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In many clay environments in southern Ontario, hazardous waste facilities 
are sited becausethe 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 movement and 
contaminant migration through these fractures, accurate estimates of the 
hydraulic properties of the fractures iareinecessary. 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 bynot 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.
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Continuing work on this model is not currently planned. 
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1. “Introduction 

“Geological formations having moderate to low permeability such as crystalline" and 

argillaceous rocks, and unconsolidated formations such as _clay, are often considered to be good 

barriers to contaminant migration.'However, vertical or sub-vertical fractures and joints of 

significant penneabilityc often occur in these types of media [ie. Grisak and Cherry, 1975-; Keller 

er al., 1986; Raven, 1986; and D’Astous et al., 1988]. These fractures and joints may be the 

main conduits for the flow of water they can significantly influence the bulk permeability 

of the formation [Neuzil Tracy, 1981; McKay et ol. , 1993; and Hinsby et al. , 1996]. Results
A 

from several investigations indicate that vertical fractures are the controlling feature in the 

transport of contaminants through fractured’ aquitards [Roberts et al., 1982-; Rudolph et al., 

1991; and Sudicky and McLoren, 1992]. 'l‘he proper -determination of the hydraulic properties 

of these fractures is critical to assessing groundwater flow transport in these formations. 

"The slug test is a commonly used hydraulic testing method that involves’inducing_a head 

or pressure disturbance in the wellbore and measuring the decay in the hydraulic head response. 

From these measurements the hydraulic properties of the formation can be estimated using one 

of the several curve fitting methods that have been developed for interpreting slug‘ tests. 

However, in fractured _for‘n'1atio‘ns the interpretation of results from a slug test’ may" be 

complicated by the presence of a ‘vertical fracture. As well, drilling and well completion 

practices may alter the hydraulic properties of the fracture near the wellbore. This altered zone 

maybe treated as a skin of finite thickness and it's influence on the test may further complicate



2 

the interpretation. Therefore a method of interpreting slug tests influenced by these factors would 

be advant_ageou_s. 

Numerous‘ analytical models have been developed for the interpretation of slug tests 

conducted, in radial flow conditions [ie. Cooper et al. , 1967; Bredehoefi and Ifapqdopulos, 1980; 

Barker and Black, 1983; Dougherty and Babu, 1984;‘ Moench and Hsiel_2,- 1985-; Grader and 

Ramey, 1988;. and Hyder et al., 1994]. These models range in complexity accounting 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. I-lowever, none are suitable 

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

S_everal models for the constant flow rate test in wells completed in media 

having vertical fractures are found in the petroleum literaturer [Prcz_ts, 1962; Gfingafien et al., 

1974;‘ Cinco-Ley et al. , 1978; and Cinco-Ley and Samaniego.-V.,' 1981]. These models are ‘based 

on the fissure block model 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 fmit,e—thickness,skin 

and partial penetration are not incorporated. Karasaki et al. [1988] gives the solution for a slug 

test in a fully penetrating well intersecting a single vertical fracture. The lpresence 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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which transient, linear flow in both the fracture and the matrix is considered. Therefore-it is an 

extension to "the linear flow model‘ presented by Kafasaki et al. [1988]. Using the model we 

develop interpretation techniques for early, intermediate, and late time data. We present type 
curves for each of these time periods‘, and investigate both the effects of the various features of 

the model and the practical -implications on the interpretation of test data. Wediscuss the 

similarities between the linear, bilinear,-and radial flow type curves and develop criteria which 

define the conditions under which unique type curve matches can be assured. 
' 

Finally, we discuss 

the error that may result if tests influenced by either linear or bilinear flow are interpreted using ‘- 

the Cooper et al. [1967] radial flow model. 

