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ABSTRAICT

A considerable amount of research on the mechanisms of largerscale solute
transport  has  identified  the  apatial  distribution  of  hydraulic  conductivity  as  a
significant factor in detemining how a plume of a conservative tracer will move in
the subsurface.   This report summarizes the work of the first year of a three-year
research project whase objective is to assess the potential of well-testing technology
for providing accurate estimates of spatial variations in hydraulic conductivity.  The
major thrust of the first year of this project was on the use of slug tests to describe
aquifer heterogeneities.    The thcoretical  components of this effort  included the
development of a timetontinuous numerical model for the analysis of well-test data,
an  assessment  of  the  viability  of  multilevel  slug  tests  in  layered  aquifers,  an
investigation of the usefulness of observation wells in slug tests, and a study of the
effective properties obtained from the analysis of slug tests performed in wells with
skins of a finite radius.   The field components of this work emphasized multilevel
slug tests.  A prototype multilevel slug-test system was tested.  Test results indicated
that the slug-test responses were being affected by mechanisms not accounted for in
the conventional thcory.   A series of experiments were performed to identify the
mechanisms producing the observed behavior.  These experiments served as the basis
for the  development of new nonlinear models for the  analysis of slug-test data.
Additional  work  performed  in  year  one  included  further  drilling  and  sampling
activities,  modification  of the  KGS  bladder  sampler,  and  laboratory  analysis  of
sampled cores.
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I. IN"ODUCTI0N

A RESEARCH OBJECTIVES
Over the last decade, a considerable amount of theoretical, laboratory, and

field research on the mechanisms of largerscale solute transport has identified the
spatialdistributionoftrydraulicconductivityasasignificantfactorindetermininghow
a plume of a conservative tracer will move in the subsurface (e.g., Freyberg, 1986;
Gelhar,  1986; Dngan,  1986; Moltyaner and Killey,  1988).   Many researchers now
recognize (e.g., Molz et al., 1989) that if we are to improve our predictive capabilities
for subsurface transport, we must first improve our capabilities for measuring and
describing conditions in the subsurface.  The measurement of hydraulic conductivity
in the subsurface on a scale of relevance for contaminant transport investigations,
however,  has  proven  to  be  a  rather  difficult task.    Recent work  at the  Kansas
Geological Survey and elsewhere (e.g., Streltsova, 1988; Butler and Liu, in press) has
shown that conventional pumping tests provide largerscale volumetric averages of
hydraulic conductivity that may be of rather limited use in transport investigations.
Althougiv  multiwell tracer tests can provide information on the  average interwell
conductivity, these tests are rather expensive in terms of time, money, and effort.
Other techniques are needed if information on conductivity variations is to be used
by practicing  hydrogeologists  outside  of the  research  community.    The  specific
objective  of the  research  described  in  this  report  is  to  assess  the  potential  of
advanced well-testing technology for providing more accurate estimates of spatial
variations in the physical properties that control contaminant plume movement in
saturated  porous  media.     Although  effective  porosity  is  clearly  an  important
consideration, the major emphasis of this work is on characterizing spatial variations

(heterogeneities) in hydraulic conductivity.
Ideally,  heterogeneities   in   hydraulic  conductivity  must  be  studied   and

characterized at several different scales in order to understand their influence on the
movement  of a contaminant plume.    Although  theoretical  modeling work  is  an
important element of any study of the influence of spatial variations in hydraulic
conductivity on contaminant movement, a rigorous study of this subject must have a
major field component.  A field site, at which researchers at the University of Kansas
can pursue work on characterizing spatial variations in aquifer properties, has been
established  as part  of this  research.    The  specific  site  of the  field  effort  is  the
Gcohydrologic Experimental  and  Monitoring Site  (GEMS), which  is located just
north of Irawrence, Kansas on land owned by the University of Kansas Endowment
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Association.  Figure I.1 is a map showing the general location of GEMS and some
of the major features at the site.  GEMS overlies approximately 213 meters (70 ft)
of Kansas River valley alluvium.  These recent unconsolidated sediments overlie and
are adjacent to materials of Pleistocene and Pennsylvanian age.   A crossrsectional
view of the subsurface at one of the well nests at GEMS is shown in Figure I.2.  The
alluvial facies assemblage at this site consists of approrimately 10.6 meters (35 ft) of
clay and silt overlying 10.6 meters (35 ft) of sand and gravel.  The stratigraphy is a
complex system of streamthannel sand and overbank deposits.  The general nature
of the stratigraphy would lead one to expect that a considerable degree of lateral and
vertical heterogeneity in hydraulic conductivity would be found in the subsurface at
GEMS.  Although analyses of sampled cores do indicate considerable variability in
hydraulic conductivity within the sand and gravel interval at GEMS, it is unclear how
the variability at the small scale of a core translates into variability at larger scales.

In the first year of this research, the fcx:us of the work was on the use of slug
tests to describe spatial variations in hydraulic conductivity.  A theoretical and field
examination   of  the  potential   of  multilevel  slug  tests   for   providing  detailed
infomation about conductivity variations in the vertical comprises the majority of the
work  in  this  period.    However,  a  considerable  amount  of  additional  work  was
directed  at  increasing  our  knowledge  of the  subsurface  at  GEMS.    This  effort
involved continued drilling and sampling of the alluvium, and laboratory analysis of
sanipled cores.  These characterization efforts are directed at providing the detailed
information that will allow us to better assess the quality of the estimates provided
by the various well-testing approaches evaluated in this work.  The ultimate goal of
these  characterization  efforts  is  to  describe  the  site  in  so  much  detail  that  it
effcttively becomes an  underground  laboratory at which  new technology can  be
evaluated.

8. BRIEF OUTLINE 0F REPORT
The remainder of this report is divided into four major sections, each of which

is essentially a selftontained  unit.   Although  pages are  numbered consecutively
throughout the report, figures, tables, and equations are  labelled by section and,
when warranted, subsection for the convenience of the reader.

The first section describes theoretical work directed at developing a better
understanding   of  the   information   that  can  be   obtained  from   slug  tests   in
heterogeneous aquifers.  A continuous-in-time numerical model, which has proven
very useful for the analysis of well-test data, is first introduced.  This model is then

2



used in a detailed study of slug tests in layered aquifers.  Although the use of slug
tests to describe vertical variations in hydraulic conductivity was a major focus of this
study, some effort was also directed at the use of slug tests to assess lateral variations
in hydraulic properties.   The  last two subsections of this section describe  initial
efforts to  assess the  usefulness of slug tests with  observation wells  and to  study
effective properties obtained from slug tests performed at a well with a skin.  Note
that these  latter two  subsections  depend  heavily on  the  principles  of sensitivity
analysis, which are introduced in Appendix 8 of this report.

The second section primarily describes field investigations of multilevel slug
tests.  A prototype multilevel slug test system, which has been developed at the KGS,
is  described  and  its  use  at  GEMS  is  detailed.     An  extensive  series  of  field
experiments that were undertaken in order to understand the causes of anomalous
behavior observed in slug-test data from wells  in the sand and gravel section at
GEMS are then described.  The section concludes with the derivation of new models,
which accounts for some of the mechanisms affecting the GEMS slug-test data, and
a discussion of the applicability of these models to the GEMS data.

