in a pumped well. The derivative is not affected by the skin effects and
therefore, it can be used to determine the linear flow phase at early time

It must be beared in mind that no unique evaluation of the aquifer parameters is
possible, if only the linear flow phase is observed (Streltsova, 1988), as demonstrated
in the various recovery curves in Figure 4.23. For example, the Agarwal straight-line
method can only be used for the determination of the aquifer transmissivity, if the
pumping time is long enough to allow for radial-acting flow as indicated by the
horizontal derivative in curve A (solid line A). The pumping time in curves B and C
was not long enough to reach the radial-acting flow and therefore, the derivatives
(solid lines B and C) are not horizontal.
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Figure 4.23. Various recovery in a pumped well for different pumping times. Radial-acting flow phase
was only reached in curve A as indicated by the horizontal derivative (solid line A). The pumping time
in curves Band C was not long enough

The influence of the fracture storage on the drawdown is described by the relative
fracture storage capacity CDr. At early time the drawdown curves differ si§nificantly
depending on the CDf value. The early time drawdown data for CDf = 10- does not
plot on a straight-line with slope 0.5 (Ramey & Gringarten, 1976). Indeed, between
10-4 ~ CDf ~ 10-2 the drawdown curves are not characterized by straight-lines for
times of interest. If CDf > 10-2 the data will plot as a straight-line with slope of 1,
which indicates that the cone of depression has reached the edges of the very high
conductive fracture (Fig. 4.24). In these cases, the drawdown at early time is similar
to that of pumping from a limited reservoir (closed boundaries). As soon as the
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gradient between matrix and fracture builds up, the influx from the matrix to the
fracture increases and the slope of 1 vanishes, similar to the well bore storage effect
case.

10+1

100

10-1

Sd [-]
10.2

10.3

td [-]
Figure 4.24. Various dimension less drawdown curves in a pumped well for different relative fracture
storage capacity CDr (Sd= 2 . 1t . T . s/Q and td= T . t / S . xl)

4.2.3 Method of analysis

Basically two methods of analysis for the drawdown data can be used to determine the
formation or matrix transmissivity T: a straight-line method using a semi-log plot and
a type curve method using a log-log plot. If recovery (build up) data are available, the
recovery method of Theis (1935) or Agarwal (1980) can be used. Alternatively, a
forward modelling using TPA can be applied to determine the aquifer parameter for
both the drawdown and recovery phase. The determination of the actual fracture
transmissivity Tf is not possible because it is a priori considered infinite.

The methods can be applied if following conditions are true:
• matrix is infinite
• aquifer (fracture and matrix) is confined
• Darcian flow prevails in fracture and matrix
• well and fracture penetrate the aquifer fully
• well bore storage and fracture storage are negligible
• well bore skin and fracture skin are negligible
• straight-line can be applied if td 2: 10 (radial-acting flow). Cross-check that the

first derivative becomes horizontal

4.2.3.1 Straight-line application
Straight-line methods can be applied to both pumped well and observation well data,
but only if a significant part of the curve shows radial-acting flow (see previous
section). The handling is similar to that of the Cooper-Jacob (1946) method. The
transmissivity T of the formation can be determined by following equation:
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T = 0.183·Q
d
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(4.19)

where
T = matrix or formation transmissivity [L2rl]

Q = discharge rate [L3rl]
d = drawdown over one log cycle [L]

It must be beared in mind that the common Cooper-Jacob (1946) method for the
determination of the storage coefficient is only applicable, if the distance of the
observation well to the pumped well is larger than 3 times that of the fracture half-
length xf(Section 3.1.3).

The Theis (1935) and Agarwal (1980) recovery methods are applicable for the
determination of the formation transmissivity T, if a significant portion of the
recovery curve shows radial-acting flow behavior, as demonstrated in Figure 4.22.
The handling of the straight-line recovery method is similar to the drawdown
approach. The transmissivity ofthe formation is determined by following equation:

T = 0.183·Q
d'

(4.20)

where
d' = residual drawdown over one log cycle [L]

4.2.3.2 Type curve application
The advantage of the Gringarten type curve approach lies in the fact that only data of
the transient phase from linear flow to radial-acting flow is needed (Fig. 4.25). In
other words, the method is applicable even if a test was run too short to fully reach the
radial-acting flow phase.

10 ·1

Analysis method Grinoarten infinit flux with drawdown data

.--------~f;_ p
Type
curve >..
~--V Derivative

......... .>~./
Transient flow phase<Linear flow phase

T10 ·2

100 10+1 10+2 10+3 10+4

t [min]

Figure 4.25. Example of the Gringarten type curve method for a pumped well data set (dots) that does
not reach the radial-acting flow

The application of Gringarten type curve method for pumped wells is similar to
that of the Theis type curve method (Fig. 4.26). After matching the data curve with
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the type curve the transmissivity T and storage coefficient S can be determined by
substituting the values for the match point coordinates in following equations:

T ·t
S = 2 (4.22)

td =,

10+1 Drawdown curve
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Figure 4.26. Example of Gringarten forward simulation (solid lines) for a pumped well (squares) and
an observation well (dots). Simulation parameters are: T = 50 m2/d, S = 0.0001, Xf = 400 m, distance
between pumped and observation wells r = 50 m (perpendicular to the fracture)

The fracture half-length Xf is usually an unknown parameter, which can only be
determined if data from an observation well is available and its relative location to the
fracture is known. Unfortunately, for each observation well location a new set of type
curves have to be drawn, which is not very effective. In such cases the forward
modelling represents a more appropriate approach (Fig.4.26).

4.2.3.3 Determination of skin effects
Skin effects can appear at the well (well bore skin), between fracture and matrix
(fracture skin) or at both, as described in Bardenhagen (1999). If drawdown data from
wells situated in a vertical fracture with infinite conductivity are obscured by skin
effects, the curve shows an almost horizontal drawdown at the early time data
followed by a transition period and the radial-acting flow phase. Figure 4.27 shows
the various possible drawdown shapes graphed in log-log plots. The total skin factor
St can be graphically determined using the pumped well data represented in a lin ty,
plot (Fig. 4.21D) and following equation

;: = sadd ·2·;r·T
'='1 Q (4.23)

where
Sadd = additional drawdown = Sw + Sf [L]
T = matrix or formation transmissivity [L2rl]
Q = discharge rate [L3r1]
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Figure 4.27. Skin effect at pumped well and observation well located in the same infinite conductivity
fracture

In the presence of an observation well located in the same fracture the additional
drawdown caused by fracture skin ~f can be determined after equation (4.24), similar
to ~t. The well bore skin ~ is then calculated as

(4.24)

4.2.3.4 Forward modelling application
If the transmissivity value is known either from the straight-line method or the type
curve approach, this value should be used as known parameter in the forward
modelling to accelerate the fitting process. In the worst case, the known parameters
are:
• hydro geological concept of a single vertical fracture with infinite transmissivity
• transmissivity Tofthe matrix

" skin factor ~f

The unknown parameters are
• storage coefficient S of the matrix
• fracture half-length Xf
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However, these parameters cannot be uniquely determined without data of an
observation well located in the matrix.

4.2.4 Field example

First example: Skin effect at well bore

Two boreholes (BH1 and BH2) located 133.5 m apart were sited on a 15 km long,S m
wide, sub-vertical (77°S) fault zone crossing the Fish River in the southern part of
Namibia (Bardenhagen, 1999). The river might represent a potential recharge source.
The fault partly separates two low yielding formations composed by horizontal
intercalated layers of claystone, siltstone and sandstone. Both boreholes intersect the
fault at 27m below the surface. The water level in both boreholes rose immediately
after the fault was struck to a level of 906.1 m amsl (8.3 m below surface in BH1 and
5.3 m below surface in BH2). The airlift yield was estimated at more than 100 m3fh in
each borehole. Screens with 0.5 mm slots were installed to avoid borehole collapse.
Figure 4.28 shows the drawdown measured during a constant discharge test. Only the
drawdown in the observation well shows a slope of 0.5 indicating linear formation
flow. However, the drawdown in the pumped well starts almost horizontal and
develops at late time to radial-acting flow. This behavior is typical for a skin that is
located at the well.

Discharge rate [m fh] Q
Matrix transmissivity [m2/d] T
Fracture storage coefficient [-] s,
Fracture half-length [m] Xf

Well bore skin factor [-] S
Fracture skin factor [-] Sf
Drilled well bore radius [m] rw
Distance of the observation well [m] r

= 67
= 200
= 0.0007
=460
= 1.78
=0
= 0.11
= 133.5

10 r------,------,------,------,-----~
start of radial-acting flow

0.1 I:--~r.o---+-----+----H I'J Pumped well
o Observation well
- Simulated data

10 100 1000 10000 100000
t[min]

Figure 4.28. Example for a restricted drawdown in a pumped well, hence the almost horizontal shape of
the early time data. The slope of 0.5 in the drawdown data of the observation well indicates linear
formation flow. The solid line represents the simulated drawdown for a vertical infinite conductivity
fracture with uniform flux
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Second example: Well bore skin and fracture dewatering effects

A borehole was drilled into the dolomites of the Tsumeb Karst area, Namibia. Water
strikes were recorded at depths between 14 m and 27 m below the water table. A
constant discharge test was performed at a rate of 20 m3/h. The data indicate a short
period of linear flow at early time. As soon as the water level in the pumped well
drops to the level of the first water strike, a significant increase in the drawdown is
observed with a further increase as the water level drops below the second strike
(Fig. 4.29). This behavior is a clear indication for over-extraction at the used rate. An
additional drawdown of 7 m caused by skin effects can be determined from the
special plot. However, it is not possible to uniquely locate this skin, due to the lack of
observation borehole data. The determination of the aquifer parameters (T and S) for
this test is not possible with any of the above mentioned methods because the
transient and radial-acting flow phases are masked by the effects of fracture
dewatering.

Additional drawdown of
7 m caused by skin
effects

20~ ~~

• Measured data
- Derivative

Position of water
strikes, at 14 m and
27 m below RWL

30L_ _L ~

0.0 10.0 20.0

t~[min)~

Figure 4.29. Graphical skin evaluation in a pumped well using the linear flow period of drawdown
curve

54



4. Analytical Models

4.3 Single vertical fracture with finite conductivity and finite extent (Cinco-Ley et
al., 1978)

4.3.1 Theory

Cinco-Ley et al. (1978) introduced a semi-analytical model that describes the
drawdown in a single vertical fracture with finite conductivity and length (Fig. 4.30),
which is embedded in an infinite, isotropic, homogeneous, horizontal matrix limited
by upper and lower impermeable boundaries (top and bottom of the aquifer,
respectively). It considers bilinear flow in the system and is, therefore, a generalised
solution for this type of aquifer's geometry. The Gringarten et al. (1974) infinite flux
solution is a special case of this model.

aquifer
thickness h

drawdown curve

r-:=

(4.25)

Figure 4.30. Drawdown behavior in a system composed of a single vertical fracture with finite
conductivity embedded in a matrix

Assuming that the drawdown distribution in the fracture (equation. 4.25) coincides
with the drawdown distribution in the matrix-fracture interface (equation 4.26), the
matrix-fracture flux distribution can be obtained by simultaneously solving both
equations. The model developed by Cinco-Ley et al. (1978) solves this equation by
means of a special form of the finite difference method. The drawdown is obtained
using the calculated fluxes in either equation 4.25 or 4.26. The equations for the
fracture and reservoir are derived with the help of the Green and source functions and
the Newman product. The equations for the fracture and matrix-fracture interface,
respectively, read:

(4.26)
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where
Sfd = dimensionless drawdown in the fracture [-]
Sd = dimensionless drawdown in the matrix [-]
Xd = Cartesian dimensionless distance, X/Xf[-]
Yd = Cartesian dimensionless distance, Y/Xf[-]
td = dimensionless time, T-tlS·x? [-]
w = fracture aperture [L]
T = matrix or formation transmissivity [L2rl

]

Tf = fracture transmissivity [L2rl]
S = storage coefficient of the matrix or formation [-]
Sf = storage coefficient of the fracture [-]
m = integer value [-]
qd,qfd = dimensionless matrix-to-fracture flux [-]
1, x'= integration variables

The solution of equations 4.25 and 4.26 uses the concept of relative conductivity
Cr (Cinco-Ley et al., 1978) to relate the conductivities of fracture and matrix as
follows

T ·w
Cr = -!=-----

=r»,
(4.27)

where
Tr = fracture transmissivity [L2rl]
w = fracture aperture [L]
T = matrix or formation transmissivity [L2rl]
Xf = fracture half-length [L]

Cinco-Ley et al. (1978) presented a series of type curves calculated at the pumped
well for Cr values in the range of 0.1 to 100 and dimensionless time td between 10.3
and 103. The curves that corresponds to Cr ;:::100 practically coincide with the infinite
flux solution from Gringarten et al. (1974). Agarwal et al. (1979) extended these type
curves to smaller dimensionless times (td = 10.5) based on numerical results obtained
with the finite difference method.
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Figure 4.31. Stabilized flux distribution for different relative conductivities Cr. The stabilized flux
distribution along the fracture remains constant for all values of Cr 2: 100
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In general, the influence of the fracture storage capacity on the drawdown behavior
can be described by the relative fracture storage capacity CDf (equation 4.18, Section
4.2.1), as shown by Cinco-Ley et al. (1978). However, they proved that this influence
can be neglected for practical values of dimensionless time td.

The gradient along the fracture cannot be neglected, due to its finite conductivity.
Thus, the solution requires the knowledge of the temporal flux distribution along the
fracture. However, the flux distribution remains constant once the radial-acting flow
phase starts (Fig. 4.31) and is then known as stabilized flux distribution.

4.3.2 Diagnosis

The drawdown in a pumped well situated in a vertical fracture with finite conductivity
and finite length is characterized by the relative conductivity Cr (Cinco-Ley &
Samaniego, 1981a) as follows:
• linear fracture flow at very early time, which shows a typical slope of 0.5 in a log-

log plot or a straight-line in a lin ty,plot. It is observed for Cr < 100, but is usually
masked by well bore storage

• bilinear flow at early time, which shows a typical slope of 0.25 in a log-log plot
(Fig. 4.32A) or a straight-line in a lin t'!.. It is observed for Cr < 100

• linear formation flow at intermediate time, which shows a typical slope of 0.5 in a
log-log plot (Fig. 4.32A) or a straight-line in a lin ty,plot. It develops if Cr ~ 100

• radial flow at late time, which plots as a straight-line in a semi-log plot (Fig.
4.32B). It appears for all Cr, if the discharge time is sufficiently long (td ~ 10)

IJ)

t[min]

Figure 4.32. Drawdown curves in pumped wells located in a vertical finite conductivity fracture for
various relative conductivities Cr. The drawdown curves show transition zones between all the
different flow phases
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The fracture has a finite conductivity, therefore the reaction in an observation well
located in the same fracture is not instantaneous like in the infinite conductivity
fracture case (Gringarten et al. 1974) (Fig. 4.33).

