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In many clay environments in sotithern Ontario, hazardous waste facilities
are sited because the clay is assumed to offer some protection to
underlying water supplies. Most clays in southern Ontario, however, are
pervaded by vertical fractures that form either due to dessication or
through neo-tectonic forces. These fractures may be limited to the upper
horizons of the clay or they may penetrate the entire clay formation. To
properly estimate the potential for groundwater moverent and
contaminant migration through these ffactares, accurate estimates of the
hydraulic properties of the fractures are necessary. This paper describes the
development and use of a mathematical model for the interpretation of a
hydraulic test conducted where the measuring device intersects a vertical
fracture. Estimates of error indicate that by not using this model for
interpretation, significant error in the estimate of contaminant movement
could be incurred. Thus, the EC issue addressed by this study is toxics in
groundwater.

Continuing work on this model is hot currently planned.

Study is coniplete.




1. Introduction

_Geological formations having moderate to low .permeabil'i,ty such as cfystalline' and
atgillaceous focks, and unconsolidated formations such as clay, are often considered to be good
barriers to contaminant ,migration.'However, vertical or sub-vertical fractures and joints Qf
significant pennégbiﬁtyv often occur in these types of media [ie. Grisak and Cheﬁy, 1975; Keller
et al., 1986; Raven, 1986; and D’Astous et al., 1988]. Thesé fractures and joints may be the
main conduits for the flow of water and they can s1gmﬁcantly influence the bulk permeabxhty
of the formanon [Neuztl and Tracy, 1981; McKay et al., 1993; and Hinsby et al., 1996]. Results ‘
from several inVestigations indicate that vertical fractures are the controlling feature in the
transport of contaminants through fractured aquitards [Roberrs et al 1982-' Rudolph et al.,
1991; and Sudicky and McLaren 1992] The proper determmatlon of the hydraulic propemes

of these fractures is critical to assessing groundwater flow and t_ransport m these formations.

‘The slug test is a commonly used hydrﬁullc testing method that involves inducing a head
or pressure disturbance in the wellbore and measurmg the decay in the hydrauhc head response.
From these measuremenis the hydr‘au_lic properties of the formation can be estimated using one
of the seQeral_ curve fitting methods that have been developed for iﬁterpr‘éti‘ng slug tests.
Ho'wever; in fractured formations the ixitérpretat_idn ofl results from a slug test may be
compliéated by the presence 6f a .vertica.\l fracture. As well, drilling and /‘Well completion:

practices may alter the hydraulic properties of the fractufe néar the wellbore. This altered zone

may be treated as a skin of finite thickness and it's influence on the test may further complicate
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the interpretation, Therefore a method of interpreting slug tests influenced by these factors would

be advantageous.

Numerous an'_alytical' models have been déveloped for the interpret#tion of slug tests
conducted in radial flow conditions [ie. Cooper et al., 1967; Bredehoeft and Ifapadopulos, 1980;
Barker and Black, 1983; Dougherty and Babu, 1984; Moench and Hsieh, 1985; Grader and
Ramey, 1988;. and Hyder et al., 1994]. These models range in complexity accounﬁng for a
combination of conditions such as the presence of a skin of finite thickness, horizontal fractures,
a partially penetrating well, and a formation having dual porosity. However, none are suitable

for the interpretation of slug tests influenced by the presence of a vertical fracture.

Several analytlcal models for the constant flow :réte test in wells completed in media
having vertical fractures are found in the petroleum literature [Prats, 1962; Gr"ing'anen et al.,
1974; Cinco-Ley et al., 1978; and Cl;n_co-Ley and Samaniego-V., 1981]. These models are based
on the fissure block médel in which the flow from a porous reservoir into a vertical fracture
-W-hose plane intersects the axis of'the well, is considered. The influence of a finite-thickness skin
and partial penetration are not i’ncofporated. Karasaki et al. [1988] gives the solution for a slug
test in a fully penetrating well intersecting a single vertical fracture. The presence of a skin and

a permeable matrix were not considered in this solution.

This paper presents a semi-analytical model that can be used in the interpretation of slug

tests conducted in vertically fractured media. The model is based on bilinear flow theory in
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wh.ich ;ransient,-linear flow in both' the fracture and the matﬁ;( is considered. Therefore-it is an |
extension to the Alinea..r‘ﬂ_ow model presented byl quwaﬁ et al. [1988]. Using the model we
develop interpretation techniques for ea‘ﬂy, intermediate, ahd léte time data. We present type
curves for each of these time perib,ds‘, and inVeStigétc both the effects of the variOué features of
the model and the practical implications on the interpretation of tes"t' datﬁ; We discuss the |
similarities between the lihear, bilinear, and radial flow type curves and develop éritet'ia which
deﬁne the éondition_s under which unique type curve rﬁatch‘es can i)e assured. Finally, we diScuss
the error that m,#y result if tests inﬂuenced by eiiher 1iﬁea; or bilinear flow are interpreted using

ihe Cooper et al. [1967] radial ﬂoW model.

2. Mathematical Model

Figure 1 showsv a schematic diagram illustrating the boundary value problem to be

considered. The fracture is semi-infinite in lateral extent, of finite hydraulic conductivity, fully

- confined and characterized by t»'vo smooth parallel platés. All flow across the open interval of |

the partially penetrating wellbore occurs through the fracture, and there is an exchange of water

* between the fracture and the»porous matrix. Two-dimensional, linear flow is assumed in the

anisotropic matrix with flow restricted to the vertical direction and the horizontal direction
normal to the plane of the fracture. It is reasonable to neglect horizontal flow parallel to the
fracture plane, as is done here, provided that the hydraulic diffusivity of the fracture is two

orders of magnitude gfﬁe‘atef than that of the matrix "[Kis_sl’ing and Young, 1989]. Finally,

~ consideration is given to the presehce of a finite thickness skin located immediately adjacent to
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the wellbore, and having hydraulic properties different from the fracture.