The  third  section  primarily describes  activities  directed  at  increasing  our
knowledge of the subsurface at GEMS.  Drilling and sampling activities that occurred
over the last year at GEM are described in some detail.    The analysis of the core
samples obtained in the drilling is then described.   Modifications to the procedures
employed in the KGS core measurement laboratory are discussed and the results of
the analyses performed in the first year of this project are reported.

The  fourth  section  summarizes  the  report  and  briefly  outlines  the  work

planned for the second year of this project.
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Figure I.2.  Cross-sectional view of a well nestt at GEMS.  Wells A-E are screened for .8

meters (2.5 ft.), well F is screened for 9.1 meters (30 ft.), and well G is screened for 1.5

meters (5 ft.).
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11. THEORETICAL INVESTIGATIONS 0F SLUG TESTS
IN HETEROGENEOUS REDIA

A  A Cor`ITINuouS-IN-TII\m NUMERICAL MODEL FOR THE ANAlvsIS oF
WEIL TESTS IN THREE-DII\mNsloNAL NONUNIFORN AQulFERS

Introduction
Analytical  solutions  for  drawdown  in  response  to  a  pressure  disturbance

induced at a central well are the basis of conventional well-test analysis methodology.
For the most part, these solutions consider hydraulic behavior in an idealized aquifer
in which flow properties are invariant in space.   Aquifers in nature, however, are
characterized by a considerable degree of spatial variations (heterogeneities) in flow

properties.  Not surprisingly, analyses based on solutions to flow in idealized uniform
systems may be  of limited use  in  assessing  heterogeneities  in  the vicinity of the
stressed well.  A better understanding of these near-well heterogeneities, however,
is critical if we are to improve our ability to predict the transport of contaminants in
the subsurface.   A component of the research in the first year of this project was
therefore directed at further exploration of a numerical modeling approach that
would allow the actual complexity of the geological system to be incorporated into
the analysis of well-test data.  This approach could then serve as a tool for both the
development  of  insight  into  the  role  of  heterogeneity  in  controlling  well-test
responses and the analysis of well tests in succeeding years of this project.

A general model for well-test analysis must allow the actual complexity of the

gcologic  formation  to  be  represented  in  the  full  three  dimensions.    Analytical
solutions for well tests in simplified threerdimensional settings have been developed
by a number of authors using traditional integral transform techniques (e.g., Russell
and Prats, 1962; Papadepulos, 1966; Prijambodo et al., 1985; Hayashi et al., 1987;
Raghavan, 1989; MCElwee et al., 1990).  Because of the complexities introduced by
the vertical component of flow at the stressed well  and within the  aquifer itself,
however, an eract analytical solution has yet to be derived for the general case of
well testing in a threerdimensional nonuniform system.  Given the limitations of the

traditional analytical solution methodology, a new approach for the analysis of well-
test data is considered in this work.  The approach considered here is based on the
idea of combining the spatial discretization used in a conventional numerical model
with  the  Laplace  transform  in  time  used  in  conventional  analytical  models.    A
solution to this trybrid numerical model is obtained in Laplace space using standard
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techniques of matrix algebra.   A set of solutions in  Laplace space  is then  back
transformed to real space, producing a solution in real space that can be formulated
in  a continuous manner over a range of times.   In the following discussion, the
theoretical basis of this approach is explored and its implementation in this work is
described.

A Tine{ontinuous Numerical Method
Approximate numerical methods such as the finite difference (FE) or finite

element  (FE)  approaches  have  been  widely  used  in  groundwater  studies  for
applications where analytical solutions are not feasible.  These numerical approaches
involve both apatial and temporal discretization of the governing equations, with the

quality of the approximation dependent on the discretization strategy.   The size of
the time increment is often varied during the course of a simulation in order to
improve computational efficieney.   However, limitations on the magnitude of the
initial time step and the size of the timerstep acceleration factor can result in a large
number of time steps being required even in cases when model output is only desired
at a few points in time.  In addition, if the rate of pumpage changes significantly, as
in a simulation of a steprdrawdown test, the timerstapping scheme must be reset to
its initial values with the change in pumping rate in order to accurately simulate the
system response to the new stress.  Selection of the proper time increment may also

present difficulties when model output is required for comparison with measured
data at particular points in time.  In many standard groundwater flow and transport
models, it may be rather difficult to obtain a comparison between model output and
measured data for the apecific times at which the measurements were taken.

In   order   to   avoid   some   of  the   problems   associated   with   temporal
discretization, a trybrid method, which combines spatial discretization with a Laplace
transfom in time, is employed here.  The spatial discretization scheme is the same
as that in a conventional finiterdifference model.  The resultant spatially discretized
system of algebraic equations in complex space is solved using complex arithmetic
for the matrix inversion.  The Laplaceipace solution is then inverted back into real
space using an appropriate numerical  inversion scheme.   This procedure wields a
solution that is continuous over a range of times, with the only approximation in the
temporal domain being that introduced by the numerical inversion scheme.

This timecontinuous method has been employed by a number of workers
during the past two decades (e.g., Gurtin, 1965; Javandel and Witherspoon,  1968;
Chen  and  Chen,  1988;  Sudicky,  1989;  Moridis  and  Reddell,  1991;  Sudicky  and
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Mclaren,  1992; Li et al.,  1992).   The most difricult problem  associated with this
method has been the inversion of the Laplacerspace solution back into real space.
Various  methods for  approximate  numerical  inversion,  all  of which  involve  the
evaluation and summation of the transfomipace function, have been developed by
a number of authors (e.g., Stehfest, 1970; Crump, 1976; Talbot, 1979).  One fcx:us of
the  research  of  this  project  is  the  development  of  a  more  efficient  inversion
algorithm.  As noted by Sudicky (1989), De Hcog et al. (1982) propose a quotient
difference algorithm for increasing the rate of convergence of the summationrseries

approach of Crump (1976).  This quotientrdifference algorithm has been shown to
have a significant computational advantage over other algorithms in decreasing the
computations required for the analysis of well-test data (Liu and Butler, 1991).  The
computational  savings  are  such  that  this  method  appears  to  hold  considerable

promise for use as a practical tool for analysis of well tests in fully threerdimensional
systems.   The following section describes an implementation of this method in a
discrete-inrspace, continuous-in-time model that has been developed for the analysis
of well tests in systems where conventional analytical approaches are not viable.

The Three-Dimensional Finite Difference Thmeeontinuous Model (3DFDTC)
The timetontinuous approach can be used only if haplace transforms exist

for the governing equation together with all boundary and initial conditions.  Thus,
the approach described here only strictly applies to confined flow systems.   The
cylindrical{oordinate form of the governing equation for threerdimensional flow in
a confined system is

±±(rKr#)  + ±*(Kb#)  + ±(Kg#)  = Ss# (IIA1)

where
h = drawdoun, [L];
Ss  =  Specific wield, [1/L];

Kr, Ko, Kz = hydraulic conductivity in the radial, angular, and vertical direction,
respectively, [L/T];

t - time, [T];
r = radial direction, [L];
0  = angular position, in radians;
z = vertical depth from the top of the aquifer, [L].
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For  the  case  of  a  pumping  test  in  a  layered  aquifer,  the  initial  and  boundary
conditions are defined as

hlr,0)   --ha,   I  <  co

h(co,t)--hait2:0

2n£Krjmj(r#)I.rv=-£gjDJfty

(IIJu)

(IIAI)

(IIAI)

where

r=i( t) --box Car  function--{  Ltl,  ±ef]ste1££etr<et2i'   i =L I 2 I ... I NP

ha =  initial head in the aquifer, [L];
NP = number of pumping periods;
tii  = starting time for pumping period i, [T];

fa  = ending time for pumping period i, [T];
rw = radius of pumping well, [L];

qi  = pumpage for pumping period i, [L3/T];
J  = total number of screened layers in the well bore;
Kri = conductivity in radial direction for layer j;
mj  = depth of layer j.