10+2 Drawdown curve
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Figure 4.33. Drawdown in a pumped well (squares) and an observation well (dots) both located in the
same vertical finite conductivity fracture. The curves differ at early time, due to the finite conductivity
of the fracture

Whenever affected by skin, the drawdown in the pumped well develops similar to
the infinite conductivity fracture case. In a log-log plot it graphs initially as a
horizontal straight-line to show the normal radial flow shape after a transition phase
(Fig. 4.34A). In a lin ty. plot the early time bilinear flow plots as a straight-line with a
positive shift from the origin (Fig. 4.34B). However, the derivative of the drawdown
curve can be used to determine the different flow phases, as it is not affected by skin.
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Figure 4.34. Drawdown from pumped well affected by skin (squares) and without skin (dots), both
located in a finite conductivity fracture
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Due to the finite conductivity of the fracture, it is not possible to graphically
determine the location of the skin as described in Section 4.2.2 for the infinite
conductivity fracture case.

In cases where the storage capacity of the fracture cannot be neglected, the
influence of this parameter on the drawdown behavior can be described by the relative
fracture storage capacity CDf (equation 4.18, Section 4.2.1). In log-log plots (Fig.
4.35) the effects are as follows:
• for values of CDf > 10-4 the bilinear flow at early time data does not plot on a

straight-line with slope 0.25
• for values between 10-4 ~ CDf ~ 10-2 the drawdown curves cannot be

characterized by any straight-line as they only show transient flow behavior
• for values of CDf > 10-2 the data plot as a straight-line with slope 0.5

Figure 4.35. Various dimensioniess drawdown curves in a pumped well and their derivatives for
different relative fracture storage capacity CDr (s, = 2 . 1t . T· s/Q and td= T . t / S xl)

4.3.3 Method of analysis

Using the Cinco-Ley ef al. (1978) model in those cases where bilinear flow and
radial-acting flow are present (Cr < 100), following parameters can be determined:
• reservoir transmissivity
• reservoir storage coefficient
• fracture half-length
• fracture transmissivity
• fracture storage coefficient

Basically two methods of analysis for the drawdown data can be used to determine
these parameters: a straight-line method using a semi-log plot and a type curve
method using a log-log plot. If recovery (build up) data are available, the recovery
method of Theis (1935) or Agarwal (1980) can be utilized. Alternatively, a forward
modelling using IPA can be applied to determine the aquifer parameter for both the
drawdown and recovery phase in the pumped well.
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The application of the methods is possible, if following conditions are true:
• matrix is infinite
• aquifer (fracture and matrix) is confined
• Darcian flow prevails in fracture and matrix
• well and fracture penetrate the aquifer fully
• well bore storage and fracture storage are negligible
• well bore skin and fracture skin are negligible
• straight-line can be applied if td 2:: 10 (radial-acting flow). Cross-check that the

first derivative becomes horizontal

4.3.3.1 Straight-line application
The straight-line application allows the determination of the reservoir transmissivity
using the radial-acting flow phase of drawdown or recovery curves graphed in a semi-
log plot. Both pumped well and/or observation well data can be utilized. The approach
is similar to the methods ofCooper-Jacob (1946) and Theis (1935). The transmissivity
Tofthe formation can be determined using equation 4.19 (Section 4.2.3.1).

It must be beared in mind that the common Cooper-Jacob (1946) method for the
determination of the storage coefficient is only applicable, if the distance of the
observation well to the pumped well is larger than 3 times the fracture half-length xr
(Section 3.1.3).

The Theis (1935) and Agarwal (1980) recovery methods are applicable for the
determination of the formation transmissivity T, if a significant portion of the
recovery curve shows radial-acting flow behavior (Section 4.2.2). The handling of the
straight-line recovery method is similar to the drawdown approach. The transmissivity
of the formation can be determined using equation 4.20 (Section 4.2.3.1).

4.3.3.2 Type curve application
The advantage of the Cinco-Ley et al. (1978) type curve approach lies in the fact that
only data of the transient phase from linear flow to radial-acting flow is needed. In
other words, the method is applicable even if the test did not reach the radial-acting
flow phase.

The application of Cinco-Ley et al. (1978) type curve method for a pumped well is
similar to that of the Theis type curve method. After matching a type curve to the
data, the transmissivity T and storage coefficient S of the formation are calculated by
substituting the values of the match point coordinates in equations 4.21 and 4.22
(Section 4.2.3.2). The evaluation of the storage coefficient requires the knowledge of
the fracture half-length xr, which can only be determined, if data from at least one
observation well are available and the relative location to the fracture is known.

The transmissivity of the fracture Tf can be determined using the transmissivity of
the formation and estimated values for the fracture's aperture and half-length in the
equation for the relative conductivity Cr (equation 4.27). The storage coefficient of
the fracture Sf can be uniquely determined using equation 4.18, if the relative storage
capacity CDf > 10-4.
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4.3.3.3 Determination of skin effects
Skin effects can appear at the well (well bore skin), between fracture and matrix
(fracture skin), or at both (Cinco-Ley & Samaniego, 1981b). If drawdown data from
wells situated in a vertical fracture with finite conductivity are obscured by skin
effects, the curve shows an almost horizontal drawdown at the early time data
followed by a transition phase and the radial-acting flow period. The total skin factor
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~t can be graphically determined using the pumped well data represented in a lin tv.
plot (Fig. 4.34) and equation 4.23 (Section 4.2.3.3).

4.3.3.4 Forward modelling application
If the transmissivity value is known either from the straight-line method or the type

curve approach, this value should be used as known parameter in the forward
modelling to accelerate the fitting process. The model implemented in TPA (Fig.
4.36) simplifies the method presented by Cinco-Ley et al. (1978) by neglecting the
influence of the fracture's storage coefficient. It is considered that for the practical
times, this parameter does not influence the drawdown behavior. Furthermore, at this
stage TPA is not able to model the drawdown in observation wells, Thus, a unique
evaluation of the unknown parameters is not viable yet.

In the worst case, the known parameters are:
• hydrogeological concept of a single vertical fracture with finite transmissivity
• transmissivity Tofthe matrix

• skin factor ~t

Following unknown parameters must be estimated
• storage coefficient S of the matrix
• transmissivity Tf of the fracture
• fracture aperture w
• fracture half-length xr

S
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Aquifer: finite flux

Discharge:
Transmissivity:
Thickness:
Storativity:
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1 [m'/dJ
20 [m]
0.0001 [-J

Fracture parameter:
Transmissvity: 5e6 [m'/dJ
Half-length: 400 [m]
Width: 0.001 [-J
Fracture skin factor: 0 [-J

Well performance:
Well bore skin: 0 [-J
Non-linear coeff.C: 0 [h'/m'J
Exponent P: 2 [-J

10+6

Figure 4.36. Example of the Cinco-Ley et al. (1978) forward modelling for a data set (dots) measured
in a pumped well that does not reach a fully radial-acting flow phase
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4.3.4 Field example (Cinco-Ley et aI., 1978)

Cinco-Ley et al. (1978) evaluated a pumping test performed in an oil well. The
published parameters are:

Discharge rate [m /h] Q =2.5
Oil density [kg/nr'] p = 0.9
Oil viscosity [cp] Jl = 0.85
Acceleration of the gravity [mls2] g = 9.8
Formation transmissivity [m2/d] T = 0.042
Formation storage coefficient [-] S = 0.0002
Fracture transmissivity [m2/d] Tf =260
Well bore skin factor [-] S =0
Fracture skin factor [-] Sf =0
Fracture aperture [m] w = 0.02
Fracture half-length [m] Xf =48

The test was modelled using forward modelling and the above listed parameters.
The evaluation is presented in Figure 4.37.

10+3 Drawdown curve
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Figure 4.37. Example of the Cinco-Ley et al. (1978) pumping test evaluation for Cr = 0.82. The dots
represent the data measured in the pumped well and the solid line the modelled curve
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4.4 Single vertical dike with finite conductivity and infinite extent (Boonstra &
Boehmer, 1986)

4.4.1 Theory

Boonstra & Boehmer (1986) introduced a semi-analytical model that describes the
drawdown in a single vertical feature with finite conductivity, infinite length, and a
considerable uniform width (Fig. 4.38). The feature is embedded in an infinite,
isotropic, homogeneous, horizontal matrix limited by upper and lower impermeable
boundaries (top and bottom of the aquifer, respectively). The model considers linear
flow at early time and bilinear flow at intermediate time. Although originally
presented to analyse drawdown in dikes, the method is also applicable to model the
drawdown in vertical fractures with significant width.

Q

matrix

aquifer
thickness h

well dyke width w dyke or
fault zone

Figure 4.38. Drawdown behavior in a cross section of a system composed of a finite conductivity dyke
or fault zone with considerable width and infinite length embedded in a matrix

The equation presented by Boonstra & Boehmer (1986) reads

2 ,[ï;; [2Jtrr.2 _LJ
( t) - -2,[ï;; f 4r,2 d I (4.28)

SfdZ'd - r= e r
,\/1r 0

where
Sfd = dimensionless drawdown in the feature [L]
X = 2·a-(S/Sf)I/2·(T/Tr)I/2).rx/w [-]
a = empirical parameter (generally a = 0.94) [-]
S = storage coefficient of the matrix of formation [-]
Sf = storage coefficient of the feature [-]
T = matrix or formation transmissivity [erl]
T, = feature transmissivity [L2r1]

rx = distance between the pumped well and observation point along the feature[L]
w = feature width [L]
td = dimensionless time, 4·a2.(S·T)-t I(w,sfi [-]
r' = integration variable
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Equation 4.28 is valid up to a pumping time

For longer pumping times the flow in the formation deviates from the parallel flow
and develops gradually into the radial-acting flow.

Boonstra & Boehmer (1986) demonstrated that for small values of dimensionless
time (td < 0.003) equation 4.28 at the pumped well reduces to the form

s(O,td)= ];.Jt: (4.30)

and coincides with the Cinco-Ley & Samaniego (1982) solution for linear fracture
flow.

For large values of the dimensionless time (td > 100) equation 4.28 at the well
reduces to the form

(4.31)

Which, for cr = 0.82, is identical to the equation derived by Cinco-Ley et al. (1978)
for the bilinear flow case in a fracture of finite length.

4.4.2 Diagnosis

The drawdown curve in a pumped well situated in a vertical feature with finite
conductivity, infinite length, and considerable width presents following flow periods:
• linear fracture flow at early time, which shows a typical slope of 0.5 in a log-log

plot (Fig. 4.39A) or a straight-line in a lin t'h plot
• bilinear flow at intermediate time, which shows a typical slope of 0.25 in a log-

log plot (Fig. 4.39A) or a straight-line in a lin ë
• radial flow at late time, which plots as a straight-line in a semi-log plot (Fig.

4.39B)

The drawdown curves show transition periods between all the different flow
phases.

In the Boonstra & Boehmer (1986) model the feature has finite conductivity,
therefore the reaction in an observation well located in the same feature as the
pumped well is not instantaneous like in the infinite conductivity fracture case from
Gringarten et al. (1974). Thus, at early time the shape of the drawdown in the
observation well is different to that of the pumped well like in the Cinco-Ley et al.
(1978) model (Fig. 4.33).

64



4. Analytical Models
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Figure 4.39. Flow periods in drawdown curves from pumped wells located in a vertical finite
conductivity feature with infinite length and considerable width. The slope of 0.5 indicates linear
fracture flow, the slope of 0.25 bilinear flow, both at early time

Whenever affected by skin, the drawdown in the pumped well develops in the
same way as in the infinite conductivity fracture case. In a log-log plot it graphs
initially as a horizontal straight-line and after a transition period, it shows the normal
radial flow shape (Fig. 4.40 and Fig. 4.41). If the early time data show linear
formation flow (slope of 0.5 in a lo&-log plot), they graph as a straight-line with a
positive shift from the origin in a lin tv, plot (Fig. 4.40). Similarly, the bilinear flow at
early time data (slope of 0.25 in a log-log plot) graphs as a straight-line with a positive
shift from the origin in a lin tv. (Fig 4.41). However, the derivative of the drawdown
curve can be used to determine the different flow phases because this curve is not
affected by skin.

Due to the finite conductivity of the feature, it is not possible to graphically
determine the location of the skin following the methodology described in Section
4.2.2 for the infinite conductivity fracture case.
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Figure 4.40. Drawdown in a pumped well with linear fracture flow at early time data. The solid line
represents the case of skin at the well, while the dots graph the drawdown without skin. The well is
located in a finite conductivity vertical feature with finite length and considerable width. The dotted
lines in the second graph visualize the linear flow phases
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Figure 4.4l. Drawdown from a pumped well affected by skin (solid line) and without skin (dots) with
bilinear flow at early time data. The well is located in a finite conductivity feature with finite length
and considerable width
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4.4.3 Method of analysis

Following parameters can be determined using the Boonstra & Boehmer model
(1986), if the feature width is known:
• reservoir transmissivity
• reservoir storage coefficient
• feature transmissivity
• feature storage coefficient

Basically two methods of analysis can be used to determine these parameters from
the drawdown data: a straight-line method using a semi-log plot and a type curve
method using a log-log plot. If recovery (build up) data are available, the recovery
method of Theis (1935) or Agarwal (1980) can be utilized. Alternatively, a forward
modelling using TPA can be applied to determine the aquifer parameters for both the
drawdown and recovery phases in the pumped well.

The methods can be applied, if following conditions are true:
• matrix is infinite
• aquifer (feature and matrix) is confined
• Darcian flow prevails in feature and matrix
• well and feature penetrate the aquifer fully
• well bore storage is negligible
• well bore skin and feature skin are negligible
• straight-line method can be applied only to the radial-acting flow period. Cross-

check that the first derivative becomes horizontal

4.4.3.1 Straight-line application
The straight-line application allows the determination of the reservoir transmissivity T
using the radial-acting flow phase of drawdown or recovery data in a semi-log plot.
Data from pumped well and/or observation well can be used. The approach is similar
to the methods of Cooper-Jacob (1946) and Theis (1935). The transmissivity T of the
formation can be computed using equation 4.19 (Section 4.2.3.1). In this case, the
straight-line method cannot be applied for the estimation of the reservoir storage
coefficient S.

The Theis (1935) and Agarwal (1980) recovery methods are applicable for the
determination of the formation transmissivity T, if a significant portion of the
recovery curve shows radial-acting flow behavior. The handling of the straight-line
recovery method is similar to the drawdown approach. The transmissivity of the
formation can be determined using equation 4.20 (Section 4.2.3.1).

4.4.3.2 Type curve application
The handling of Boonstra & Boehmer (1986) type curve method is similar to that of
the Theis type curve method. After matching the observation well data to a type
curve, following parameter products can be calculated by substituting the values for
the match point coordinates in following equations:
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Q. SId (X,td)· r.w .TI = -----'---,-----,---
2· s{x,t)· X

(4.32)

Q'Sld(x,td)·X·tw· S - -----=--~-,------
I - 2 .s{x t). r . t, x d

(4.33)

(4.34)

where
Q = constant discharge rate [L3r1

]

X = 2·(X·(S/Sf) 1/2·(T/Tf) 1/2)·rx/w [-]
t = time [T]
s(x,t) = drawdown [L]

If the radial-acting flow phase is present, the formation transmissivity T can be
calculated using the straight-line method. By replacing T in equation 4.34, the
formation storage coefficient S can be estimated. If the feature aperture w is known, it
is possible to determine the feature's parameters Tf and Sf by replacing w in equations
4.32 and 4.33, respectively.

