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Simple methods for quick determination of aquifer
parameters using slug tests
A. Ufuk Ş ahin

ABSTRACT
The slug test is still one of the simplest and cost-effective methods to interpret the hydraulic
parameters for aquifer analysis. This study introduces two new estimation approaches for the slug
test, the time shift method (TSM) and arc-length matching method (AMM), to identify aquifer
parameters in a reliable and accurate manner, which was established on the idea that any change in
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the normalized drawdown or arc-length measurements of the data curve at the predeﬁned
drawdown levels is linked with the variation of storativity. These approaches remove the need for
superimposition of the type curves and the ﬁeld data. The proposed methods are straightforward to
apply and automatize the parameter estimation process. TSM and AMM were tested with a number
of numerical experiments including synthetically generated data augmented with random noise,
hypothetical slug tests conducted in a heterogeneous rock-fracture system, and well-known real ﬁeld
data. The skin effect was also implemented to evaluate its impact on the estimation performance of
the suggested approaches. The results veriﬁed that both proposed methods are able to produce
estimates of hydraulic parameters more accurately than existing methods. The proposed methods
could serve as a viable supplementary interpretation tool for slug test analysis.
Key words

| arc-length matching method, rock-fracture systems, skin effect, slug test, time shift
method

INTRODUCTION
In ﬁnancial and logistical aspects, slug tests are traditionally

researchers (Cooper et al. ; Bouwer & Rice ; Brede-

utilized for rapid evaluation of near-well characteristics of

hoeft & Papadopulos ; Barker & Black ; Moench &

an aquifer by injection or extraction of an amount of water

Hsieh ; Karasaki et al. ; Bouwer ; Hyder et al.

volume instantaneously in a well. The application procedure

; Butler ; McElwee & Zenner ) subsequently

for slug tests is straightforward and easy due to the require-

developed the mathematical models to formulate the tem-

ments for minimum test equipment compared to other

poral responses of slug tests. Ramey et al. () analyzed

information collection methods such as core samples,

the effect of skin, which is deﬁned as head loss induced by

geological logs, and pumping tests that have been used as

the well face, and treated it by using an inﬁnitesimal skin

a complementary part of the site characterization (Butler

thickness assumption. Peres et al. () proved that the

et al. ). Freeze & Cherry () recommended the use

time derivative of constant discharge solution leads to slug

of slug tests, since they are able to provide adequate infor-

test solution with the inﬁnitesimal skin by means of Duha-

mation about site character and are more reliable than

mel’s theory; and this transformation is also valid for any

pumping tests.

well/aquifer system. Faust & Mercer () proposed an

The ﬁrst mathematical analysis on the interpretation of

analytical solution and developed a numerical solution to

slug tests was conducted by Hvorslev (). A number of

evaluate the ﬁnite-thickness skin on slug test analysis.
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Faust & Mercer () also demonstrated that a positive skin

impractical in terms of ﬁnancial considerations (Butler

is responsible for the shifting of the slug response horizon-

et al. ).

tally with respect to no-skin condition, which induces an

Determination of aquifer parameters regarded as an

unreliable estimation performance whereas a negative skin

inverse problem is important in site characterization. The

makes no signiﬁcant contribution to the behavior of the

curve matching process is one of the most frequently

slug response. Moench & Hsieh () introduced a semi-

employed techniques to estimate aquifer parameters.

analytical solution in the Laplace domain to understand

Sageev () characterized the response of the slug impulse

the inﬂuence of ﬁnite-thickness skin using pressurized slug

as early, intermediate, and late times and developed the type

tests. Yang & Gates () employed a ﬁnite element

curves for each stage to analyze the effect of wellbore sto-

model for a slug test conducted in a conﬁned aquifer with

rage and skin on each segment. Sageev () also

a ﬁnite-thickness skin, treating the well as a line source.

investigated the effective radius as well as parameter esti-

Yeh & Yang () proposed an analytical solution for the

mation; this model is however strictly valid for conﬁned

slug test response in a conﬁned aquifer with ﬁnite-thickness

aquifers. Dax () linearized the slug test well function,

skin using the Bromwich integral technique to convert the

given by Cooper et al. (), to estimate aquifer parameters

Laplace domain solution to the time domain. Yeh et al.

easily by formulating a new coefﬁcient termed the decay

() also provided a semi-analytical slug test solution for

coefﬁcient; however, the hydraulic conductivity estimation

partially penetrating a well in a conﬁned aquifer considering

requires the storage coefﬁcient as a priori information.

the presence of ﬁnite-skin thickness.

