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NOMENCLATURE

erfc(x) =

Kp,Ky =

KuxrKyys

ny

iii

-3
e )
fepb?

. leakage factor, (L)

Thickness of an aquifer and aquitard, respectively, (L)

2

-
. 4
1 - /T f e dy, complementary error function
o

acceleration of gravity, (LT™2)
hydraulic head, (L)

hydraulic conductivities of an aquifer and aquitard, respec-
tively, (LT™")

determinant of hydraulic conductivity tensor, (L3T'3)
determinant of tensor Kij

directional hydraulic conductivity along the flow
components of hydraulic conductivity in radial and vertical
directions, respectively, (L~

components of hydraulic conductivity tesnor (LT~
modified Bessel function of the second kind and zerc order
intrinsic permeability, (L<)

depth of penetration, (L)

thickness of an aquifer and aquitar, respectively, (L)
rate of pumping or recharge, (L3T1)

radial distance from a pumping weall, (L}

r\/— . (L)
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s,s' = storage coefficient of an aquifer and aquitard, respectively
Sg, S'g = specific storage of an aquifer and aquitard, respectively,(L“)
s,s' = drawdowns in an aquifer and aquitard, respectively, (L)
sp = dimensionless drawdown
Tyx = Kyxb, (L2T™1)
Tyy = Kyyb, (L277T)
Txy = nybl (Lz T—I)
t = time, (T)
tp = dimensionless time
K't
t' = —
D st z2
s
rZS
u = 2
4Kt
v = specific discharge or Darcy's velocity, (LT™1)
Vxe Vy.
vy = components of specific discharge, (LT1)
P
w{u) = I = dy, well function
u Y
-3
1 (;2
Wlu,a) = f(;)exp - -Z; dy
u
B1:B2:83 = the angles between the direction of specific discharge
and x, Y, z axes, respectively
p = density of fluid (ML™3)

u =  dynamic viscosity, (ML™2T=1)



1. INTRODUCTION

1.1 Objective

This report compares available techniques for measuring vertical hy-
draulic conductivity in geological materials and identifies methods that are
most applicable to the needs of the Basalt Waste Isolation Project (BWIP).
We define vertical hydraulic conductivity as the hydraulic conductivity in

the direction normal to the bedding plane.

1.2 Statement of the Problem

A regional model that can predict groundwater movement through the
reference repository location and surrounding area is essential to assessing
the site suitability for a nuclear waste repository. During the last two
decades, several models have been developed to handle complicated flow
patterns through complex geologic materials. The basic problem, however, is

obtaining the data base needed to apply these models.

The hydological data needed include the spatial distribution of effective
porosity, the hydraulic conductivity tensor and its variation in space,
values of specific storage, the hydraulic head distribution, and the fluid
properties. In this report, we discuss conventional methods of obtaining
vertical hydraulic conductivity and examine their applicability to the BWIP

site.

1.3 Hydraulic Conductivity

Hydraulic conductivity is the constant of proportionality in Darcy's Law
that relates groundwater movement and hydraulic gradiemc in a porous medium.

Darcy'’s Law may be stated as:

dh
VK G (1=1)



-

where
K = hydraulic conductivity,

V = Darcy's velocity or specific discharge, and

gﬁ = hydraulic gradient

Hydraulic conductivity, which is sometimes called the coefficient of
permeability, has been shown to be related to the fluid properties and the

permeability of a porous medium by the following formula (Hubbert, 1940):

x=553 (1=2)

where
k = specific, or intrinsic, permeability of the porous medium,
p = density of fluid,
p = dynamic viscosity of fluid, and

gravitational acceleration.

']
L}

Intrinsic permeability k; wilick is a function of mean grain diameter,
grain size distribution, sphericity, and roundness of the grain; is a measure

of the ability of the medium to transfer a given £fluid.

The hydraulic conductivity of geological materials varies from approxi-
mately 1 to 10713 m/s. The hydraulic conductivity of a given geological
formation can vary with the location of measurement. This property of a
medium is called heterogenity. Hydraulic conductivity can also vary with the
direction of measurement at any given locaton. This property is called
anisotropy and is quite conmon in sedimsntary rocks. In such rocks hydraulic
conductivity parallel to the bedding is sometimes much larger than across the

bedding. &Anisotropy is especially iuportant in stratified formations.
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Rose (1983) discusses how directional hydraulic conductivity is affected
by thickness and differences between adjacent layers in a sedimentary
rock. Low hydraulic conductivity beds within a more permeable medium do not
cduse significant anisotropy unless the total thickness of the low conduc-
iivity beds is of the same order as the thickness of the permeable materials.
The maximum value of the ratic Knax/Knip corresponds to the case where
the total thickness of each material is egual. Anisotropy is alsc common in

fractured rocks where the aperture and spacing of joints varies with direction.

In an anisotropic medium, hydraulic conductivity may generally be repre-
sented by a 3x3 matrix. The components of specific discharge in an aniso-
tropic medium may then be written.

3 _ . 3h

vx = -Kxx X ny ay sz 3z (1-3)
ah 3h 3h
= - IR - = . = 1=
vY ny % Kyy oy Kyz 2z (1-4)
= - 8 _ 3h 3h -
Ve, sz x sz ay Kzz 3z (-5

Values of K are components of the symmetric hydraulic conductivity
matrix. With an appropriate coordinate system one can diagonalize a sym-
metric matrix if the principal directions of hydraulic conductivity coincide
with the X, y, and z coordinate axes. If the matrix can be simplified,

then the three principal components of specific discharge are represented

by:
= OB -
Ve T K ax (1-6)
vy =-x & (1=7)
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v =-x AR (1-8)

Here Ky ,Ky, and X, are the principal hydraulic conductivity values which
are now in the x, y, and z directions. Equations (1-6) through (1-8)
indicate that for an anisotropic medium, the orientations of specific dis-
charge and hydraulic gradient coincide only in the principal directions of
hydraulic conductivity. In other directions, however, the hydraulic gradient

and specific discharge are not in the same orientation.

It is often possible to choose a coordinate system that coincides
with the principal directions of hydraulic conductivity. But in layered
fractured media. where fracture orintation and spacing may change from one
layer to another, the principal diraction of conductivity may also change.
In such a medium it is impossible to identify a unigque system of coordinates.
Therefore, study of flow in such a medium requires identification of the
complete hydraulic conductivity tensor of the individual layers. As will be
discussed in Section 2, most methods for measuring vertical conductivity do
not permit the complete conductivity tensor to be identified because they
require the a priori assumption that the vertical direction is a principal

direction of hydraulic conductivity.

A general assumption used in all the testing technigques discussed in
this report is that the formation being tested is a porous medium. These
tests can be performed in a fractured rock provided that the fracture sys—
tem is well developed such that it can be represented by an eguivalent

porous medium.



2. AVAILABLE TESTING TECHNIQUES

There are threz types of testing methods for vertical hydraulic conduc-
tivity: (1) tests associated with partially penetrating production wells,
(2) tests related to the leaky aquifers, and (3) tests which lead to calcu-

lation of directional hydraulic conductivity.

2.1 Tests BRased On The Theory Of Partial Penetration

If a pump test is designed so that a horizontal aquifer is pumped by
a vertical well, drawing from the total thickness of the aquifer, the verti-
cal hydraulic conductivity of the aquifer cannot be estimated because ground-
water movement is essentially horizontal. However, analysis of drawdown data
from a well that only partially penetrates an aquifer may yield the vertical
hydraulic conductivity if drawdown data is obtained from a point close to the

pumped well.

Weeks (1969) presented methods for determining the ratio of hori-
zontal to vertical hydraulic conductivity. These methods are based on the
assumption that the horizontal hydraulic conductivity in the aquifer is
independent of direction. Shao and McKee (1982) introduced another method
for determining all three principal values of hydraulic conductivity provided
that they coincide with a coordinate system that has two axes on the bedding

plane and the third perpendicular to that plane.