The governing differential equation describing two-dimensional, transient flow in the skin
and the fracture is the linear flow equatidn with a sink term for the matrix and is given by

i=1l  r<x<x;

Phxzy) Pz Keow| Siohzd) i xcxse | M
ax? &> Ke | K & Ogyseo .
. ‘ - O<z<L

where subscript / denotes the skin zone, subscript 2 denotes the fracture zone, k4, K;, Sg , and

e; (i=1,2) are the hydraulic head, hydraulic COndugtivity, specific storage, and aperture of the

skin-and fracture respectively, A, is the hydraulic head in the matrix, and K,_,3 is the lateral
hydraulic conductivity of the matrix. The initial condition for the fracture and skin zone is

hy(620)=hyx20)=h, | - B | @)

The outer boundary condition for the fracture is

hy(,z2,0)=h, . : . | 3)

The.upper and lower boundary conditions in the z-direction are

L) Ly o | : )
% % |

Sh(x0,) _My(x0) - 0
IS 2

n . — . e A . - ;e . v :



respectively. The initial condition is

5
‘ Continuiiy between the skin zone and the fracture requires that
hy(x,2,0) =hy(x,,2.) | ' . | - | (©)
N _ \ . ' '
ah](xpzst) =Ke ahz(xpz»t) . . ’ (7)

-4
11 ax 2 ax

The governing differential equation describing two-dimensional flow in the matrix is

KY?Z"?;K;_Z_"_LSSﬂ | S @
S«ayz aZZ 3 ot . .

where Kz, and § 5, are the vertical hydraulic conductivity and the specific storage of the matrix,

hg(x’yz’o) =h'o ‘ i (9) .

The boundary conditions are

by, =, | e | -~ (10)

ah3(-.x’y 90:t) _ ah](x9er’t) =0 : | . ’ (1 1)
& & | ~

hy(x,0,2,) %h (2,0 | r,sxs<x | (12)

h3(-..xyoyz_rt) ’—‘hz(X',Z,t) ‘ : xl S 24 . ’ | ’ | (13) ’
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In this model the flux across the open interval of the wellbore occurs only through the |
fracture. In addition, a constant hydraulic gradient is a;ssumed‘ within the well sc_,i‘ee_n so that the
flux along the open interval is independent of z. Therefore, the mass bzﬁance equation for the

partially penetrating well is given by

ch ; dh
2Kle1b__1£xf_,_tl|’ = ¢ hud

ax & s - - @

w

where ¢, is the wellbore storage, A, (¢) is the hydraulic head ln tﬁe well, and‘ b is the 1_ength of
the oben interval. For an open well test, ¢, = wr2, where 7, is the radius of the well casing,
Which may be différent from the radiﬁs of ihe wellbore r,. For a pressurized test, ¢, = Vw'wa,,-
where V,, is the volume of the test section, v, is the fluid specific weight, and C, is the systeﬁ
compressibility [Neuzil, 1982; and Bredehoeft and Papadopulos, 1980].

By continuity, the hydraulic head in the well h,(2) is equal to the average head i:n the
formation h,(r,_v,z,t) along the screened portion of the wellbore. Thus .

C L
by (O=—— [hy(r, 20 0 - : (15)
. 4=y, .

.

where z; and 2, are the location of the bottom and top of the screen, respectively. Finally, the
initial éondition for the wellbore is

hO)=h+H, - | (16)
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The above equations can be cast into dimensionless form using the following

dimensionless variables.

t. i 'KZI g m.= 2Sszezbfw ot =_2K2e2bt
D 2 _— . D .
Ss,rw - Cy v TCw
a_Kzez _ "Y;Ss,ex‘ p'= KS; 1T=K},’r‘.‘, ¢=E
1 '
X _z e LY . % Z;
Xp= Zp=— == X, =— Zp=—
b r, b r, %0 r, by r, Dy r,
-k, L b

The sdlution_s for the dimeﬁsioniess hydraulic head in the wellbore, .s'kin, fracture, and matrix
are obtained using the Laplace transform with respect to the dimensionless time ¢, and the finite
Fourier transform with respect to the dimensionfess spatial variable z,,. The subsidiary equations

are solved subject to remaining boﬁ_ndary conditions, and dimensionless solutions in ‘the Laplace
domain are obtained by application of the inverse finite Fourier transform. Details of the use of
this transform pair are found in Dougherty and‘Babﬁ, [1984]; Hyder et al., [1994]; and Markle-

et al., [1995]. - -

In the Laplace domain, the dimensionless head in the wellbore is given by

pAl(xD-l)'l-L EAZ(xD 1)A3(p )]
i e Too 2

1+dp [pA (xn l)"’ Db z: Az(xp 1)A3(ﬁm)]

D m=1

(18)




where p is the Laplace variable and Ay, 4;, and 'A3(Bm) are defined by equations (A.1), (A.2),
and (A.3) [Appendix A]. The other variables are defined in the notation. The solutions to the

hydraulic head outside of the wellbore are given' in Markle et al., [1997].

Substitution of the solutions into the respective Laplﬁce .transformed boundary and
éontinu’ity conditions verify that the solutions satisfy the boundary and continuity conditions.
- Also, in the absence of a skin, for a fully penetrating well with an impermeable matrix, equation
(18) reduces to the Laplace domain solution given by Karasaki et al. [1988] |
1 I -

Jop+p

i @ 19)

2.1 Limiting Forms

Limiting forms of equation (18) can be evaluated iri the Laplace domain at early and late -

time using the initial value and final vali_xe theorems. The early and late time approximations to
equation (18) in the real domain are given in Table 1. These limiting forms prdvide some insight

into the behaviour'of‘ the model.