Peres et al. () proposed a deconvolution method to

The above discussion summarizes some examples of for-

remove the wellbore storage effect from the slugged well

ward problem approaches to be used in slug test analysis.

data with the inﬁnitesimal skin effect, and established a

Each model has deﬁnite advantages in application but

new type curve to identify the aquifer parameters, convert-

may fail to estimate the aquifer parameters if the model

ing slug test data to the equivalent constant head response

assumptions are violated, as is frequently encountered in

as if it was obtained in the extraction well. This technique

practice, as discussed in Osborne (). Butler et al.

can be readily used if the storage coefﬁcient is known as a

() suggested a guideline, which includes several modiﬁ-

priori information. Chakrabarty & Enachescu () then

cations such as using different initial head displacements,

improved the work of Peres et al. (), removing the

selecting proper analysis methods, installing an observation

requirement for a known S to predict the slug test par-

well near the slugged well, performing pre- and post-analysis

ameters by a curve match process. Singh () developed

for the available data, utilizing data acquisition equipment

unimodal type curves to predict aquifer parameters for the

to improve the quality of the collected data, etc., in order

Cooper et al. () slug test model. Together with the well-

to eliminate the discrepancy between the parameter esti-

bore storage and skin effect, identiﬁcation of heterogenic

mations of the slug test and those obtained from other site

characteristics of the ﬁeld being investigated is another chal-

characterization techniques such as pumping tests. McEl-

lenging task to be considered in aquifer analysis assessment.

wee et al. (a, b) presented sequential researches

Recently, Paradis et al. () developed a hydraulic tom-

on the sensitivity analysis of slug tests conducted in the

ography based model to resolve the heterogeneity in T, S,

slugged and observation well. McElwee et al. (a,

and anisotropy using the slug test data.

b) also revealed that the high correlation between trans-

The graphical curve matching methods for slug test

missivity (T ) and storativity (S) makes the determination of

analysis, however, might not yield a unique match when

both parameters difﬁcult in a reliable sense using the

aquifer storativity is so small. In addition, the interpretation

slugged well data. McElwee et al. (a, b) concluded

of the type curve matching process is subjective, which

that the temporal and spatial dependence of the sensitivities

induces bias in the estimations. Several approaches devel-

for the aquifer parameters would be reduced using the slug

oped for the different aquifer types have been devised to

response collected in the observation well. Drilling an obser-

eliminate the potential risks of graphical matching methods.

vation well solely for use in slug tests, however, seems

For instance, recent research proposed by Sahin & Ciftci
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where

requirement of the curve matching process to obtain aquifer
parameters using constant-head pumping-test data.

ψ ðxÞ ¼ ðxJ0 ðxÞ  2αJ1 ðxÞÞ2 þðxY0 ðxÞ  2αY1 ðxÞÞ2

(4)

 2
rw
α¼
S
rc

(5)

This study is intended to identify the aquifer parameters
in lieu of the type curve matching approach for the interpretation of slug test data by establishing two new estimation
procedures, referred to as the time shift method (TSM)
and arc-length matching method (AMM), respectively. One

and

of the merits of this study is that there is no need to superimpose the type and data curves in these approaches, which
provides greater ﬂexibility in the estimates of aquifer par-

β¼

Tt
2
rw

(6)

ameters. The introduced methods are also as simple as the
classical methods, require no complex calculations, and

where J0 and J1 are the zero and ﬁrst order Bessel functions of

allow the practitioner to obtain more accurate and reliable

the ﬁrst kind, Y0 and Y1 are the zero and ﬁrst order Bessel func-

estimations by avoiding the curve matching process.