2.1.1 Weeks' Methnd
Weeks' method is based upon the partial penetration theory of Hantush
(1957, 1961, 1964). The drawdown around a partially penetrating well produc-
ing at a constant rate from a a homogeneous, anisotropic aquifer is given

by:
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2 -
S = Kb w.ur) + £ {2-1)
r
where
-
=22 __ ¥ 3 f,nel o nxd cos DIZ H:x nsr
#(1=d) n \77 b b b (r' b
n=1
and
r2 Ss
U IR be (2.3
T
s = drasrdown
Sg = spnrciflc storage
r = radial distance
Kr/,Ky = hydraulic conductivity in radial and vertical direction,
respectively
b = thiclness of the aquifer
t = time elapsed since the start of the pump tast

W(uy) and

nrr
w(ur, e "kz/kr)' Wi, al

are defined in the nomenclature.
Q = rate of discharge

Figure 2.1 is a diagram of this system.

For long pumping times, when t>b255/2Kz, the expression for f may be

simplified:
£ = 4b ; 1 sinnfrl - ginBT8) ,cR7Z
n(l-a) £, n b ~ g b

nyr 1/2
Ko[ o (xz/xr) ] (2-4)
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Fig. 2.1. Diagram of a pumping well partially penetrating an anisotropic
aquifer with no change of conductivity in radial direction.
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where Ky is the modified Bessel function of the second kind and zero order.
Comparison of Eq. (2-4) with the analgous equation for an isotropic aquifer
shows that, at a distance r from the pumped well, the drawdown due to pumping
a partially penetrating well in an anisotropic aquifer is the same as the

drawdown at the distance x(xz/x,)1/2 in an isotropic aquifer.

The drawdown, s', due to a fully penetrating well in the anisotropic
aquifer is given by:

g -
s ey wlu_) (2-5)

This equation shows that the drawdown due to a pumping well which fully
penetrates an anisotropic aquifer is controlled by radial hydraulic conduc-

tivity and is independent of the vertical hydraulic conductivity.

Depending on the value of z, at which the drawdown is measured in the
aquifer (Fig. 2.1), the drawdown due to a partially penetrating well may
be different than that of a fully penetrating well. Weeks uses this dif-
ference to obtain the ratio between the vertical and horizontal conduc-
tivities of the aquifer. The difference is equal to the difference between
Egs. (2-1) and (2-5)

is = s-5' = Z%T (2-6)
r

68 becomes larger when the vertical hydraulic conductivity is less than
the horizontal conductivity. Witherspoon et al. (1967) give a table of the
values of s for a large range of parameters. A table of values of ps for
different values of r and 2z is given by Weeks (1969). Both of these tables
assume isotropic aquifers where K; = Ky. They can be used for anisotropic

cases by substituting r !Kz/l(r for r. Recently, Parr et al. (1983) presented
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programs for HP 41C and TI 59 programmable calculators for determining the

ratio of horizontal to vertical hydraulic conductivity in an anisotropic

aquifer.

Weeks (1969) introduced three methods for analyzing drawdown data to
estimate the horizontal to vertical hydraulic conductivity ratio. The choice
of method depends on the number of piezometers used in the test. The
methods rely upon a cormparison of the measured drawdowns in the piezometers
to those predicted for a fully penetrating well. Thz following steps show the
general procedure, modified from Weeks:

1. Calculate the radial conductivity of the aquifer, K,, by analyzing the
test data from an observation well which is open throughout the total
thickness of the aquifer. The Theis method may be applied no matter how
close the observation weli is to the pumping well.

2. Compute the drawdown value of s' at the distance r of the piezometer
from the pumping well.

3. Calculate dimensionless correction factor

4anzAs
f=— 2-7
) . ( )
4. From the table of variation of f versus (r,z) (Weeks, 1969) find the

distance re at which the drawdown observed in the piezometer at
distance r from the well would have occurred in an isotropic aquifer.

S. Compute the hydraulic conductivity ratio, K,./K,, from:
K 2

r r
x—- =(r— ) (2-8)
z c

2-1.2 Shao-McKee's Metheod

Weeks' methed assumes that the horizontal hydraulic conductivity is
independent of direction. Shoa-McKee's method, however, enables one to

determine the full hydraulic conductivity tensor of the aquifer assuming that
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two of the principal directions are horizontal and lie on the bedding plane,
while the third coincides with the 2z~axis and is perpendicular to the bedding

plane,

Figure 2.2 illustrates the test setup in an anisotropic aquifer satisfy-
ing the above constraints. The aquifer is pumped through a partiully
penetrating well at a constant rate of Q. The drawdown at a point (r,z)

around such a well may ba given by:

B
-9 + 2R > 1/ . n3xl . nxd ntz .
s = gmx. ("0 * Sitm@r L wlsiep ~siep )Jeosp
r n=1
nmr
(e 2 D)) 2o
This equation is the same as the one used by Weeks, except for the terms:
2 (172
K_= (K K - K (2=10}
* xx Cyy Xy 7
T yz + T x2-2 T_ Xy
=S _xx Vol Xy
Ux o ) {(2=11)
¥ T T =T
Xx ¥y Xy
where
Txx = bex (2=12)
T = DbK (2-13)
b2 4 Yy
and T = bK (2-14)
zz zZ

Shao-McKee's method requires a wminimum of three piezometers placed
near the pumping well. Each piezometer well musc be located in a different
direction from the pumping well. The piezometers should be located close
enough to the pumping well that r<]:>(Kr/Kz)1/2 so that the effect of partial

penetration will be clearly manifested in the piezometer measurements.
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The Shao-McKee method for analyzing field test 3data is outlined below.

Knowing the position of each piezometer(r,z), the screened interval

of the pumping well (1-d), and the thickness of the aquifer (b), prepare
a family of log~log type curves showing variations of sp = 4nK bs/Q
versus 1/uxy with Kr/l(z as the running parameter. These values can

be either calculated from Eq. (2-9) or extracted from tables in Wither-
spoon et al. (1967) and Weeks (1969).

For each piezometer, plot values of drawdown, s, against time, t,
to the same log-log scale as the type curves.

Using superposition, find the best match between the observed data and
the type curves. Read the value of K,./K; from the matching type curve
and the coordinates of the match point on both graphs.

With the value of sp, s, b, and Q, calculate K, from

Qs
K D (2-15)

r - 4nbs

Repeat Step 4 for the other two piezometers and caiculate the corres-
ponding K, values. The three values of K. obtained with the data
from the different piezometers should be approximately equal. If
they are not, find an average value of K.

Substitute the values of 1/ and + from each match point and the
value of T, =bK =b(Kxy Kyy =K&y)!/2 obtained in step 5 into Eg. (2-11).
Using the coordinates of the piezometers corresponding to each match
point, solve the resulting three equations for the products STy,
STyy, and STyy.

Calculate the value of S from

172
[;T ST - (ST \2:]
= vy L (2-16)

bK
r

S=
Having found S, calculate T, Ty, and T and consequentlV Ky,
Kyy, and ny from the products cbtaired in Step 6.

Calculate K, by dividing K., obtained from Step 5, by K./K, obrained
in Step 3.
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2.2 Tests Based on the Theory of Leaky Aquifers

A "leaky aquifer™ is an aquifer that is over~ and/or underlain by much
less permeable layers. Wwhen the pressure in the aquifer is reduced by
pumping, water from the saturated, less permeable layers above or below leak
into the aquifer. Sometimes, the leakage is so great that it can be detected
in the aquifer being pumped. In this case, the confining beds are called
"agqvitards" and the aquifer is said to be be "leaky." Wwhen the leakage is so
little that it cannot be easily detected, the confining beds are called
"aquicludes" and the aquifer is termed "slightly leaky" (Neuman and Wither-

spoon, 1968).

Much work has been done on the tlhieory of leaky aquifers. The first
papers appeared before 1960 (Jacob, 1946; Hantush and Jacob, 1955; and
Hantush, 1956) and were based on the assumption that the storage capacity
of aquitards or aquicludes was negligible. 1In 1960, Hantush introduced a
theory of leaky aquifers which considered the effect of storage capacity of
the confining bed. Neuman and Witherspoon (1969, 1972) evazluated the signi-
ficance of Hantush's assumptions and provided more generalized solutions.
All of the leaky aquifer solutions assume that flow in the less permeable
layer, above or below an aquifer, is essentially vertical. Therefore, these
methods permit the average vertical hydraulic conductivity for the confining

layer to be estimated.