The type curve fitting using the pumped well data yields following product of
parameters:

(4.35)

Equation 4.35 is valid for those cases where the data curve fits small dimensionless
time values (up to td approximately 0.003), which indicates linear feature flow and is
characterized by a slope of 0.5 in a log-log plot. Equation 4.36 must be used in those
cases where the curve fits for td in the range of 100, thus, describes bilinear flow and
is represented by a slope of 0.25 in a log-log plot.

4.4.3.3 Determination of skin effects
Skin effects can appear at the well (well bore skin), between fracture and matrix
(fracture skin), or at both (Cinco-Ley & Samaniego, 1981b). If drawdown data from
wells situated in a vertical feature with finite conductivity are obscured by skin
effects, the curve shows an almost horizontal drawdown at the early time data
followed by a transition and the radial-acting flow periods.
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In those cases where the early time data show linear flow (slope of 0.5 in a log-log
plot), the total skin factor ~t can be graphically determined using the pumped well
data represented in a lin ty, plot (Fig. 4.40) and equation 4.23 (Section 4.2.3.3). The
same procedure can be followed for the determination of the skin factor when the
early time data show a bilinear flow case (slope of 0.25 in a log-log plot), but the data
must be graphed in a lin t\4plot (Fig. 4.41). However, this method is not applicable, if
the early time data do not show linear or bilinear flow.

4.4.3.4 Forward modelling application
If the formation transmissivity is known from the straight-line method, this value
should be used as known parameter in the forward modelling to accelerate the fitting
process. The Boonstra & Boehmer (1986) model is implemented in TPA for both
pumped well and observation well located in the same feature.

In the worst case the known parameters are:
• hydrogeological concept of a single vertical feature with finite transmissivity,

infinite extend and considerable width
• transmissivity Tofthe matrix

• skin factor ~t

Following unknown parameters must be estimated:
• storage coefficient S of the matrix
• transmissivity Tf of the feature
• storage coefficient Sf of the feature
• fracture width w

4.4.4 Field example

A published example of a pumping test in a dolerite dyke at Brandwag Tweeeling,
Republic of South Africa (Boonstra & Boehmer, 1986 and Boehmer & Boonstra,
1987) is analysed.
The test was performed in a dyke intruded in the Beaufort Series of the Karoo
Formation. The test set up consisted of a group of three wells. The pumped well is
sited within a 10 m wide dyke, an observation well located 100 m apart from the
pumped well within the same dyke, and another observation well situated 20 m from
the pumped well perpendicular to the dyke. The test was re-evaluated with TPA using
following published parameters:

Discharge rate [m Jh] Q
Formation transmissivity [m2/d] T
Formation storage coefficient [-] S
Dyke transmissivity [m2/d] Tf
Dyke storage coefficient [-] s,
Well bore skin factor [-] ~
Dyke skin factor [-] ~f
Distance of the observation well 1 [m] rl
Distance of the observation well 2 [m] r2

= 50
= 9.3
= 0.000034
=2390
= 0.000043
=0
=0
=200
=20

Figure 4.42 shows a very good fitting between the forwards modelling and the
published data.
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Figure 4.42. Pumping test in a dyke. The upper plot A shows the pumped well (squares) and the
observation borehole (dots), both located in the same dyke. The second plot B shows the pumped well
(squares) and the observation well (dots) located perpendicular to the dyke
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4.5 Bedding plane fracture with infinite conductivity and finite extent (Gringarten
& Ramey, 1974)

4.5.1 Theory

Gringarten & Ramey (1974) introduced an analytical model that describes the
drawdown in a penny-shape bedding plane fracture of infinite conductivity, finite
extension, and uniform flux. The fracture is embedded in an infinite, homogeneous,
horizontal matrix that has anisotropic horizontal and vertical conductivities and is
limited by upper and lower impermeable boundaries (top and bottom of the aquifer,
respectively) (Fig. 4.43). The model considers linear flow followed by a transition
period and the radial-acting flow phase.

Extraction well

Figure 4.43. Simplification of a penny-shape bedding plane. h = thickness of the aquifer, rf = radius of
the fracture

The equation presented by Gringarten & Ramey (1974) assumes that the flux is
constant and uniform along the fracture. It is obtained by means of Green functions
and reads:

with

[

( n

2
tr

2
1') 14 .h 00 e --;j. w Z f Z

If! = 1+--I 'smmJr-'cosmJr-'cosmJr-
Jr .W n=l n 2h h h

where

« <~ [-]
r [-]
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x, ·t
td =

S .r}

Zd < Jf [-]
Sfd = dimensionless drawdown in the fracture [L]
r = distance of the observation well to the pumped well [L]
rf = radius of the horizontal penny-shape fracture [L]
z = vertical distance to the reservoir lower boundary [L]
Zf = vertical distance from the fracture to the lower bound~ of the reservoir [L]
Kh = horizontal hydraulic conductivity of the formation [LT]
Kv = vertical hydraulic conductivity of the formation [LT!]
t = time [T]
S = storage coefficient of the matrix or formation [-]
lo = modified Bessel function of the first kind and zero order
h = formation thickness [L]
w = fracture aperture [L]
rd', td' = dimensionless variables of integration
m = integer value [-]

[-]

The meaning of the dimensionless aquifer thickness h, based on the aquifer
geometry is schematically visualized in Figure 4.44, assuming an isotropic aquifer
matrix (Kj =Kv).

Q
hd = 0.5

Kv

h , LKh, ,,, ,, ,, ,, ,, ,
, ,
i<E---rf= 2·h---.;.!

Q
hd = 1

Kv

h , LKh, ,,, ,, ,, :v ,,
, ,
~ r = h----?i
: f :

Q

, ,

M
r.=O.2·h

Figure 4.44. Schematic representation of the dimensioniess aquifer thickness hd based on the
relationship between the aquifer thickness and fracture radius. The matrix is assumed as isotropic (Kit =
Kv)

72



4. Analytical Models

The model is able to describe the following four different flow phases (Gringarten
& Ramey, 1974):
• fracture storage flow, which duration depends on the fracture thickness
• linear formation flow, which duration depends on the fracture radius and distance

to the upper and lower formation boundaries
• transient flow, which occurrence depends on the dimensionless parameter hd

radial-acting flow, which starts at td = 10

4.5.2 Diagnosis

The drawdown curve in a pumped well situated in a horizontal penny-shape fracture
with infinite conductivity, finite extension, and uniform flux can have following flow
periods:
• linear formation flow at early time characterized by a slope of 0.5 in a log-log plot

(Fig. 4.45) or a straight-line in a lin tY'

• a slope of 1 in a log-log plot (Fig. 4.45) appears for values of hd < 1 when the
cone of depression reaches parallel boundaries (the top and bottom of the aquifer).
In this case, the linear formation flow (slope of 0.5) is superposed by the closed
parallel boundary effect (slope of 0.5) to result in a slope of 1

• radial-acting flow at late time (Fig. 4.45), which plots as a straight-line in a semi-
log plot

.s
(Jl 10-11=---h~~~:-'"'f-1

10+1

slope = 1
,titi"

10-3~~=-~~~u=~~=-~~~~~~
10-1 100 10+1 10+2 10+3 10+4 10+5 10+6

![min)

Figure 4.45. Flow periods in pumped wells located in a penny-shape horizontal fracture

The fracture has infinite conductivity, therefore the reaction in an observation well
located in the same fracture as the pumped well is instantaneous, as described in the
infinite conductivity vertical fracture case (Gringarten et al., 1974). The shape of the
drawdown in the observation well at early time is similar to that of the pumped well
(Fig. 4.46).

The skin effect can be determined using the method described for the infinite
conductivity vertical fracture (Gringarten et al., 1974) as shown in Figure 4.46. The
location can be graphically determined following the method presented by
Bardenhagen (1999), as described in Section 4.2.2 for the infinite conductivity
fracture case. However, this method cannot be applied if the drawdown shows only
fracture storage flow.

For small values of hd (Fig. 4.45), the early time drawdown in horizontal fractures
can be misinterpreted as well bore storage because it also shows a slope of 1 in a log-
log plot. The real situation can be identified by trying to accommodate the
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Papadopulos curve (Theis curve that includes well bore storage) to the test data.
Unrealistic large values of S will be obtained, if the field data belong to a horizontal
fracture. This methodology can be used to identify horizontal features, even if their
presence has not been reported.

A
10.' Drawdowncurve

10°

~ I
p::ipwnp~ ---- ::--.:.=

~ _:;..::;;...
__, ~~ /1r.=o.50 "

1 .I r. = 1.5. I.."'" 1/.

.1

I 10'
U)

10.2

10.3
10" 100 10·' 10.2 10.3 10.4 10.5 10.6

I [min]

2L_j_-L __ L_~_L~L_~_L~~
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 B.O 9.0 10.0

114 [min]14

Figure 4.46. Drawdown for h, = 0.5 in a pumped well (squares) and two observation wells, one at rd =
0.5 (dots) and the other at rd = 1.5 (triangles) from the pumped well. The solid lines represent the
drawdown in the same wells when affected by well bore and fracture skins. Figure A presents the
whole test and figure B shows only the early time data

In the absence of skin effects (well bore skin and fracture skin), a horizontal
fracture can be identified by applying the skin factor evaluation for primary aquifers
(Section 2.4.2). Negative values of skin are not possible in primary aquifer, but rather
indicate the presence of fractures.

4.5.3 Method of analysis

Basically two methods of analysis can be applied in the estimation of the formation or
matrix transmissivity T from the drawdown data: a straight-line method using a semi-
log plot and a type curve method using a log-log plot. If recovery (build up) data are
available, the recovery method of Theis (1935) or Agarwal (1980) can be used as
well. Alternatively, a forward modelling with TPA can be applied to estimate the
aquifer parameters T and S for both the drawdown and recovery phases. Note that the
calculation of the actual fracture transmissivity Tf is not possible because it is a priori
considered infinite.

The methods can be applied if following conditions are true:
• matrix is infinite
• aquifer (fracture and matrix) is confined
• Darcian flow prevails in fracture and matrix
• well penetrates the aquifer fully
• well bore storage is negligible
• well bore skin and fracture skin are negligible
• straight-line can be applied if td ~ 10 (linear-acting flow). Cross-check that the

first derivative becomes horizontal

4.5.3.1 Straight-line application
The straight-line method allows the determination of the reservoir transmissivity T
using the radial-acting flow phase of drawdown data in a semi-log plot. Data from
pumped well and/or observation well can be utilized. The approach is similar to the
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methods of Cooper-Jacob (1946) and Theis (1935). The transmissivity T of the
formation can be determined using equation 4.19 (Section 4.2.3.1). The straight-line
method can be applied for the estimation of the reservoir storage coefficient S, if the
observation well is located outside of the fracture.

The Theis (1935) and Agarwal (1980) recovery methods are applicable for the
determination of the formation transmissivity T, if a significant portion of the
recovery curve shows radial-acting flow behavior. The handling of the straight-line
recovery method is similar to the drawdown approach. The transmissivity of the
formation can be determined using equation 4.20 (Section 4.2.3.1).

4.5.3.2 Type curve application
The handling of the Gringarten & Ramey (1974) type curve method is similar to

that of the Theis type curve method. After matching the pumped well data to the type
curve, the reservoir transmissivity T can be calculated by substituting the values for
the match point coordinates in equation 4.21 (Section 4.2.3.2). The type curve
matching also provides the value of hd, which allows the estimation of the vertical
hydraulic conductivity Kv using following equation:

(4.38)

For the given hd, a different set of curves dependent on rd can be calculated and
graphed on a semi-log plot. A new match of the drawdown data with these curves will
provide a value of rd that permits the calculation of rr (rr = r/rd), which is required for
the evaluation of the storage coefficient using equation 4.22 (Section 4.2.3.2).

4.5.3.3 Determination of skin effects
Skin effects can appear at the well (well bore skin), between fracture and matrix
(fracture skin), or at both (Cinco-Ley & Samaniego, 1981b). If drawdown data from
wells situated in a horizontal fracture with infinite conductivity are obscured by skin
effects, the curve shows an almost horizontal drawdown at the early time data
followed by a transition phase and the radial-acting flow period.

In those cases where the early time data show linear formation flow (slope of 0.5 in
a log-log plot), the skin locations and the skin factors can be determined as described
in Section 4.2.3.3 for the infinite conductivity vertical fracture case.

4.5.3.4 Forward modelling application
If the formation transmissivity value is known from the straight-line approach, this
value should be used as known parameter in the forward modelling to accelerate the
fitting process. The Gringarten & Ramey (1974) model is implemented in TPA for
both pumped well and observation well.

In the worst case the known parameters are:
• hydrogeological concept of a single horizontal fracture with infinite conductivity
• transmissivity Tofthe matrix

• skin factor St

Following unknown parameters must be estimated:
• storage coefficient S of the matrix
• radius of the penny-shape horizontal fracture

75



4. Analytical Models

=4.5
= 12
= 0.00002
=20
= 0.00085
=280
= 0.2
= 10
=5
=22
= 32

• thickness of the fracture
• location of the fracture relative to the upper and lower reservoir boundaries
• vertical reservoir conductivity

4.5.4 Field example

A constant discharge test was performed during 390 minutes in a well located in the
test field of the Orange Free State University, Bloemfontein, South Africa. The well
intercepts a bedding plane, which is embedded in the Karoo Formation. Due to the
shortness of the test, the radial-acting flow was not reached. Therefore the estimated
aquifer parameters are relatively uncertain. The test set up consisted of a pumped well
and three observation wells. The test evaluation is presented in Figure 4.47. The
obtained aquifer characteristics are:

Discharge rate [m3/h] Q
Formation transmissivity [m2/d] T
Formation storage coefficient [-] S
Formation thickness [m] h
Vertical conductivity [mid] Kv
Fracture radius [m] rf
Fracture aperture [m] w
Fracture elevation [m] Zf
Distance of the observation well 1 [m] rl
Distance of the observation well 2 [m] r2
Distance of the observation well3 [m] r3

10+1Drawdowncurve

I Ob: Well2
Obs Well3 1~/22 m
r"; 32m l...ór--- _/./' ~/

100 I::---t-~"""'T"-"'t-V--:*'.~-t-'[_-I---+--t-_!!,,,--~JI'-tt-_--I

/. • • Ob~.Well I '" /
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Figure 4.47. Evaluation of a pumping test performed in a well located in the test field of the Orange
Free State University, Bloemfontein, South Africa. The data are represented by the symbols and the
modelled curves using the Gringarten & Ramey (1974) solution are graphed by solid lines
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4.6 Generalised radial flow model for fractured reservoirs (Barker, 1988)

4.6.1 Theory

Barker (1988) introduced an analytical model that describes the drawdown in a
fractured aquifer for various flow dimensions including linear, radial, and spherical
flows. These flow dimensions are seen as dependent on the fracture connectivity
rather than as aquifer dimensions and are described by a factor n. Flow dimensions
correspond to aquifer dimensions for integer values of n: for n = 1 the flow is strictly
linear, for n = 2 the flow is radial (Theis model), and for n = 3 the flow is spherical.
The non-integer values of n describe the excess or lack of fracture connections
compared to fracture networks with perfect connections in 1, 2, and 3 dimensions
(Leveinen et al., 1998).