Table 1. Early and Late Time Limiting Forms of &, ()

Early Time (small values of wt) Late Time
Impermeable 1-2 | Y% 0) | P @21
Matrix, Je\ «@ | Jrotg
hp(8) =
Permeable Matrix, {_ 2 | Y% Q0 1 plw® 13 2
hp 8) = AU r l)ﬁnzﬁl(ms)’

| At early time, a relatively small volume of water has left the wellbore and the test is
dominated Ey the hydraulic proﬁerﬁes of media near the wellboré., From equatic'mi (20) it is
ai)parent that if a skin is preéent, thxs small vblume of water is taken up by the cbmp‘re’ssivé
storage in the skin and the test is influenced by the hydraulic properties of only the skin. If a
skin is not present, the early time response is influenced By the properties of only the fracture

and not thé matrix. Also, the effects of partial penetration are negligible.

At late time a large volume of watér has left the well and the test is dominated by media

far from the wellbore. From equation (21) it is apparent that when the matrix is impermieable,

| the late time response is i_nﬂuenced by the hydraulic properties of only the fracture zone and not

the skin zone if one is present. From equation (22) it is appé.rent that when the matrix is
permeable, the late time response is influenced by the hydraulic conductivity of both the fracture
and the matrix, as well as the spéci_ﬁc storage of the matrix. The specific storage of the fracture
'doeS not influence the brespo_nse. During this tirﬁe the fracture acts ‘as a planar source/sink of .
fluid and transient flow occurs only in the mafrix. Alsd, the effects of partial pénetration are

‘maximum and the response is equivalent to the fully penetrating case.
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3. Results and Discussion

‘The mode_l presented in the previous section depends on seven dimensionless variables
v/a, Xp s @5 Py ¢, By, and 5. Because of the l,arg.‘e'-number of variables, the uniqueneéss of type
curve matchixig is difficult to assure. The limiting forms of equation (18) are dependent on fewer

variables, reducing the uniqueness problem at early and late time. Type curves for these time

periods can be developed that are similar to those presented by Sageev [1986] who defrionstrat_ed

t_he use of three types of plots for radial flow models: log-log early time, semilog intermediate
time, and log-log late time. In this section we demonstrate the use of these three plotting
‘methods for the linear flow model (the case where the matrix is impermeable) and for the
bilinear flow model (the case whe’re:_ the matrix is permeable) described by equation_(18). We

discuss the characteristic responses for open well and pressurized slug tests that can be used to

distinguish linear and bilinear flow in vertically fractured media from radial flow in unfractured

porous media. Also we present criteria defining conditions under which the linear and bilinear
flow type curves are unique from radial flow curves given'by' Coo'per‘ et al. [1967]. Finally, we

discuss the errors that may result from the incorrect interpretation of the test data.

~ For the general case, type curves are generated by using the Talbor [1979] algorithm to

Anumen'cally invert equation (18). Sensitivity tests indicate that the number of terms required for

convergence of the infinite seriés in equation (18) to a given accuracy, increases for decreasing

penetration ratio p, and for decreasing values of dim_e_nsionles,s time. In general, stable solutions
can be obtained using 50 to 75 vterms'[Markle et al., 1995]. For solutions involving a fully
penetrating well, the summation can be avoided entirely by using simplified forms of equation

(18). In the following sections the influence of various combinations of conditions on the

response of a slug test are investigated.

- B .
= n . e S - . . HER . o . . . " f
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3.1  Linear Flpw Model - Fully Penetrating Well, Finite Thickness Skin |
3.1.1 Early Time Type Curves -
Equation (20) indicates that at early time &, vaties with (ywry/e)*?. Following the
nomenclature adopted by Sageev [1986] we will examine the response of '

Moy = 1o, I . ®

searly

As suggested by equation (20), a log-log plot of iszw& versus (ywts/a)'? yields a straight line

with unit slope. The effects of a positive skin (y/a < 1) and a negative skin (y/a > 1) on'the

_early time log-log pressure response for an impermeable matrix are shown in Figure 2 for y/a

ranging from 10" to 10% In practice y/a will rarely be less than 10°, however the smaller

values are shown for completehess. In the absence of a skin (y/a = 1) the early response has

a unit slope indicating transient linear flow in the fracture.

When a skin is present, the type curves are initially collinear with the curve for no skin.
As yul/a increases these "curv¢_s départ from the unit, slope. The curves for the positive and
negative skin lie above and below the no skin curve respectively. The position of each curve
depends on y/a. After the initial break in slope all résp‘onses for negative skins return to a unit |
slope, where as for positive skins only when S,/(—y/a) < 10?2 do the responses return to a urﬁt
slope. For positive skins with small values of 9/« the curves collapse onto a single curve wﬁich

has a slope of two.

During the initial period of flow having a unit slope, the head disturbance is limited to

the skin zore and the fracture does not influence the response. For a well that is fully
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penetrating, the correlating parameter S,, which is given by

s sfETn) o - @4
c . .

w

relates the storage in the skin to the wellbore Storé.ge. As the value of S, increases, the duration
of the initial period of flow having a unit slope increases. The departure point from the unit
slope response can be collapsed on to a single point on a log-log plot of hp,,ml;lsr versus
_(7wts/oz)"2/S, as shown in Figure 2 for S, 'ran;gin_g from 102 to 10'°, As showh, the bréak in
slope occurs when (ywts/a)'/S; = 1 and hy, /S, = 1. From these expressions the time of
the break is given by

. 5,
. P - | ' 25)
X, (x,-1,) |

and the dimensionless head in the well is given by hD” =_1-S,. For values of S, < 102 the
break will occur at less than 1% decay in the initial head. In these cases the observation of the
first linear portion of the response is unlikely. For values of S, > 10° the break will not occur

\
\

since the skin dominates the response for the entire duration of the test.