2.2.1 Hantush and Jacob Solution

Jacob (1946) developed a partial differential egquation for a leiky
agquifer and solved it for a bounded reservoir. Hantush and Jacob (1955}

solved the same problem for a radially infinite aquifer. Although these
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solutions are not applicable in all cases, they are widely used by ground-

water hydrologists because of their simplicity.

Figure 2.3 depicts a leaky aquifer system. A semi-permeable layer
(aquitard) with a constant thickness of b' overlies an aquifer with much
higher hydraulic conductivity. The aquitard is overlain by another highly
permeable and extensive aguifer. The lower aquifer is pumped with a constant
rate of discharge Q. Hantush and Jacob {1955) obtained an expression which
gives the drawdown distribution in the pumped aquifer as a function of time.
Derivation of this solution was based on three major assumptions: (1) flow
is essentially horizontal in the aquifer and vertical in the agquitard, (2) no
drawdown occurs in the upper aquifer due to pumping in the lower aquifer, (3)
leakage into the pumped aquifer is proportional to the potential drop across
tlle aquitard. This last assumption is equivalent to assuming that the
storage capacity of the confining bed is negligible, that all the water
leaking into the pumped agquifer comes directly from the upper agquifer, and
that the aquitard bshaves only as a conduit between the two aquifers. The

solution to this problem, sometimes referred to as the 'r/B solution', is

= =2 -
Ll Wwlu, x/B) (2=17)
where
rzss
u = T {2-18)
'
B = Kbb called the leakage factor; {2-19)

XK'

K,K' = hydraulic conductivity of the aguifer and aquitard, respectively

w
H

specific storage
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Fig. 2.3 Diagram of a leaky aquifer pumped by a fully
pepretrating well.
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= drawdown in the aquifer

s

b,b’ = thickness of the aquifer and the aguitard, respectively
@ rz a

Wwls, x/8) = |  exp(~y = -3 y X (2-20)
u 4yB Y

This last term is the well function of leaky aquifers, which has been exten-—

sively tabulated (Hantush, 1956).

The procedure for conducting a leaky aquifer test is similar to that for

a standard pump test in a simple aquifer. From such a test one obtains a

table of drawdown in an observation well (or piezomater) against time

elapsed from the start of pumping.

Several methods based on the r/B solution are conventionally used for

interpretation of leaky aquifer pump test data.

A. Walton's Type=Curve Method (1960)

o

Prepare a family of type curves by log-=log plotting the values of
function W(u,r/B) versus 1/u with r/B as the running parameter of the
curves. The curve with r/B = 0 is the Theis curve.

With the same scale used for the type curves, make a log-log plot of
the drawdowns versus time as recorded in an observation well.

Match the curves and find the value of /B by interpolating the
position of the data curve among the type curves. Also find the dual
coordinates of the matching points, s, t, 1/u, and W(u,r/B). A
unique fitting position is difficult to obtain unless sufficient data
is available from the period when the leakage erfect is insignificant
(Hantush, 1964}).

Calculate the hydraulic conductivity of the pumped aquifer from

K= Z;g; Wiu, r/B) (2=-21)

Calculate the specific storage of the pumped aguifer from

Ss = —3555-* (2=-22)
r (1/u)
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o Finally, calculate the verticzl conductivity of the aquitard from

g = BB 22 (2-23)
r2 B )

B. U.S.B.R. Method

Fullowing is the method which the U.S. Bureau of Reclamation Groundwater
Manual (1977) suggests for interpretation of pump test data of a leaky
aquifer. Figure 2.4 shows a family of type curves prepared by the United
States Bureau of Reclamation from Jacob's (1346) leaky aquifer solution
developed for a radially bounded aquifer. However, in developing Fig.
2.4 the outer boundary was located at a sufficient distance from the pumping
well that the head at the boundary did not change due to pumping. (Glover,
Moody, and Tapp, 1960). This approach permits the curves to be used for
infinite aquifers. The steps for applying the USBR method are:

o Make a log-log plot of drawdown versus time from two or more observa-
tion weils (after appropriate corrections) located at different
radial distances r from the pumped well with the same scale as
Fig. 2.4.

o Superimpose the field data curves on those of Figure 2.4.

o After obtaining the best match between the field data and one of the
curves on Fig. 2.4, find the dual coordinates of a match point
(s,t, u and n}), and the x value of the best fitting type curve.

Interpolation may be required to find the x value.

o Calculate the hydraulic conductivity of the aquifer from

- RS -
21Ms (2-24)

o Calculate the hydraulic conductivity of the aquitard from

2
K' = KMM' (f) (2-25)
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o Finally, calculate the storage coefficient of the aquifer from
S = — (2-26)

In the above equations, M and M' indicate the thickness of the aquifer
and the aquitard, respectively. The ratio r/x is the leakage factor B
used in the development of the theory. The definitions of other terms are
given in Fig. 2.4. Other methods of analysis of field data based on r/B
solution have been suggested by Hantush {1964, p. 416-417), and Narasimhan
(1968).

Uncertainties in the Interpretation of Leaky Aquifer Tests by the Hantush and
Jacob Solution

The problem of flow to a pumped well in a hydrolugic system consisting
of several aquifers separated by less pervious aquitards or aquicludes
is in fact 3 dimensional. A rigorous approach to the solution of such a
problem is analytically intractable. Therefore, it has been customary to
simplify the problem by assuming that flow is essentially horizontal in the
aquifers and vertical in the aquitards and aguicludes. Neuman and Wither-
spoon (196%) evaluated the validity of this assumption which was used in the
derivation of the r/B solution. They noted that the errors it introduces are
less than 5% if the conductivities of the aquifers are more than 3 orders of
magnitude greater than that of the aquitards. The errors increase with time
and decrease with radial distance from the pumping well. One should note
that the 5% error described by Neuman and Witherspoon ({196Y) is the per-
centage difference between drawdowns calculated with an analytic solution
based on the standard assumptions and the drawdowns calculated with a finite-
element numerical analysis which does not require these assumptions. The

magnitude of the error which may result in the calculation of the hydraulic
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properties of the confining layer is not known.

Another assumption used in the derivation of the r/B solution is that no
water is released from storage in the agquitard. Neuman and Witherspoon
(1969) found that this assumption tends to result in overestimating the
permeability of the aquifer and underestimating the permeability of the

aquitard.

Another important uncertainty in the r/B solution is that it does not
distinguish betwzen groundwater leakage from the strzta above the pumped
aquifer, belcw the pumped aquifer or sci'e combination thereof. This uncer—
tainty is particularly important when the purpose of the test is to assess
the hydraulic conductivity of one of the confining strata rather thaa that of

the aquifer itself.

When the hydraulic conductivity of the confining bed is so small that
the ratio of K'/K tends to zero, the drawdown distrilution in the aquifer
becomes essentially the same as would be predicted by the Theis solution for
an aquifer without leakage. As a result, techniques based on observation in

the aquifer alone fail to give the properties of the confining bed.

2.2.2 Hantush Modified Solution

In 1360 Hantush intrcduced a treatment of leaky aquifers which ovarcame
some of the difficulties of the r/B solution. 1In rdidition to assigning a
storage capacity to the confining aquitard, he solved the problem for
(1) an infinite horizontal aguifer overlain by an aquitard whose upper
boundary dces not experience any change in head from pumping the aqufer and

(2) the same situation but with an impermeable bed overlying the aquitard.
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Other assumptions applied in the development of the r/B solution, including

vertical flow in the acuitard and horizontal flow in the aquifer, still hecld.

In this solution Hantush considsred leakage into the aquifer from both above

and below. He presented the solutions for two ranges of time, t.

Solutions for Small Values of Time

For t less than both b'S'/10K’ and b"S"/10K", tha solution for both

cases (1} and (2), mentioned above, is the same:

2 -
S < Kb H(u,B) (2=-27)
where
-3 e-y — —
H(u,p) = ju 5 erfc (8 vYu / Yy(y=u) ) dy (2-28)
B = (rA)/4 (2=29)
K' s' X" s"
A Kbb' 5 * Viee” s (2-30)
2
rs
2=
U ¥ aepx (2-31)
s = drawdown in the aguifer
5",8' = storage coefficient of the lower and upper aguitard,
respectively
K",K' = hydraulic conductivity of the lower and upper aquitards,
respectively
r = radia. distance of the observation well from the pumped
well
b",b' = thickness of agquitards below and above the aquifer,

respectively.

