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1 INTRODUCTION  

Hydraulic conductivity is one of the most important hydrological parameters that are required in a 
groundwater study. Slug tests have been considered as one popular and economical means for obtaining 
this parameter. Depending on the nature of the aquifer, i.e. whether it is confined or unconfined, different 
methods with different properties have been developed for the estimation of the hydraulic conductivity 
from a slug test. The most eminent ones in use nowadays are the Cooper-Bredehoeft-Papadopulos (CBP) 
method (Cooper et al., 1967), the Hvorslev- method (Hvorslev, 1951) and the Bouwer and Rice (BR)- 
method (Bouwer and Rice, 1972), though the KGS model (Butler, 1998) is also gaining popularity.  

For a confined aquifer, the Cooper-Bredehoeft-Papadopulos (CBP) method (Cooper et al.,1967) is 
considered a better measure of the field conductivity than the Hvorslev- and BR- methods (Hvorslev, 
1951), due to the inclusion of the aquifer storativity in the former (Hyder and Butler, 1995). The CBP- 
slug test method uses a semi-log plot of the ratio H(t)/Ho vs. time - where H(t)/Ho is the ratio of current 
to initial hydraulic head after the beginning of the slug injection - to match the theoretical curves devel-
oped by Cooper et al. (1967).  
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ods can underestimate the hydraulic conductivity K in such a test due to the lack of consideration for the 
drag from unsaturated flow and use of “late straight-line segment” in a H(t)/Ho- semi-log plot of a slug 
test. This is in contrast to the claim of overestimation of K that the classical theory underlying these slug-
test methods - which omits the effects of the aquifer's storativity, and which may, so, be a particularly 
problem in an unconfined aquifer, predicts. Numerical solutions of the exact equations describing a slug 
test have been carried out which corroborate this overestimation of K in an unconfined aquifer, but only 
for low conductivity values (K<1 m/day), and when the "first straight line segment" of the semi-log 
(H(t)/Ho) vs. time- plot is used in the Hvorslev- or the Bouwer and Rice analyses. Although, theoretical-
ly, overestimation also exists for slug tests conducted in a high-conductivity aquifer, this is partly masked 
by the absence of early recordings of hydraulic head changes in the observation well, as well as a mixture 
of saturated and unsaturated flow in a slug well after slug injection. The "inadvertent" utilization of an 
“inherent” "late straight line-segment" in the semi-log H(t)/Ho plot often results, in fact, in an underesti-
mation of conductivities in a high-conductivity aquifer. Hydraulic conductivity estimation from both our 
computer simulations and field studies, where the results of slug- and pumping tests are compared, sup-
ports the conclusion of the underestimation of the hydraulic conductivity in a slug test for a moderate- to 
high-conductivity aquifer. Therefore, it is suggested here that for estimating the hydraulic conductivity 
from a slug test, “a late straight line-segment” - correction in the log (H(t)/Ho)- plot may only be needed 
in a low-conductivity aquifer, whereas in a moderate- to high-conductivity unconfined aquifer, the early 
or “first possible straight line-segment" in the log H(t)/Ho- plot of a slug test is recommended, instead of 
the traditionally used “late straight line segment”. 
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On the other hand, for an unconfined aquifer, the Hvorslev method is still one of the most widely used 
estimation method today, due to its simplicity (Butler, 1998; Campbell et al., 1990; Fetter, 2001). A mod-
ification of the Hvorslev method which considers the effect of partial penetrating conditions and a com-
prehensive handling of the effective well radius is the Bouwer and Rice (BR) method (Bouwer and Rice, 
1972). This technique is considered an improved alternative of the Hvorslev method for an unconfined 
aquifer (Todd and Mays, 2005).  

The mathematical validity of the CBP-, the Hvorslev- and the BR- method have been established pre-
viously by various researchers (Chirlin,1989; Chapuis, 1998). In recent years, many studies were also 
conducted to evaluate the sensitivities of the conductivity estimates to the variation of several other im-
portant hydraulic parameters, including the storativity and the vertical anisotropy (Bohling and Butler, 
2001; Hyder and Butler, 1995; McElwee et al., 1995a; b). Based on these and other field studies, many 
valuable suggestions have been recommended for improving the procedures of data collection, as well as 
the analyses of slug tests. Additional valuable methods were derived for slug tests as well (Butler, 1998; 
Dagan, 1978; Zurbuchen, et al., 2002). 