The solution is valid for a homogeneous and isotropic fractured medium and
considers 1, 2, and 3 dimensional sources with a finite storage capacity. The source
dimensions are defined by b3-n, where n = 1 implies a very small cubic source, n = 2 a
cylinder source, and n = 3 a sphere source. The model also incorporates the possibility
of infinitesimal skin located at the source.

Due to the fact that the model considers the fractured aquifer as an isotropic
homogeneous medium, the flow dimension is strictly defined by the dimension of the
source. In other words, a one-dimensional flow can be obtained when the aquifer is an
infinite strip of a certain aperture and thickness and the source is a surface that
intersects the entire strip. The two-dimensional flow is obtained when the aquifer is
infinite with a certain thickness and the source is a cylinder of given height that fully
penetrates the aquifer. The three-dimensional flow will be obtained whenever the
aquifer is infinite in all three directions and the source is a sphere. This effect restricts
the use of the method to very few well-defined aquifers and tests, as practically no
one-dimensional or three-dimensional flows can extend for an infinite period of time.
Naturally, the flow tends to a radial-acting flow (two-dimensional flow) after a certain
period of time because most aquifers have a finite thickness compared to the
horizontal extent.

Barker introduced two general equations to describe the head in the source and
head in the formation both related to the extraction rate (equations 4.39 and 4.40,
respectively). The equations obtained by means of the Laplace transformation read

(4.39)
Q(p)

where
Hh(P) = drawdown at the source in the Laplace space [L]
hh(P) = drawdown in the reservoir in the Laplace space [L]
'O(p) = extraction rate in the Laplace space [L3T!]
p = Laplace transform variable
n = dimension of the fracture flow system [-]
b = extent of the flow region [L]
rw = drilled radius or radius of the source [L]
Kr = hydraulic conductivity of the fracture system [LT!]
Sw = storage capacity of the source [-]
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Ssf = specific storage of the fracture system [L-I]
~ = skin factor in the well [-]

ren / 2)
rd = dimensionless distance to the well, r/rw [-]

Il =Arw
A = (P·Ssf / Kf)\!'
v = l-nl2

cD (Jl) = ,uK v-I (Jl)
v Kv(Jl)

Kv(ll) = modified Bessel function offractal order
rex) = Gamma function

4.6.2 Diagnosis

Based on the Barker (1988) model, following flow characteristics can be observed
(Fig. 4.48):
• for n > 2 steady state situation at late time, which shows a typical slope of 0

(horizontal line) in a log-log plot
• the Theis curve corresponds to n = 2, which is characterized by a straight line in a

semi-log plot
• for n < 2 straight-lines at late time with slopes ofv = 1 - nl2 in a log-log plot
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Figure 4.48. Drawdown in a pumped well obtained using the same aquifer parameters for different flow
dimensions n in a log-log plot CA). The graph B shows the drawdown and recovery for the same
parameters in a linear s vs. t plot

The disadvantages of the method can be summarized as (Fig. 4.49):
• the main difference between the Barker model and the models described before

lies in the fact that the Barker model does not provide for radial-acting flow at late
time for any n "* 2. This makes difficult the use of the type curve fitting for the
evaluation of pumping tests

• additionally, in the case of n = 1 the method provides a drawdown curve that
shows a straight-line with slope 0.5 (linear flow), which makes impossible to
obtain a unique curve fit
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Figure 4.49 shows the type curves drawn for different flow dimensions n. The
function F(n, u) is evaluated as

F(n,u)~ :[(~r-r(I:V)] (4.41)
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Figure 4.49. Type curves in a pumped well for different flow dimensions (n) based on equation 4.41

4.6.3 Method of analysis

Basically, only the type curve method using a log-log plot or the forward modelling
using TPA can be used to determine the formation or matrix transmissivity T from the
drawdown data. Common straight-line methods in the semi-log plot can only be
applied for the cases where n = 2.

The Barker (1988) method is applicable, if following conditions are true:
• matrix is infinite
• aquifer (fracture and matrix) is confined
• Darcian flow prevails in fracture and matrix
• well bore storage is negligible
• fracture skin is negligible
• straight-line can be applied for n = 2 ifu < 0.01 (radial-acting flow). Cross-check

that the first derivative becomes horizontal

4.6.3.1 Straight-line application
The straight-line method of Cooper-Jacob (1946) allows the determination of the
reservoir transmissivity T using the radial-acting flow phase (n = 2) of drawdown data
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in a semi-log plot. Data of pumped well (if the skin effect is negligible) and/or
observation well can be utilized. The transmissivity T of the formation can be
determined using equation 4.19 (Section 4.2.3.1).

The Theis (1935) and Agarwal (1980) recovery methods are applicable for the
determination of the formation transmissivity T, if a significant portion of the
recovery curve shows radial-acting flow behavior (n = 2). The handling of the
straight-line recovery method is similar to the drawdown approach. The transmissivity
of the formation can be determined using equation 4.20 (Section 4.2.3.1).

4.6.3.2 Type curve application
The handling of the Barker type curve method is similar to that of the Theis

method. Pumped well data can be used only if the well bore storage and the well bore
skin are negligible, but data from observation boreholes can always be analysed using
this method.

After matching the data curve of the pumping well with one of the type curves, the
product Kr- b3-n (that equals the transmissivity of the fracture system for n = 2) and
the diffusivity of the fracture system Ssf/ K, can be calculated by substituting the
values for the match point coordinates in equations 4.42 and 4.43, respectively.

K ·b3-n = Q l(4.Kf .tJY -rO-V).r2vl
f 4 . Jl" l=v . str t)· v S, sf

(4.42)

S.v 4· u- t
=--

Kf
(4.43)

Barker (1988) suggests that any two of these three parameters (Kr, Ssc,or b) can be
determined, if the third is either estimated or known.

4.6.3.3 Forward modelling application
If the formation transmissivity value is known from the straight-line approach, this
value should be used as known parameter in the forward modelling to accelerate the
fitting process. The Barker (1988) model is implemented in TPA for both pumped
well and observation well,

In the worst case the known parameters are:
• hydro geological concept of the aquifer system
• transmissivity Tofthe matrix

• skin factor St

Following unknown parameter must be estimated:
• storage coefficient S of the matrix
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5. DISCONTINUOUS FRACTURE NETWORK INVESTIGATION WITH
NUMERICAL MODELLING

5.1 Introduction

This part of the thesis shows that published analytical and semi analytical solutions
can be reproduced using common numerical models in combination with an
appropriate model set up. This is first demonstrated using the single vertical fracture
case (Gringarten et al., 1974, Cinco-Ley et al., 1978).

Generally, it is assumed that fractures have negligible aperture and storage capacity
(Gringarten et al., 1974; Cinco-Ley et al., 1978), but these models are also applicable
in the case of wider fault zones, as shown in Section 4.2.4. However, Ramey &
Gringarten (1976) developed a series of type curves that take into account the storage
of infinite conductivity vertical fractures (Section 4.2.2). Aimed to analyse the
influence of wide fault zones with finite extent, which can be considered as
homogeneous fractured, the numerical model is applied. Faults with variable apertures
in relation to their relative storage capacity (CDf) are investigated. To analyse the
influence of both the fracture shape and the combination of fractures on the
drawdown, a vertical crossed fracture case and a bend fracture case are computed.

The drawdown in a single bedding plane (horizontal feature or pancake fracture) is
computed to confirm the aptitude of the model to reproduce the semi analytical
solution from Valkó & Economides (1997). Further, the effect of the fracture
length/aperture relationship as well as the influence of parallel bedding planes on the
drawdown are analysed.

Finally, a selection of possible intersections between a vertical fault zone and a
bedding plane are studied. To accommodate these scenarios, vertical and horizontal
fractures with infinite and/or finite conductivity are simulated. The possible infinite
number of conductivity combinations are generally limited to two, an infinite case
(Cr = 1000) and a finite case (Cr = 1). However, in some cases it was necessary to
diverge from these standards to be able to highlight special flow situations.

5.2 Model description

The numerical model MODFLOW (Harabaugh et al., 1999) and the pre and post
processors Processing MODFLOW PMWin (Chiang & Kinzelbach, 1999) and Visual
MODFLOW (Waterloo, 2000) are used for the simulations.

MODFLOW is based on the finite difference method, which has been explained in
extension by various authors (Kinzelbach, 1991; Kinzelbach & Rausch, 1995).
Therefore, it will not be further described in this work.

The model is built as a cube of 40,000 m by 40,000 m by 20 m with variable grid
spacing. A fully penetrating extraction well is located in the centre of the model
(Fig. 5.1), which intersects the preferential flow path features. All vertical features are
considered as fully penetrating with a maximum total extent of 400 m. The horizontal
features are assumed as rectangular with a maximum side length of 400 m. These
features are studied as either finite or infinite conductivity and all of them are
modelled with an aperture ofO.01 m.
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Extraction well

Xf = 200 m

Vertical fracture

Figure 5.1. Model design and dimension. Xf = fracture half-length, XL = model half-length, h = model
height

5.2.1 Grid design

The grid separation is based on the common rules for refining areas that are
characterized by high flow gradients (Fig. 5.2). The fault, or fracture, or bedding
plane is designed as a 1 cm wide element, due to the limits of the used preprocessors,
with a maximum total length of 400 m, so that the smallest element in the conjunction
of a vertical and a horizontal fracture has a volume of just 1 ern'. An extraction well
with a pumping rate of 0.00555 m3/s (20 m3/h) is situated in the centre of the fracture
or fracture system. The chosen horizontal extent of the model (40,000 m by 40,000 m)
allows pumping periods that, with the assumed aquifer parameters, always produce
radial acting flow before the cone of depression reaches the model closed boundaries.
The aquifer thickness is set at 20 m. Whenever applicable, a quarter of this model
with the extraction well in one corner is considered in the calculations to reduce the
number of elements and thus, reduce the simulation time.

5.2.2 Model parameters

The matrix is modelled using the following parameters:
• horizontal hydraulic conductivity K, = 0.00001 mis or 0.864 mid
• vertical hydraulic conductivity K, = 0.0000001 mis or 0.00864 mid
• specific storage coefficient Ss = 0.00001 [L-1]

The storage coefficient for preferential flow path features is selected at
Ssf= 0.00001 and the hydraulic conductivity in the range of 0.001 mis to 1000 mis
depending weather a finite or infinite conductivity case is considered.
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Figure 5.2. Example of a model grid design for the simulation of a vertical fracture that intersects a
horizontal bedding plane

5.2.3 Solver

The solver used is PCG (Pre Conjugated Gradient Method) (Harabaugh et al., 1999).
In most of the cases, a number of 250 outer iterations and 100 inner iterations is
sufficient for convergence. An overall convergence criterion of 0.00001 is adopted.
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5.3 Modelling results

The results obtained in the processes of modelling the different geological scenarios
are presented and discussed under this section.

5.3.1 Single vertical fracture case

Geological features as fault zones, karstified joints, and dikes as well as vertical
fractures produced by artificial hydraulic fracturing can be often approximated as
vertical structures (Fig. 5.3). These features are generally long, but usually subdivided
into small units by transform faults and/or heterogeneous dissolution processes along
the features. Analysis of pumping tests performed in these units show that
mathematically, they can be treated as single vertical features (Stober, 1986;
Bardenhagen, 1999).

extraction well weathered zone

water table-.

closed bedding planes
\sandstone

--- ------ -- ~------ ~ --------- ---
_- _- c/aystone - _- --

Figure 5.3. Example of a single cross section through a typical tectonic fault situation. The arrows
indicate the direction of relative movement. The upper part of the fault (closed to the surface) is
assumed to be sealed, due to weathering processes. The bedding planes are supposed to be closed,
whereas the vertical fault zone is considered open

To compute the drawdown in a vertical feature, a fully penetrating fracture of
0.01 m aperture is included in the model. The fracture is intersected by a fully
penetrating extraction well. The first calculations performed are aimed to investigate
the ability of the model set up to reproduce the analytical solutions of Gringarten et al.
(1974) for an infinite conductivity fracture and Cinco-Ley et al. (1978) for a finite
conductivity fracture.

5.3.1.1 Infinite conductivity case (Cr ~ 100, Cr = (Tj'w)/(;r·T·x;))
The comparison of the modelled results with the analytical solutions for uniform and
infinite flux from Gringarten et al. (1974) demonstrates that the model is able to
reproduce the infinite flux, but not the uniform flux case (Fig. 5.4). This is due to the
fact that the very high conductivity of the modelled single fracture gives place to a
flux distribution that corresponds to the infinite flux case (Fig. 5.5).
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Figure 5.4. Drawdown in a pumped well. Model calculation (dots) (Cr = lOOO)versus uniform flux (A)
and infinite flux (B) solutions (solid line). After 1 second the modelling results plot identically to both
the uniform and infinite flux solutions. From 10 second onwards, the modelling results diverge from
the uniform flux solution (A), but coincide with the infinite flux solution (B). Also plotted in the graph
are the derivatives of the drawdown curves (solid line curves underneath)
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Figure 5.5. Comparison of modelled stabilized influx distribution along a vertical fracture with the
uniform and infinite flux distributions of Gringarten et al. (1974). The model results fit adequately the
infinite flux solution
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5.3.1.1.1 Influx along the fracture
One of the advantages of the model is the possibility of visualizing the temporal
development of the influx along the fracture (Fig. 5.6 and Fig. 5.9). This analysis
shows that the time-dependent flux can be correlated to the flow phases described by
Cinco-Ley & Samaniego (1981a). These flow phases are visualized in Figures 5.7 and
5.10, for which Sd= 2 . 7t . T . s/Q and td = T . t / S . x? The correlation can be
described, as follows:
• for Cr = 100 and very early time (td < 10-9), most of the extracted water is taken

from the fracture in the close surroundings of the well. This period corresponds to
the linear fracture flow phase (Figs. 5.6 to 5.8). This phase is followed by a
transient phase, in which the influx from the matrix becomes more and more
important. As soon as the cone of depression reaches the edge of the fracture, the
bilinear flow phase starts. A second transient phase sets, when the contribution of
the matrix becomes dominant. The larger the value of Cr (higher contrast between
fracture and matrix conductivities), the earlier these phases take place. That is the
reason why they cannot be seen in Figures 5.9 to 5.11 for Cr = 10000

• for Cr = 100, the linear formation flow sets at a dimensionless time td = 2.10-4, in
which only the matrix supplies water and the fracture acts as a conduit or
preferential flow path. This flow phase ends at a dimensionless time td = 10-2 for
both cases ofCr (Cr = 100 and Cr = 10000)