An extensive table of H{u,B8) s in Hantush (1960b); a short table is avail-

able in Hantush (1964).
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Solution for Large Values of Time

Case 1.

In this case, t should be larger than both 5b'S'/K' and

S5b"s"/K". The solution is then:

I -~
& = I7bK W(uGI,u) (2~32)
where
ay o
W(u61,c) = f: v exp(~-y - z;) (2-33)

1

is the well function for leaky aquifers tabulated by Hantush (1956);

1] "
RN b‘;—,x (2~34)
] "
s, =1+ % (2~35)

The other terms are the same as defined for small values of time.

Case 2.
For t greater than both 10b'S'/K' and 10b"S"/K" the expression for

drawdown in the aquifer is

2 -

s = g5 W(us,) (2~36)
where
Wlus,) = /© £ 4y is the well function (2-37)
ud ¥
2

_ s' -+ Sl' n

8, = 1+ % (2-38)

The choice of solution depends upon the hydrolugic properties of the

system being tested and the Quration of pumping. For large values of time,
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Eg. (2-32) indicates that, even when one considers the storage capacity of
the confining bed, the r/B sclution could be safely used.for evaluation of

the aquifer and aguitard, provided that

¢ » 3b8t (2-39)

This solution may also qualify at small times when the aguitard is thin, when
it has a relatively high hydraulic conductivity, and is incompressible (i.e..,
very small §'). For example, if b' = S m, K' = 2x10~7 m/s, and §' = 2x10~5 m~1,
then the r/B solution is applicable after 625 seconds (approximately 10,5
minutes) after the start of the test if u in Eq. (2-17) is replaced by
’

o 5)
For the solution to apply, the aquifer above the aquitard should not show any
drawdown during the test. If the overlying aquifer does show drawdown
then the r/B solution tends to underestimate the hydraulic conductivity of
the aquitard. However, if the confining bed is relatively thick and elastic
with low hydraulic conductivity then the r/B solution is not applicable. For
example, if b' = 50 m, X' = 5x10~2 m/s and §' = 10=3, then the r/B solution
is only applicable after 3.12 x 108 seconds, (approximately 1 year) after

the test has started.

Equation (2=36) svggests that when the confining bed is thin, relatively
permeable and incompressible, and overlain by an impermeable layer which
cannot supply water, the drawdown data from the aquifer will follow the Theis
soluticon relatively soon after pumping is stated. In applying the Theis

solution, u in the well function should be replaced Ly

s+ 2
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Although Eq. (2-27) is for early-time, it can be applied to later times
when the aquitard is thick, relatively impermeable, and compressible. For
example, if b* = 100 m, XK' = 102 m/s, and S' = 10~3, then Eq. (2-27) is
applicable for 107 saconds or the first 115 days, of the test. Within this
time range, the effect of pumping will not reach ths upper boundary of the
aquitard. Therefore, the assumption of a constant head boundary there does
not introduce any error. Although our discussion only refered to the upper

confining bed, both the upper and lower beds must meet the same criteria for

these simplifications to apply.

The test procedure is the same as for a standard pump test. The data

needed for interpretation is a record of drawdown versus tims in one or more

observation wells in the aquifer around a pumping well.

Figure 2.5 shows a family of type curves on a log~log plot of H(u,B)
versus 1/u. The plot can be used for the Hantsh Modified Solution analysis.

The procedure for analyzing the pump test data is outlined below.

o Make a log-log plot of the variation of drawdown versus time with the
same scale as that of the type curves.

o Superpose the cobserved plot and the appropriate type curve to find
the best match.,

o Read the value of B from the type curve which matches the observed
plot, and the dual coordinates H(u,B), 1/u, t, and s of the match
point.

o Calculate the hydraulic conductivity of the aquifer from

= -2 -
K = 7= H(u,B) (2-49)

o Calculate the storage coefficient of the aquifer from

= 4tbKe (2-41)

2
r
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o Calculate A from

a8 (2-42)
A=2

o If we assume that the lower layer is completely impermeable, then
K'S' = A2Kkbb'S

o If one can determine the magnitude of the storage coefficient of
the aquitards, from other methods, then the hydraulic conductivity
of the aquitard may be obtained from

22kbb's

rom (2-43)

K' =

Uncertainties in Interpretation of Leaky aAquifer Tests by the Hantush
Modified Solution

Except for very large values of B, the type curves have very similar
shapes that are not much different from the Theis curve. Thus, it is diffi-
cult to decide which of the type curves to use in matching against field
data. When g is very small, it is easy to make an error of as much as two
orders of magnitude when selecting a value for B. Because

.
kgt = (g2 JKnR'S ,
xr

(2=-44)

an error in choosing B leads to much larger error in the calculation of
(K'S'). Thus, a two orders of magnitude errcr in estimating B would lead to

four orders of magnitude error in (K'S'}.

To ameliorate this problem, Weeks (1977) suggested using data from at
least two observation wells at different distances from the pumping well. A
composite log-log plot <f the drawdown versus t/r2 is made with the same
scale as that of the type curves. In this way two or more type curves, each

with different values of B proportional to the value of r, can usually be
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obtained. A unique match may then be obtained by adding the extra constraint
that r values for observation wells must fall on curves having proportional £
values (Weeks, 1977). This method can somewhat reduce the uncertainties in

the data interpretation but, when 8 < 0.0l, type curves with different values

for B are so close together that a unique match is still almost impossible to

identify.

In many cases, groundwater from both the strata above and below an
aquifer leaks into the aquifer. In these circumstances it may not be posz-
sible tc¢ determine the hydrologic properties of either of the confining
layers. This is because the Hantush Modified Selution yields only the value
of A {Eq. 2-42), which is a parameter depending on the properties of both
confining layers and the aquifer. Thus, the method provides no means for

indepenently determining the properties of the confining layers.

In cases where leakage into the aquifer is from only one of the confin-
ing layers, the method gives the product of the hydraulic conductivity and
the storage coefficient of the aquitard. The value of the storage coeffi-
cient for the aquitard is not determined independently and must be found by
some other means before one can finally obtain the vertical hydraulic conduc-

tivity.

2.2.,3 HWitherspoon and Neuman Ratio Method

When the ratio of K'/K decreases, both r/B and B decrease and Eqgs.
(2-17) and (2-27) will eventually reduce to the Theis solution and determina-
tion of the hydraulic conductivity of a tight confining layer by observing
drawdown in the aquifer alone will be difficult or impossible. Witherspoon

et al. (1962) suggested a method of calculating the permeability of the
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caprock of gas storage reservoirs using observations of drawdown in both
the aguifer and the overlying aquitard. Witherspoon and Neuman (1967}
improved the method and further refined the technigue (Neumar and Witherspoon

1972). The theory is summarized below.

Consider an aquifer of finite thickness overlain by a semi-infinite
confining bed. When the ratio of K'/K is sufficiently small, then under
the influence of pumping the aquifer, the flow in the confining bed is
essentially vertical, and the drawdown in the aquifer can be closely approxi-
mated by the Theis solution. The term "semi-infinite®™ indicates that the
aquiclude is so thick that the effect of pumping the aquifer does not reach
the top of the aquiclude. With these assumptions Witherspoon and Neuman
(1967) derived an expression which gives the drawdown in the aguiclude as a
function of time, t, and elevation, z, above the top of the aquifer:

2

) tBy _o?
s' = —5?2—- -Ei |- — 4 day (2-45)
J—— ' -
27 Kb J1/4t'p tD(4tDy 1}
where
L]
= K'e (2-46)
’
Ss z
v, = Xt (2-47)
Ssr
Ei(=x) 2 g (2-48)
=Ei(=x) = = -
{3
z = vertical distance from the top of the aquifer

Ss,5; = specific storage of the aquifer and the aquiclude, respectivelv.
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Figure 2.6 shows a family of curves presenting variation of s'/s versus
t'p for different values of tp. Drawdown in the aquifer is assigned the

variable name s.