2. Mathematical Model‘. 

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

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

' confined‘ and characterized by two smooth parallel plates. All flow across the open interval of
i 

the partially penetrating lwellbore occurs through the fracture, and thereis an exchange of water 
d 

between the fracture and theporous matrix. Two—dimensio'nal, 1ijnear.flow_i_s 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 thatthe hydraulic diffusivity of the fracture is two 

orders of magnitude greater than that of- the matrix W[Kis_sling and -Young, 1989]. Finally,

I 

4 

consideration is given‘ to the presence of a finite thickness skin located limmediately adjacent to
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the wellbore, and having hydraulic propertiesidifferent from the fracture-. 

The governing differential equation describing two-dimensional, transient flow in the skin 

and the fracture is the linear flow equation with a sink term for the matrix and is given by 

i».=l rwsxsx, 

+ + _ ahg(xsz9t) xl sxgoo
' 

ax? 62’ K.e.- 6y [M K, _ 

at Osysw 
. 

‘ 
' 0szsL 

where subscript 1 denotes the skin zone, subscript 2 denotes the fracture zone, h,-, K,-, SS‘ , and 

e, (ié=1,2) are the hydraulic head, hydraulic conductivity, specific storage, and aperture of the 

skin and fracture respectively, ha is the hydraulichead in the matrix, and KY3 is the-lateral, 

hydraulic conductivity of the matrix. The initial condition for the fracture and skin zone is 

n,<x.z,o>:h,<x,z,o>=h, 
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The outer boundary condition for the fracture is 

h,(~,z,z> =12, V 
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<3) 

Theupper and lower boundary conditions in the z-direction are 
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respectively. The initial condition is

5 

i 

Continuity between the skin zone and the fracturerequires that 

h,_(x,-.»z.t)’=h,(x_,.z.t) 
i 

o o 

e 

i 

i 

(6) 

ah ( t) \ah ( ) 
'

A 

lel ‘:1?’ = Kzez 2 ::z’t _ 

- 

' 

(7) 

The governing differential equationjdescribing two-dimensional flow in the matrix is 

K7162 h3V+Kz,§'2'h'3=Ss% 
i 

, 
. _ 

_ 

‘V (8) 
3«ay2 az2 3 at 

I

.

~ 
where Kl’ and S S’ are the vertical hydraulic conductivity and the specific storage of the matrix, 

r:3<x,y;z,o> =12. e 

i 

<9) i 

The boundary conditions are 

h_3(x,¢o,z,tj:ho 
t - 

o 

e 

i (10) 

5h3(x.y,0.t) _ah,<x,y.L,r) _0 

i 

3 

t 

i 

t 

(11) 
az_ az t

A 

h,(x,o,z,z)§hl_(x,z,:) rwsxsxl 
_ 

(I2) 

h3(2c,0,z_.t)=h2(x;z,t) xlsxsoo 
i 

<13)t
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‘In this model the flux across the openinterval of the wellbore occurs only. through the
. 

fracture. In addition, a constant hydraulic gradient is assumed‘ within the well screen so that the 

flux along the open interval is independent of 2. Therefore, the mass balance equation for the 

partially penetrating well is given by 

§§1§‘fi’_‘?.L H ‘”’w . 

y 

‘ 

(14) 2K1e1b 
ax 

w—-&-t- 
* 

z, szsg 

where cw is the wellbore storage, h,,,{t) is the hydraulic head in the well, and b is the length of 

the open interval. For an open well c,,, = 7rrc2, where rc is the radius of the well casing, 

which may be different from the radius of the wellbore r,-,. For a pressurized test, c,,.. = V,;y,,C.,,. 

where ‘V, is -the volume of the test section, 7,, is the fluid specific weight, and C, is the system 

compressibility [Neuzil, 1982; and Bredehoefi and Papadopulos, 1980].
\ 

By continuity, the hydraulic head in the well h,,(t) is equal to the average head in the 

formation h,(r,,,z,t) along the screened portion of 
‘ 

the wellbore. Thus - 

» 
' ta 

hW(t) =.—1_fh.1(r,,,z,:)dz :>o v .‘ (15) 
. 

a 22-21 
It 

to

.

\ 

where z, and z, are the location of the bottom and top of the screen, respectively. Finally, the 

initial condition for the wellbore is 

hw(0)=ho+Ho 
i i 

r 

' 

p 

(16)
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_The above» equations ‘can be cast into dimensionless form using the following 

dimensionless variables‘. 