"Consideration of practical ranges in values indicates that for open well tests the range of
wis 10" < @ < 107 and the corresponding range of Sy is 10" < §, < 10° ‘Thérefore ina
large portion of this range one may not observe fhe ‘i\‘nit‘ial period of linear flow during an open
well test. For pressurized tests the wellbdre storagé, Cy, maybe bet’We_én four and seven orders
of rﬁagn‘it‘ud‘e smaller than for open well tests. As a result the ranges of  and S;are 10° < o
< 10?%and 10® < S, < 10°. Thefefore for a pressurized test the skin is more likely to dominate
the entire response. This suggests that the testing method plziys a significant role in determining

which portion of the response will be observed and which conditions will influence the response.
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_ ‘From equation (25), if K} = 10° m/s, S5 = 103‘m'F, xy= 0.5 m, and r, = 0.01 m the
break will occur 24 s into thé test. If K = 10 then the break occurs after 2.4 s. Ih these cases
the observation of the initial, linear flow response will depend ubon the ability to ripidlyv
measure small changes in headAirrl'the well. A practical range in values for Sg/K, is 10 to 107
s/m? and for x,r, is 10° to 10 m, which gives times ranging from 10"5 to 10° s. In
approximately 60 perceht of this range tﬁe break occursvw’ithin thé first second of the test and
1n 15 percent the break occurs after 24 hours. During a slug test, generally good quality,-early
time data is not obtained within the first few seconds of the test, and,usuall_y the test is Stoppéd .
within 24»houﬂrsb. Thus, the detection of a sld_n with the early‘ time plot Wili be possible in about

25 percent of the practical range in values. Given good quality data, a match to early time type

“curves provides an estimate of Sy, y/a, KiSslef and Kﬁsszeg . Data from the initial period of

linear flow and equation (20) also provides an estimate K,Ssle,2 ‘

' For radial flow tests, the unit slope and the‘ subsequent increase in slope is a
characteristic log-log early 'tirr‘xq response for both the no skin and finite skin cases. However,
once the initial break from unit slope occurs the response does not return to the unit slope. Tests
indicate that prOvided S (yle) < 10° the type curves for linear flow are digﬁnct from type’
curves for radial flow. For '_gipen well tests this criterion will rarely be satisfied and the early
ti'me response does not pi'évide a method to uniquely distinguish linear flow in a vertical fracture

from tadial flow. Under some test conditions the criterion may be satisfied for pressurized tests.

" 3.1.2 Intermediate Time Type Curves

The effect of a skin on the semilog response is shown in Figu~re 3 for §; = '10“, p =1
and vy/a ranging from 10" to 10°. Here hp_ is plotted versus wtg/p®. The semilog response fof
the no skin case (y/a = 1) [Karasaki et al., 1988], is inclhded for ‘com.parison. A positiVe skin -

shifts the type curve to larger wtg and steepens the slope. - As the value of y/a decreaseé the

S~
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_effect of the skin increases. In contrast, the effect of a negative skin is negligible and a negative
skin w111 never be detected. Not shown in Figure 3 are the type curves for y/a < 10°. For very
small values of «/a the type curves shift to larger values of w;, the shape of the curves become
identical, and a unique match cannot be obtained. Interpretation under these conditions will yield

correct estimates of the properties of only the skin _Klsslef'.

Karasaki et al. [1988] showed that the semilog type curvé for linear flow has a much -

gentler slope or longer response time than type curves for radial flow. This longer rés‘ponse on
a semilog plot is diagﬁostic of linear flow. However, combarison of Figure 3 with Cooper et al.
[1967] curves indicates that there are only_subtle‘di'ffer'ence's between the type curves for linear
flow with small values of y/a and large values of S, and curves for‘rédial flow with small
dimensionless wellbore st,b,rége cpefﬁ‘cients ((,;D: < 10%. Provided S,/(y/e) < 10, the semilog
type curves for linear flow are distinct from type curves for radial flow. Field conditions exist
which fall on either side of this criterion for both open and pressurized tésts, Thus, if a positive
skin is present, distinguishing ‘linear flow from xfadial flow with the semilog plot may not be

~ possible under all conditions. For example, consider an open well test where r,, = 0.01 m, .

=00lmL=2mx=16mK, =10°ms, K, = 1 m/s, S = 4x10°m", S =

- 4x10° m?, and e, = e,. In this example S/(y/a) = 10° Interpretation of the simulated
.res‘po'nse using the Cooper et al. [1967] solutior_;byiélds a hydraulic conductivity of 1.6 109 m/s

and a specific storage of 5X107 m™. Not only is the presence of the highly conductive fracture,

which may signiﬁcfén,tly influenice the transport of contaminants, undetected, but also radial flow.

conditions are mistakenly assumed.

3.1.3 Late 'Time Type Curves

Figure 4 prese,nis the effect of a skin on the late time log-log response for $; = 104, p

= 1 and v/« ranging from 10° to =10?. Here hj, is plotted versus (wts/p?)' as suggested by
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equation (21). A positive skin influences the early portion of the response. At late time all curves

merge from above with the no skin curve having a unit negative slope, indicative of transient

‘linear flow at late time. A negative skin has no apparent influence the response. In general the

late time response depends on only the fracture properties as indicated by equation (21).