The  application  of the  Laplace  transformation  to  equations  (IIA.1)  and

(IIA.4), in conjunction with (IIA.2), results in:

±£(rKrg)  +±£(J£#)  + ±(Kz#)  =Ss(HP-da)          (IIA5)

2q£K4mj(r¥)I.rv=
IVP

-EOJ

where

p = haplace transform variable;

e-tiip_e-t2ip
P
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7i   = head in lraplace apace.

In order to improve the ease of radial discretization, the derivatives in the
radial direction can be rewritten  in  a logarithmic form  using the transfomlation
f=log® (I/rt,) .  This approach allows a discretization in the radial direction which
increases aponentially when using a constant  Af.   Thus, the form of equations
(IIAj) and (IIA6) employed for the discretization is

±if(Kr¥f)  +±*(Kb¥)  +±(Kz#)  =Ss(EP-Aa)          (IIA7)

2fl£LK4mj(¥f)I.o=-£gJ e-t`1P-e-t21P
P

(IIAI)

Unlike many analytical and numerical models, which assume the radius of the
well to be infinitely small, the model developed here allows the influence of well
bore storage to be taken into consideration.  As noted by Papadopulos and Cooper
(1967), effects of well-trore storage on drawdown can be significant during early times
when the majority of the water is being removed from storage inside the well bore.
As  time  increases,  the  influence  of  well-bore  storage  will  gradually  diminish,
eventually rcaching  a point  at which the  infinitely small well-bore  assumption  is
viable.

The implementation of the well-bore storage option in the threerdimensional
finite difference, time{ontinuous model  (3DFDTC)  is based  on  earlier work of
Settari and Aziz (1974), Rushton and Chan (1977), and Butler (1986).  As described
by Butler (1986), the approach is based on rewhting the classical pipe flow equation

(Vennard and Street, 1975) in a Darcy I.aw-like formulation and defining a ten
(involving the friction factor, the crossrsectional area of the well bore, and distance
along the well bore) analogous to hydraulic conductivity.  This approach allows flow
inside the well bore to be governed by the porous media flow equation given by

(IIA7).    Note  that  the  initial  implementation  of this  approach  for  this project
produces an apprordmation of well-bore behavior that is equivalent to the hydrustatic
head assumption emplo)red in meet analytical representations of the well bore (e.g.,
Papadopules and Cooper, 1967; Cooper et al., 1967).

Inthethreerdimensionalrepresentationemployedhere,theportionofthewell
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bore passing through the modelled unit consists of several grid cells in the vertical.
The storage coefficient is assumed to be one for the top cell of the well bore, while
the storage coefficients for the remaining nodes in the well bore are set equal to the
compressibility of water or zero (assuming water is incompressible).  Since the radial-
discretization scheme employed in the model uses logarithmic increments, the radial
location (rnin) of the first node inside the well bore must be larger than zero (i.e. 0.0
< rmin < rw).  This produces a well bore in the shape of an annular ring rather than
a circle.  The storage coefricient of the well-bore cells must therefore be adjusted (by

a factor of  r3/ ( r3-rm2in)  ) to account for the decrease in well-bore crossrsectional
area produced by the annular ring representation of the well bore.  In addition, the
traditional  boundary condition  at the  well  bore  (IIA8), which  is  based  on  the
definition of radial flow along the well screen, is not used in this approach.  Instead,
a boundary condition at the top node of the well bore, in which the total flow out of
the  scrcmed  portion  of the  well  is  defined,  is  employed.    This  flow  boundary
condition is whtten as

2flKrgiv7(¥f)f.log.(¥)=-£Loj e-tiip_et2ip
(IIA9)

where in) is the heicht of the top grid cell.  Note that no-flow conditions in the radial
direction are assumed at r=r]nin for the remaining nodes in the well bore.  The use
of  (IIA9)  as  a  boundary  condition  makes  this  approach  very  appropriate  for
analyzing well tests in layered systems where the test well may be screened in more
than one layer (as in (IIA4) with J>1).  Instead of having to define in advance the
amount of water withdrawn from each layer, the model will implicitly calculate the
flow out of each layer given the total flow out of the system defined by (IIA.9).

Since the representation of the well bore employed here is equivalent to the
conventional hydrestatic head assumption, the hydraulic conductivity of the well bore
must  be  defined  such  that  the  heads  for  all  the  nodes  in  the  well  bore  are

approximately equal.  All three components of well-bore hydraulic conductivity must
be at least four orders of magnitude larger than the aquifer conductivity in order to
ensure negligible head lass along the well bore.  In order to ensure that the majority
of water will be drawn from the well bore at early times, the ratio of vertical well-
bore hydraulic conductivity over its angular and radial counterparts must be large.
An extensive set of experiments indicates that a ratio larger than 100 will ensure that
all water will initially be drawn out of well-bore storage.
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The  3DFDTC  model  is  developed  by  applyng  a  conventional  central
difference  scheme  to  (IIA7),  which  now  represents  conditions  within  both  the
aquifer and the well bore.  After incorporating (IIA9) and the haplace transform
of (IIA3) into the finite difference scheme, the system of algebraic equations for
3DFDTC can be expressed in matrix form as

J,P
I  __   e-ciJp_e-c2ip

t[A]+p[B],[H]=_[c]ha+Eg] P [D] quA10)

where A, 8, C, and D are matrices of constant coefficients and  I  is a vector of
unknown heads.  For the sake of conciseness, (IIA10) is rewritten in the following
tom:

[G]  [E] = [m                                                             alAii)

Both the left-hand side coefricient matrix G and the right-hand side matrix W
of (IIAll) involve the Laplace variable p, for which a value must be given before
a solution in haplace space can be obtained.  The resultant solution in Laplace space
can then be inverted back into real space using numerical inversion schemes such as
those  of  Stehfest  (1970)  or  Crump  (1976).    A  detailed  discussion  of  inversion
algorithms with  an  emphasis  on  the  method  of Crump  (1976)  can  be  found  in
Appendix A

The Crump algorithm approrimates the inversion of a lraplace space function
by means of a Fourier series that involves both sine  and cosine functions.   This
method has a smaller error than that of a similar method presented by Dubner and
Abate (1968).   If the value of h at node j is desired, hj is found using the following
equation developed by Crump [1976]:

hj(t,=%xlE¥+

2„+1

I:[RE(I(p*))cos(#)-"(I;(p*))sin(#)]}
A-1

where
I jGk) = solution from (IIAll) at node j for p = pk;

11
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2Tmax = the period of the Fourier series approrimating the inverse function on
the interval [0, 2Tmax];

RE( I )  = real part of  Z5 ;
IM( 7i )  =  imaginary part of  75 ;
Er = minimum relative error;

Pk = Po  +  ikar/Tmax;
po = 4 - ln(Er/2Tmax), the real part of pk;
4 = maximum real value of all the singularity points of the function in haplace

Space;
i -  (-1)1„.