Neuman (1966) also solved a variation of the above problem for a finite
thickness aquiclude. In this derivation the hydraulic head was assumed to be
constant at the top of the aquiclude. This solution has been evaluated over
a practical range of relevant dimensionless parameters and the results are

tabulated in Appendix H of Witherspoon et al. (1967).

Neuman and Witherspoon (196%9a) developed a complete solution for the
distribution of drawdown in a system consisting of an aquitard that separates
two aquifers (Fig. 2=7). In each aquifer the solution depends on five
dimensionless parameters; in the aquitard, six dimensionless parameters.
Consequently, Nzuman and Witherspoon (1972) stated that "This large number of
dinensionless parameters makes it practically impossible to construct a
sufficient number of type curves to cover the entire range of values neces-
sary for field application.” Hantush (1960) apparently had noticed this
problem earlier as he stated that "It should be remarked that rigorous
solutions can be obtained for the actual nonsteady three-dimensional flow in
layered aquifers, as well as solutions for flow systems in which the condi-
tion of vertical leakage is removed. These solutions, however, are very

difficult to evaluate numerically and are therefore not presented here."

Because sophisticated theories for the analysis of test data from leaky
aquifer systems are difficult to apply in the field, most authorities
recommend the simpler approaches. For example, all the methods described by

Hantush (1964) are based on the r/B solution even though they were published
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four years after he introduced the modified theory in 1960. 1In the five
years following the original publication of their ratio method in 1967,
Neuman and Witherspoon developed a more sophisticated theoretical technique
for analysis of leaky aquifer tests but they recognized the difficulties of
practical application. In 1972 they stated that "wWe therefore decided to

adopt the ratio method as a standard tool for evaluating the properties of

aguitards.”

The procedure for performing tests according teo the Witherspoon and
Neuman Ratio Method is summarized below.
o Complete a pumping well through the total thickness of the aquifer.

o Construct an observation well in the aguifer at a distance r from the
axis of the pumping well.

© Establish at least three transducers to measure hydraluic head at
three different elevations within the ccnfining bed, as shown in
Fig. 2.8. Ideally, the piezometers should be nested in the same
well, If separate boreholes are used, the radial distance of all
three transducers from the pumping well should be the same as that of
the observation well. Water pressure should alse be measured in the
observation well within the aquifer.

o start recording water pressures long before the start of the pumping
test. It is very important that the pressures reach equilibrium
before the beginning of the test.

o Start producing from the pumping well with a constant rate of Q.
Pumping should continue until at least half a meter of drawdown
is observed by the middle transducer in the aquiclude. Recording
of heads should continue at least a few days after pumping has
stopped.

The test data is analyzed as follows:

o Observe the pressure record of the transducer at the top of the
confining bed, If it shows any drawdown beyond that assumed as a
limiting condition for the theoretical solution, note the time of
such obgervation and ignore all recerds of drawdown measured after
that time.
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Fig. 2.8 An arrangement of a ratio method test.



o Calculate the hydraulic conductivity, K, and the specific storage
Sgq, of the aquifer with Hantush's modified solution and the draw-
down records from the obaservation well.

o Make a log=log plot of the values of drawdown versus time, both in
the aquifer and the aquiclude and draw smooth curves through the
data.

o Select several arbitrary values of time t. All values should be
smaller than the time when drawdown was first noted at the top
transducer.

o Calculate tp for each of the selected values of t from the following
equation.

t, = _.1&5 (2-49)
Sr
8

o At each value of time, select representative values of s and s'

from the time drawdown plots.

o Using the appropriate curve corresponding to each value of tp
from Fig. (2.6), find t'p for each ratio of s'/s.

o Calculate the vertical diffusivity of the confining bed for each
value of t and z of a particular transducer from

2 .
k %
5% (2-50)
8

o For each value of z, find the average value of K'/S'g for different
times. The average value calculated for each z should represent the
diffusivity of that part of the confining layer between the top of
the aquifer and that particular elevation.

Advantages of the Witherspoon and Neuman Ratio Method for Interpretation of
Leaky Aquifer Tests

As was noted before, if the aquifer received leakages from both above
and below, then r/B and g methods, which rely on the measurement of drawdowns
in the aquifer alone, cannot be used to calculate the hydraulic conductivi-
ties of the confining layers. The ratio method, on the other hand, can

be use to calculate diffusivities of both upper and lower confining beds.
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Uncertainties in Interpretation of Leaky Aquifer Tests by Witherspoon and
Newman Ratio Methods

Only the vertical diffusivity of the confining beds can be determined
with the ratio method. However, if one can calculate their specific storage
by other means, then their vertical hydraulic conductivities can also be
computed. Leahy (1976) overcame the difficulty by asing Hantush's (1960) g
solution to find the product of X' and S'y, and the Witherspoon and Neuman
(1967) ratio method to find the ratio of K'/S'g. Then, he calculated the

value of K' from

The method is based on the assumption that the hydraulic head remains
constant at the top of the confining bed. Depending on the thickness and the
hydraulic properties of the aquitard, this may cause errors in the result.

If the aquitard is thin and has a small storage coefficient, the transient
effect may completely penetrate it at relatively early stages of the pump

test.

Wolff (1970) reported that piezometers completed in an aquitard ex-
hibited reverse water-level fluctuations; that is, water levels rise for some
time after the start of pumping from the aquifer. ile relates these changes
to radial and vertical deformation of the aquifer and aquitard resulting from
their compressibility. Because the ratio method does not take such phenomena
into account, Weeks (1977) warns agaj-st the method. However, this pheno-~
menon has not been observed in other tests such as the ones reported by Leahy

(1977}, and Neuman and Witherspoon (1972).
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2,3 Tests Based on The Concept Of Directional Hydraulic Conductivity

In fractured media, the principal directions of hydraulic conductivity

are usually governed by the fracture configurations. Therefore, the assump-
tion that two of the principal directions of hydraulic conductivity lie on
the bedding plane may not hold. If the assumption cannot be made, in addi-
tion to determining the magnitudes of the principal hydraulic conductiviies,
one must also determine their orientations. One way to approach this problem
is with the concept of directional hydraulic conductivity. There are at
least two ways of defining directional hydraulic conductivity: hydraulic
conductivity in the direction of flow and hydraulic conductivity in the
direction of hydraulic gradient (Marcus, 1962, and Bear, 1972). Hydraulic
conductivity in the direction of flow, which is more widely used, is the
ratio of the specific discharge to the component of hydraulic gradient in the
direction of the flow. Hydraulic conductivity in the direction of hydraulic
gradient was defined by Scheideger (1960) as the ratio of the component of
the specific discharge in the direction of hydraulic gradient to the magni-
tude of the hydraulic gradient. The two definitions do not yield the same

rasults.

Let B4, 82, B3 denote the angles between the direction of specific
discharge and the three principal axes x, y, and z, respectively. The
relation between the hydraulic conductivity in the direction of flow K3 and

the values of principal hydraulic conductivity K., Kyr 'Kz is:

1 z:osza1 cc:»sza2 c05283
x = < + % + < {2=52)
d x b4 z
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Consider a vector r along the direction of flow. Components of this
vector along the coordinate axes are x = r cosgq, Y = r cosB2, Z = r cosB3.
Substituting for cosgq, cosgp, and cosBi, Eq. (2-~52) yields

2 2 2 2
-l AN
X

X (2-53)

le

-1

%

[
NlN

z

If the length of vector r is r = /E;; the end point, traced from the

origin, will coincide with an ellipsoid

2 2 2
oLl R . (2=54)
X .4 X

X Y z

The semi axes of this ellipsoid are fi;; fi;: and /?;; in the x, y, and

z directions, respectively. Hence, with the principal hydraulic conduc—
tivities and their orientation, one can define the ellipsoid cof hydraulic
conductivity. Once the ellipsoid is defined, hydraulic conductivity in any
direction of flow can be easily obtained from Kgq = r2. Conversly, if
hydraulic conductivity in the direction of flow can be determined for enough
orientations to define the ellipsoid, the directions and magnitudes of the
principal hydraulic conductivities can be easily obtained. The direction and
magnitudes of the principal hydraulic conductivities must be known for
numerical modeling. The theory and procedure for obtaining these data are
presented bzlow. Hsieh et al. (1982) have also reported on a method of de-
termining three dimensional anisotropic permeability of fractured rocks. The

following derivation; however, has been developed independent of their work.