Despite the mentioned improvements of the Hvorslev- and of the BR- slug test method, many issues 
regarding the accuracy of the conductivity estimates obtained by these techniques still persist in practical 
applications. Thus, on one hand, both the Hvorselv- and the BR-methods are thought to overestimate the 
conductivity of a slug test, if only the early straight-line segment of the H(t) /Ho- plot is used (Hyder and 
Butler, 1995). Therefore, Bouwer (1989) suggested to use “a late straight-line segment” of the H(t)/Ho- 
plot, in order to alleviate the impact of a high conductivity gravel/sand pack on the overall conductivity 
estimation, as double straight-line segments may exist for such a case. Butler (1996), subsequently, de-
fined this late straight line segment to be in the “H(t)/Ho = 0.15 to 0.3 range” and showed that doing so, 
can reduce the overestimation of the hydraulic conductivity, particularly, in a low-conductivity aquifer.  

On the other hand, it is also reported that conductivity estimates from slug tests are generally smaller 
than those from pumping tests. Some of these underestimations of K from a slug test might be explained 
as due to the blockage of the “well-skin” effect for water flow, as suggested by previous researchers (But-
ler, 1996). However, the underestimation of conductivity by an ill-defined “well skin” effect cannot ex-
plain the generally large differences between conductivities from slug tests and the well pumping tests.  

This paper attempts to use the flow analog between the unconfined pumping test and a slug test, where 
early drawdown, late drawdown and delayed yield is used separately to estimate the conductivity and 
yield of an aquifer and a scale factor between the conductivity from a laboratory measurement and field 
tests to examine the causes for the over- and, in particular, the underestimation of the conductivity from a 
a slug test. This will be done through numerical simulations of groundwater flow under slug test condi-
tions, as well as analyses of field slug tests under various scenarios. The advantage of utilizing simulated 
slug tests, in addition to field data, is that the actual hydraulic conductivity and storativity are given, so 
that the relationships among estimated and true values of the conductivity, and of the storativity, can be 
visualized and quantified. The final goal is to provide a better understanding on the causes of the large 
difference between hydraulic conductivity obtained from slug tests and pumping tests, particularly, in a 
moderately high- to high-conductivity aquifer. 

2 THEORY OF SLUG TESTS  

Assuming a homogeneous, isotropic horizontal aquifer and ignoring the vertical flow, the CBP-, Hvoslev- 
and BR-slug test solutions can be obtained by solving the following 2D- transient groundwater flow equa-
tion in radial (polar) coordinates with axial symmetry under appropriate initial and boundary conditions 
(Neuman and Witherspoon, 1969):  𝜕2ℎ𝜕𝑟2 +

1𝑟 𝜕ℎ𝜕𝑟 =
𝑆𝑠𝜕ℎ𝐾𝜕𝑡  (1) 

where h is the hydraulic head, r is the radial distance from the center of the well (Figure 1), t is the time, 

Ss is the specific storage (equal to zero for the Hvorslev and BR method), and K is the hydraulic conduc-

tivity. From the principle of conservation of mass, the slug-induced water flowing out of the fully 

screened borehole equals the water flowing into the aquifer, i.e.  

2𝜋𝑟𝑤𝐾 𝜕ℎ(𝑟𝑤,𝑡)𝜕𝑟 =
 𝜋𝑟𝑐2𝑏 𝜕𝐻(𝑡)𝜕𝑡  (2) 
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screen length Le is not directly used as the effective radius Re. In fact, the ln(Re/rw) in Eq. (8) has to be ob-
tained from calculated curves provided by Bouwer and Rice (1976) and which are also adopted in most 
hydrogeology textbooks (Fetter, 2001; Todd and Mays, 2005). 