- 

Z 
.2K1e bt 

‘D: 2 ’ 

t,=Q)tD= 2
_ 

Sszrw _ Cw 
V 

1'“-,6“ 

¢.~.K2e2 
in 

'.Y_—,&31e‘i '3': K13‘: 
A 

n.=K’sr“‘ ¢=.I:%. 
. 1

' 

‘ K131 
p 

Ssfz _ Kass, K292 
; 

Ky, .. . 

(17) 

: x =5. ' "=1. 
- 

' =5 . =fi X” 
rw 

ZD 
rw 

yp 
rw 

xD' 
fw ZD‘. rw 

.. 

h.’-ha L t b 
h-Di’ 

Ho. 
LD=g bD=.;:v. 

The solutions for the dimensionless hydraulic head in the Wellbore, skin, fracture, and matrix 

are obtainedvusing the Laplace transform with respect to the dimensionless time tn, and the finite 

Fourier transform with’ respect to the dimensionless spatial variable z,,. The subsidiary equations 

are solved subject to remaining boundary conditions, and dimensionless solutions in the Laplace 

domain are obtained by app1_ication of the inverse finite Fourier transform. l)etails of the use of 

this transform pair are found-in Daugherty and4Babt¢, [I984]; Hyder et al., [1994]; and Markle 

et al._, [1995]. -

” 

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

_ 2 -

" 
a pA.(x.,=1)+,_ 

,; 
ZA2(xD=1)A§(.pm)] 1

1 

hb (p)= —- 9- - ~ " ”"‘=1 
9 ~ 1 (18) 

1+ap [pA1(xp=1)+'I;? 2 
D 14-1

~



where p is _the Laplace "variable A,, A2, and iA3(B,,,) are defined by equations (A. 1), (A2), 

and (A3) [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. , [I997]. 

Substitution of the solutions into the respective Laplace transformed boundary and 

continuity conditions verify that the solutions satisfy the boundary and continuity conditions. 

. Also, in the absence of a skin, for a fully penen-ating well with an imperm_eab1e matrix, equation 

('18) reduces to the Laplace domain solution given by Karasaki et al. [1988] 

- 1 
* — 

1; (P) = i . D" 
\/<->_p+p 

(19) 

2.1 Limiting Forms 

Limiting forms of equation (18) can be ‘evaluated in the Laplace domain at early and late V 

time using the initial value and final value theorems. The early and late time approximations to 

equation ( 18) in the real domain are given in Table 1. These limiting forms provide some insight 

into the behaviourof‘ the model.



Table 1. Early and Late Time Limiting pm ofhDw(t‘s) 
i 

Late Time
'

~~ 
‘Early Time (small values of an

i 

—1‘“P°."“°“"1° 1-1 ‘“'’’S (20) 
A " i 

‘ (21) 
Matrix. 

. ‘/;\. ya a ,/imts 
hu,—,,(’s) 

z
_ 

A v- 

— “wig 
you r V 

’ 

. 

H 

4 2 1 e 

Permeable Matrix, - 1__ s (20) 1 p to 
_ , 4 

22 
‘ 

' 

. Z a , 
. 4 .

- 

I 

At early time, a relatively "small volume of water has left the wellbore and the test is 

dominated by the hydraulic properties of media near the wellbore From equation‘ (20) it is 

apparent that if a skin is present, small volume of water is taken up by the compressive 

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 propertiesof only the fracture 

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

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

far from the wellbore. From equation (21) it is apparent that whenthe matrix is impermeable, 
I 

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

the skin zone if one is present. From equation (22) it is apparent 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 specific storage of the matrix. The specific storage of the fracture 

‘does not influence the response. During this time the fracture acts as a-planar source/sink of . 

fluid and transient flow occurs only in the matrix. Also, the effects of partial penetration are 

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

-The model presented in the previous section depends on seven dimensionless variables 