The drawdown at point B{(x, y, z) of Fig. 2.9 due to a point sink located
at A{x', y', z') discharging at a continuous rate Q from an infinjte homo-

geneous anisotropic media may be written as
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Fig. 2.9 Diagram of the position of the measurement point B
and a flow line emanating from the source A.
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s, [ex? (ry? (ze))?
erfc [— + +

g = "] 4c xx Ky xz (2-55)
N 72
4 (xxxyxz) , , /2
x=x')2 | gy (z=z')?
( + + )
K X X
x Yy z

where

KxiKy Kz = principal hydraulic conductivities in the direction of the
X, ¥, Z axes

t = time elapsed since the start of production
Sg = specific storage of the medium
erfc(x) = complementary error function
If AB represents a section of a flowline eranating from point A and passing
through point B, the following expression relates Ky, Ky, and K, to the

directional hydraulic¢ conductivity Kg

r2 - (x--x')2 . (y-y')2 + (z-z')2 (2-56)
K K X K
d x b4 z

where
r = the distance between points A and B

Kq = directional hydraulic conductivity in the direction of flow
along AR

Substituting from Eq. (2-56) into Eq. (2-5[} gives

erfec

o'k,

g = (2-57)
p IKI1/2 T

where
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K = (Kx Ky Kz) is the determinant of the hydraulic conductivity matrix
and is an invarient.

introducing the following dimensionless parameters:

t K
¢ = —4d (2-58)
D 2
S r
s
. 4nrs (IKI/Kd (2-591
SD Q
Equation (2.%5/) becomes
s, = erfc /1/(4tD) (2-60)

Figure 2.10 is a type curve showing the variation of sp versus tp as given

by equation {2-60).

To find Kg in a given direction, one measures the change in hydraulic
head at one point in the medium, due to a continuous peoint source at another
point in the medium. Figure 2.11 shows the arrangement. of such a test. A
short interval, about 2 to 3 feet long, is packed off in well A and water is
injected or produced at a constant rate, Q, through the packed-off section.
The center point, C, of this packed-off section is the approximate location
of the point source or sink. The changes of hydraulic head, s with time is
measured in another short isolated interval in well B. D is the center point
of the isolated interval in well B. To calculate he hydraulic conductivity
Kg in the direction of line CD:

o Make log-log plots of variations of s with t, mecasured at the point
D, with the same scale as the type curve in Fig. 2.10.

o Use superposition to find the best match with the type curve and then
find the dual coordinates of a match point.
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o Knowing the values of r, @, and the ccordiaztes of the matsh point
t, s, tp, sp, find the ratio Kd/|K| from.
K 2 !
i = (ﬂr_s_) (2-61)
_ I o,

o Calculate the ratio of Kg/Sg from

(2-62)

Although |K| is a constant for a given homogeneous medium, it's magni-
tude is unknown. Further analysis is required to find the value of [K| as

well as the values of all components of the hydrauwlic conductivity matrix.

If one selects a coordinate system x, y, 2z which does not necessarily
coincide with the principal directions of the hydraulic conductivity, then
Egs. (2-52) and (2-53) may be generalized:

2 2 2 .
cos B cos B cos B 2cosf, casB 2cosf, cosB
1 . 2 " 3 1 2 1

b 4 K K K K
xx Yy 2z xy Xz

2cosﬂ2 cosB3

1
P S E— LIS -
I =X (2-63)
vz d
2 2 2 2 292 2 2 .
X LY .,z &Xy %z  yz T (2-64)
K K K K K K K
%K YY 2z Xy Xz ¥z d
Here B4, B2, and B3, represent the angles between the direction of specific

discharge and the axes X, y, and z, respectively. If the constant (1/]K|) is

denoted by "a", dividing both sides of equation(2-64) by "a" would give

2 2 2 2

X, L., 2 .2y 2z 2yz
aK ax aKk ak

X% Yy zz Ky XZ Yz

(2-65)

%y
A9
AP



Again, if the length of vector r is r= vYaK3, the end point of such

vector traced from the origin will coincide with an ellipsoid whose equation

is
x? 1_2._ z? 2xy | 2¢z | 2yz
aK+aK +a1< +a1< +a1< +aK’1 (2-66)
rX b'a'd p4-1 Xy Xz Yz

To construct such an ellipsoid one needs to find six unknowns: aKyy,
aKyyr aKzyz, aKyy, aKygy, and aky,. To calculate these it is necessary to
establish and solve six linearly independent equations in terms of the
unknowns. Therefore, one must design a test to determine the values of
(Kd/IKI) = aKy in six appropriately selected lirections. Now one can choose
an arbitrary coordinate system with it's origin located at the source
or the sink. The coordinates of each of six head measurement points i-
designated by %5, Yi, 23 The distances of those points from the source
or the sink are given by rj, and the calculated directional hydraulic conduc~

tivities by (Kg)j. Equation (2-65) can now be written:

2 2 2 2
X, Y. z, 2x.¥. 2%x.2Z, 2y .2, T,
L i, i, iti o, i"i " ii_ i i=1 6
ax, ax ak ax, aK aK a(k ), ey
xx Yy zz Xy X2z ¥z d i (2-67)

The solution to the above six equations give aK,,, aKyyr aKzz, akgy,
akyz, aKyz. Recalling that the hydraulic conductivity mairix is symmetric,

the entire matxix of aK;j can be developed. Since
det [axi;_‘= a? k] = a2 (2-68)
the value of a=(1/[K|) may be obtained from

a = (det [aKij])V2 (2-6Y)
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Once the value of a is found, the hydraulic conductivity matrix for the teat

zone is easily obtained from values of aK;j.

2.3.1 Single Well Tests

Estimating vertical permeability of the producing formations by single
well tests has been customary in the petroleum industries for a long time
(Burns, 1969; Prats, 1970; Hirasaki, 1974). The theory behind these tests
is based on the pressure response of a homogeneous, anisotropib porous medium
due to a point or line source. The major assumptions usually used in the de-
velopment of these tests are that the vertical hydraulic conductivity is one
of the principal conductivities, and that conductivity in the bedding plane
is independent of direction. With these assumptions in mind, if cohductivity
is measured in the vertical direction, the value of /-TTFT7E; in equation
(2-59) reduces to Ky. This will simplify the formmlation and by arranging
both injection and monitoring zones within a single well, one can easily
estimate the value of vertical conductivity Ky. For more detailed discus-
sion aboul 3ingle well tests the reader is referred to Burns (196%), Prats

(1970), Hirasaki (1974), and Javandel (1983).



Table 2.1

Type of Test

Summary of Tests

Assumptions

Applicability

Limitations

1.

Tests based on the
theory of partial
penetration:

Weeks' Method

Shao-McKee's Method

1. Homogeneous, confin~
ed and laterally ex-
tensive aquifer.

2. Hydraulic conducti-
vity perpendicular
to bedding plane is
a principal hydraul
conductivity.

3., Horizontal hydraul-
ic conductivity in
the bedding plane
is independent of
direction.

Determines both radial
and vertical conducti-
vity of an aguifer
which is either porous
medium or can be sub-
stituted by an equi-
valent porous medium.

all the Week's Assump-
tions except for the
following holds:

Hydraulic conductivity
in the bedding plane
could be a function of
direction.

Determines the full Hy-
draulic conductivity
tensor of the aquifer.

Both methods are useful
for formations with
relatively high hy~
draulic conductivity.

K should be of the
order of 1077 m/s or

larger.
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Type of Test

Assumptions

Applicability

Limitations

2. Tests based on the
theory of leaky
aquifers

Hantush - Jacob solution

Hantush modified
solution

Witherspoon and Neuman
Ratio Method

Both aquifer and aquit-
ard are homogeneous and-
isotropic.