It should be noted again that, because both the Hvorslev - and the BR-method neglect the specific stor-
age (Ss=0) - the presence of the latter would induce a flow delay in the initial stage of the slug test - , the 
solution of the equation group (1-5) with Ss=0. exaggerates the flow rate of the system. Therefore, equa-
tions (7) and (8) inherently overestimate the hydraulic conductivity of the aquifer, when storage plays a 
significant role, which is usually the case for an unconfined aquifer, for which the specific yield is high, 
i.e. usually ranging from 0.1 to 0.4. 

3 SIMULATIONS OF SLUG TESTS WITH MODFLOW 

The USGS MODFLOW groundwater flow model solves the 3D groundwater flow equation by means of a 
finite difference method under appropriate boundary and initial conditions (McDonald and Harbaugh, 
1983). This most widely used groundwater flow model has been verified and applied to umpteen of con-
fined and unconfined aquifers across the world (Todd and Mays, 2005).  

For this study, MODFLOW is adapted to solve the 2D- radial symmetric form (Eq. 1) of the ground-
water flow equation in a rectangular domain around the slug-test well.  The size of the model region has 
been set as 100x100 meters, which should be large enough, so that boundary conditions will not affect the 
area of influence of the slug test in the interior of the model domain. For the former, Neumann no-flow 
boundary conditions have been specified at the four model sides. Each cell has a size of 1x1 meter. This 
initial 1x1 meter center cell of the domain has then been divided into a cluster of 10000 1 cm x 1 cm (cen-
timeter) cells. Out of this cluster, 78 clustered 1x1 cm cells have been selected as the well cells proper, to 
form a roughly round area of 78 cm2 which is also approximately the area of a common slug well with a 
radius of 5 cm (~2 inches). The well is assumed to fully penetrate the saturated portion of the aquifer. Fol-
lowing Chirlin (1989) and Bohling and Butler’s practices (2001), the storativity or the specific yield in the 
well cells have been set as 1 to illustrate the concept that the water drained as a consequence of a unit 
head drop in a slug well equals the volume of that height of water in the well itself, which mimics the sit-
uation that no solid grains are present in the well, i.e. the porosity is one. For simplification, gravel pack-
ing around the well screen has not been considered in the slug test simulations and the well screen ex-
tends over the full thickness of aquifer, i.e. fully penetrating well-conditions are assumed in the slug tests. 
The thickness of the aquifer is 100 meters and the screen length used is 80 meters in most situations dis-
cussed in the following sections, unless specified otherwise. 

4 EFFECTS OF SLUG SIZE AND DURATION OF SLUG INJECTION ON ESTIMATED 
CONDUCTIVITIES 

One interesting discovery from the simulation results is that the slug sizes do not have a measurable effect 
on the values of the estimated hydraulic conductivity, if the early straight line segment of the 
log(H(t)/Ho)- plot is used and either the Hvorslev-, or the BR- method is used (Figure 3). Because there 
are no gravel or sand packs around the well screens and, so, no skin effects in the simulated slug wells, 
the first straight-line segment of log(H(t)/Ho) reflects the instantaneous discharge of the water from the 
slug well into the aquifer storages. The first straight-line segments of all different sizes of slug injections 
have an identical slope, so that the critical time t0.37 is identical for all slug sizes. However, the first 
straight lines break off into a curve at a different time for different slug sizes, such that the “early draw-
down” ends earlier for smaller than for larger slugs. This is consistent with the common observations of 
“early and late drawdown and delayed yield” for the unsteady radial flow in an unconfined aquifer in a 
pumping well (Todd and Mays 2005). This “early drawdown”, which produces the first straight- line 
segment, may reflect the actual aquifer conductivity. As will be discussed later, for the 30 slug wells in 
the Texas study site, for which the slug sizes are available (Houston and Braun, 2004), statistically signif-
icant correlations (95% confidence) between the slug sizes and estimated conductivities were neither ob-
served, corroborating our simulation findings here.  

On the other hand, the time duration of the slug injections affects the conductivity estimation by the 

Hvorslev- and BR- methods, particularly, for the unconfined aquifers, even if the first straight-line seg-

ments are used (Figure 3). Thus, whereas for a confined aquifer, the differences in t0.37 for varied dura-
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or no correction, depending on the sampling speed of the hydraulic head recordings after slug injection 
and the duration of the latter.  
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