tions of the second kind.
Slug well function in Equation (3), developed by Cooper
et al. (), can be generated for several α values using a
number of alternative numerical integration schemes. Slug

METHODOLOGY

test parameters are typically obtained from a curve matching

Cooper et al. () described an analytical model to understand the transient behavior of slug test in a conﬁned aquifer
as follows:

T

convenient α value which satisﬁes, in principle, the perfect

@h
@t

for

r  rw

malized drawdown level, which is identical for both curves,
(1)

with the following boundary conditions and initial condition as:

0

on semi-logarithmic scale on the time axis and selecting the
match. Once α is properly identiﬁed, any point on the nor-

∇  ðT  ∇hÞ ¼ S

2π
Ð

process: the type curves and the ﬁeld data are superimposed

@h
dHwb
rdθ ¼ πrc2
@r
dt

diction of the transmissivity as given in Equation (6).
In the graphical curve matching method, the type curve
itself is used as an identiﬁcation parameter to assess the α
value. The matching process has, indeed, inherently poten-

r ¼ rw

at

(2)

hðrw , tÞ ¼ Hwb ðtÞ
Hwb ¼ Hwb ð0Þ

will have a corresponding β value, which in turn allows pre-

type and site curves are difﬁcult to match visually since
type curves are so close to each other. The determination

t ¼ t0 , r ¼ rw

at

tial drawbacks due to the smaller α values, at which the

of the α value in an accurate and reliable manner is so sig-

where T and S are the aquifer parameters transmissivity and
storativity, respectively, h denotes the hydraulic head, Hwb is

niﬁcant in the estimation process because this directly
affects the predictions of T and S. Therefore, two different

the head in the wellbore, Hwb ð0Þ is the initial excess head,

‘identiﬁer parameters’ termed arc-length and time shift,

rc is the casing radius, rw is the well radius, and t, r, and θ

were proposed in order to remove the subjectivity of the

indicate time, radial, and angular directions, respectively

classical curve matching, which may cause unreliable esti-

(Batu ). The solution of Equation (1) is given with two

mates of slug test parameters, to acquire the aquifer

non-dimensionless parameters as follows:

parameters in an easy and automatic fashion. The variation
of the identiﬁer parameters over α values was elaborated for

F ðα, β Þ ¼

8α
π2

∞
ð

0





exp βx2 =α
dx
xψ ðxÞ
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dimensionless time derivative term in Equation (8) can be
easily found by applying the Leibniz rule as:

The motivation of TSM is to elaborate the elapsed time for
the selected normalized drawdown shown as F1 in Figure 1
to be halved (or any desired value shown as Fn in Figure 1),
which corresponds to a unique time shift (Δ) for each α

@F
8
¼ 2
@β
π

value. Dimensionless time can be expressed as:
F ðα, β Þ ¼ η ! β ¼ Gðα, ηÞ

∞
ð

0



x exp βx2 =α
dx
ψ ðxÞ

This iteration scheme in Equation (8) gives β values
(7)

where η is the normalized drawdown level for a particular

in a few iterations when using β 0 ¼ 0:001 as an initial
guess for all ranges of α values implemented in this particular study. The theoretical time shift (Δ) is therefore shown

time and G is the transfer function. This inversion given in

as:

Equation (7) could be performed by employing the



Δðα, η1 , η2 Þ ¼ log10 β η2 =β η1

Newton–Raphson iteration scheme as follows:
β k ¼ β k1 þ

ηF
@F
@β

(9)

(8)

(10)

The variation of the time shift Δ over the α values for
several normalized drawdown differences is illustrated in
Figure 2(a). If the perfect match between theoretical type

in which the superscript k denotes the iteration number and

curves and the ﬁeld data is satisﬁed, the time shift between

F is the slug well function appearing in Equation (3). The

two particular normalized drawdown values for the ﬁeld

Figure 1

|

Schematic illustration of identiﬁer parameters.
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can be approximated from the ﬁeld data as:

data, as shown in Figure 1, is:
Δf ¼ log10

|

(11)