7/0,.’ xp‘ , w, P, ¢, 5,, and 11. Because of the large-number of variables, the uniqueness of type 

curve matching 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 nine 
periods can be developed that are similar to those presented by Sageev [1986] who demonstrated 
the 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 where the- matrix is permeable) described by equation_,(l8). We 
discuss the characteristic responses for open well and pressurized slug teststhat can be used to 

distinguish linear and bilinear flow in vertically fractured media from radial flow in unfracturedq 
porous media. Also we present criteria defining conditions under which the linear and bilinear 
flow type curves are unique from radial flow curves givenbyl Cooperlet al. [1967]. Finally, we 
discuss the errors that may result from the incorrect interpretation of the test data. 

_ 

Forthe general case, type curves are generated by using the Talbot [1979] algorithm to 

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

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

penetration ratio p, and for decreasing val_ues of dimensionless time. In general, stable solutions 
it.» 

can be obtained using 50 to '75 terms’[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. 
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3.1 Linear Flow Model - Fully Penetrating Well, Finite Thickness Skin 

3.1.1 Early Time Type curves- 
A 

' ‘ 

Equation (20) indicates that at early time Vhpw varies with (qt/wts/a "2. Following the
g 

nomenclature adopted by Sageev [1986] we will examine the response of

w 

As suggested by equation (20), a log-log plot of l’zD__.w,¥ versus ‘('yo.vt5/oz)m yields a straight line 

with unit slope. The effects of a_positive skin (7/_oz < l) and a negative skin (7/0: >. l) on-the . 

early time log-log pressure response for an impermeable matrix are shown in Figure 2 for 7/0: 

ranging from 10'” to 10‘. In practice 7/oz will rarely be less than 10‘, however the smaller 

values are shown for completeness. In the absence of a skin (‘Y/(I -—'- 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 forsno skin." 

AS"'y0Jt5/a increases these ‘curves depart _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 7/11. After the initial break in slope all responses for negative skins return to a unit
‘ 

slope, where as for positive skins only when S,/(-‘y/oz) 5 10‘3 do the responses return to a unit 

slope. For positive skins with small values of 7/0; the curves collapse onto a single curve which 

has a slope of two. 

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

the‘ skin zone, and the fracture does not influence the response. For a well that is‘ fully‘

11
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penetrating, the correlating parameter S,, which is given "by 

(24) 
CW 

relates the storage in the skin to the wellbore storage. As the value- of ST increases, the duration 

of the 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 hpwmb/S7. versus 

(yet,/a)"2/s, as shown in Figure.2 for S, ranging _from 10" to 10'-“’. As shown, the break in 

slope occurs when (ywts/a)‘”/ST = 1 and hnwmb/ST = 1. From these expressions the time of 
the break is given by 

ms. 
z/;Esf<x,~r,a= 

s 

s 

s 

g 

<25), 

and the dimensionnless head in the well is given by hp’ =,1o-ST. For values of S, < 10%’, the 

break will occur at less than 1% decay in the initial head’. In theselcases 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 practicalranges in values indicates that for open well tests the range of 

or is 10'“ S (.3) _s 10” an_d the corresponding range of S, is 10'” 5 S7. 5 10°. Therefore in a 

large portion of this range one may not observe the initial period of linear flow‘ during an open 

well test. For pressurized tests the wellbore storage, cw, maybe between four andseven orders 

of magnitude smaller than for open well tests. As a result the ranges_of w and ST are 10" S co 

5 lO‘2 and 10'“ 5 ST S 10’. Therefore for a pressurized test the skin is more likely to dominate 
the entire response. This suggests that the testing method plays a significant role in determining 

whichportion 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, _S_,‘ 
= 10T‘Am'_‘, x,-== 0.5 m,’ and r,, = 0.01 the 

will occur 24 s into the test. If X, = 
A 

l_0*-" then the break occurs after 2.4 s. In these cases
’ 

the observation of the initial, linear flow responsewill depend upon the ability to rapidly 

measure small changes in headinthe well. A practical range in values for SS‘/K, is 10*‘ to 107 
s/m’ and for x,-r,, is 103 to 10 In, which gives times‘ ranging from 10'”. to 109 s. In 

approximately 60 percent of this range the break occurstwithin the first second of the test and 