Equation (IIA12) shows that the time variable t appears only in the sine,
cosine, and exponential functions.  Since pk is independent of time, we can perfom
the inversion over a range of times based on one set of solutions of  I  for one
specific Tmax   The solution  is thus continuous in time because once a set of I
values is calculated from (IIAll), (IIA12) will give the desired result at any tine
within the range of [0, 2Tmax].

If the summation is performed as in (IIA.12), hundreds of terms (i.e. solutions
of (IIAll))  may be  needed  in  order to obtain  a solution that satisfies  a given
convergence criterion.   Since the computational effort required for the calculation
of each prspace solution of (IIA.11) is at least equal to that required for one time
stay  in  a  conventional  numerical  model,  considerable  attention  is  paid  to  the
convergence of the summation series given in (IIA12). An algorithm developed by
De Hoog et al. (1982) has been found to significantly accelerate the convergence of
the summation series and has therefore been incorporated into the 3DFDTC model.
The acceleration of the summation series is great enough that the continuous-in-time
approach may often be the most computationally efficient approach for the analysis
of well tests in heterogencous fomations.  A detailed explanation of the De Hoog
algorithm is given in Appendix A.   Note that each of the solutions of (IIAll) is
independent of all the others.  Thus, this approach has considerable potential for use
with parallel-processing computer systems.

Discussion and Model Validation
The  3DFDTC  model  is  considerably  more  flexible  than  its  conventional

analytical  or  numerical  counterparts.     Since  no  timerdiscretization  scheme  is
employed, stability issues related to the timestepping scheme can be ignored and a
solution can be obtained directly for any specific time.  Boundary conditions can also
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be changed easily to adapt to different patterns of stress being placed on the test
well.   For example, by simply setting q±=0.0 and changing ha to Ho in (IIA10) for
nodes lceated inside the well bore, 3DFDTC can be used to simulate a slug test with
an initial head of Ho.  If necessary, partial penetration and well skin effects can be
accounted for by specifying the vertical position of the well screen and the radius of
the skin, respectively.   If there exists a symmetry in heads in either the angular or
vertical direction, 3DFDTC will simulate only part of the aquifer system by assuming
a no-flow condition along the plane of symmetry.  Note also that 3DFDTC can be
used  in  a one- or twordimensional  mode  if heads can be  assumed equal  in the
angular and/or vertical directions.  In such cases, only one node should be used in
the direction of equal heads.

In order to validate the implementation of the timetontinuous approach and
the well-bore apprordmation, 3DFDTC has been checked against many analytical
solutions for both pumping and slug tests.   In all cases, a comparison between the
analytical results and those of 3DFDTC revealed very small differences.  Four typical
cramples  are  chosen  here  to  demonstrate  the  viability of the  3DFDTC  model.

The  first  example  was  designed  to  assess  the  viability  of  the  well-bore

approrimation  employed  in  the  model.    Drawdown  produced  by pumping  at  a
constant rate from a well of finite radius in a uniform aquifer is simulated.  In Figure
IIA1, the simulated results for drawdown within the pumping well are compared
with the analytical results of Papadopules and Cooper (1967) for the same case.  The
results  produced  by the  two  approaches  essentially  fall  on  top  of one  another
throughout the duration of the simulation.   The small difference in the computed
drawdown  is  attributed  mainly to  the  error  caused  by the  spatial  discretization
scheme employed in 3DFDTC.  Further simulations have shown that by increasing
the number of nodes in the radial direction, the difference between the analytical and
3DFDTC results will gradually disappear.   Note that in addition to the two curves
depicting well-bore storage effects, a third curve, depicting drawdown calculated by
3DFDTC when well-bore storage effects are not included, is plotted on Figure IIA.1
to illustrate the period when well-bore storage effects are important.

In the initial phases of this project, there was considerable concern about
numerical problems that might accompany the well-bore approximation as a result
of the dramatic change in hydraulic conductivities between the aquifer and the well
bore  that  is  required  by the  approach.    The second  example  is thus  chosen  to
illustrate the performance of 3DFDTC when adjacent hydraulic conductivities differ
by many orders of magnitude.  A slug test in a well surrounded by a low permeability
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well skin of finite radius was simulated in order to asscrs model performance when
a permeability contrast of ten orders of magnitude is employed.  The configuration
consisted of three distinct zones of differing properties: a very high permeability well
bore  (K=107),  a  low  permeability  skin  (K=10-3),  and  an  aquifer  of  moderate

permeability (K= 1).  The well was assumed screened throughout the aquifer.  Figure
IIA2 illustrates a comparison of the heads simulated by 3DFDTC with the results
from the analytical solution of Mcench and Hsieh (1985) for a slug test in a well with
a skin of finite radius.  The solid line in Figure IIA2 depicts the head at the slugged
well  simulated  by  3DFDTC,  while  the  dashed  line  displays  the  results  of  the
analytical solution.  As with Figure IIA1, the two lines essentially fall on top of one
another.  The differences between the two curves are again mainly due to the error
introduced by spatial discretization, since only a total of six nodes are placed inside
the well bore and the skin.

The third example is selected to illustrate model performance when there is
a strong component of vertical flow, such as might occur in multilevel slug tests.  A
slug test is simulated in a well that is screened for only a portion of the aquifer
thiclmess.  The aquifer is assumed to be homogeneous and isotropic with respect to
flow properties.  Figure IIA3 diaplays a comparison of the nomalized head (H/Ho)
simulated by 3DFDTC with the results of the analytical solution of MCElwee et al.

(1990) for a slug test in a well partially penetrating the aquifer.   The solid line in
Figure IIA3 depicts the head at the slugged well simulated by 3DFDTC, while the
dashed line displays the results of the analytical solution.  The inset provides details
of the  specific  configuration  employed  for  this  example.    As  with  the  previous
Ciramples, 3DFDTC yields results that are essentially indistinguishable from those of
the analytical solution.

The final crample is selected to illustrate the advantages of this model when
dealing with variable pumping rates.  Figure IIA4 includes a plot of pumping rate
versus time for a well test performed by the Kansas Geological Survey in 1992 in
Stanton County, Kansas.  This test, which was plagued by malfunctioning generators,
would be rather difficult to analyze using a conventional numerical model because
of the need to refine the timerstapping scheme each time the pumping rate changed.
The continuous-in-time approach is very convenient in this case, however, since the
full detail of the rate variations can easily be incorporated in (IIA9).   In order to
demonstrate the viability of this  approach  for the variable-rate pumping case,  a
comparison was performed between a variable-rate form of the solution of Theis

(1935)  and  3DFDTC.     Figure  IIA4  includes  the  results  of  this  comparison.
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3DFDTC wields results that are quite close to these of the analytical solution.  The
reasons for the differences that are observed are presently the fcx:us of additional
study.   Note that  17,755  different pumping rates were used in 3DFDTC for this
arample, allowing the pumping-rate history in all of its detail to be incorporated into
the model.  The inclusion of a very detailed pumping-rate history into the model may
not greatly add to the total time of computation.   In principle, only an increased
number of terms in the summation of (IIA.10) is required.  However, these initial
results indicate that if the rate variations are particularly dramatic, additional terms
in the summation of (IIA12) may also be required.  In order to be computationally
competitive with the time{ontinuous approach,  a conventional  numerical  model
would have to approrimate the variable-rate pumping rate with a small number of
constant-rate steps, thereby introducing considerable error into the analysis.