• for td between 10-2 and 10, the flux in the close surroundings of the well becomes
smaller, but increases at the opposite edge of the fracture. This period describes a
transient phase in both Cr cases (Cr = 100 and Cr = 10000)

• after td = 10 the flux distribution stabilizes in both Cr cases (Cr = 100 and Cr =
10000) and the radial flow phase sets. In this phase, the last 30% of the fracture
length close to the edge opposite to the well provides about 50% of the extracted
water
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Figure 5.6. Influx distribution along a vertical frac~re (Cr = 100 and CDf = 10-6, CDf= (Srw)/(TI·S·Xf))
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Figure 5.7. Dimensioniess drawdown and flow phases in a pumped well located in an infinite
conductivity vertical fracture (Cr = lOOand CDf = 10-6, Sd= 2· TI. T . s/Q, td = T . t / S . xl )
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Figure 5.8. Time-dependent influx at the well and at the edge of the fracture (Cr = 100 and CDf = 10-6)
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Figure 5.9. Influx distribution along a vertical fracture (Cr = 10000 and CDr = 10-6)
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Figure 5.10. Dimensioniess drawdown and flow phases in a pumped well located in an infinite
conductivity vertical fracture (Cr = 10000 and CDr = 10-6, Sd= 2 . 1t . T . s/Q, td = T . t / S . xl)
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Figure 5.11. Time-dependent influx at the well and at the edge of the fracture (Cr = 10000 and
CDr= 10-6)
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5.3.1.1.2 Fracture/fault storage and aperture
A variation in the fracture or fault aperture implies a change in the relative storage
capacity of the fracture CDr (CDr = (Srw)/(7t·S·xr)). Thus, the influence of the fault
aperture and the relative storage capacity must be analysed concurrently. Three
different apertures are included in the study: 0.02 m, 0.2 m, and 2 m. The three graphs
in Figures 5.12 show that, for a given CDr, all curves have basically the same
drawdown for td> 10-5.
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Figure 5.12. Drawdown in a pumped well located in an infinite conductivity vertical fault (Cr = 10000)
with finite extent, calculated for various storages and apertures (s, = 2 . 7t . T - s/Q, td = T . t / S - xl)
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Furthermore, for CDr < 10-4 all curves coincide. It is also shown that in broad faults
(w = 2m) at very early time (td < 10-5) and small values of CDr (CDr ~ 10-\ the
drawdown remains practically constant. This is due to the fact that for a short period
of time, the matrix, which has a much larger storage capacity than the fault, is able to
supply enough water to cover the extraction rate without any significant additional
drawdown.
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Figure 5.13. Drawdown in a pumped well located in an infinite conductivity vertical fault (Cr = 100)
with finite extent, calculated for various storages and apertures (s, = 2 . 7t . T . s/Q, td= T . t / S . xl)

90



5. Numerical Modelling

The drawdown computed within an isolated fault is included in the graph to clearly
separate the fault-dominated flow from the matrix-dominated flow. The fault-
dominated flow appears for CDc > 10-4. The drawdown for CDc = 1 shows linear
fracture flow (slope ofO.5) for early time. At td = 2.10-5 the boundaries of the fault are
reached. Thus, the curve shows close boundaries effect (slope of 1). At td = 5.10-3 the
flow becomes matrix-dominated. The radial-acting flow sets at td = 10.

Figure 5.13 visualizes the drawdown curves for different fault storages, fault
apertures, and Cr = 100. This Cr value represents the transition between infinite and
finite conductivity. Thus, the flow phase are similar to those described above, but
shifted towards larger dimensionless time. Furthermore, the transient flow phase for
CDc = 1 is not characterized by a slope of 1.

5.3.1.2 Finite conductivity case (Cr < 100)
The good correspondence between the modelled drawdown curve and the semi
analytical solutions from Cinco-Ley et al. (1978) leads to the conclusion that the case
of finite conductivity vertical fracture can be reproduced using numerical modelling
with the adopted set up (Fig. 5.14).

6

Cr = 103
/'
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1x10.s 1x10'" 1x10" Sd [-]

8
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10 ~~~~~~~~~~~~~~~
1x10.s 1x10'" 1x10" 1x10·2 1x10o 1x102 1x10'

~ I-I

Figure 5.14. Modelled drawdown data in a pumped well calculated for selected values of Cr. The
results fit the semi analytical solution from Cinco-Ley et al. (1978), which are represented by dots (s, =
2 . 1t . T . s/Q, td = T . t / S . xl)

5.3.1.2.1 Influx along the fracture
Figure 5.15 shows the time-dependent development of the influx along the fracture for
Cr = 0.1 and CDc = 10-4. Following paragraphs describe the correlation between the
influx and the flow phases in the drawdown curve'' published by Cinco-Ley &
Samaniego (198Ia)
• the dimensionless drawdown graphed in Fig. 5.16 shows an initial linear fracture

flow at very early time (td < 5.10-9), which is followed by a transient phase up to

3 The graphed drawdown curve (Cr = 0.1 and CDf = 104) was selected to be able to provide the whole
series of known flow phases (compare Fig. 5.16). In addition, this curve demonstrates that the Cinco-
Ley & Samaniego (1981 a) and the Boehmer & Boonstra (1986) models are equivalent for the linear
fracture flow and the bilinear flow phases.
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Cr = 0.1
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td = 9.10-6. However, no differentiation between those two phases is seen in
Figures 5.15 and 5.17, probably due to the subdivision of the fracture half-length
into segments, which are necessary for the computation of the water budget (20
segments of equal length)

• bilinear flow (slope of 0.5) sets at td = 9.10-6. In this phase both, the matrix and
the fracture provide water

• once the cone of depression overcomes the edge of the fracture, the contribution
of the fracture storage decreases gradually (td = 10-2). This effect results in a
transient phase, which is shown in Figures 5.16 and 5.17

• from td = 10 the influx stabilizes and the radial flow phase sets (Figures 5.16 and
5.17)

Figure 5.15. Influx distribution along a finite conductivity vertical fracture (Cr = 0.1 and CDr = 10.4)
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Figure 5.16. DimensionIess drawdown and flow phases in a pumped well located In a finite
conductivity vertical fracture (Cr = 0.1 and CDr = 10-4, Sd = 2 . 7t . T . s/Q, td = T . t / S . xl)
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Figure 5.17. Time-dependent influx at the well and at the edge of the fracture (Cr = 0.1 and CDr = 10-4)

5.3.1.2.2 Fracture/fault storage and aperture
Again in this case three different fault apertures are included to investigate the
influence of the aperture: 0.02 m, 0.2 m, and 2 m. The results are presented in Figure
5.18, which shows:
• for w = 0.02 m and CDf> 10-\ the curves show a linear fracture flow phase (slope

of 0.5) followed by a transient and a radial-acting flow phase. For CDf:S 10-4 the
curves indicate bilinear flow (slope of 0.25) at early time, followed by a transient
phase and radial-acting flow at late time

• for w = 0.2 m and CDf = 1, the drawdown curve develops initially a radial flow
phase within the fault itself. Once the cone of depression reaches the fault
boundaries, a linear fracture flow sets that is followed by a transient period and a
radial-acting flow phase in the matrix. Depending on the CDf values, the other
curves show either bilinear flow phase (slope of 0.25 for CDf:S 10-4) or linear
fracture flow phase (slope of 0.5 for CDf> 10-4). Both the linear and bilinear flow
phases are followed by a transient phase and a radial formation flow phase

• for w = 2 m, the curves develop initially a radial flow phase within the fault itself.
Once the cone of depression reaches the fault boundaries, the drawdown curves
show a transient phase that smears both the bilinear and the linear flow phases.
This period is followed by a radial formation flow phase
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Figure 5.18. Drawdown in a pumped well located in a finite conductivity vertical fault (Cr = 0.1) with
finite extent, calculated for various storages and apertures (Sd= 2 . 7t . T . s/Q, td= T . t / S . xl)
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5.3.2 Parallel vertical structures

The applicability of the numerical modelling for the representation of single vertical
fractures has been demonstrated. In the next sections, numerical modelling is
employed to investigate the drawdown behavior in more complicated geological
situations, starting with the case of parallel vertical fractures. They appear typically at
the edge of grabens, in fault zones (Fig. 5.19), or at the hinge of a normal folded
sequence (Hobbs et al., 1976).

extraction well weathered zone

water table-.

closed bedding planes
\sandstone

Figure 5.19. Example of a cross section through a typical tectonic fault situation. The arrows indicate
the direction of relative movement. The upper part of the fault (closed to the surface) is assumed to be
sealed due to weathering processes. The bedding planes are suppose to be closed, whereas the parallel
faults are considered open

To study the effects of the separation between such structures, a set of three
parallel fractures with equal separation in between was incorporated to the model. The
separations vary in the range of 0.50 m to 100 m. A fully penetrating well intersects
the central one. To be able to compare the results, the dimensionIess relative
separation factor Sr is introduced, which is defined as:

where
df = separation between fractures [L]
Xf = fracture half-length [L]

It was found that the presence of parallel structures with infinite (Cr 2': 100) or
finite conductivity (Cr < 0.01) does not have any significant influence on the
drawdown curve when compared with the single vertical fracture case (Fig. 5.20).
However, this situation reverts for Cr between 0.01 and 100. The strongest influence
is calculated for parallel fractures separated by Sr less than 5.10-3, where considerable
less drawdown than in the single fracture is computed. This difference decreases with
increasing separations to disappear at dimensionIess relative separations Sr larger than
0.125 (Fig. 5.21).
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Figure 5.20. Drawdown in a pumped well for various parallel fractures with infinite (Cr z 100) (A) and
finite (Cr < 0.01) (B) conductivities. Dimensioniess relative separations Sr between fractures of 2.5.10-3,
5.10-3,2.5.10-2, and 5.10-2 are included. It is seen that the presence of parallel fractures does not have
any significant influence on the drawdown
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Figure 5.21. Comparison of drawdown in a pumped well in a single fracture and for various parallel
fractures for the single fracture case (Cr = 1). Dimensioniess relative separations Sr between fractures of
2.5.10-3, 5.10-3, 2.5.10-2, and 5.10-2 are included in the graph A. The strongest differences in the
drawdown is observed for Sr of 2.5.10-3 and 5.10-3. Graph B plots the curves for Sr of 0.125, 0.25, and
0.5 which, for practical purposes, do not show any influence on the drawdown
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Figure 5.22. Comparison of drawdown in a pumped well for a single fracture and parallel fractures with
a relative separation Sr = 2.5-10.3 for selected Cr. In the case of Cr = 100 the presence of parallel
fractures does not influence the drawdown, but for Cr = 1 or 0.01 the presence of parallel fractures
leads to less drawdown, except at very early time where the curve coincides with that of the single
fracture

In Figure 5.22, the drawdown for selected values of Cr (Cr = (Tfw)/(n·Txf))
calculated for single fractures is compared with the drawdown of parallel fractures
separated by Sr = 2.5.10-3. The case of Cr = 100 shows no difference, as already
described. For Cr = 1 and Cr = 0.01, the drawdown at very early time plots almost on
the single fracture data, but significant differences appear later.

Figure 5.23. Example of the flow situation for parallel vertical infinite conductivity fractures
(Cr ~ 100). The flow lines directed towards the pumped fracture flow almost perpendicular to all other
fractures. Therefore, the whole system acts similar to that of a single fracture embedded in a matrix

The parallel fractures with infinite conductivity (Cr ~ 100) have no influence on
the drawdown, due to the parallel flow situation (linear formation flow) of the system
(Fig 5.23). Because the path lines in the direction of the pumped fracture flow almost
perpendicular to all other fractures, the potential lines are parallel to these fractures.
There is neither significant gradient along the parallel fractures nor between the series
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of fractures. The whole system acts similar to the situation in which there is only one
fracture embedded in the matrix.

For values of Cr < 100 gradients develop simultaneously within the pumped
fracture and the matrix. When the cone of depression in the matrix reaches the next
parallel fracture, it induces a gradient within this fracture towards its centre. As a
result, water flows along this fracture and increases the gradient in the central region
between the parallel fractures (Fig. 5.24). The potential lines flatten in the areas close
to the centres of the parallel fractures.

The smaller the Cr values, the lesser the contrast between matrix and fracture
conductivities and the above described effect vanishes. At very small values of Cr
« 0.01) the whole system acts like a homogeneous aquifer and the drawdown curve
has no difference with the single vertical fracture curve.

Parallel vertical fractures

Figure 5.24. Flow situation in a series of parallel vertical finite conductivity fractures (Cr < 100). The
flow lines directed to the pumped fracture originate a gradient within the parallel fractures and the
matrix. When the cone of depression in the matrix reaches the next parallel fracture, it induces a
gradient within this fracture towards its centre. As a result, water flows along this fracture and increases
the gradient in the central region between the parallel fractures

5.3.3 Crossed vertical structures

Crossed vertical structures can appear after hydraulic fracturing processes, in the
vicinity of granite or salt intrusion plumes, at {OkI}joints in a fold, or in structures
associated with wrench faults (Hobbs et al., 1976).

To investigate the influence of crossed vertical structures, two perpendicular
fractures are incorporated to the model. A fully penetrating well is located in the
intersection of both.

First the infinite conductivity case is analysed. The computed drawdown for a
pumped well in the intersection of the fractures is compared with the drawdown
modelled for a single vertical feature, both calculated with Cr = 1000 (Fig. 5.25). To
be able to compare the results, it is assumed that the influx area is the same in the two
cases. In other words, the half-length of the two crossed fractures is 200 m each and
the single fracture has a total half-length of 400 m. At early time both cases have the
same drawdown, which is characterized by a slope of 0.5 (linear formation flow).
During the intermediate phase a stronger drawdown appears for the crossed fracture
case. However, the drawdown difference remains constant, once the radial-acting flow
is reached.