‘in 15 percent the break occurs after 24 hours. During _a slug. test, generally‘ good q”uality,,ear‘1y 

time data is not obtained within the first fewseconds of the test, andusually the test is stopped
. 

within 24»hours. Thus, the detection of a skin with the early. time plot will 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 estimateof ST, "y/oz, K ‘S e2 and S e2. Data from the initial period of 
. 1 s, 1 s, 2

‘ 

linear flow and equation (20) also provides an estimate K,SS1e,2 . 

‘For radial .flow ‘tests, the unit slope and the subsequent increase in slope is a ‘ 

characteristic log-log early time responsefor 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,/(‘y/oz) S '10'3 -the type‘ curves for linear flow are di/sjtinct from type‘ 
curves for radial flow. For "open wen tests thi-s criterion will rarely be satisfied and the early,

a 

time response does not provide a method to uniquely distinguish linear flow in a vertical fracture
‘ 

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

‘ 3.1.2 Intermediate Time’ Type Curves 

Theeffect of a skin on the semilog response is shown in Figuere 3 for S, = .104, p -4 1. 

and 7/01 ranging from 10‘ to 10". Here ha is plotted versus Lots/p2. The semilog response for 

the no skin case.(-y/oz = 1) [Karasaki et al., 1988], is included for ‘comparison. A positive skin. — 

shifts the type curve to larger cats and steepens the slo_p‘e.‘A,s the value of 'y/ct decreases_the_

\
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. effect of the skin increases. In contrast, the effect of a negative skin isnegligible and_ a negative 

skin will never be detected. Not shown in Figure 3 are the typecurves for 7/0: <- 10‘.’For very 

small values of 7/oz the type curves shift to larger values of cats, the shape of the curves become 

identical, and a unique match cannot beobtained, Interpretation under these conditions will yield 

correct estimates of the properties of only the skin _K,s_,lef'. 

Karasaki et al. ["1988] showed thaththe semilog type curve for linear flow has a much / 

gentler slope or longer response time than type curves for radial flow. This longer response on 

a semilog plot is diagnostic of linear .flow. However; comparison of Figure 3 with Cooper et ol. 

[1967] curves indicates that there are onlysubtleidifferences between the ‘type curves for linear 

flow with small values of 7/0: and large values of S7, and curves forradial flow with small 
dimensionless wellbore storage coefficients (CID: < 10*‘). Provided S,/(7/oz) S 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 tests. Thus, if a positive 

I 

skin is present, distingu_ish__ing llinear flow from radial flow with the semilog plot may not be 

_ 

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

= 0.01 m, L = 2 m-, x, ; 1.68 m,, K, = rot in/st, K2 = 1 r_n_/s,_ ssl = 4x10-5 m", SS1 =. 

I 4x10‘ m“, and e, ‘= hz. In this example S,/('y/oz) ; 10’, Interpretation of the simulated 

‘response using the Cooper etal. [1967] solutioniyields a hydraulic conductivity of 1.6">< 109 m/s 

and a specific storage "of 5 X 10”’ in“. Not only is the presence of the highly conductive fracture, 
which may significantly influence the transport of ‘contaminants, undetected, but also radial flow. 

conditions are mistakenly assumed, 

3,l.3 Late ‘Time Type Curves
. 

Figure 4 presents the effect of a skin on the late time log-log response for S, = 10*‘, p 

= 1 and 7/0: ranging‘ from 10‘ to 2.10". Here ht,” is plotted versus (cots/p2)Am 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, increasesand '-y/oz decreases‘ the influence of the skin on the late time response 

increases. During most slug tests, values of hp” are not measured below 1(_T3.- For tests 

influenced by a positive skin with a large S, and small 'y/oz (ie. many pressurized tests), the skin 

may have a significant effect on the late time data. Under these conditions the linear portion of 

the late time response may not be‘ observed and linear flow may not be detected. I-Iowever,,_ 

provided theunit negative slope is observed during the test, a match to the late time type curves 

provides an estimate of S, and 7/01. The linear portion of the data and equation (21) provides 

an estimate of the fracture property K4.-932$; . 