Lf ≈

n1
X
i¼1

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


Δðln ti Þ 2
1þ
ΔFi
ΔFi

(15)

Once Δf is computed, the α value could be easily
approximated either using Figure 2(a) or RBFCM. The following application steps summarize the entire process as:

•
•
•

Step 1. Calculate the time shift in the ﬁeld data and estimate the corresponding α value.
Step 2. Read β value for F ¼ 0.5 from the theoretical type
curve drawn from the estimated α value using Equation

where n is the total data points in the interest interval.
The variation of arc length, L, over the α values for several
normalized drawdown levels is also shown in Figure 2(b).
Similar to the TSM procedure, α value could be easily estimated either using Figure 2(b) or RBFCM. Steps 2 and 3 in
the TSM are then applied to obtain the aquifer parameters.

(3).
Step 3. Calculate T using Equation (6) and S using
Equation (5).

RESULTS AND DISCUSSION
The estimation performance of the proposed methods was

Arc-length matching method

tested with a number of numerical experiments. As a ﬁrst
step, these approaches were investigated using synthetically

The arc length of the curve pair between predeﬁned normalized drawdown levels, shown as L in Figure 1, is selected as
a matching identity in order to estimate the α value. The arc
length of the theoretical type curve for two arbitrarily
chosen β values can be calculated as:
μð2

L¼
μ1

generated slug test data which were augmented with substantial noise to mimic the non-smooth test data. TSM and
AMM were also examined by a real ﬁeld data set and compared with the existing techniques in the literature. To show
the performance of the implemented methods, several error
metrics such as the coefﬁcient of determination (R2), the

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
@F
1þ
dμ
@μ

(12)

root mean squared error (RMSE), the scattered index (SI),
and the mean absolute error (MAE) were employed as:
N
P

where μ ¼ ln β and
@F
8
¼ 2
@μ
π

∞
ð

0



R2 ¼ 1 



βx exp βx2 =α
dx
ψ ðxÞ

(13)

i¼1

SI ¼

The axes of the slug well function can be interchange-

i¼1
N
P

RMSE
N
1X
yi
N i¼1

ð^yi  yi Þ2

N
1X
yi 
yi
N i¼1

!2

vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u N
u1 X
RMSE ¼ t
ð^y  yi Þ2
N i¼1 i

MAE ¼

N
1X
j^y  yi j
N i¼1 i

ably used to calculate arc length between any two

(16)

normalized drawdown levels as follows:
ﬃ
Fð2 sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2
@μ
L¼
1þ
dF
@F

where N is the total number of data, ^yi is the estimated data
value, and yi is the actual data value.
(14)

F1

Homogeneous aquifer with random noise

If the type curve and ﬁeld data are assumed to be per-

A number of numerical experiments were conducted in con-

fectly matched, the arc length appearing in Equation (14)

ﬁned aquifer settings by generating log T values in a range of
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The variation of α value for several normalized drawdown levels with (a) time shift and (b) arc length.

3 to 1 with an increment of 0.05 m2/min (a total of 41

ﬁnite-radius of the well, rw, of 0.05 m. The casing radius,

distinct T values). The aquifer storativity, S, was assumed

rc, was assumed to be equal to that of the slug well. One per-

4

as 1 × 10

for each experiment. Each slug test in the

cent of observed temporal slug response was added to each

hypothetical aquifer commenced from 0.01 min and contin-

generated data set as a random noise in order to mimic the

ued to 100 min with uniform logarithmic time steps of

possible error sources (i.e., measurement errors) during the

0.1 min in order to observe transient responses in a

test period.
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Randomly selected two data sets over 41 distinct slug

respectively, with almost the same RMSE value of 0.0045

test data were analyzed with graphical based matching

and the same estimations of T ¼ 0.001 m2/min. A similar

methods such as the traditional curve matching process

estimation performance can be observed for Case 2 data,

(TCM) and Singh’s () curve match method (SCM).