When compared with the Gringarten et al. (1974) solutions, it is seen that the
drawdown curve obtained for the crossed fracture case differs significantly from that
calculated for a single vertical preferential flow path with infinite flux (Fig. 5.26A).
However, it is adequately represented by the uniform flux solution of Gringarten et al.
(1974), as shown in Figure 5.26B.
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Figure 5.25. Comparison of drawdown in a pumped well obtained with perpendicular crossed infinite
conductivity vertical fractures (squares) and a single vertical feature (dots). To be able to obtain the
same influx area in both cases each of the crossed fractures is considered with a half-length of 200 m,
while the single fracture has a half-length of 400 m. The curves almost coincide at early time, but differ
considerably at late time. The crossed vertical fracture case shows a larger drawdown at late time
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Figure 5.26. Drawdown in a pumped well. Model calculation (dots) (Cr = 1000) versus infinite flux (A)
and uniform flux (B) solutions (solid line). The calculated curves fits adequately the uniform flux
solution
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5. Numerical Modelling

The case of finite conductivity crossed fractures is also investigated using
numerical modelling. Figure 5.27 shows a comparison of the drawdown calculated for
a single feature that of crossed fractures for various Cr. An infinite conductivity case
(Cr = 1000) is also presented for comparison. For Cr = 1000 (infinite conductivity),
the drawdown in the crossed fracture case is larger than in the single fracture case. For
Cr = 1 and Cr = 0.001 (finite conductivity), less drawdown is observed in the case of
crossed fractures.
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Figure 5.27. Comparison of drawdown in a pumped well calculated with a single vertical feature and
with crossed fractures, for selected values of Cr

Figure 5.27 shows that:
• for Cr = 1000 and early time, almost the same drawdown is calculated for both

the single fracture case and the crossed fractures. This drawdown is characterized
by a slope of 0.5 in a log-log plot, which indicates linear formation flow. During
the transient phase the drawdown calculated with the crossed fractures increases
over proportionally compared to the drawdown computed for the single fracture
case. During the radial flow phase both cases show the same drawdown
development and the difference among them remains constant

• for Cr = 1 and early time, lesser drawdown is computed for the crossed fractures
than for the single fracture case as a result of a higher water availability in the
crossed fractures. However, both curves show bilinear flow phase (slope of 0.25).
This difference diminishes during the transient phase, when the extracted water is
provided more and more by the matrix and less by the fracture storage. In the
radial formation flow phase, both curves are almost equivalent because the whole
pumped water is extracted from the matrix

It for Cr = 0.001 and early time, the drawdown calculated for the crossed fracture
case is smaller than the calculated with a single fracture, due to the reasons
described above. The difference increases during the transient phase to reach a
maximum value that remains constant during the radial formation flow phase. In
this case the pseudo-skin effect presented in Section 3.1.3 will be enhanced by the
presence of crossed fractures
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Figure 5.28 shows the time-dependent development of the influx along one of the
crossed fractures for Cr = 1000. Each half-length would provide half of the plotted
influx. At very early time most of the extracted water is taken from the close
surroundings of the well within the fracture. From td = 10-5 to td = lathe peak in the
close surroundings to the well decreases slightly, while an increase in the influx at the
opposite edge of the fracture is observed, as already described in the single vertical
fracture case (Section 5.3.1.1.1). For values of td larger than 10 the flux distribution
stabilizes and corresponds to the radial flow phase in the drawdown data.

Figure 5.28. Time-dependent development of the fracture influx along one of the crossed fractures with
infinite conductivity

Figure 5.29 shows the percentage of the stabilized influx distribution calculated for
homogeneous fractions of the fracture half-length. Each half-length would provide
half of the plotted percentage.
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Figure 5.29. Percentage of influx distribution along one fracture for the crossed fractures (squares) and
the single vertical fracture (dots), both with infinite conductivity. Each half-length gets half of the
plotted percentage
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The plot compares the fluxes of both infinite conductivity cases, the crossed
fractures and the single vertical fracture. In the crossed fracture case the first segment
has an influx slightly higher than 50% of the extracted water. This influx is the sum of
the total influx from the perpendicular fracture plus the amount received by the
segment itself. Furthermore, the influx distribution is not constant along the fracture.
Therefore, it cannot be considered as a uniform flux. However, the drawdown curve
coincides exactly with the uniform flux solution from Gringarten et al. (1974).

5.3.4 Bend fractures

Another complicated geological situation that is investigated with numerical
modelling is the case of a vertical bend fractures. Bend fractures appear typically as
associations of faults and transform faults. This case is analysed considering an S-
shape fracture (Fig. 5.30). A fully penetrating well intersects the centre of the central
branch. The modelled drawdown is compared with the infinite conductivity single
vertical case in Figure 5.31. While the curves coincide exactly for early time, the bend
case shows a larger drawdown at late time. However, the bend case fits adequately the
uniform flux solution from Gringarten et al. (1974).

----_--
extraction well

Figure 5.30. Set up used for the analysis of the drawdown in a bend fracture
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Figure 5.31. Drawdown in a pumped well calculated for Cr = 1000 with a bend fracture (squares) and
with a single vertical fracture (dots). The uniform flux solution from Gringarten et al. (1974) is
additionally plotted as a solid line. It is seen that the bend fracture case coincides with the uniform flux
solution
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5.3.5 Single horizontal fracture case

Geological structures like bedding planes are the typical case of horizontal fractures.
Also horizontal features produced by hydraulic fracturing in shallow formations
(Gringarten & Ramey, 1974) are included in this category (Fig. 5.32). Bedding planes
are consider as circular fractures in analytical and semi analytical solutions, which are
known as penny-shape or pancake bedding planes (Valkó & Economides, 1997).

extraction well

open bedding plane

closed bedding planes sandstone

- =- =- =- =- =- =- =-=- =- claystone :-=- =- =- =- =-=- =-=- =-=- =-=-
Figure 5.32. Example of an open horizontal bedding plane embedded in a layered sandstone aquifer,
intersected by a well

To investigate the ability of the model to represent the horizontal fracture case, a
fracture of an aperture of 0.01 m is included in the centre of the cube, half way of the
depth. A fully penetrating extraction well is situated in the centre of the model.

The modelled results are first compared with the analytical uniform flux solution
from Gringarten & Ramey (1974) (Fig. 5.33). The drawdown curves are coincident at
early time within the linear formation flow phase. During the transient phase, the
uniform flux solution develops a larger drawdown compared to the infinite solution
(modelled data). Once the radial phase is reached, the difference between both
solutions remains constant. This effect is similar to that described in the vertical
fracture case (Sections 4.2.1 and 5.3.1.1). However, the difference between the
uniform flux and the infinite flux solutions for a horizontal fracture with infinite
conductivity was already observed by Valkó & Economides (1997).

1.5
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0.5

2.5 '-- __ ...____~-'- __ ....J..._ __ ......J..._~ _ __'__ __ .........J

1x10-4

Figure 5.33. Drawdown in a pumped well. Comparison between the modelled data (infinite flux) and
the uniform flux analytical solution of Gringarten & Ramey (1974) (Sd= 2· 7t . T· s/Q, td = T· t/S· rl)

103



1x 10.4 L.....-u ................... ......._ ......... :...........L.......... ........ """-

1x1O.10 1x10·8 1x10-6 1x10-4
4

10-3

5. Numerical Modelling

Valkó & Economides (1997) developed a semi analytical solution to calculate the
drawdown in a well located in a horizontal pancake fracture with both infinite and
finite conductivities. Their model provides solutions for infinite and finite fluxes.
They introduced the concept of dimension1ess fracture conductivity FeD, which is
comparable to the relative conductivity Cr from Cinco-Ley et al. (1978) for finite
conductivity vertical fractures. FeD is defined as:

where
Kf = conductivity of the horizontal fracture [LT I]
w = fracture aperture [L]
K, = equivalent conductivity, (Kh2'Kv)I/3 [LTI]

rf = radius of the penny-shape fracture [L]

(5.2)

To investigate the ability of the model in representing the Valkó & Economides
(1997) semi analytical solution, drawdown in a pancake horizontal fracture was
modelled. In Figure 5.34, a series of modelling results for a dimensioniess aquifer
thickness hd = 0.1 (h, = hJrr-Y(KhlKv» and various FeD is presented. The values
published by Valkó & Economides (1997) for FeD ~ 100 (infinite conductivity case)
and Fco = 0.1 (finite conductivity case) are visualized as dots. The fit is excellent for
both cases. However, the curve for FeD = 0.1 is published by Valkó & Economides
(1997) as FeD= 1. It is assumed that these data have been erroneously labelled in their
publication. For the published dimensioniess time range (td from 0.01 to 30), the curve
corresponding to FeD = 10 almost coincides with the curve for infinite conductivity
and they probably missed it. Consequently, the next published curve was wrongly
labelled as FeD = 10, although in reality it corresponds to FeD = L Progressively, the
FeD= 1 curve should be FeD= 0.1.

A
slope = 1

8

12 ~~~~~-L __ ~~~ __ ~-L __ ~~~

1x10·g 1x10·7 1x10'5 1x10·3 1x10·1 1x101 1x103

~ [-]

Figure 5.34. Drawdown in a pumped well calculated for the infinite conductivity pancake fracture and
selected values of FeD (solid lines). The data published by Valkó & Economides (1997) are represented
by dots (FeD = 0.01 and 100). The set of type curves are calculated for hd= 0.1. For practical purposes,
the curves for FeD ~ 100 correspond to the infinite conductivity case (s, = 2 . 7t . T . s/Q, td= T . t/S . rl)
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The findings from Figure 5.34 can be summarized as follows:
• at early time, linear flow appears in the infinite conductivity case (FCD~ 100),

which is indicated by a slope of 0.5
• the slope of 1 in the transient phase is not fully developed because the value of hd

is not small enough (compare Figure 4.45 in Section 4.5.2)
• if the flow behavior of finite conductivity vertical features is transferred to the

horizontal penny-shape fractures, a bilinear flow phase with a slope of 0.25
should appear at early time. However, the drawdown curves for FCD< 100 show
no characteristic slope

• all curves reach the radial-acting flow at td= 10

An additional comparison with data published by Valkó & Economides (1997) is
presented in Figure 5.35 for h, = 1. Again, the Valkó & Economides (1997) values are
visualized with dots. In general the modelled results coincide with the published data,
except for the infinite conductivity case (FCD~ 100) at early time, where the slope is
larger than 0.5. It is assumed that this published curve corresponds to a dimensionless
aquifer thickness hd < 1. Further, the same labelling error explained above is observed
in this case.
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Figure 5.35. Drawdown in a pumped well calculated for the finite conductivity pancake fracture and
selected values of FeD (solid lines). The curves published by Valkó & Economides (1997) are
represented by dots (FeD = 0.01 and 100). A value of h, = 1 was used for the calculations. For practical
purposes, the curves for FeD ~ 100 corresponds to the infinite conductivity case (s, = 2 .1t . T . s/Q, td =
T· t / S . rl)

Summarizing, Figure 5.35 shows that:
• drawdown curves for FCD ::s 1 could be misinterpreted as double porosity,

especially when the early time data are influenced by well bore storage effects
• drawdown for higher values of FCD(~ 100) are characterized by a linear formation

flow (slope ofO.5), which is typical for fractures with infinite conductivity
• all curves reach the radial flow phase at td= 10
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It has been demonstrated that the numerical model is able to reproduce the semi
analytical solution from Valkó & Economides (1997) for both finite flux and infinite
flux. Due to the fact that the uniform flux solution from Gringarten & Ramey (1974)
and the infinite flux solution differ significantly, a new set of type curves for the
infinite solution and various hd is computed and presented in Figure 5.36. This set can
be used for the evaluation of pumping test data measured in a horizontal pancake
fracture with infinite conductivity and infinite flux.

10~ ~~W_Lll~~~~~W_Lll~~~~~

10~ 10-3 10-2 10-1 100 10+1 10+2 10+3

td [-]

Figure 5.36. Drawdown type curves in a pumped well located in a horizontal penny-shape fracture with
infinite conductivity and infinite flux (s, = 2 . 1t • T . s/Q, td = T . t / S . Tl)

5.3.5.1 Influence of fracture geometry
The drawdown curve calculated in a well that intersects a penny-shape fracture is
compared with the drawdown modelled for a square fracture with the same influx area
(Fig. 5.37). The coincidence of the curves leads to the conclusion that a penny-shape
horizontal fracture can be represented by a square fracture, as long as the influx areas
are the same (Fig. 5.38) or:

(5.3)

where
rf = radius of the penny-shape fracture [L]
a = side length of the square fracture [L]
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Figure 5.37. Drawdown in a pumped well located in a pancake fracture for hd = 0.1 and FeD = 1000
compared with the drawdown calculated for a square fracture with the same characteristics and equal
influx area. The derivatives are plotted as solid lines in the lower part of the graph

Figure 5.38. Area equivalence between a penny-shape fracture and a square fracture. The sum of the
areas Al and A2 represents the area B, rf is the radius of the penny-shape fracture, af is the half-side
length of the square fracture

However, natural bedding planes have not necessarily a penny-shape or a square
shape. Due to the heterogeneous genesis, they can have very various shapes. To
investigate the influence of the shape on the drawdown in a well, the area of fracture
in the centre of the model is varied from a square to a line (one cell row or line
fracture) by decreasing the width length aw. In this process, the aperture (w) and
half-length of the fracture (af) are maintained constant (Fig. 5.39). Because these
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fractures do not have a penny-shape, a new dimensionless aquifer thickness hd-horis
defined as follows:

(5.4)

where
h = aquifer or formation thickness [L]
af = side half-length of a rectangular fracture [L]
Kh = horizontal matrix or formation conductivity [Lrl]
Kv = vertical matrix or formation conductivity [Lrl]

Q

Figure 5.39. Schematic representation of a horizontal rectangular fracture

Figure 5.40 presents drawdown curves, which are computed for dimensionless
aquifer thickness hd-hor= 0.01. An infinite conductivity horizontal fracture is included
in the centre of the model. To allow a comparison of the curves, a normalization of
the data is performed. This is achieved using the relative fracture half-width b, that is
defined as

(5.5)

where
awf = width half-length of a rectangular fracture [L]
af = side half-length of a rectangular fracture [L]
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Figure 5.40. Normalized drawdown curves for a pumped well located in an infinite conductivity
bedding plane, hd-hor= 0.05, and various relative fracture half-width b.. The curve for b, = 1 corresponds
to the drawdown in the penny-shape horizontal fracture, the curve for b, = 0.000025 is identical to that
of a horizontal well with infinite flux. The slope of 0.5 indicates linear flow (Sd= 2 . TC • T . s/Q, td = T .
ti S . al)

Figure 5.40 can be summarized as follows:
• the drawdown in a well located in a square fracture (b, = 1) is similar to the

drawdown of in penny-shape fracture with a radius of r-= (4·brxf/ n)1/2

• for very small values of b. (line fracture), the drawdown is that of a horizontal
well. The early time data is dominated by a radial flow around the well axis in the
y-z plane followed later by a transient phase and a formation radial flow phase in
the x-y plane

• the dotted lines indicate both the end of the linear flow and the start of the radial
flow for the different br. The area in between represents the transient phase

The influence of the geometry on finite conductivity horizontal fractures is
investigated following the same procedure as above. Due to the fact that only the
fracture geometry varies for each curve, the value of dimensionless fracture
conductivity FeD varies as well. Therefore, it is not possible to set a unique value for
the whole graph. The computed curves are visualized in Figure 5.41 for various br and
hd-hor = 0.05.