For radial flow, a log-log plot of hp“ versus (tn/CD)” 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 time log-log response is shown in Figure 5. The 

well is ‘fully penetrating and no skin is present. Initially all of the responses follow the linear 

flow type curve (impermeable matrix, A=0) and then depart forming a family of bi_li_near flow 

curves (permeable matrix, A > 0) above the ‘linear flow curve. The departure point and final
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A separation are controlled by the correlating parameter A-, where- 

A=1'I_pl 
‘ 

' "T 
T 

T 

(25) 
G)

. 

‘which relates the dimensionless wellbore storage to the hydraulic properties of the matrix and 

fracture. As A increases the effect of matrix ‘flow increases due to a quicker build up of wellbore 
pressure. _A match of the early time data provides an estimate of K,sS2e§ and A. Provided the 

response during the linear flow period ismeasured-, equation (20) may be used to estimate 

,1c,sSze§ . 

For A > V1 the ‘influence of matrix flow is significant 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 linear flow portion of the response may not be observed. For A S 1.0 the 
influence of matrix flow is negligible and the impermeable matrix assumption is valid at early 
time. The practical ranges -in A for open well and pressurized tests are 1 S A S 10“ and 10‘ 
s A .<. 10‘, respectively. This" suggests that in general at early time the influence of matrix flow 

_ 

is significant duringopen well tests, while it may be insignificant during many pressurized tests. 
Thus the each test method may be used to target specific conditions that may influence a test. 
‘-For exarnple’, 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 by 
conducting an open well test. 

The type curves for bilinear flow, shown in Figure 5 are similar Itothe curves for linear 

flow with of a positive skin as well as curves for radial flow. Therefore, some non.-uniqueness 
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 
'l‘he effect of matrixflow on the Vsemilog -response is shown _in Figure 6' for p '= 1, and 

A ranging from .0-to 102. As A increases and the influence of matrix‘ flow- increases, the type 
curves shift to smaller cot,/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 

is 10"’ the effect 

of matrix flow is negligible. ‘In practice, this criterion will only be satisfied for some pressurized 
tests, suggesting that the influence of matrix permeability 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 linear flow with a positive skin and small .1/at, Similarly,’ 
' 

for A > 1 "it is difficult to distinguish between semilog type curves for bi_lin_ea_r' flow, and curves 

for radial flow with large dimensionlesswellbore storage coefficients (Cg == ’10‘_‘). is 

expected since as flow progresses from linear to bi1_inear__it increasingly approximates a radial 

flow system. 'I‘h'us, 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 semilogi plot. 

The ‘error that may result from interpreting a test influenced by bilinear flow" with the 

radial flow model is shown in the following example. Consider a system where K2 e- 1 m/s, K; 

= 2‘><10‘° mls, SS2 = 4x10‘‘‘ in", S3, = 10" m", L 9-= 2 m, r:,., = 0.01 m and r; 2 0i0l m, 
then A‘= 10’. Interpretation. of the simulated response using the Cooper et al. [1967] solution 

yields a hydraulic conductivity of l.3X1.0‘ m/s and a‘ specific storage of .2\>\<.10t2 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
A
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conductivity. 

3.2.3 Late Time Type Curves 

The effect of matrix flow on the late tirnelog’-log response is shown in Figure 7. A_ log- 

log plot of hp“ versus (0)15/p2)m produces alinear response having a slope of -1.5. Equation 

(22) indicates that the late time response i_s not influenced by the presence of a skin, and that 

steady state flow occurs in the fracture which acts as a planar source/sink. p'_I‘ran_sient flow occurs 
in only the matrix; As shown in Figure 7,. as A increases steady state flow in the fracture begins 
at smaller values of (‘ants/p’)“’2. For A _> 1 the type curves are similar in shape-. Type curve 

matches in this region will be nonunique. For A < 1.0", the late time response is initially 

collinear with the linear flow curve. As (wts/p’)"’ increases the curves deviate below the unit 

negative slope forming a family of curves having a slope of -1.5. Provided the late 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 KzS3ze§' may be determined 

with equation (21). 