represented in Figure 3(c). These examples indicate that

Figure 3 illustrates the randomly selected two slug test

graphical based methods contain bias in the estimation of

data sets used in this example, Case 1 and Case 2, which

aquifer parameters due to the subjectivity of matching

were generated with 1% of random noise using T ¼ 0.001

values.

and T ¼ 0.1 m2/min, respectively. Figure 3(a) shows the esti-

Following the application procedures of TSM and

mated aquifer parameters by TCM for Case 1, which are

AMM, the transmissivity and storativity values of each

2

T ¼ 0.0013 m /min and S ¼ 1 × 10

5

. The same aquifer par-

experiment

were

estimated

selecting

η1 ¼ 0:5

and

ameters obtained by SCM, as shown in Figure 3(b), were

η2 ¼ 0:125, as shown in Figure 4. These analyses were also

T ¼ 0.0012 m2/min and S ¼ 1 × 105. The TCM for Case 2,

implemented by employing a number of pre-deﬁned normal-

shown in Figure 3(c), yields S ¼ 1 × 105 whereas SCM, as

ized drawdown values which were considered to reﬂect the

given in Figure 3(d), predicts S ¼ 1 × 10

4

. When the Case

different characters of the slug test such as early, intermedi-

1 data were analyzed by the proposed TSM and AMM,

ate, and late time behavior. Table 1 summarizes the error

the S estimates were 6.3981 × 10

Figure 3

|

5

and 6.3772 × 10

5

,

analysis for several η1/η2 ratios utilized in this example. In

The performance of the curve matching process: (a) TCM for Case 1, (b) SCM for Case 1, (c) TCM for Case 2, and (d) SCM for Case 2.
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fracture is isotropic and homogeneous. Slug response at
the extraction well in the Laplace domain is given as:

s ¼

1

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pξi =αi
N pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ K1
P
pξi αi pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pþ2
i¼1
K0
pξi =αi

(17)

with
 2
rw
Si ,
αi ¼
rc

Figure 4

|

ξi ¼

Ti
,
Tf

Tf ¼

N
X

Ti

(18)

i¼1

where s is normalized drawdown in the Laplace domain, N
The overall performance of: (a) T estimates by TSM, (b) S estimates by TSM,
(c) T estimates by AMM, and (d) S estimates by AMM.

is the total number of layers, Tf denotes the formation transmissivity for the system of fractures, p is the Laplace
variable, K0 and K1 are the Bessel functions of the second

Table 1, the error metrics for drawdown analysis are given

kind with zero and ﬁrst order, respectively. Equation (17)

as the mean value of 41 distinct experiments. According to

can be converted in the time domain by employing Stehf-

Table 1, the performance of the proposed methods increases

est’s () algorithm as:

if the late time behavior was preferred, which is not explicitly understood from the classical curve match based
methods. For instance, choosing η1 and η2 values as 0.250

f ½t ≈

M
ln 2 X
n ln 2
Cnf
t n¼1
t

(19)

and 0.166, which is assumed to reﬂect late time behavior
of the slug test, in both methods yields better estimation

where

results in comparison with those employing 0.800 and
0.533. In general, when η1/η2 increases, the errors between
the actual and estimated parameters reduce for both of

Cn ¼ ð1ÞnþM=2

k¼⌊nþ1
2 ⌋

the proposed methods for every time level used in this
example.
As a ﬁnal remark, both proposed methods are able to
produce aquifer parameters in good accordance with the
generation values for homogenous aquifer settings even if
the slug test data contain relatively small noise.

minX
ðn,M=2Þ

kM=2 ð2kÞ!
ðM=2  kÞ!k!ðk  1Þ!ð2k  nÞ!

(20)

with M being an even number and ⌊⌋ being the integer part
of ðn þ 1Þ=2.
Two different slug test scenarios similar to the work of Shapiro & Hsieh () were implemented using Equation (17). A
125-min long slug test was conducted in a fully penetrated extraction well which has equal casing and well radii of 0.075 m.