Given  the  closeness  of  the  match  between  the  simulation  results  from
3DFDTC and those from the analytical solutions, it is clear that 3DFDTC can be a
very useful tool for the design and analysis of well tests performed under conditions
not readily represented by conventional analytical approaches.   Therefore, in the
following subsection  of this report, 3DFDTC  is used to examine the viability of
multilevel slug tests in layered systems.  The pulpase of this numerical examination
of multilevel slug tests in layered systems is to gain insight into how such tests might
be designed in order to get more accurate information concerning vertical variations
in the flow properties of a unit.
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8. TTIE USE oF SLUG  TEsrs TO  DEscRIBE vErmcAL vARIATloNs  IN
IIYDRAULIC CONDUC"TY

Introduction
The slug test has become one of the more commonly emplo]red techniques in

applied  hydrogeology.    This  test,  which  is  quite  simple  in  practice,  consists  of
measuring the rate of recovery in a well after a near instantaneous change of water
level at that well.  One of the prinary objectives of the first year of this project was
to explore the potential of slug tests to provide information about vertical variations
in hydraulic conductivity.  Specifically, the aim was to asscrs if a series of multilevel
slug tests in a well that is fully screened across the unit of interest could provide
useful infomation about vertical variations in flow properties.   In this subsection,
results of a series of numerical experiments performed to  assess the thcoretical
viability of slug tests for the pulpase of describing vertical variations in conductivity
are reported.   In a later subsection (Ill.8), results of a program of field testing at
GEMS are described.

Model Configuntion
ln order to assess the potential of slug tests for identifying vertical variations

in  horizontal  hydraulic  conductivity,  an  early  version  of  the  3DFDTC  model
described previously was used to generate synthetic slug-test results under a number
of test scenarios.  The initial set of simulations was carried out using four different
hypothetical cases: 1) a uniform, isotropic aquifer; 2) a unifom, anisotropic aquifer,
3) a layered, isotropic aquifer; and 4) a layered, anisotropic aquifer.   The layered
aquifers consist of alternating high and low conductivity layers, with the following
radial (r) and vertical (z) conductivity values (units are meters/day):

anisotropic                isotropic
case                          case

low conductivity layer                    Kr= 1.; Kz=0.1            Kr=Kz= 1.

higiv conductivity layer                   Kr= 10; Kz= 1.             Kr=Kz= 10.

The uniform aquifers are assigned the properties of the low conductivity layer.   In
all cases, the aquifer is 25 meters thick (with one node per meter in the vertical).
The aquifer is bounded above and below by impermeable boundaries.  Twenty nodes
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(equal  log spacing)  are used  in the radial  direction resulting  in  an outer radius
(constant head boundary) of 37364 in.  Other model parameters are as follows:

Ss  = specific storngc  =  1.0 x |o-5   in-1;

EL =  initial head in well =  1.0 in;
rw = well radius = 0.4 in.

Note that  in  this  first set of simulations an  unrealistically large well  radius was
employed.  The results of this set of simulations, however, are not dependent on the
radius of the test well.  In later simulations, a more realistic value was employed for
the test well radius.

Vertical Averaging in Fully Penetrating Slug Tests
One  issue of considerable  interest to  hydrogeologists is the way in which

aquifer properties are averaged in various types of hydraulic tests in heterogeneous
systems (e.g., Butler and Liu, 1991; Desbarats, 1992; Harvey, 1992).   In the initial

phase of this work, the manner in which vertical variations in hydraulic conductivity
are averaged in a slug test performed over the entire screened interval in a fully

penetrating well (fully penetrating slug test) was explored.  Figure 11.8.1 displays the
results  of several  simulations  of slug  tests  in  aquifers with  the  same  thickness-
weighted average of layer conductivities, but with different patterns of conductivity
variations.  Results are shown for the analytical solution of Cooper, Bredehoeft, and
Papadopules (CBP)  (Cooper et al.,  1967)  for a slug test  in  a uniform,  isotropic
aquifer with Kr= 4.6, and for four numerical simulations.  The numerical simulations
include a uniform, anisotropic aquifer case with Kr=4.6, Kz=0.46, and three other
simulationsoflaysredaquiferswithaltematingbandsofthepropertiesKiovandKhigh

(anisotropic case of table on previous page).   The laysring schemes are shown in
Figure 11.8.2.  All three layering schemes have a thickness weighted average Kr of
4.6 (15 units of Kr=1.0 and 10 units of Kr=10.0).

As shown in Figure II.B.1A, the numerically simulated heads at the slugged
well are essentially identical  in the uniform and all three layered cases.   All four

plots of the numerically simulated heads fall just slightly below the heads computed
from the analytical solution as a result of the discretization error discussed in the

previous subsection.   Clearly, slug tests over the entire screened interval in fully
penetrating  wells   can   provide   little   information   about   vertical   variations   in
conductivity when the slugged well is the measurement location.   In all cases, the
computed  conductivity  will  be  a  thickness-weighted  arithmetic  average  of  the
horizontal conductivities of the individual layers.  Note that this result is an extension
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of the work of Karasaki (1986), who found the same result for slug tests in layered
aquifers  in  which  there  is  no  vertical  flow  between  layers.    Thus,  the  vertical
averaging in fully penetrating slug tests is independent of the degree of vertical flow
between layers.

The  previous  discussion  has  facussed  on  using  the  slugged  well  as  the
measurement location.  Figure 11.8.18 shows the responses at an observation well at
a distance  from the stressed well  in the same set of slug-test simulations.   The
observation well is screened opposite vertical node 13 (the middle of the aquifer) at
a radial distance of 3.7 meters from the center of the slugged well.  Note than even
thougiv the observation well occurs in a lowtonductivity zone in all three layering
schemes, the observation-well responses are different in all three cases.   Thus, the
response at partially penetrating observation wells is a function of the particular
layering scheme in the tested unit.  This result clearly demonstrates the potential of
observation wells to provide infomation about conductivity variations using fully

penetrating slug tests.  In a later subsection of this report (II.C), the general issue of
the use of observation wells in slug tests is explored in more detail.

Although fully penetrating slug tests can provide some  information  atrout
vertical variations in conductivity when observation wells are employed, the need for
observation  wells  somewhat  limits  the  applicability  of the  technique.    Another

approach for gaining information about vertical variations in flow properties is the
multilevel slug test (e.g., Dngan, 1978; Braester and Thunvik, 1984; Hayashi et al.,
1987; Melville et al., 1991), in which a series of slug tests are perfomed at different
levels in the scrcfned interval of a single well while using packers to isolate the test
zone.   An extensive series of numerical simulations was performed in this work in
order to assess the potential of multilevel slug tests for providing information about
vertical variations in hydraulic conductivity.