From Figure 7 it is apparent that at late time, provided A S 103 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 -l for linear flow. Therefore the log-log plotof late time data may be used to uniquely 

identify tests influenced by bilinear, or linear flow from tests conducted under conditions of 
radial flow. 
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. 3.3 Bilinear Flow Model - hilly Penetrating“ Wellborfe, Finite Thickness Skin 

3.3.1 Early Time Type Curves
_ 

Figure 8 shows the combined effects of a skinand a permeable matrix on the early time 

log-log response for S, =-: 10“ to 10”, p = 1,‘ A = 10 and -y/a ranging from 10‘ to lO“°, As 
shown in Figure 8, all the curves depart at the same pointas in the linear flow case the 

exception of the family of curves for S, # 10“. For linear flow, .the break from the unit slope 

response occurs when flow between the skin and thefracture begins, while for bilinear flow, the 
break occurs when the effect of matrix flow becomes significant. When both a permeable matrix 
and a skin having a small .5’, are present, the effect of the fracture may influence the response 

before‘ the effect of matrix flow becomes significant. Under these conditions all curves will 

depart at one point which is dependent upon S, as in the case of ‘linear flow. If S, or A are large, 
the effect of matrix flow may influence the response before the effect» of thefracture becomes

I 

significant; Under these conditions, the departure point for each" curve will depend upon A, and 

S,» will not_be a correlating parameter. 
I

_ 

In general, provided the early time criterion established for bilinear flow without a skin 

(A 5' 
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 

Ainfluenceof 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 sernilog 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 inter'rnediate»time plot has severe problems of uniqueness and cannot be used ‘to 

identify the various conditionsthat 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 upto - 

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 

3.3.3 Late Time “Type »Cur~ves , 

Figure 9 is the late time log-log response for A = 10, S, = 10*‘ and 7/og = $1 to 1.05. 
As in the case of linear flow, the early portion of the'responseis influenced 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 whena 
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 indicate that the effect of partial penetration on the response is similar to the 

effect of a skin and of a permeable matrix. It is not possible to uniquely identify tests influenced 

by partial penetration using any of the three plotting methods. Therefore "it isimportant either 

to minimize the effects of partial penetration 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 Anisotropic 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 mechanism for the movement of fluid 
vertically. within the system. The rapid vertical flow in the fracture 

I 

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-analytical model incorporating bi_line__ar flow theory was presented for the 

slug ‘test. The model can be used inlthe ‘interpretation of open well and pressurized s_lug 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 vertical fracture intersects the wellbore. For these 

cases the model can be used to generate type curves for early, intermediate, and late time.- Using 

the curves and the limiting equations conditions that influenced the test, such as the presence of 

a skin or r‘nat1'i’x'flow, can be assessed and the hydraulic proiperties 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 intennediate time data has 
i 

previously been shown to be diagnostic of linear fracture flow. The effects of either a positive, 

sldn or a permeable matrix are to steepen the slope and shorten the response. Some non- 

uniqueness exists and it may be difficult to identify which of these factors has influenced the 

test. Of particular importance is the influence of a skiniormatrix flow,’ which ‘if significant, the 

semilog responses may be mistaken‘ for tests conducted in conditions of radial flow. 

Interpretation of the test data-using the radial flow models not only fails to account for the 
presenceof the fracture, but also may yield estimates of’ the hydraulic parameters for the matrix 

that are in error by several orders of magnitude. Therefore where the potential for vertical 

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

At late time, in general the influence of a skin is not significant for open well or 

pressurized'tests, while the influence of matrix flow is significant for all open well and many 
pre,ssurized_ tests. As a result, the late time data will demonstrate characteristic responses 

' diagnostic of linear flow, slopeof -1, and bilinear flow, slope of -1.5.. These responses are 

unique from the responses for radial flow which have a slope of -2 atlate time. Thus, the late 

time plot provides the best method to for distinguishing between linear, bilinear and radial flow. 