Layered aquifer with heterogeneous fracture

Figure 5(a) exhibits the temporal head changes of both the slug
test scenarios. In the ﬁrst scenario, T values of 20-layered frac-

The estimation performance of the proposed methods was

tures were generated by a normal distribution with a mean of

also tested in a hypothetical aquifer with a number of het-

log10(T ) ¼ 5, and variance of log10(T ) ¼ 2, which provides a

erogeneous fracture layers. Shapiro & Hsieh ()

relatively large range of T values that varies in an order of

conceptualized a model for the slug response in fractures

1010 and 102 m2/min, as seen in Figure 5(b). The total trans-

intersecting a borehole under the assumptions: (i) the verti-

missivity of the fractures, Tf, was therefore realized as 45.93 ×

cal ﬂow across the fracture is negligible; and (ii) each

104 m2/min. S values were also generated to be log-normally
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Table 1

Estimation performance and error analysis of TSM and AMM for several η1 and η2 values

|

Method

TSM

η1

0.8

0.5

0.25

AMM

0.8

0.5

1.5

R2

0.9661

RMSE

0.0049

SI

0.2185

ME

2.01 × 10

5
4

3.75 × 10

RMSE

SI

ME

4

8.16 × 10

0.9999

0.0047

0.0128

1.79 × 104

5

0.0040

0.0108

1.70 × 104

1.23 × 104

2.67 × 105

3.31 × 104

6.56 × 105

0.9999

0.0037

0.0099

1.83 × 104

4

5

4

5

4.41 × 10

3

0.9940

0.0021

0.0926

4

1.39 × 10

0.9999

0.1234

5

4

9.00 × 10

0.0027

3.19 × 10

3.08 × 10

5.34 × 10

0.9999

0.0036

0.0097

1.61 × 104

1.84 × 104

1.21 × 105

6.44 × 104

1.05 × 104

0.9999

0.0041

0.0111

1.91 × 104

5

5

4

5

4

0.9952

0.0019

0.0838

2.00 × 10

1.5

0.9820

0.0035

0.1592

2.14 × 10

2.92 × 10

6.04 × 10

0.9999

0.0036

0.0100

1.96 × 104

2.54 × 104

3.75 × 105

2.25 × 104

4.92 × 105

0.9999

0.0035

0.0096

1.54 × 104

4

5

4

5

2

0.9904

0.0026

0.1172

5.17 × 10

3

0.9946

0.0020

0.0898

4.12 × 10

1.86 × 10

3.18 × 10

0.9999

0.0034

0.0092

1.50 × 104

5.88 × 104

1.92 × 105

7.50 × 104

1.48 × 104

0.9999

0.0044

0.0124

1.55 × 104

5

5

4

5

4

0.9981

0.0012

0.0536
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1.76 × 104

4

5

4

5

4

0.9988

0.0010

0.0450

2.04 × 10

1.5

0.9658

0.0049

0.2193

2.16 × 10

4.84 × 10

9.07 × 10

0.9999

0.0040

0.0108

1.69 × 104

1.39 × 104

2.61 × 105

3.33 × 104

6.66 × 105

0.9999

0.0037

0.0100

1.83 × 104

4

5

4

5

2

0.9906

0.0028

0.1238

4.53 × 10

3

0.9939

0.0021

0.0939

3.10 × 10

3.09 × 10

5.47 × 10

0.9999

0.0036

0.0097

1.62 × 104

1.50 × 104

1.18 × 105

6.36 × 104

1.05 × 104

0.9999

0.0041

0.0111

1.91 × 104

5

5

4

5

4

0.9950

0.0019

0.0856

2.11 × 10

1.5

0.9820

0.0035

0.1594

2.12 × 10

2.88 × 10

6.03 × 10

0.9999

0.0036

0.0100

1.97 × 104

2.07 × 104

3.79 × 105

2.19 × 104

4.71 × 105

0.9999

0.0035

0.0096

1.52 × 104

5

5

4

5

2

0.9902

0.0026
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0.0044
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Fracture model for slug test scenarios: (a) head responses, (b) generated T distribution, and (c) generated S distribution.