Multilevel Slug Tests
The simulations of multilevel slug tests performed here all employ a well fully

screened across the aquifer with the slug tests being carried out in a limited interval
that  is  isolated  by  packers  above  and  below  the  test  zone  (straddle  packer
arrangement).  A separate packer above the screened section prevents movement of
water from the eased region of the well into screened intervals other than the test
zone.   Note that this configuration is the same as that used in the KGS multilevel
slug test system employed in the field testing discussed in a later subsection (IIIA).
The nodes representing the slugged interval are assigned an initial head of 1.0, while
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the remaining nodes in the model (including those in the screened section of the well
outside the straddle packer) are assigned an initial head of 0.  The slugged interval
is assigned a specific storage equal to the inverse of its length, so that the storage
coefricient for the slugged interval equals 1.0.   The open sections of the wellbore
outside the straddle packer are assigned a value for specific storage that conesponds
to the compressibility of water.

An  initial  series  of  simulations  was  perfomed  in  order  to  assces  the
dependence of slug-test results on the length of the slugged interval and on prorimity
to the upper and lower impermeable boundaries.  For this initial set of sinulations,
the  results were  analyzed  using  the  CBP  analytical  solution  incorporated  in  an
automated  well-test  analysis  package,  SUPRPUMP,  developed  at  the  Kansas
Geological Survey (Bohling and MCElwee, 1992).  Figure 11.83 presents the results
of a series of simulations investigating the effects of the length of the test interval on
slug tests in the unifom aquifers described earlier.  In these simulations, the slugged
interval is centered on vertical node 13 and the length of the interval is gradually
increased symmetrically about that node.   Results are presented in terms of the
vertical position of the top node of the slugged interval.  Note that the conductivity
values determined using the automated analysis package can only be considered
apparent conductivities, since the tnie flow field contains a significant vertical flow
component, while the CBP analytical solution assumes strictly horizontal flow.

Figure 11.83 clearly demonstrates that the analysis of multilevel slug tests
under  the   assumption  of  negligible  vertical  flow  can   result  in   a  significant
overestimation of the horizontal hydraulic conductivity.  The vertical component of
flow allows the effect of the pressure disturbance at the slugged well to be dissipated
more rapidly than it would be under purely horizontal flow conditions.  Figure 11.83
also demonstrates that the apparent Kr approaches the true Kr value as the length
of the slugged interval approaches the thiclmess of the aquifer.   Hovever, there is
a  slight  discrepancy  between  the  true  and  apparent  values  even  for  the  fully

penetrating case.  Additional simulations have shown that this difference is due to
the  discretization  error  resulting  from  the  fairly  coarse  discretization  scheme
employed in the radial direction.  Note that the overestimation of Kr is worse under
isotropic conditions than under anisotropic conditions as a result of the flow being
increasingly constrained to the horizontal plane as the ratio of vertical to hydraulic
conductivity decreases

Figure  11.8.4  presents  the  results  of simulations  designed  to  examine the
effects of impermeable boundaries on slug-test results.  A series of simulations was
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perfomed in the uniform aquifer configurations described earlier using a three-node
slugged interval (Figure II.B.4A) and a one-node slugged interval (Figure 11.8.48),
with the center node of the slugged interval being progressively moved from node 2

(in the three-node slugged interval case) or node 1 (in the one-node interval case)
to node 13.  The difference in magnitude in apparent Kr between the t`ro plots is a
result of the increased importance of vertical flow in the shorter slugged interval.  In
both  cases,  the  boundary  effects  are  fairly  similar.     As  the  slugged  interval

approaches the boundary, the vertical flow out of the slugged interval is constrained,
resulting in a smaller overestimation of Kr.

Figure 11.85 presents the results from a series of simulations similar to those
shown in Figure 11.8.4 performed in layered aquifers.   Note that again a greater
overestimation  of  Kr  occurs  in  the  isotropic  case  than  in  the  anisotropic  case.
Although use of a one-node slugged interval results in a greater overestimation of Kr,
it does allow for clearer definition of the boundaries betveen layers of contrasting
conductivity.   Also note that results in Figure 11.85 are presented in terms of the
ratio of apparent Kr to true Kr, so that unifom and layered cases may be readily
compared.   In this investigation, the true Kr is taken to be the thiclmess-weighted
average of the model Kr values over the length of the slugged interval.

Up to this point, the simulated slug-test data have been analyzed using the
CBP model, which is clearly an overly simplified representation of the flow system.
Two issues of some importance are 1) will the nature of the fit of the CBP model to
the data indicate that an inappropriate model is being employed, and 2) will different
divergences from the model assumptions produce different types of model misfits.
Figure 11.8.6 presents the observed and CBP best-fit head values for four of the
simulations included in Figure 11.85.  Figure II.B.6A shows the results for a three-
node slugged interval centered at vertical nodes 7 and 12 in the layered, anisotropic
aquifer, while Figure 11.8.68 shows the results for a one-node slugged interval at the
same positions.   The CBP model heads consistently fall below the observed heads
early in the test and above the observed heads later in the test.  This systematic lack
of fit is the result of neglecting the vertical component of flow.  Unfortunately, a very
similar lack of fit results from the presence of a positive well skin (low conductivity
zone surrounding the well) in a homogencous aquifer (see subsection II.D).  Thus,
skin effects and the effects of partial penetration may be difficult to discrininate in

practice.
Given that analyses of slug-test responses using the CBP model do provide at

least a gross picture of vertical variations in conductivity, it is reasonable to assume
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that  analyzing  the  slug-test  data  with  a  more  appropriate  model,  i.e.  one  that
accounts for the partial penetration effects seen with multilevel slug tests, would
reduce or remove the problem of overcstimation of Kr due to neglect of the vertical
component of flow.  Two other models were considered here for use in the analysis
of multilevel slug-test data.   MCElwee et al. (1990) have developed an analytical
solution for slug tests in partially penetrating wells with skins, which can be readily
configured to analyze data from multilevel slug tests in homogeneous, anisotropic
aquifers.   Unfortunately, this solution, which is based on the application of both
FourierandLaplaceintegraltransforms,issocomputationallyintensivethatitcannot

presently be used for the analysis of large amounts of field data.   Ongoing work is
directed at improving the computational efficiency of this model.

Hvorslev (1951) developed a model for the analysis of slug tests performed
in a screened interval of finite length in a uniform, vertically unbounded, medium
with  a  vertical  to  horizontal  anisotropy  in  hydraulic  conductivity.     A  major
assumption of the Hvorslev approach is that the specific storage of the aquifer can
be ignored.  MCElwee et al. (1989), in a thcoretical analysis of slug tests in confined
aquifers,  have  shown  that  the  hcnd  response  at  the  slugged  well  is  relatively
insensitive to the specific storage  of the  unit,  indicating that this  assumption  of
Hvorslev  may be  acceptable  in  many cases.    Figure  11.8.7  shows  the  results  of
Hvorslev analyses of the same simulated multilevel slug tests employed in Figure
11.85.  Note that the Hvorslev model requires the use of a "shape factor", which is
related to the geometry of the well intake region.  The shape factor used here is that
for Case 8 described in Hvorslev (1951).  The Hvorslev function for this case is in
the form of a two-parameter (Kr and anisotropy ratio) model.  Unfortunately, the two