Flow is essentially hori-
zontal in the aquifer and
vertical in the aquitard.

No drawdown occurs at the
top of the aquitard due
to pumping in the aquifer.

Leakage into the pumped
aquifer is proportional
to potential drop across
the aquitard. 1In other
words the storage capa=-
city of the aquitard is
negligible.

Determines hydraulic
conductivity of the
aquifer and the aquit-
ard when the aquitard
is relatively thin,
rigid and relatively
permeable.

This method does not
differentiate the ef-
fect of water seeping
into aquifer from the
aquitard above or
below.

-t P

Except for considering
storage capacity to the
aguitard the rest of
assumptions are the
same as Hantush-Jacob
solution.

Determines the product
of conductivity and
storage coefficient
for the aquitard.

If the aquifer is embed-
ded between two aquitards
with different hydraulic
properties this method
can not differentiate the
hydraulic properties of
individual aguitards.

Vertical flow in the a-
quiclude and horizontal
flow in the aquifer.

Draw down in the aquifer
is approximated by the
Theis solution.

The effect of pumping
the aquifer does not reach
the top of the aquiclude.

Determines the ratio of
conductivity and speci-
fic storage of the
aquiclude.




Type of Test

Assumptions

Applicability

Limitations

Test based on the
concept of direc~
tioral hydraulic
conductivity

Multiple Well Test

Single Well Tests

The testing medium is
approximated as a homo-
geneous anisotropic
porous medium.

Injection inteval is so
small that can be ap~
proxirated as a point
source.

Determines the magni-
tude and directions

of principal hydraulic
conductivities of a
formation which can be
represented by a homo-
geneous anisotropic
porous mediume.

The testing period is
reasonable only for re-
latively permeable mat-—
erials. For materialsn
with very low permea-
bility the length of
test may be so long
that the test is no
longer practical.

Hydraulic conductivity in
the direction perpendicu=~
lar to the bedding plane
is one of the principal
values of conductivity,
and in the bedding plane
conductivity is independ-
ent of direction.

Determines vertical hy-
draulic conductivity of
a relatively low pei-~
meable material which
can be approximated as
a homogeneous aniso~
tropic porous medium.

The value of hydraulic
conductivity calculated
by this method corre-
sponds to a amall volume
of rock located in the
vicinity of the testing
zone.

-gy-
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3. COMPARISON OF JVAILABLE TECHNIQUES
In this section we compare the several methods of determining hydraulic

conductivity so that the method, or methods, appropriate to the BWIP site can

be selected.

Methods based on directional hydraulic conductivity are the only ones
which do not assume a knowledge <£ the orientation of the principal hydraulic
conductivities. The methods based on the theory of partial penetration and
the theory of leaky aquifers all assume that one of the principal hydraulic
conductivity directions is perpendicular to the bedding plane. When the
bedding plane is horizontali, this principal direction will be vertical. The
other two principal hydraulic conductivity directions must, therefore, be in
the bedding plane. 1In the Shao-McKee method, the principal hydraulic conduc=
tivity directions are determined as part of the analysis. In Weeks' methoq,
hydraulic conductivity on the bedding plane is assumed to be the same in all

directions.

All of the methods based on the theory of leaky aquifers consider the
aquitard or aquiclude to be homogrneous and isotropic. Vertical and hori-
zontal conductivities are, therefore, assumed to be equal and independent of
direction. As a result, if the fracture configuration within the aquitargd
causes the medium to be anisotropic with unkown orientations of principal
hydraulic conductivity, leaky aguifer methods yield indeterminate results.
Only the tests ccsed on the concept of directional hydraulic conductivity

would provide all of the information required for numerical modeling.

Another major difference between these methods is that those based on

the theory of partial penetration and those based on the concept of direc-



-50-

tional hydraulic conductivity are performed directly in the horizon whose
hydrologic properties are being determined. By comparison, those tests based
on thg theory of leaky aquifers are performed indirectly by pumping in an
adjacent aquifer. This difference infuences the volume of rock over which

the hydrologic properties can be evaluated.

When tests based on concepts of directional hydraulic conductivity are
performed directly in the low permeability rock, the zone of influence of the
test is very small. This is true even in deep formations where it is pos-
sible to generate large differential heads between the pumping well and the
surrounding rock; large head differentials produce large changes in the
effective stress in the rock around the borehole. If the head difference is
produced by pumping, tiie changes in stress may close fractures. Conversely,
if water is injected under large differential heads, the fractures may open.
These changes in fracture aperature can produce significant changas in the
hydraulic conductivity of the rock mass and distort the test results. Such
effects limit the head difference that can be used in the test and will
generally limit the zone of influence of the test to a small volume of rock

around the test hole.

In the case of tests based on the theory of leaky aquifer, water is
pumped from, or injected into, a permeable horizon to cause a pressure drop
or increase, over a relatively large area. The effects of such disturbances
are then monitored within aquitards, or aquicludes, surrounding the pumped
horizon. The volume of rock within the agquitard or aguiclude that is influ-
enced by this type of test is much larger than in the other methods. There-

fore, values of hydraulic conductivity obtained by leaky aquifer methods will
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generally be more representative of the large scale average properties of the

aquitards or aquicludes.

Of the leaky aquifer tests, the Hantush-~Jacob (r/B) and the modified
Hantush method are the simplest to design and operate. These tests require
measurement of only drawdowns in the pumping horizon. Instrumentation is
standard and does not require special development. In the ratio method,
however, measurement of drawdowns within the aquitard or aquiclude is also
required. Instrumentation for this test is more complex and may require
specially developed equipment. However, it has the advantage that the
hydraulic properties of the low permeability strata both below and above the
pumped horizon can be evaluated. This cannot be done with the other leaky
aquifer methods. The capbility to discriminate between the properties of the
overlying and underlying horizons is particularly important if thier hydro-

logical properties or thicknesses are significantly different.



-52=

4. RECOMMENDED METHODS

The choice of the testing method for estimating the hydraulic conduc—
tivity tensor, in genaral, and the vertical hydraulic conductivity, in
particular, of a geological horizon is a function of several factors. These
factors include the magnitude of the hydraulic conductivity of the medium and
available knowlege of the orientationa of the principal hydraulic conduc~
tivity. Suitability and availability of a2 sufficient number of wells
and their positions with respect to each other is another factor which
is of planning and economic concern. If one is interested in testing a
horizon with a relatively low hydraulic conductivity, the availability of an
aquifer either above or below that horizon is also an important element in

the choice of testing method.

Table 4~1 gives preliminary measurments of the hydraulic conductivites
of basalt horizons from four boreholes on the BWIP sice. This table shows
that the effective hydraulic conductivity of individual flow tops and flow
bottoms varies over four to six orders of magnitude. For example, the
Cohassett flow bottom at boreho’e RRL2 has a relatively high conductivity of
3.5x10"5 m/s: the same horizon at RRL6 and DC-16A has conductivities that
are 5 to & orders of magnitude lower. It is difficult, therefore, to suggest
a specific test that will, under all circumstances, be suitable for a given
horizon when such large lateral heterogeneit; is observed in its hydraulic

properties.

wWhere a well developed columnar structure is present in a basalt flow,
~he orientation of the vertical principal hydraulic conductivities could be

axticipated prior to testing. In other parts of a basalt flow, fracturing
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Table 4=1. Hydraulic conductivity and effective thickness of some Basalt
flow tops and bottoms at the BWIP site.