109



b, = 2.5.10-5
i )1ope = 0.5
I ,

5. Numerical Modelling

Sd [-]

1x10-1 ----- slope = 0.25

,
2.5.10-1

1x10-2 hd-hor = 0.05

1x1 0-3

1x1 0-6 1x1 0-4

Figure 5.41. Normalized drawdown curves for a pumped well located in a finite conductivity bedding
plane, hd-hor= 0.05, and various relative widths b, The curve for b, = I corresponds to the drawdown in
the penny-shape horizontal fracture (Sd= 2 . 1t . T . s/Q, td= T . t / S . al)

Figure SAl can be summarized as follows:
• at very early time, the drawdown curves for large values of b, (1 and 0.25) show a

kind of radial flow within the fracture itself Once the cone of depression reaches
the fracture boundaries, a slope of 0.5 develops that corresponds to linear flow

• for b, = 0.025, a flow phase with a slope of 0.25 typical for bilinear flow appears
at early time (td between 10-4and 10-2). A plausible explanation for this behavior
is that the cone of depression reaches first the closest two boundaries of the
relatively narrow fracture and a channel flow type sets (Ehlig-Economides &
Economides, 1985), which is superposed by leaky from the matrix. The slope
increases later, during the transient phase, when the other two boundaries are
reached

• for small values of b, (0.0025 to 0.000025), the drawdown behavior reminds that
of a horizontal line source, where the early time data is dominated by a radial
flow around the well axis in the y-z plane followed later by a transient phase and
a formation radial flow phase in the x-y plane. However, these curves could be
misinterpreted as drawdown curves in double porosity aquifers

• the dotted line at td = 10 indicates the start of the formation radial flow phase for
the different b,

5.3.5.2 Influence of the horizontal extension of the bedding plane
To investigate the influence of the horizontal extension of the bedding plane on the
drawdown development, two computations are performed:
o a finite extent fracture modelled as a square fracture of 800 m x 800 m x 0.01 m

located in the centre of the model (the model dimensions are 40,000 m x 40,000
m x 20 m)

• an infinite extent fracture modelled as a fracture that extends throughout the entire
model area
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The properties used for the matrix-fracture system are:
• a constant specific storage coefficient Ss = 0.00001 m-I for the whole model
• matrix horizontal hydraulic conductivity Kh = 10-5mis
• matrix vertical hydraulic conductivity Kv = 5'10-7 mis
• fracture horizontal and vertical hydraulic conductivity Kf = 0.14 mis

These values lead to a dimensionless aquifer thickness hd = 0.2 and a
dimensionless fracture conductivity FeD = 0.1 for the finite fracture. The calculated
drawdown curves for both the finite and the infinite extent fractures are presented in
Figure 5.42.
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Figure 5.42. Comparison of the drawdown computed for a pumped well located in a bedding plane of
limited extent (squares) and a horizontal fracture throughout the model area (dots). Both cases are
computed considering finite conductivity fractures. The solid lines indicate the derivatives of the
drawdown curves

Summarizing, Figure 5.42 shows that:
• at early time a slope of 1 is observed in both drawdown curves, which is due to

cell storage (equivalent to well bore storage)
• after the cell storage, the drawdown curve for both the infinite and finite extent

fractures shows a transient phase, which ends at t = 500 minutes. This phase is
characteristic for flow in horizontal fractures (compare Fig. 5.34 for finite
conductivity and Fig. 5.36 for infinite conductivity)

• from t = 500 minutes, a radial flow phase characterized by a horizontal derivative
sets in the case of the infinite extent fracture. The analysis of this radial-acting
phase with the common straight-line methods allows the estimation of the
fracture-matrix transmissivity, which is the arithmetic mean of each of the system
components (Matheron, 1967). The influence of the closed model boundaries
(slope of 1) starts at approximately t = 5'104 minutes

• from t = 500 minutes, the finite extent fracture case shows a transition phase up to
a time t = 5.104 minutes. Thereafter, a radial-acting flow phase develops within
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the matrix. This radial-acting flow phase appears later than in the infinite extent
case. The matrix transmissivity can be determined using the radial flow phase and
applying the Cooper-Jacob (1946) method. The influence of the closed model
boundaries (slope of 1) starts at approximately 3.105 minutes

Figure 5.43 shows the drawdown curves obtained applying the same methodology
to high conductivity fractures.

10+2

10+1

100

I 10-1
Cl) slope = 1

10-2

10 -3

10-4 10-4

10-6 10-5 10-4 10-3 10-2 10-1 100 10+110+210+310+410+510+6

t [min]

Figure 5.43. Comparison of the drawdown computed for a pumped well located in a bedding plane of
limited extent (dots) and a horizontal fracture throughout the model area (squares). Both cases are
computed considering high conductivity fractures. The solid lines indicate the derivatives of the
drawdown curves

•
Figure 5.43 can be summarized as follows:
both curves show an initial cell storage (slope of 1), which is e~uivalent to the
well bore storage. This effect disappears at approximately t = 3·10- minutes
after the cell storage, the drawdown curve for the infinite extent fracture shows
only radial acting flow up to t = 10 minutes, where the influence of the model
boundaries becomes visible (slope of 1). A linear flow phase does not develop
because the cone of depression within the fracture does not have a lateral
limitation and can therefore expand infinitely. The analysis of the radial-acting
phase with the Cooper-Jacob (1946) method allows the estimation of the fracture-
matrix transmissivity, which is the arithmetic mean of each of the system
components (Matheron, 1967)
after the cell storage, the drawdown curve for the limited fracture shows a linear
formation flow characterized by a slope of 0.5. During this phase, the matrix
provides the extracted water through the top and bottom of the fracture. A radial-
acting flow sets at t = 5'104 minutes. This radial-acting flow phase appears later
than in the infinite extent case. The matrix transmissivity can be determined using
the radial flow phase and applying the Cooper-Jacob (1946) method. In this case,
the closed model boundaries were not reached within the computed time

•

•
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5.3.6 Parallel horizontal structures

To investigate the influence of parallel horizontal fractures three equidistant bedding
planes are included in the centre of the model (Fig. 5.44). A fully penetrating well is
considered in the centre of the cube.

extraction well

weathered zone

open bedding planes

closed bedding planes sandstone

-:-:-:-:-:-:-:-:-:-:-:-~/a~sf,One- :-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:-:----------------------------------
Figure 5.44. Example of parallel horizontal open bedding planes embedded in a layered sandstone
aquifer intersected by a well

Figure 5.45 shows a comparison of the drawdown calculated with three parallel
infinite conductivity horizontal fractures and the corresponding drawdown in a single
bedding plane for hd= 0.3. Each horizontal feature has a dimensionless fracture
conductivity FeD= 250.

i radial flow

slope = 0.5

1x10·3 '---~ ............._~_........L_~~........L.~~~....L.__~~"'_~~.............J

1x10·4

Figure 5.45. Comparison of the drawdown in a pumped well located in a single horizontal bedding
plane and that of three horizontal parallel fractures for h, = 0.3. All fractures have infinite conductivity
(FeD= 250, Sd = 2 . 1t . T . s/Q, td = T . t / S . rl)

Summarizing, Figure 5.45 shows that:
• in both curves, linear flow appears at early time (slope of 0.5), which is followed

by a transient phase. The radial-acting flow sets at td = 10
• lesser drawdown is observed in the three parallel fractures at early time due to the

increased conductivity of the fracture-matrix system
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• the shape of the drawdown curve in parallel horizontal fractures is equivalent to
that of a single bedding plane. Therefore, for a correct evaluation of the test,
additional on-site information is required

Due to the lesser drawdown at early time, the fitting of the curve produced by more
than one horizontal fracture to a type curve calculated for a single horizontal bedding
plane (for example Fig. 5.36) would result in an underestimation of the hd value (h, =
h/rr-V(KhlKv». Assuming that the aquifer thickness (h) and the horizontal and vertical
matrix conductivities (Kh and Kv ) are known, the underestimation of hd will lead to
an over estimation of the fracture equivalent radius (rr),

5.3.7 Combination of vertical and horizontal features

The typical geological structure that can be considered as crossed single fractures is
the vertical fault zone connected to open bedding planes (Fig. 5.46).

extraction well weathered zone

waterr: \~ -I£' /' ~
open beddingpl~ne fL_-open fault zone

--------__.-j closed b~ding plane
sandstone· -,,---_--_--_--_--_--_--_--------f~! -- - - __- _- _-_- _--_--7,,, --- -- -- -

- - - - - - 'ill - - -
_- _- c/aystone - _- _ - -

Figure 5.46. Example of a cross section through a typical tectonic fault situation. The arrows indicate
the direction of relative movement. The upper part of the fault (closed to the surface) is assumed to be
sealed, due to weathering processes. The upper bedding plane is open on the left hand side due to shear
forces and closed on the right hand side due to compression forces

The numerical model was applied to this situation with following simplified
geometry and basic parameters:
• infinite, homogeneous, confined aquifer
• no recharge
• constant aquifer thickness h = 20 m
• matrix conductivity tensor K = 10-5mis
• bedding plane location z = 10m
• bedding plane aperture w = 0.01 m
• bedding plane half-length af = 400 m
o bedding plane half-width afw= 10m
• bedding plane conductivity tensor Kr = 1 mis (finite case) or 1000 mis (infinite

case)
o vertical, fully penetrating fault
• fault aperture w = 0.01 m
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• fault half-length Xf = 400 m
• fault conductivity tensor Kj = 1mis (finite case) or 1000 mis (infinite case)
• specific storage coefficient Ss = 10-5 [L-I], constant for the whole aquifer system
• extraction rate of the fully penetrating well Q = 40 m'/d

The horizontal fracture parameters lead to b, = 0.025 and hd-hor= 0.05. In the case
of the vertical fracture Cr = 0.8 (finite conductivity case) and Cr = 800 (infinite
conductivity case).

The results of the calculations are graphed in Figures 5.47 to 5.50. All figures show
the drawdown curve of each single case (bedding plane and vertical fault) and the
combination of both.
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Figure 5.47. Drawdown of a pumped well located in a single vertical fault, a single horizontal bedding
plane (both with infinite conductivity), and a combination of both

The findings from Figure 5.47 are:
• the drawdown in the single vertical fault at early time has a slope of 0.5 which,

according to Gringarten et al. (1974), indicates linear formation flow phase in an
infinite conductivity fracture case

• the drawdown in the single bedding plane shows linear flow at very early time
(slope of 0.5). The drawdown behavior is similar to that of the type curve for
b, = 0.025 and hd-hor= 0.05 in Figure 5.40 (Section 5.3.5.1)

• at very early time, the drawdown in the combination of the single infinite
conductivity vertical and the horizontal features is smaller than that of both single
drawdown curves. This is due to the increased inflow area in the intersection of
the fractures, where the fully penetrating well is located. After 0.1 minutes, the
drawdown curve for the intersected features coincides with the drawdown in the
single horizontal feature. Therefore, additional information is necessary for a
correct evaluation of this combination case

115



116

5. Numerical Modelling

I/)

10-2~~=-~~~~~~~~u=~~=-~~~~~~~
10-3 10-2 10-1 100 10+1 10+2 10+3 10+4 10+5 10+6

t [min]

" single vertical fault finite conductivity

• single bedding plane finite conductivity
A both active

Figure 5.48. Drawdown of a pumped well located in a single vertical fault, a single horizontal bedding
plane (both with finite conductivity), and a combination of both

In Figure 5.48, the intersection of single finite conductivity horizontal and vertical
features is presented. Following results can be summarized from the graph:
• the drawdown in the single vertical fault at early time shows a slope of 0.25

which, according to Cinco-Ley ef al. (1978), indicates the bilinear flow phase in a
finite conductivity vertical fracture

• the drawdown in the single bedding plane shows a slope of 0.25 which, in this
case, means the superposition of channel flow and leakage from the matrix. This
effect was described in Section 5.3.5.1 for the finite conductivity type curves (b, =
0.025 and hd-hor= 0.05 in Fig. 5.41)

• The drawdown of the combination of both features is significantly smaller than
the drawdown of the single cases, due to the increased inflow area. At very early
time the curve shows bilinear flow as in the single vertical feature, but the
transient period is not similar to any of the two single cases. Again, a correct
evaluation of a combination of this type is impossible without additional
information from the field

Figure 5.49 shows the drawdown in the intersection of a vertical fracture with
infinite conductivity and a finite conductivity bedding plane. Following results can be
derived from the graph:
• the drawdown in each of the single cases is already described in Figure 5.47 and

Figure 5.48
• the drawdown of the combined case is smaller than each of the single cases, due

to the increased inflow area. At very early time, it shows linear flow as in the
single vertical case with infinite conductivity. Nevertheless, the overall curve
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shape resembles the drawdown in an infinite conductivity horizontal penny-shape
fracture for hd ~ 1 and highlights the fact that previous knowledge of the fault
situation is necessary for a correct evaluation of the data
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Figure 5.49. Drawdown of a pumped well located in a single vertical fault (with infinite conductivity),
a single horizontal bedding plane (with finite conductivity), and a combination of both
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Figure 5.50. Drawdown of a pumped well located in a single vertical fault (with finite conductivity), a
single horizontal bedding plane (with infinite conductivity), and a combination of both
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Figure 5.50 shows the drawdown in an intersection of a vertical fault with finite
conductivity and an infinite conductivity bedding plane. Following results can be
derived from the graph:
• the drawdown of the single cases is already described in Figure 5.47 and Figure

5.48
• the drawdown of the combined case is similar to that of the horizontal infinite

conductivity bedding plane, but it is slightly smaller at very early time, due to the
increased inflow area. Again, additional information from the field is necessary to
correctly evaluate such a combination

The calculated examples show that in general it is impossible to draw definite
conclusions on the geological set up, if only the produced drawdown curve is
observed. Additional on-site information is necessary. Further, following general rules
can be summarized:
• if both single features have infinite conductivity, the shape of the drawdown in

the intersection of the features is similar to that of the horizontal fracture
• if both features have finite conductivity, the shape of the drawdown in the

intersection of the features resembles that of the horizontal bedding plane
• if one of the single features has infinite conductivity and the other finite

conductivity, the shape of the drawdown in the intersection of faults is governed
by that of the single infinite conductivity case

• in all cases, the matrix transmissivity can be evaluated applying the Cooper-Jacob
(1946) method to the radial-acting flow data

5.4 Discussion of results

This part of the thesis was aimed to study whether more complex discontinuous
fracture networks have significant influence on drawdown curves. To investigate this
issue, various plausible structural situations were modelled and synthetic pumping test
curves were computed. Following this methodology, it was found that:
• common numerical modelling are capable of reproducing the analytical and semi

analytical solutions for single feature cases. However, due to the long
computational time needed (e.g. 3 days were needed for the computation of
drawdown in the crossed fractures case), it is not an appropriate method for the
day-to-day analysis of pumping tests

• for all practical purposes, the fracture/fault storage does not have influence on the
drawdown curve in single vertical fractures with infinite or finite conductivity, if
CDr ~ 10-4 (CDr = Srw/(7t,S·xr». This observation confirm the findings of Cinco-
Ley et al. (1978)

• drawdown in finite conductivity vertical fracture/faults with considerable width
and limited extent present a radial flow phase within the fracture. In cases of
larger CDr, this effect can be misinterpreted with double porosity

• parallel vertical structures with infinite or finite conductivity (Cr 2': 100 or
Cr < 0.01, Cr = Trw/(7t·Txr» have no influence on the drawdown. Further,
parallel vertical structures with Cr in the range of 0.01 ~ Cr < 100 show minor
influences at early time, if the dimensionless relative separation Sr (s, = dt!xr) is
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less than 0.125. However, for all practical purposes, it can be concluded that
parallel vertical fractures do not have influence on the drawdown