distributed with a geometric mean equal to 107 and a var-

For this particular example, identifying aquifer par-

iance of log10(S) ¼ 2, also shown in Figure 5(c). T and S

ameters via classical curve matching, it is difﬁcult to obtain

values were assumed to be uncorrelated. In the second scen-

a good visual match since the α value is small. Table 2 sum-

ario, the generated T and S values were assumed to be

marizes the estimation performance of the proposed

negatively correlated, which means the fracture with the

methods for both test scenarios. For instance, TSM predicted

larger T value is linked with the lower S value. Shapiro &

T and S values as 43.90 × 104 m2/min and 1.2642 × 107,

Hsieh () stated that this situation can be observed when

respectively, for test Scenario 1 and those obtained

the fractures contain a ﬁlling material of lower permeability

by AMM were 44.09 × 104 m2/min and 1.1999 × 107,

with a larger storativity than unﬁlled fractures.

respectively. When T and S are uncorrelated as simulated in

Table 2

|

Results and error analysis for fracture model

Aquifer parameters

Drawdown comparison

T (m2/min)

S

R2

RMSE

SI

MAE

4.39 × 103

1.26 × 107

3

1.0000

0.0002

0.0002

0.0001

7

Scenario 1
Proposed TSM (η1 ¼ 0.5, η2 ¼ 0.25)
Proposed AMM (η1 ¼ 0.5, η2 ¼ 0.25)

4.41 × 10

1.20 × 10

1.0000

0.0001

0.0002

0.0001

Cooper et al. (), curve match

1.90 × 103

1.00 × 103

0.9991

0.0156

0.0214

0.0115

3

4.70 × 10

7

1.00 × 10

0.9998

0.0066

0.0091

0.0037

4.45 × 103

3.08 × 109

1.0000

0.0001

0.0002

0.0001

3

9

Singh ()
Scenario 2
Proposed TSM (η1 ¼ 0.5, η2 ¼ 0.25)
Proposed AMM (η1 ¼ 0.5, η2 ¼ 0.25)

4.46 × 10

2.92 × 10

1.0000

0.0002

0.0002

0.0001

Cooper et al. (), curve match

2.00 × 103

1.00 × 104

0.9995

0.0137

0.0183

0.0083

3

8

0.9999

0.0060

0.0081

0.0033

Singh ()
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Scenario 1, the S estimates of proposed methods yield the geo-

In contrast, the hydraulic conductivity of the well proxy

metric mean value of the fractures as tabulated in Table 2.

may increase as a result of a fracture in the well wall or exten-

In Scenario 2, the performance of AMM was also

sive well development and become higher than that of the

checked with randomly selected drawdown levels, as

undisturbed zone, thus a negative skin (λ < 1) may occur

shown in Figure 6. As seen in the ﬁgure, the different data

(Yang & Yeh ; Yeh & Chen ). A total of 21 formation

pairs utilized in the AMM approach lead to almost equal T

zone log10(T ) values ranging from 1 to 1 m2/min were

estimates. A similar result was obtained for TSM under the

employed to observe the temporal slug response in an extrac-

same estimation scheme.

tion well with a radius of 1 m and a ﬁnite skin radius of 10 m.

As seen from these results, the proposed methods could

The S value for the skin and formation zone of each distinct

be noted to produce reliable estimates of the aquifer par-

test was assumed to be 1 × 104. One percent of random

ameters. The representative transmissivity Tf as explained

noise was again added to mimic the unexpected disturbances

in Shapiro & Hsieh () was easily acquired via the pro-

(i.e., measurement error).

posed approaches.

Figure 7 represents the estimates of the proposed TSM,
which was applied to the available data set selecting η1

The skin effect
The Yeh & Yang () analytical solution for the slug
response with the ﬁnite skin thickness was utilized to draw
the limitation of suggested parameter estimation schemes.
A number of 100-min-long slug tests were conducted in a
hypothetical aquifer with several skin factors, such as 0.1, 1,
5, and 10. A composite aquifer system having different
material properties near the wellbore and formation zones
may be disturbed during the well drilling process, which eventually leads to changes in hydraulic conductivities. If the
undisturbed zone has higher hydraulic conductivity than
the wellbore zone, a positive skin (λ > 1) may be observed.