Borehole

RRL-2
RRL-6
RRL-14

DC-16A

Borehole

RRL-2
RRL=6
RRL-14

DC~16a

Borehole

RRL-2
RRL=6
RRL-14

DC-16A

Thickness
m £
23.5 78
20 67
23.5 77
19.2 64
Thickness
m £
4.2 14
4.8 16
1.8 6
9.6 32
Thickness
m £
47 157
28.5 95
21.6 72

——

1. Cohassett Flow Bottom

n/s

3.5 x 10-5

5.3x10~11-5,3x10-10

10-9-10~8

5.3x10-11-5,3%10=10

effective K

ft/day
9.87

1.5%x10~5-1,.5x10-4
1.3x1073-1,3x10"2

1.5:210-5-1,5x10"4

2. _Cohassett Flow Top

m/s
2.5x10=2
10-12_10-11
10-7-10~6

2x10=7

3., Umtanum Flow Top

m/s
10-5-10-4
10~%-10"8

10~8~10~7

effective K
ft/day
7x10-4
16=7-10-6
2.8x162 - 2.8x10~1

5,8x10"2

effective K

ft/day
0.5~3.1
10"3~19~2

10~2=1p~1



=54~

may not be essentially orthogonal and will generally not be oriented in
vertical or horizontal directions. Also, different fracture sets may have
different properties. Thus, the principal directions of hydraulic conduc-
tivity in flood basalts may not always be established before testing. Aas a
result, the selection of test method must take into account the geologic
structure and range of permeability anticipated for the test horizon. In
some cases, further research will be needed to develop appropriate testing

technigues.

Below we consider the applicability of test methods to measurement of
the hydraulic conductivity of twc rock mass types found in the basalts at the

BWIP site.

4.1 Dense Flow Interiors

Typical values of hydraulic conductivity measured in the entablatures
and colonnades of the Cohassett and Umtanum flows are given in Table 4=2;
they are equal or lass than 10-12 m/s. For this range of hydraulic conduc-
tivity, the only method among the previously discussed techniques, which
might be applied directly within the horizon is the one based on the concept
of directional hydraulic conductivity. We examined the feasibility of
applying this method to the Cohassett entablature at the DC-16 cluster

boreholes.

Because the vertical conductivity of the Cohassett entablature is not
known at DC-16, the entablature is assumed to be isotropic. The minimum
distance between any two of the available boreholes in this cluster is the
distance between DC-16A and B, which is about 15 m. If the specific storage
is 1073 m~1, the ratio of the drawdown to the injection rate (s/Q) after

30 and 180 days of testing may be obtained from equation{2-57)
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Table 4-2. Hydraulic conductivities estimated from tests performed in
the dense interiors of the Cohassett and Tatanum flows.
Cchassett Entablature

Borehole Thickness Effective K

m ft ' n/s ft/day
RRL-2 20.7 69 2.3x10~13 6x10~8
RRL-6 60 203 10~16-1¢~13 10-10-10=7

Umtanum Entablature/Colonnade

Borehocle Thickness Effective K

m £t . m/s ft/day
RRL-6 33 111 10=16-10-18 10-10-10~9
RRL-2 13 43 10-12 10-6
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£ 4t K
Q 4nKr
107> x 225
erfc S 12
= 4 x 2.6 x 10 x 10 =0.27 x 10-85 m/m3/s

4 ox 10712 ¢ 15

for t = 30 days and

107> x 225
erfc 3 =12
4 x 15.6 x 10° x 10

- 2 =0.16 x 107° w/m’/s
4 x 1072 x 15

for t = 180 days.
For practical values of Q, the magnitude of drawdewn is so small that its

measurement is impossible.

One can conclude that if the entablature has a hydraulic conductivity on
the order of 10~12 m/s or less, and if Sg =105 m~1, no direct measurement
of the entire hydraulic conductivity tensor can be made using the present

spacing of the wells in the DC=16 cluster.

Table 4-3 presents the ratio of s/Q for different values of r, t, and
K calculated from Eq. {2-57). The table shows that the directicnal conduc=
tivity test could be applied in a low permeability entablature if the dis-
tance between the injection zone and the monitoring points around it is on
the order of 2 to 4 m. One should note, however, that the data obtained from
such a test could be representative of a relatively small volume of the

rock.
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Table 4-3. Values of s/Q for several values of r, t and K calculated
from equation (2-57).

r, m t, days K, m/s 8/Q, m/m3/s
15 30 10-12 .27 x 10785
15 180 10=12 .16 x 1076

4 30 10-12 .41 x 103

4 130 10-12 .45 x 107
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An alternative approach which could be applied to the DC-16 cluster
is to use two separate single well tests within the entablature to measure
the vertical component of the conductivity (Javandel, 1983). The horizontal
values of hydraulic conductivity in such a horizon may be obtained by the
modified slug test method presented by Bredehoeft and Papadopulos (1980}
subject to corrections suggested by Neuzil (1982). However, if the conduc-
tivities are vary low, the results of these tests will represent a relatively
small volume of rock. Also, these methods cannot provide the complete
information on directional conductivities that would be available from a

directional hydraulic conductivity test.

An alternative to direct testing within the entablature is to use in-
direct techniques, such as the ratio method, that are based on the theory of
leaky aquifers. The use of the ratio method, however, requires the assump-
tion that the hydraulic conductivity within the entablature is isotropic. In
this test, one of the permeable horizons above or below the entablature is
pumped and the drawdowns both in the pumping horizon and the adjacent entab-
lature are monitored. The feasibility of applying the ratio method to find
the hydraulic conductivity of the entablature can be calculated. From Table
4-1, the most permeable horizon in the upper part of Grande Ronde formation
in the DC~16 cluster area is the Cohassett flow top whose hydraulic conduc=
tivicty is of the order of 10~7 m/s. With this value of conductivity
the ratio of drawdown to the rate of discharge in such an aquifer 15 m from
the pumping well (the distance between DC~16A and B), after one month of
pumping, may be obtained as follows:

r=15m

Sg= 1075 m™1
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t = 2.6x106 mec
x =107 n/m

b = 10 m, aquifer thickness

r2 Ss -2
=X 21 x 10
W{u) = 5.64

Ag =HW 5 og x 10° mmdss

If DC-16B were pumped at a production rate of 3x10™4 m3/s, drawdown
would be about 130 m in the aquifer at DC-16A after one month. The drawdown
within the entablature in DC~16A may be obtained as follows:

K* = 10=12 /g

2.6x10% sec

t
8¢ = 10°5 1
z=5 m

From Fig. 2.6, s/s' < 105 or s' < 0.001,

The above calculation shows that the drawdown within the entablature,
5 m from the pumped horizon, is less than 1 mm, which is difficult to mea-
sure. However, if the pumping time is extended to 3 to 4 months, or if the
specific storage Sg is 1/5 of what was assumed above, then the magnitude of
drawdown within the entablature would fall within a range that can be easily
measured. If tlie magnitude of Sg could be reliably established, and if
there were no changes in hydraulic head in the entablature, the test would at
least establish an upper limit for conductivity. Unfortunately, Sg' is

not usually known.
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Figure 4.1 presents the ratio of drawdown in the entablature to drawdown
in the pumped horizon as a function of the vertical hydraulic conductivity of
the entablature. The figure shows results for two different values of
specific storage, 1076 and 1077 w1, and two test periods of 14 and 20 days.
It is apparent that if the specific storage of the entablature is less than
or equal to 1076 m=1, then the magnitude of the drawdown in that horizon,

15 m from the pumping well, after 3 weeks of steady pumping at the rate of

3x10~4 m3/s would be more than 10 cm. This is an amount that can be easily

measured.

Because it is difficult to predetermine the best test method for the
conditions in the formation, the best approach would be to install the pump
‘test equipment so that the data obtained could be analyzed by several tech-
niques. For example, if we obtain a good set of data from the ratio test,

these data can also be analysed by Hantush's b and r/B methods.

4.2 Flow Tops and Bottoms

Because the flow tops and bottoms are expected to be more permeable than
the adjacent dense interiors of the basalt flows, only direct testing tech-
niques can be used within these horizons. If the hydraulic conductivity of a
flow top is on the order of 107 m/s or more, then two alternatives are
possible. (1) If one has reason to believe that two of the principal direc-
tions of hydraulic conductivity lie on the bedding plane and the third is
perpendicular to that plane, the Shao-McKee methcd is recommended. (2) If
one does not know how the principal hydraulic conductivities are oriented,
then the test based on the concept of directional hydraulic conductivity is

recommended., If the hydraulic conductivity is less than 10-7 m/s, the
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in the pumped horizon 575 , versus K', the vertical hydraulic
conductivity of the entablature.
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methods recommend in Section 4.1 for test performed directly within the
entablature could be used. In general, conductivities within the flow tops
are expectel to be sufficiently high that significant problem in field

measurement will not be encountered.
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