• the drawdown computed in the combination of vertical fractures with infinite
conductivity (crossed or bend fractures) differs significantly from the drawdown
measured in the single straight fracture. However, the results are comparable to
the drawdown obtained with the uniform flux solution, although the influx along
the fracture is not uniform. Gringarten et a!. (1974) mentioned that some field
data from hydraulic fracturing fit better the uniform flux solution. The results of
this work give reasons to believe that such field data are attributed to more
complex fracture networks similar to those studied here

• horizontal penny-shape fractures and horizontal square features with equivalent
influx area have the same drawdown

• the findings of this part show that infinite flux is common in cases of infinite
conductivity horizontal bedding planes. Therefore, a new set of type curves for
this kind of influx is presented. Pumping test data can be evaluated using these
curves

• horizontal rectangular fracture shapes have a significant influence on the
drawdown. In the case of narrow fractures, it is possible to identify channel flow
superposed by linear formation flow (leaky) that results in a slope of 0.25 in a
log-log plot. Further, it is found that the drawdown in an extremely narrow
horizontal fracture is equivalent to that of a horizontal line source (horizontal
well)

• if the dimensionless aquifer thickness hd-hor(hd-hor= h/arv'(Kh/Ky)) of a horizontal
fracture is known, it is possible to draw a set of type curves that depend on the
fracture shape, as shown in Section 5.3.5.1. Consequently, fitting field data to one
of these type curves allows the identification of the fracture shape

• drawdown in horizontal finite conductivity bedding planes (FCD :'S 1, FCD =
Krw/(12·Ke·rf)) can be misinterpreted as double porosity, especially if the
drawdown curve is affected by well bore storage. A misinterpretation as double
porosity can also occur in the analysis of drawdown curves measured in very
narrow horizontal fractures

• the shape of the drawdown curve in parallel horizontal fractures is equivalent to
that of the single horizontal bedding plane. Therefore, without additional on-site
investigations it is impossible to determine whether the drawdown belongs to a
single fracture or to a series of parallel features. Further, the evaluation of the
fracture radius depends on h, (h, = h/rrv'(Kh/Ky)). If the drawdown curves from
parallel fractures are fitted to types curves for single bedding planes, h, is
underestimated which, in turn, results in an overestimation of the fracture radius.
This effect is very important, especially for the interpretation and evaluation of
transport mechanisms as well as for the design of well protection zones

• the drawdown curve in horizontal bedding planes with infinite extent and infinite
conductivity follows the Theis curve, whereas in the case of finite conductivity,
the radial flow phase sets after a relatively long transient phase, probably due to
the leakage from the matrix. The evaluation of the radial flow phase using the
common methods allows the determination of the fracture-matrix transmissivity,
which is the arithmetic mean of both components. The correct evaluation of such
fracture-matrix systems is of high importance for transport mechanisms and the
design of well protection zones
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• the results of the calculated examples show that the intersection of vertical and
horizontal structures always leads to drawdown curves that could be
misinterpreted with drawdown curves of single cases. Drawdown in intersections
of vertical and horizontal fractures, where at least one of them has infinite
conductivity, plots similar to the infinite single case. If both features have finite or
infinite conductivity, the drawdown plots similar to the single horizontal fracture.
Therefore, additional on-site information is necessary to identify the real
situation. This issue is very important, especially for the interpretation and
evaluation of transport mechanisms as well as for the design of well protection
zones
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Chapter 2: Basics on Reservoirs and Well Effects

The main conclusions that can be drawn from this chapter are:

• a new idea for the interpretation of well bore storage was derived by comparing
its effects with the concept of drawdown in a closed aquifer

• it is shown that the time series of the well bore skin plots horizontal during the
radial-acting flow phase. This effect can be used as a diagnostic tool to identify
this flow period

• if different skins (well bore skin, fracture skin, partial penetration skin, and
pseudo-skin) appear simultaneously, their effects are superposed. This means that
the positive effects of pseudo-skin (reduced drawdown) could be destroyed by the
presence of other skins (for example well bore skin). Therefore, the analysis of
skin effects must is very important in the evaluation of pumping test data

• the physical and hydrological processes that take place during fracture dewatering
are described and an example is presented. Generally, it is recommended that the
test be redone at a lower pumping rate to avoid dewatering, if the estimation of
aquifer parameters is of interest

Chapter 3: Flow Diagnostics

The main conclusions from this chapter can be summarized as:

• it is emphasised that the development of the cone of depression is time-dependent,
but does not depend on the extraction rate. Therefore, a pumping test aimed to
determine the aquifer parameters should be planned to run over relatively long
time (2 to 3 days) at a rate that produces a measurable drawdown in the extraction
well and the observation wells

• basic instructions for the analysis of pumping test data from fractured media are
introduced. It is emphasised that the comparison of the drawdown and the time-
corrected recovery curves is a power tool to identify irregularities during the test,
for example unreported variations in the extraction rate

• it is shown that in a system composed of a single vertical fracture embedded in a
matrix, the correct evaluation of the storage coefficient using the common
methods (Jacob or Theis) is only possible, if the observation well is located at a
distance of 1.5 to 5 times the half-length of the fracture. This distance depends
strongly on the direction of the observation well to the fracture and the relative
fracture conductivity Cr (contrast between the fracture transmissivity and the
matrix transmissivity). However, for practical purposes, a distance of 3 times the
half-length of the fracture is sufficient. This distance is recognised as the limit of
the REV. The drawdown in any observation well located further away shows the
behavior of the homogeneous media and therefore, leads to the correct evaluation
of the storage coefficient
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• it is shown that the radial-acting flow in a fracture-matrix system sets once the
cone of depression overcomes the REV of this system

• a new method for the determination of skin location in infinite conductivity
fractures or faults is presented. It is shown that the location can be uniquely
identified, if the pumping well and at least one observation well are located within
the same structure

Chapter 4: Analytical Models for Evaluation of Pumping Tests in Fractured
Aquifers

The main conclusions from this chapter are:

• the computer program TPA is introduced. The program allows for curve
diagnosis, test data evaluation, and forward modelling using the analytical and
semi analytical methods that are described in this chapter (homogeneous fractured
case, and single vertical and horizontal features with finite and infinite
conductivity). The ability of the program to reproduce this solutions is
demonstrated on published data and field examples

• a new set of type curves for single vertical fractures with finite conductivity and
considerable storage capacity is presented

• it is shown that the presence of a single horizontal fracture can be identified by
trying to accommodate the Papadopulos curve (Theis curve that includes well
bore storage) to the drawdown data. Due to the pseudo-skin effect, unrealistic
large values of S will be obtained, if the field data belong to a horizontal fracture

• it is explained that in the absence of skin effects (well bore skin and fracture
skin), a horizontal fracture can also be identified by applying the skin factor
evaluation for primary aquifers (Section 2.4.2). Negative values of skin indicate
enhanced effective radius of the well which, in fractured rock, is generally related
to the presence of open features

Chapter 5: Discontinuous Fracture Network Investigation with Numerical
Models

The main conclusions from the fifth chapter are:

• numerical modelling based on laminar flow is able to reproduce the analytical and
semi analytical solutions for single fracture cases, if a correct set up is adopted

• at early time and for large CDr, the drawdown in finite conductivity vertical faults
with considerable width show a radial flow phase within the fracture, which can
be misinterpreted with double porosity. However, this effect is most likely to
appear only under unconfined conditions

• unexpectedly, it was found that parallel vertical structures play a subordinate role
in the development of the drawdown in the well

Cl field data that fits to the uniform flux solution of Gringarten at al. (1974) can be
attributed to bend or crossed vertical fractures

• a penny-shape horizontal fracture (pancake) can be replaced by a square fracture
with the same influx area
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• Gringarten & Ramey (1974) have published type curves for infinite conductivity
horizontal penny-shape fracture with uniform flux. However, it is demonstrated
that infinite flux is a more appropriate description for this kind of fractures.
Therefore, a new set of type curves for infinite flux is presented

• if the cone of depression in an aquifer with open horizontal bedding planes does
not reach the boundaries of the fractures during the test, the transmissivity
obtained by evaluating the radial flow phase corresponds to the arithmetic mean
of both components (matrix and fracture). If the presence of the fracture is not
taken into account, the size of a well protection zone or the transport time will be
underestimated

• it is shown that the relationship between length and width of a horizontal fracture
has a significant influence on the drawdown. Fitting the field data to type curves
based on the dimensioniess aquifer thickness hd-hor(hd-hor= h/ar-Y(KhlKy)) allows
the determination of this relationship

• it is shown that many cases of horizontal finite conductivity fractures could be
erroneously identified as double porosity cases

• parallel horizontal fractures produce drawdown curves similar to those of single
bedding planes. Fitting the drawdown curve of parallel horizontal fractures to the
type curve for single horizontal bedding planes leads to an overestimation of the
fracture radius

• it is demonstrated that the intersection of vertical and horizontal structures leads
to drawdown curves that could be misinterpreted with drawdown curves of single
cases. For a correct evaluation, additional on-site information is needed
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7. SUMMARY

Fractured aquifers are characterized by the fact that most of the water flows along
fractures, faults, open bedding planes, or other geological features. These features are
embedded in a matrix that has either porous nature, like in sandstone, or is almost
impermeable (inert), as in the case of granite.

It is often observed that in fractured aquifers the measured air lift yield is a strong
overestimation of the long-term sustainable yield of the well. The explanation for this
effect is that the water extracted initially is provided by a geological feature that is
high yielding but limited in its extension, while the long-term sustainable yield is the
response of the matrix. Such a geological feature can be among others, a single
vertical fracture or a fracture network, which usually acts as a preferential flow path.

Pumping tests in primary and secondary aquifers are widely used by the ground
water industry because they provide important information on the reservoir and the
well performance. Various researches in the oil and ground water industries have
found that the presence of single preferential flow paths results in characteristic
drawdown curves. However, a lack of research is encountered, when it comes to more
complex fracture networks. This work investigates the behavior of drawdown curves
in fracture set ups below the representative elementary volume (REV), which is
defined as the smallest volume of aquifer that can be considered as a homogeneous
fractured unit. Emphasis is given to the importance of a thorough diagnosis of the data
to be able to adequately estimate the aquifer properties.

Chapter 2 of the present work summarizes the basic knowledge on ground water
flow in fractured reservoirs, where the REV, fracture connectivity, and conductivity
contrast between fracture and matrix are defined and explained. Thereafter, the flow
behavior in fractured media (linear, radial, and spherical) are described. This chapter
ends with the review of various well and reservoir boundary effects, such as well bore
storage, well bore skin, partial penetration skin, fracture skin, pseudo-skin, fracture
dewatering, and reservoir boundaries.

Chapter 3 gives practical advice for the planning and performance of pumping tests
and stresses the necessity of time correction in the case of variable discharge rate
during the test. The importance of the pseudo-skin effect originated by the presence of
a single vertical fracture is highlighted. It is shown that pseudo-skin effects are the
reason for the apparent dependence of the storage coefficient (S) on the distance
between the observation borehole and the single vertical feature, when the common
evaluation methods are used for the estimation of S. Furthermore, the radial-acting
flow phase and in relation to the REV is explained. This chapter ends with the
description of various diagnosis tools, which allow, among others, the determination
of the flow phases from pumping test data influenced by preferential flow paths.
These tools are included in the computer program Test Pumping Analysis (TPA),
which was compiled under the umbrella of this thesis. It is explained that data
consistency can be rapidly analysed with the comparison between drawdown and
recovery data and any discrepancy must be investigated additionally. The use of
straight-lines, especial plots, and curves derivatives is described.

Chapter 4 presents the most important analytical and semi-analytical available
solutions for the analysis of pumping test data in fractured aquifers, which are
included in TPA. For each case, the mathematical solution is first described. The
influence of well bore and reservoir effects are explained using TPA, based on
theoretical and field examples. Special emphasis is given to the various skin analyses
and to the possible misinterpretation of drawdown curves. The solutions presented
are:
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• double porosity model of Moeneh (1984)
• single vertical fracture with infinite conductivity and finite extent of Gringarten et

al. (1974)
• single vertical fracture with finite conductivity and finite extent of Cinco-Ley et

al. (1978)
• single vertical dike with finite conductivity and infinite extent of Boonstra &

Boehmer (1986)
• bedding plane fracture with infinite conductivity and finite extent of Gringarten &

Ramey (1974)
• generalized radial flow model for fractured reservoirs of Barker (1988)

Chapter 5 investigates more complex fracture situations with help of numerical
modelling based on the Darcian law. Synthetic pumping tests are simulated and their
drawdown behavior is analysed. The single vertical fracture case is first computed to
ensure that the model set up leads to the analytical and semi-analytical solutions of
Gringarten et al. (1974) and Cinco-Ley et al. (1978), respectively. To investigate the
influence of wider fault zones, which are assumed as a homogeneous fractured zone,
faults with increasing width are modelled. It is found that:
• for large storage capacities and finite conductivity, the drawdown at early time

shows a radial-acting flow phase within the fault, which could be easily
misinterpreted as double porosity. However, this effect occurs most likely under
unconfined conditions

The model is then modified to include parallel vertical fractures. It is found that:
• parallel vertical structures with infinite conductivity have no influence on the

drawdown at the well
• parallel vertical structures with finite conductivity show minor influences at early

time, if the dimensionless relative separation Sr (Sr = dt!xf) is less than 0.125

Thereafter, the model is modified to represent a crossed fracture case and a bend
fracture case, both vertical and with infinite conductivity. The computed drawdown
differs significantly from the drawdown measured in the single straight fracture. It is
found that:
• this drawdown is comparable to that obtained with the uniform flux solution of

Gringarten et al. (1974), although the influx along the fracture is not uniform.
However, the authors mentioned that some field data from hydraulic fracturing fit
better to the uniform flux solution. The results of this work give reasons to believe
that such field data are attributed to more complex fracture networks similar to
those studied here.

The horizontal bedding plane case is also investigated. First, the model is run to
compute the infinite and finite flux solutions from Valkó & Economides (1997). The
modelled curves fit adequately the data for their solutions, although a labelling error
in the published data is identified. Further, the influence of the fracture geometry is
analysed. It is found that:
• horizontal penny-shape fractures and square features with equivalent influx area

have the same drawdown
• rectangular horizontal features have a significant influence on the drawdown

behavior

125
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7. Summary

The investigation of parallel bedding planes shows that:
• the shape of the drawdown curve in parallel horizontal fractures is equivalent to

that of the single horizontal bedding plane. Therefore, without additional on-site
investigations (e.g. fluid logging or flow meter measurements) it is impossible to
determine whether the drawdown belongs to a single fracture or to a series of
parallel features

• The analysis of drawdown curves produced by parallel horizontal fractures using
type curves for single horizontal fractures leads to an over estimation of the
fracture radius. This effect is important among others, for the design of protection
zones

Finally, intersections of a single vertical fracture and a single horizontal bedding
plane are modelled. It is found that:
• the obtained drawdown curves could be misinterpreted with drawdown curves of

single cases. Therefore, it is concluded that additional information is necessary to
correctly identify the geological set up. This issue is highly important for both the
design of well protection zones and the estimation of the transport time
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