To ensure that these Vcharacteristic responses are obtained it is critical thatlsmall 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 maicimize the probability of. identifying linear or bilinear flow it is 

important to minimize the formation of a skin. This -may be facilitated by selecting appropriate
_ 

drilling, well installation and development methods. Also the influence of the skin can be
‘ 

minimized by conducting an open well test or by conducting a pressurized test. In 

addition, the carefu1'col1ection of good quality geological information may indicate the presence 

of vertical fractures thereby assisting one in properly interpreting test results.
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Appendix A 
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dimensionless hydraulic head in i 

early time dimensionless hydraulic head inwellbore 
l

' 

. initial head outside of the wellbore, L 

initial head 1.; wellbore, L 

hydraulic conductivity in i, L21“ 

horizontal hydraulic conductivity in matrix, L2?‘ 

vertical hydraulic conductivity in matrix, _L’T" 

fracture height,

, 

dimensionless fracture height 

' 

Fourier transform variable 

Laplace transform variable 

\/2a~nq3+.avwp+B3.. 

_I
V 

2a.nqa+avwp 

,211q3'+<->1.5+l3.2..
/ 

2nq§+<-vp
! 
wb,p+¢'a3, 

256;? 

wellbore casing radius, L 

wellbore radius, L



specific storage in i, L" 

storage ratio 

time, T 

dimensionless time, 

dimensionless. group, wtp 

horizontal coordinate, L 
dimensionless horizontal coordinate 

horizontal coordinate of the outer boundary 

of the skin, L 
dimensionless coordinate of theouter 

boundary of the skin 

volume of the test section, L3 

lateral coordinate in r_natrix_,, L 
- dimensionless lateral coordinate in matrix 

vertical coordinate, L 
di'n1ens_ionless vertical coordinate 

_ 

lower 2 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.,IKle1
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storativity ratio, Ss‘e,/Ssze, 

specific weight of fluid, Mi;*"1" 

eigenvalue for finite "Fourier transform, 
' W 

Kr ,y3W 
K282 

_partia1 penetration ratio, b/L 

4,/(uqz)
’ 

__qflTaq9 

(1-Ava+A) 

<1~A6K1+A6 

_ 

matrix anisotropy fatio, Ki,/KY3
_ 

dimensionless wellbore storage coefficient, 

‘ w lti 
’ t, -"-

’ 

correa 
ng parame 

er co‘/B-1 

gamma function
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Other
A 

If Laplace transform of h 

Subscripts 

D 
V 

dimensionless 

1 region 1, 
' 

2 region 2’, fracture 

3 ' region 3, matrix 

w Wellbore 
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Figure 6. Intermediate time«semilo_g type curves for a slug test in a fully penetrating wellbore with 
a permeable matrix. No skin is present (oz and 7 equal 1.0), A ranges from 0 to l0'“(right to left), and 
p equals 1.0. . 
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Figure 7. Log-log type curves for the late time respense of a slug test-in a fully 
penetrating wellbore with a penneablevmatfix. No skin is present (0: and y equal 1.0), A 
ranges from 0 to 10’ (right to lefi), and p equals 1.0.
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Figure 8. Log-log type curves for the early time response (normalized_by 1/ST) of a slug test in a fully 
penetrating wellbore with a permeable matrix and a finite thickness skin. Curves are shown for 7/0: 
ranging from 10"" to 10‘ (left to right), S, ranging from 10"° to 10"’ (top to bottom), p equal to 1.0, and 
A equal to 10.
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Figure 9-. Log-log type curves? for the late time response ‘of a slug test in a fully
- 

penetrating wellbore with a permeable matrix -and a finite thickness skin. Curves are 
shown for 7/0‘. ranging from 10" to 210", ST equal to 140“, p equal- to 1.0., and equal A to
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