parameters are perfectly correlated, so they cannot be estimated independently.  For
the analyses presented in Figure 11.8.7, three different values of the anisotropy ratio
are employed.  The true value of the ratio of horizontal to vertical conductivity is 10.
As shown in Figure 11.8.7, the resulting overestimation or underestimation of Kr is
not strongly influenced by the improper specification of the anisotropy ratio.   The
correlation  between  the  tiro  parameters  is  also  apparerty  since  the  estimated
hydraulic conductivity changes by a multiplicative constant for all analyses as a result
of using a different value for the anisotropy ratio.   Note that Dagan (1978) and
Widdowson et al. (1990) have developed techniques for the analysis of multilevel slug
tests that are based on a series of graphs/charts developed from simulation of slug
tests  under  conditions  similar  to  those  considered  by  Hvorslev  (1951).    These
techniques were not considered sufriciently different from the approach of Hvorslev
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to merit further consideration in this work.
Figure 11.8.8 diaplays the Hvorslev model fits for the same intervals as shown

in Figure 11.8.6 for the CBP analyses.  The plots are for the case in which the true
anisotropy ratio is used.  The fitted results, however, would be essentially identical
for all values of anisotropy ratio, due to the perfect correlation between the model
parameters.  Specifying a different anisotropy ratio would result in the same optimal
fit (measured in terms of the sum of squared head deviations) for a different value
of Kr.  Comparing Figures 11.8.7 and 11.8.8 to Figures 11.85 and 11.8.6 reveals that,
in this case, use of the Hvorslev model improves the estimates of Kr and provides a
better fit to the observed data.  The improved fit is attributed to the fact that the
Hvorslev model accounts for the vertical flow component, while the CBP model does
not.  The Hvorslev model, however, must be used with caution due to its neglect of
storage effects on slug-test responses (Chirlin,  1989), its poor perfomance in the

presence of a well skin (see subsection II.D), and its increasing error in  wells with
small ratios of screen length to well radius (Hvorslev, 1951).  Note that the Hvorslev
analyses were not performed in the conventional fashion in this work.  The optimal
conductivity was determined here using a nonlinear regression algorithm to minimize
the sum  of the squared  differences between the  actual  observed  heads  and the
model-predicted heads. A conventional Hvorslev analysis is performed by minimizing
the sum squared deviation betveen log-transformed head values, using that portion
of the data that appear to fall on a straight line on a log-head versus arithmetic-time

plot.    The  conclusions  of this work,  however,  are  not  dependent  on  the  fitting
criterion.  Given the closeness of the Hvorslev calculated parameters to the actual
model values, the Hvorslev model was used for the analysis of simulated slug-test
data for the remainder of this work.

Dependence   of  Multi]evel   Slug   Test  Results   on   I+ayer  Thiclmess   and   S]dn
Pemeability

The simulations described above showed that multilevel slug tests will indicate
the existence of layers of differing conductivity to some degree and that the Hvorslev
model is the most appropriate model at present for the analysis of the test data.
Further work, however, is needed to explore the dependence of multilevel slug-test
results on layer thickness and to assess how a well skin will influence test results.  A
series of sinulations designed to address these issues is described here.

For this series of simulations, the configuration consisted of an aquifer made
up  of layers  of two  distinct  materials  (denoted  here  as A  and  8).    The  model
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parameters are as follows:
SsA  =  SsB  =  1xl0-5 in-I;

Ho -  1.0 in;
rw - 0.05 in;
KA = 2xl0-5 in/sec;
KB  = 2xl04 in/see.

In this series of simulations, a model grid of 20 nodes in the radial and 48ixi nodes
in the vertical directions was employed.  The number of nodes in the vertical varied
depending on the screen length used in the particular scenario (Case  1 of Table
11.8.1 emplo)red 50 nodes (1.0 in apacing), Cases 2ii employed 48 nodes (312 in

apacing), and Cases 7-8 employed 96 nodes (.156 in apacing)).  Note that a series of
simulations was perfomed in order to check on the error introduced by the various
vertical discretization schemes.   The discretization schemes employed in Cases 2-8
were found to introduce an error of less than 2% to the calculated parameters, while
the scheme employed in Case 1 was found to introduce an error of less than 597z7.
These errors were considered acceptable for the purposes of this work.  Equality of
heads in the angular direction was assumed, so no additional nodes in the angular
direction were required.

The initial scenario cramined in this series of simulations (see Table 11.8.1 for
details of all examined scenarios) consisted of an isotropic aquifer of material A in
the center of which is located a single isotropic layer of material 8.  The purpose of
this  first  set  of  simulations  was  to  examine  how  layer  thickness  impacts  the
conductivity calculated from a slug test.   Seven different thiclmesses were used for
the 8 layer, which, in all cases, was symmetrically located about the center of the
aquifer (total thickness of 50 meters).  Note that a test interval of four meters was
assumed.

Figure 11.8.9 diaplays plots of conductivity versus depth to the top of the test
interval for each of the different thicknesses of layer 8.  An inportant point to note
is that even when the test interval lies completely within layer 8, the calculated
conductivity may underestimate the layer conductivity as a result of the influence of
the lower conductivity material adjoining layer 8.  Only in very thick layers (i.e. layer
thicknesses of 20 and 30 meters)  is the influence of adjacent material negligible.
Note that conductivities calculated for intervals in which layer 8 was thinner than the
slugged interval (layer thicknesses 1 and 2) underestimated layer conductivity as a
result of the vertical averaging discussed previously.

The results depicted in Figure 11.8.9 were determined for the ideal case in
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whieh formation layering extends to the well screen.   Often, hovever, well drilling
and development creates a near-well zone (well skin) of properties differing from
those  of the  formation  in  which  the  well  is  screened.    If the  well  sldn  is  less

permeable than  the formation,  the  vertical  flow out of the  test  interval  will  be
suppressed  as  shown  by  MCElwee  et  al.  (1990).     In  addition,  the  calculated
conductivity will be a function of both skin conductivity and formation conductivity.
As discussed in subsection II.D, this function is heavily weishted towards the skin
conductivity when a low conductivity skin exists and the Hvorslev model is used for
the data analysis.   Thus, a low conductivity skin can cause the magnitude of the
vertical variations in conductivity to be underestimated.

A well skin may be of higher permeability than the formation as a result of
voids forming along the well screen during well emplacement or of well development
activities.  A higiv conductivity skin can serve as a conduit for additional vertical flow.
A second set of simulations was run using a configuration similar to that used in
Figure 11.8.9 cacapt that a well skin of .11 in in radius with a conductivity of 5xl04
in/see was added to the system.   The skin was assumed isotropic and to have the
same specific storage as the formation as a whole.  Figure 11.8.10 displays the results
of this series of simulations for five of the seven layering schemes examined in Figure
11.8.9.   Note that in all cases the existence of a hick conductivity skin causes the
calculated conductivities to increase as a result of the increased vertical flow.  The
increase is greatest for the thicker layers since the vertical flow moving along the well
skin will be in contact with the higher conductivity layer for a longer time.  Thus, the
spread between the conductivities calculated for the different layers increases with
the addition of a high pemeability well skin.  An additional set of simulations was

performed  to  examine  the  effect  of  increasing  skin  conductivity  an  order  of
magnitude  to  5xl0-3  in/see.     Althougiv  not  shown  here,  the  results  of  these
simulations  indicate  that  the  calculated  conductivities continue  to  increase  in  a
manner similar to the pattern shown in Figure 11.8.10.