and η2 values as 0.50 and 0.25, respectively. AMM was
also implemented, but since both methods showed almost
the same level of accuracy, RMSE between the estimated
formation T values and the generation ones was only given
for TSM in Figure 7. As seen from Figure 7, TSM was able
to predict the formation T values in good accordance with
the generation values for negative skin condition (λ ¼ 0:1).
In general, the estimation error of the methods increases
with the skin effect for the noisy data set. For a relatively
large positive skin scenario (λ ¼ 10), both methods systematically underestimated the formation zone T values. The
primary reason behind this situation is that the skin effect
and α value are both responsible for the right shift in the
type curves, and the skin effect becomes dominant. Thus,
the effect of skin is not identiﬁed individually for its larger
values utilizing the proposed methods that were originally
derived from no-skin condition. As discussed in Beckie &
Harvey (), the estimated T values obtained from the
slug test analysis are unbiased, which means near-well properties do not affect the estimates of T so much, whereas S is
strongly dependent on T since the estimated S values are
biased. Therefore, as veriﬁed with the results, the proposed
methods could be safely employed to access the aquifer parameters unless skin factor is greater than 5, even if the
available data contain relatively small substantial noise.
Real ﬁeld data
The estimation performance of the proposed methods ﬁnally

Figure 6

|

AMM performance with different data pairs for Scenario 2.
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TSM results under skin effect: (a) λ ¼ 0:1, (b) λ ¼ 1, (c) λ ¼ 5, and (d) λ ¼ 10.

et al. (). In these test data, 7.6 cm of well and casing

for TSM and AMM were 1.174 × 103 and 1.473 × 103,

radius was used to measure the slug responses of a 63-sec-

respectively. Table 3 summarizes the estimation results

long test. The initial head of the aquifer was reported as

and the performance of the implemented methods used in

0.336 m and the initial excess head in the well was

the comparison. According to Table 3, the estimation capa-

0.896 m. Applying TSM and AMM, T values were estimated

bility of the proposed TSM and AMM is as high as the

2

as 4.909 and 4.738 cm /s, respectively. Similarly, S values

Table 3

|

available techniques in the literature.

Real ﬁeld data analysis
Aquifer parameters

Drawdown comparision

Method

T (cm2/s)

S

R2

RMSE

SI

MAE

Proposed TSM (η1 ¼ 0.5, η2 ¼ 0.25)

4.9090

1.1740 × 103

0.9990

0.0091

0.0266

0.0071

Proposed AMM (η1 ¼ 0.5, η2 ¼ 0.25)

4.7380

1.4730 × 103

0.9990

0.0095

0.0279

0.0077

Cooper et al. (), curve match

5.3000

1.0000 × 103

0.9983

0.0116

0.0355

0.0098

Batu (), curve match

5.2500

3

1.0000 × 10

0.9984

0.0101

0.0305

0.0082

Singh ()

7.9890

1.0000 × 105

0.9991

0.0190

0.0561

0.0136

Peres et al. (), semilog

4.8000
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CONCLUSION
In this study, two new parameter estimation methods,
referred to as TSM and AMM, were introduced to analyze
the slug test responses. These approaches contain simple
application steps to access aquifer parameters. The performance of TSM and AMM was investigated with a number of
data including homogeneous synthetic data augmented
with random noise, layered fracture data, and real ﬁeld
data as well. The following key outcomes were drawn
through the test case examples:

•
•
•
•

The TSM and AMM are straightforward to implement,
and avoid the curve matching process that might be difﬁcult to apply for the test data having smaller α value.
For homogeneous aquifer systems, these methods are
able to provide the aquifer parameters better than the
available curve match based methods.
The representative Tf value for the fracture-rock matrix
system was easily accessed by the proposed methods.
The formation zone T values for a certain level of skin
factor can be estimated accurately via the proposed
methods.
As a general remark, the proposed TSM and AMM are

evaluated as viable approaches to estimate the aquifer parameters. The established methods can form a basis for
assessing the hydraulic parameters in lieu of the curve
matching process employed for several aquifer types.
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