As S; increases and o/« decreases’ the influence of the skin on the late time response
increases. During most slug tests, values of th are not méasuréd below 103.- For tests
influenced by a positive skin with a large S; and small y/« (ie. many pressurized tests), the skin
may have a significant effect on the léte time data. Uhder these conditions the linear portion of
the late time response may not be observed and linear flow may not be detected. However,
provided the unit negative slope is observed during the test, a match to the late time type curves
provides an estimate of S} and y/a. The linear portion ‘of the data and equation (21) provides

an estimate of the fracture prgperty Kg_Sszeg .

For radial flow, a log-log plot of &, versus (¢/ Cp)'? yields a linear response having

a slope of -2 in the absence of a skin. When a positive skin is present, the late time type curves

merge from above with the no skin curve having a slope of 2. Therefore, a slope of -1 on the

late time log-log plot uniquely distinguishes linear flow from radial flow,

3.2  Bilinear Flow Model - Fully Penetrating Well, No Skin
3.2.1 Early Time Type Curves '
The effect of matrix flow on the early iime log-log response is shown in Figure 5. The
well is 'fuily pénetmting and no skin is present. Initially all of the i'espdn_ses follow the l-iﬁear
flow type cﬁrve (impermeéble matﬁx, A=0) and then depart forming a family of b.ili_near’ flow

curves (perméa_b_le matrix, A > 0) above the linear flow curve. The departure point and final
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- separation are controlled by the cdrre]ating parameter A, where-

A= f5 - - - 25)
(]

“which relates the dimensionless wellbore storagé to the hydraulic properties of the matrix and
fracture. As A increases the effect of matrix vﬂ..ow increases due to a quicker build up of wellbore |
pressure. A match of the éarly time data provides an estimate of K,ssze,’ and A. ProviQed the

_response during the linear flow period is'm'easured-, equation (20) may be used to estimate

2
K, 562 -

For A > 1 the influence of matrix flow is signgficant at early time. The break from
linear flow occurs within the first few seconds of the test when head changes in the well are very
small. Therefore the iine‘ax flow portion of the response may not be observed. For A < 1.0 the
influence of matrix flow is negligible and the impermeable matrix assumption is vélid at early
time. The practical ranges in A for open well and pressurized tests are 1 < A < 10" and 10*
< A < 105, réspectively. This éuggests that in general at early time the influence of matrix flow

i$ significant during open well tests, while it may be insigniﬁcanf during many pressurized teét_s.
Thus thé each test method may be used to tazlget speciﬁé conditions that may influence a test.
“For e'xa:np.le’, within a given test interval or well one can minimize the influence of the matrix
flow by conducting a pressurized test, and subsequently minimize the influence of a skin byvA

conducting an open well test.

The type curves for bilinear flow, shown in Figure 5 are similar to the curves for linear
flow with of a positive skin as well as curves for radial flow. Therefore, some non.-uriiqueness

can result at early time between linear, bilinear, and radial flow using the log-log plot of early

- time data.
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3.2.2 Intermediate Time Type Curves

'fhe effect of matrix flow on the vsemildg -respbnse is shown in Figure 6forp =1, and
A ranging from 0-to 10% As A increases and the influence of matrix flow increases, the type
curves shift to smaller wy/p* and the slope becomes steeper. For values of A > 1 the shape of
type curves is similar and a unique match cannot be obtained. For values of A < 102 the effect
6f matrix flow is negligible. In practice, this criterion will only be satisfied for some pressurized
tests, suggesting that the influence of matrix permeébility on the intermediate time data must
always be considered for open well tests. This imposes a significant restriction on the use of the

linear flow model for open well tests.

Comparison of Figure 6 with Figure 3 indicates that for A > 1, the type curves for

bilinear flow are similar to those for Iinear flow with a positive skin and small y/«. Similarly,

“for A > 1it is difficult to distinguish between semilog type curves for bilinear flow, and curves

for radial flow with large dimensionless wellbore storage coefficients (C,; =~ '10"). This is
expected since as flow progresses from linear to bilinear it increasingly approximates a radial

flow system. Thus, when the influence of matrix flow is significant (A > 1), distinguishing

bilinear flow from either linear fracture flow influenced by a positive skin or radial flow will

not be possible with the semilog plot.

The error that may result from interpreting a test influenced by bilinear flow with the
radial flow modél is shown in the following example. Conside‘f a system wh_ére K, = 1m/s, K;
= 2%10° m/s, Sg = 4x10¢°m’, Sg = 107 m", L =2 m, fw = 0.0l m and fc = 0.01 m,
then A = 10% Interpfe‘ta‘tibn' of the simulated response using the Cooper et al. [1967] solution
yields a hydraulic conductivity of 1.3X10° m/s and a specific storage of 2X102 m'. This

interpretation does not account for the presence of the fracture, and the estimated hydraulic

conductivity for the matrix is three orders of magnitude larger than the actual hydraulic
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conductivity.

3.2.3 Late Time Type Curves

The effect of matrix flow on the late tirhe,log'—log response is shown in Figure 7. A log-
log plot of ky ~versus (wts/p>)'? produces a'lingar response having a slope of -1.5. Equation
(22) indicates that the late time response is not influenced by the presence of a skin, and that
steady state flow dccurs in the fracture which acts as a planar source/sink. Transient flow occurs
in only ihe matrix. As shown in Figure 7, as A increases steady state flow in the fracture begins
at small'ef values of (wty/p’)"?. For A > 1 the type curves are similar in shape. Type curve
matches in this region will be nonuniqie. For A < 107, the late time response is initially

22 increases the curves deviate below the unit

collinear with the linear flow curve. As (wty/p
negative slope forming a family of curves having a slope of -1.5. Provided the latg time slope
of -1.5 is attained during a test, a match of the data provides an estimate of A; If the late time
reSponse also includes a unit negative slope response, an estimate of K,S Szeg‘ may be determined

with equation (21).

Frd_m Figure 7 it is apparent that at late time, provided A < 10° the effect of matrix
flow is negligible. This condition will rarely be satisfied for either open well or pressurized

tests, and the influence of matrix flow must always be considered at late time.

The log-log plot of late time data has a slope of -2 for radial flow, -1.5 for bilinear flow,
and -1 for linear flow. Therefore the log-log plot of late time data may be used to uniquely
identify tests influenced by bilinear, or linear flow from tests conducted under conditions of

radial flow.

vttt et v TR L, N, LRS- . —_— - Wi AT . R U [
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- 3.3 Bilinear Flow Modé¢l - Fully Pe’netrating“ Wellbore, Finite Thickness Skin

3.3.1 Early Time Type Curves |

Figure 8 shows the combined effects of a skin and a ﬁermwble matrix on the early time
ldg-lo‘g response for Sy = 10* to 10, p = 1, A = 10 and ~/« ranging from 10° to 10'°, As
shown in Figure 8, all the curves depart at the same point as in the linear flow case w1th the
exception of the farniiy of curves for S, = 10, For linear flow, the break from the unit slope
response occurs when flow between the skin and the fracture begins, while for bilinear flow, the
break occurs when the effect of matrix flow becomes significant. When both a permeable matrix
and é skin having a small S, are present, the effect of the fracture may in‘ﬂuencé the response
before: the effect of matrix flow becomes vsigniﬁcant. Under these conditions all curves will

depart at one point which is dependent upon S; as in the case of linear flow. If Sror A are lafgé,

the effect of matrix flow may influence the response before the effect of the: fracture becomes |

signiﬁcant.’ Under these cbndiﬁon,s, the departure point for each curve will depend upon A, and

S7 will not be a correlating parameter. | .

In general, provided the early time éﬁteﬁon established for bilinear flow without a skin
(A < 1) is satisfied, the impermeable matrix assumption is valid even when a skin is present.

Under these conditions the linear flow type curves can be used. However, when A > 1 the

influence of matrix flow on the early time response is significant and the effect of matrix flow

must be considered.

Comparison of Figure 8 to Figure 2 for linear flow with a skin, and to Figure 5 for the
bilinear flow without a skin indicates that similar responses were obtained. Therefore the early
time response suffers problems of uniqueness. Similarly, the early time response can not be used

to distinguish bilinear flow influenced by a skin from radial flow.
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3.3.2 Intermediate Time Type Curves . ‘

‘The intermediate time semilog responses are not shown but were found to be similar to
the responses for linear flow with a skin, bilinear flow without a skin, and radial flow.
Therefore, the intermediate time plot has severe problems of uniqueness and cannot be usedto
identify the various conditions that may be influencing the test data. Also, results indicate that

~ the interpretation of tests influenced by both bilinear flow and a skin using radial flow methods

may yield large errors. Not only is the presence of the fracture missed, but also errors of u‘p-to :

five orders of magnitude in the estimate of the matrix hydraulic conductivity can occur. This
suggests that if the presence vertical fractures'is suspected, the semilog type curves should never

be the sole method used to interpret the results from a slug test.

' 3.3.3 Late Time Type Curves |

Figure 9 is the lafe time log-log response for A = 10, S; = 10% and y/a = <1 to 10°.
As ih the case of linear flow, the early portion of t'he'response.is inﬂué_nced by the presence of
a positive skin while a negative skin does not influence the response. At late time all curves
merge with the no skin, permeable matrix curve with a slope of -1.5. Therefore, even when a
skin is present the late time log-log plot may be used to identify tests influenced by bilinear flow

provided the late time slope of -1.5 is measured during the test.

3.4 Partial Penetration
Results ihdicate that .the effect of p,ar'tial penetration on the respdnSe is similar to the
effect of a skin and of a p,erm'eabie matrix. It is not possible to uniquely identify tests influenced
by partial penetration. using -any of the three plotting methods. Therefore it is important either
to minimize the effects of paniall peﬁetmﬁon through well and test design, or to incorporate it’s

influence into the interpretation of the test data. The influence of partial penetration can be

minimized by maximizing the length of the screened interval or the test section. Also, to

,-
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properly account for the effect of partial penetration in the interpretation of the data, the

. collection of high quality geological data during well construction and installation is a necessity.

3.5 Anisetropic Matrix

The effect of matrix anisotropy was found to be negligible. In comparison to the vertical
flow in the matrix, flow in the fracture is the dominant fnech’anisrr‘i for the movement of fluid
vertically. within thé system. The rapid vertical flow in the fracture results in a planar

source/sink at the fracture-matrix interface. As a result, flow in the matrix is essentially one

- dimensional normal to the plane of the fracture.

4. Conclusions

A new semi-analyt_ical model incorporating bilinear flow theory was presented for the

slug test. The model can be used in the interpretation of open well and pressurized slug tests

" conducted in vertically fractured formations. The model accounts for the presence of a matrix

with a moderate to low permeability and a skin having a finite thickness. The model is

- particularly useful where it is known that a Vgrtical fracture intersects the wellbore. For these

cases the model can be used to g'enerate' type curves for early, intermediate, and late time. Using
the curves and the limiting equations conditions that influenced the test, such ds the presence of
a skin or matrix flow, can be assessed and the hydraulic properties of the fracture, skin and

matrix can be estimated.

The influence on the early time log-log plot of a positive skin or matrix flow are similar
and represented by an upward deviation from the initial period of linear flow having a unit
slope. In general the influence of a skin is more significant on the pressurized test while the

influence of matrix flow is more significant during open ‘_well, tests. Therefore the test method
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can be selected to minimize or maximize the influence of one condition over another. Under -

some conditions the early time responses for linear and bilinear flow are similar to the response

for radial flow and some non-uniqueness results.

A gentle slope and long response on the semilog plot of intermediate time data has

| previously been shown to be diagnostic of linear fracture flow. The effects of either a positive
skin or a permeable matrix are to steepen the slope and shorten the response. Some non-
Jniqueness exists and it may be difficult to identify which of these factors has influenced the
test. Of particular importance is the influence of a skin or matrix flow, which if significant, the
semilog responses may be mistaken- for tests conducted in cohditions of radial flow.
Interpretation of the test data using the radial flow models not only fails to account for the
presence'of the fracture, But also may yield estimates of the hydraulic parameters for the matrix
that are in error by several orders of magmtude Therefore where the potentlal for vertical

fractures exists the sem1log plot should never be the sole method of analysis.

At late time, in general the influence of a skin is not significant for -oper_l well or
pressurized ‘tests, while the influence of matrix flow is significant for all open well and many
pressurized tests. As a result, the late time data will demonstrite characteristic responses

' diégnostic of linear flow, slope'of -1, and bilinear flow, slope of -1'.5.. These responses are
unique from the responses for radial flow which have a slope of -2 at late time. Thus, ‘the late
time plot prov1des the best method to for distinguishing between linear, bllmear and radial flow.
To ensure that these charactenstlc Tesponses are obtamed it is critical that smalI head changes

late in the test be measured.

In general, the presence of a skin complicates the interpretation of the test data. The

_influence of the skin can make it difficult to distinguish between linear, bilinear, or radial flow
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responses. Therefore, to maximize the pro_bab’ility of identifying linear or bilineat flow it is |
important to minirize the formation of a skin. This may be facilitated by selecting appropriate
drilling, well irtsta_llation and development methods. Also the influence of the skin can be
minimized by conducting an open well test or maximized by conducting a pressurized test. In
addmon the careful collection of good quality geological information may indicate the presence

of vert1ca1 fractures thereby assisting one in properly mterpretmg test results.



Appendix A

1
AI(X.D)=7
. B 1

1
A=
2(%p) a

L 1+¢expl2(1-x)qi]

expl(1-x,)q,]-Eexpl(1-2%,, +x,)q,]]

- I+Eexp2(1-xp)qy]

L

A,(p,,i)=§1—[sin(a,.z,,_,) -sin(B,,2p)]

Notation

Al

.
AP,
b

groﬁp defined b‘y equation (A.1)
group defined by equation (A:2)

- group defined by equation (A.ﬁ) |
screen length, L

system compfessibility, LTM?!
wellbore storage. coefficient, L?
fracture aperture in i, L

hydraulic head in i, L -

expl(1-x,)4/1-&expl(1-25, +x,)qil|
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(A.1)

(A2)

(A.3)

|

i i
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h,

wearly

Lo &S

J“N-

h

25
dimensionless hydraulic head in i

early time dimensionless hydraulic head in_weliboré |

_ 1nitial head outside of the wellbore, L

initial head in wellbore, L

hydraulic conductivity in i, LT

horizontal hydrau_lic conduét_ivity in matrix, LT
vertical hydraulic cbnducﬁvity in rﬁatri,x, LT
fracture height, L ’

dimensionless fracture height

" Fourier transform variable

Laplace transform variable

J2ang;+aywp+py,
] |
2ang;+aywp

rp—

s

H

2ngy+0p

i

@B p OB
oBp

wellbore casing radius, L

wellbore radius, L



specific storage in i, L
storage ratio

time, T

dimensionless time,

dimensionless group, wt,
horizontal coordinate, L
dimensionless horizontal coordinate

horizontal coordinate of the outer boundary
of the skih, L
dimensionless coordinate of the outer

boundary of the skin

volume of the test section, L3

lateral coordinate in matrix, L

- dimensionless lateral coordinate in matrix

vertical coordinate, L

dimensionless vertical coordinate

- lower z coordinate of well screen, L

dimensionless bottom of well screen

upper z coordinate of well screen, L

dimensionless top of well screen

transmissivity ratio, K,e,/Ke,
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B,

Y

E/

storativity ratio, Sy e /Sge,
specific weight of ﬂuid, ML2T?

eigenvalue for finite Fourier transform,
' -~

KyS,,

K. r

,ng

Ke,

_paftial penetration ratio, b/L

q,/(xq)

- qfeq)
(1-2)/(1+2)

(A-A8(1+1)

~ matrix anisotropy ratio, K",_,/KY3 |
dimensionless wellbore storage coefficient,

R . . N 7
correlatin meter, —
& pad oV

gamma function

-2,Ssze2brw

C.

w
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Other ‘
R Laplace transform of h
Subscripts
D ~ dimensionless
1 region 1, skin
2 region 2, fracture
3 region 3, matrix
w Wellbore

Acknowledgment. This work was supported by Environment Canada




29

 References

Barker, J. A and J. H. Black, Slug tests in fissured aquifers, Water Resour. Res., 19(6),
1558-1564 1083. \

Bredehoeft, J. D., and S. 'S. Papadopulos, A method for deterrmnmg the hydrauhc properties
of tight formations, Water Resour. Res., 16(1), 233-238 1980.

Cinco-Ley, H, F. Samaniego-V, and N. A. Dominquez, Transient pressure behaviour for a
well with a finite-conductivity vertical fracture, Soc. Per. Eng. J., 253-264, 1978.

_J

-Cinco-Ley, H., and F. Samamego—V Transnent pressure analysxs for fractured wells, J. Pet. -
Technol 33, 1749-1766, 1981.

Cooper, H. H., J. D. Bredehoeft, and S. S. Papadopulos, Responsé of a finite diameter well
to an instantaneous charge of water, Water Resour. Res., 3(1), 263-269, 1967.

D’Astous, A. Y., W.'W. Ruland, J. R. G. Bruce, J. A. Cherry, and R. W. Gillham,
Fracture effects in the shallow groundwater zone in weathered Sam1a-area clay, Can.
Geotech. I., 26, 43-56, 1988. :

’Dou‘g'h_erty, D. E., and D. K. Babu, Flow to a partially penetrating well in a double-porosity |
~ reservoir, Water Resour. Res., 20(8), 1116-1122, 1984.

Grader, A. S and H J. Ramey, Jr., Slug-test ‘analysis i in double-porosxty reservous Soc.
Pet. Eng. Form. Eval., 329-339, June 1988.



30 -

Gringarten; A. C., H. J. Ramey, Jr., and R. Raghavan, Unsteady-state pressure distributions
created by a well with a smgle infinite-conductivity vertical fracture, Soc. Pet. Eng.
J. (14)4, 347-360 AIME. 257, 1974, :

Grisak, G. E., and J. A. Cherry, Hydrologic characteristics and response of fractured till
~and clay confining a shallow aquifer, Can. Geotech. J., 12, 23-43, 1975.

- Hinsby, K., L.D. McKay, P. Jorgensen, M. Lenczewski, and C.P. Gerba, Fracture Aperture
Measurements and Migration of Solutes Viruses, and Immiscible Creosote in a
Column of Clay-Rich Till, Ground Water, 33(6), 1065- , 1996.

Hyder, Z., J. 1. Butler, Jr., C. D. McElwee, and W. Liu, Slug tests in partially penetrating
wells, Water Resour. Res., 30(11), 2945-2957, 1994.

Karasaki, K., J. C. S. Long, and P. A. Witherspoon, Analytical models of slug tests, Water
Resour. Res., 24(1), 115-126, 1988. '

Keller, C. K., G. van der Kamp, and J. A. Cherry, Fracture permeability and groundwater
flow in clayey till near Saskatoon, Saskatchewan Can. Geotech. J., 23, 229-240,
1986

- Kissling, W., and R. M. Young, Two-dimensional flow in a fractured medium, Transport in
Porous Media, 4, 335-368, 1989. '

Markle, J. M., K. S. Novakowski, and R. K. Rowe, A model for the constant-head pumping
test conducted in vertically fractured media, Int. J Numer. Anal. Methods Geomech.,
- 19, 457473, 1995. v




31

Markle, J. M., K. S. Novakowski, and R. K. Rowe, A model for sIug tests conducted in
' vertically fractured media, Geotechnical Rep. #GEO______, __ pp., University of
Westem Ontario, London, 1997 '

McKay, D. L., I. A. Cherfy, and R. W. Gillham, Field experiments in fractured clay till 1.
Hydrauhc conductivity and fracture aperture, Water Resour. Res., 29(4), 1149-1162,
1993

-Moench, A. F., and P. A. Hsieh, Analysis of slug test data in a well with finite thickness

skin, paper presented at the I.A.H. 17th International Congress on Hydrology of
rocks of low permeability, Int. Assoc. Hydrogeol., Tucson, AZ., Jan, 7-12, 1985.

Neuzﬂ C. E., and J. V. Tracy, Flow through fractures Water Resour. Res 17(1), 191-
199, 1981 >

Neuzil, C. E., On conducting the modified "slug’ test in tight formanons Water Resour.
' Res., 18(2), 439-441, 1982

Prats, M., The effect of vertical fractures on reservior behavxor-mcompresmble fluid case,
SPEJ 105-118, 1962.

- Raven, K. J., HYdraulic characterization of a small ground-water flow system in fractured

monzonitic gneiss, National Hydrological Research Institute, Paper No. 30, Inland
‘Water Directorate, Ottawa Canada, p. 133, 1986.

Roberts, J. R., J. A. Cherry, and F. W, Schwartz, A case study of a chemicai spill:
polychlorinated biphenyls (PCBs) 1. History, distribution, and surface translocation,
Water Resour. Res., 18(3), 525-534, 1982. '



Rudolph; D. L., J. A, Cherry, and R. N. Farvolden, Groundwater flow and solute transport
in fractured lacustriné clay near Mexico City, Water Resour. Res., 27(9), 2187-2201,
1991. ' ' '

Sageev, A., Slug test analysis, Water Resour. Re.f., 22('8’),__’1323-‘1333, 1986.

Sudicky, E. A., and R. G. McLaren, The Laplace tr_ahsfo‘rm Galerkin technique for large-
scale simulation of mass transport in discretely fractured porous formations, Water
Resour. Res., 28(2), 499-514, 1992.

/

Talbot, A., The accurate numerical inversion of Laplace transforms, J. fnst._-Applic., 23,97-

© 120, 1979.

32




. flow . fracture
(®) directions~ | /

e e o o]

initial _head R IR B S

' conﬁning I?ayer —/

well screen

~skin zone —

1
— ' Z;—'O"

confining Iayé.r ~_ |

.Figure 1. Schematic diagram showing (a) an open-Well‘ slug test conducted in a partially penetrating well surrounded
by a finite-thickness skin, and (b) flow directions in the vertical fracture and matrix. For a pressurized slug test,
packers would be used to isolate the test section. : : ' :
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