Two additional series of simulations were performed in configurations similar
to that  employed  in  Figure  11.8.9  in  order to  examine  the  effects  of fomation
anisotropy  and  a  lower  specific  storage.    The  addition  of  anisotropy  (vertical
conductivity lower than  horizontal  conductivity)  into the  configuration produced
results similar to those described previously, i.e. vertical flow was suppressed causing
a decrease in the calculated conductivity.  In addition, the suppression of vertical flow
caused the influence of adjoining lower conductivity layers to be diminished, resulting
in the layer 8 conductivities calculated for the different layering configurations to be
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more similar.   The analyses described in this paragraph were perfomed assuming
isotropic layers.  This is a reasonable assumption since in mcrst situations one will not
lmow what degree of anisotropy is appropriate.  As discussed earlier, the anisotropy
ratio and the horizontal conductivity are perfectly correlated in the Hvorslev model.
Thus,  uncertainty  will  be  introduced  into  the  parameter  estimates  due  to  the
uncertainty concerning anisotropy.

Unlike the anisotropic case, a lover specific storage resulted in the pressure
disturbance induced by the slug test to spread out more rapidly in all directions,
causing the influence of adjoining lower conductivity layers to be increased.   The
increased  influence of adjoining lower conductivity layers produced considerably
lower values for the calculated layer 8 conductivities.  Thus, the specific storage can
have a considerable influence on the calculated conductivity in layered systems.  This
is in contrast to the work of MCElwee et al. (1989) for slug tests in homogeneous
systems,  which  showed  that  specific  storage  had  relatively  little  influence  on
conductivity estimates obtained from heads at the slugged well in a homogeneous
aquifer.

An important objective of this theoretical analysis was to assess under what
conditions vertical variations in conductivity will be suppressed or completely hidden
during multilevel slug tests.  As discussed earlier, the existence of a low conductivity
skin can cause the effect of layering to be suppressed.  A large number of additional
simulations were performed to better assess the  conditions under which  vertical
variations may be suppressed.  Results from a small subset of these simulations are
described here (see Table 11.8.1 for a description of all the scenarios examined here
and Table 11.8.2 for a summary of results from the simulations described below).

It was shown previously that fully penetrating slug tests in a layered aquifer
will wield a hydraulic conductivity that is a thickness-weighted average of the layer
conductivities.  No indication of layering will be evident from the head response at
the slugged well.  An obvious question of importance for multilevel slug tests is how
much will layering be suppressed when the screen lengrh is larger than the average
layer thiclmess.  Figure 11.8.11 displays the results of a series of simulations of slug
tests in a layered aquifer consisting of alternating layers of A and 8.   Each layer is
25 in. in thiclmess.  The screen length used in the simulation is 5.0 in.  As shown in
Figure 11.8.11, the vertical variations in conductivity are strongly suppressed in this
case.  The difference between the calculated layer conductivities is 11% of the actual
difference.   The results shown in Figure 11.8.11  are for the ideal case of periodic
variations with the screen extending over one complete cycle of variations.
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Additional simulations indicate that the  actual  degree of suppression  of vertical
variations will depend on the screen length, the pattern of the variations, and the
aqu ratio.  MCElwee et al. (1990) describe how a decrease in aspect ratio (screen
length/rw)promctespartialpenetrationeifects,i.e.verticalflowouteitherendofthe
well screen.   These authors show that for the well radius used in this simulation,

partial penetration effects should be rather small for screens greater than about 5
meters in length, a result that is in agreement with Figure 11.8.11.  Even when partial

penetration effects are greater, however, relatively little information about vertical
variations in conductivity can be gained when the screen length is several times larger
than layer thiclmess.  Thus, if one is interested in characterizing the detailed nature
of the conductivity variations in a formation with multilevel slug tests, the screen
length must be on the order of the layer thickness or less.

Even when the screen length is on the order of the layer thicknces or less,
there is still the possibility that other effects could serve to dampen the variations
observed through  multilevel  slug tests.   A very extensive  set of simulations was

performed to assess whether layer thickness and/or a low or high conductivity skin
would serve to dampen the conductivity variations.

Figure 11.8.12 displays results for a series of multilevel slug tests performed
using a 25 in. screen in a layered aquifer consisting of alternating layers (each 25
in. in thiclmess) of A and 8.  Note that the calculated conductivity for layer 8 is lees
than the actual conductivity due to the suppression of vertical flow by the adjoining
layers of material A in a manner similar to that seen in Figure 11.8.9.  This results
in the conductivity variations being somewhat dampened (difference between the
calculated layer conductivities is 86% of the actual conductivity difference).  Figure
11.8.13 displays analogous results for the case of layers of .15 in. in thickness and a
screen  of .15 in. in length.  In this case, the effect of the adjoining lower conductivity
layers is even greater (calculated conductivity difference is 46% of actual) as a result
of the greater proportion of vertical flow that occurs as the aspect ratio decreases.
Note that althougiv the addition of anisotropy (Kr > K) to this configuration does
serve to decrease vertical flow, further simulations indicate that this actually results
in  the  conductivity  variations  being  further  suppressed  because  the  calculated
conductivities for the higiv permeability layers decrease more than the conductivities
calculated for the low permeability layers.

Earlier  it  was  stated  without  supporting  simulation  results  that  a  low

pemeability skin can cause the magnitude of the vertical variations in conductivity
to be suppressed.  A series of simulations was performed to get an understanding of
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the degree of suppression that occurs with a low permeability skin (cases 6C and 7F
of Tat)le 11.8.1).  Table 11.8.2 summarizes the results of these simulations.  In both
cases,  the  suppression  of the  vertical  variations  is  almost  complete  (calculated
conductivity difference is 2.9% and 1.7%, respectively, of actual).  In addition to the
shrinking of the range, the calculated conductivities are much lover than under the
noukin condition as a result of the heavy weighting of the low permeability skin in
the   parameter   estimates   (see   subsection   II.D).      Note   that   the   calculated
conductivities are considerably lover in case 7F as result of the greater influence of
vertical  flow with  smaller  aspect  ratios.    In  this  case,  the  vertical  flow  is  being
suppressed producing lower calculated conductivities.

Although the simulation results diaplaysd in Figure 11.8.10 do not indicate that
vertical  variations  in  conductivity  are  dampened  by  the  existence  of  a  high
conductivity skin, a further series of simulations was performed to assess the role of
a  high  permeability  skin  in  the  configurations  employed  in  Figures  11.8.12  and
11.8.13.  Figure 11.8.14 displays the results of simulations in which a high conductivity
skin (K= 1xl0-3 in/sec) of .11 in. in radius is added to the configuration employed in
Figure 11.8.12.  As in Figure 11.8.10, the addition of a highly conductive skin causes
an increase in the calculated conductivities.  In this case, the difference between the
conductivities calculated for the  two  layers  is slightly larger than the  difference
calculated for the no skin case.  As layer thiclmess decreases, however, the effect of
a high conductivity skin changes.   Figure 11.8.15 displays the results of simulations
in which the same higiv conductivity skin is added to the configuration employed in
Figure  11.8.13.    In this case, the  layers  are thin  enough  that when  the screen  is
opposite a layer of material A, substantial amounts of water flow vertically along the
well skin and into the layers of material 8.   This results in a great increase in the
conductivity calculated  for  layers of material A and  a  dramatic  decrease  in  the
calculated difference between layer conductivities (caloulated difference is 20% of
actual difference).   Thus, a highly conductive skin in an aquifer consisting of thin
layers  can  cause  multilevel  slug  tests  to  be  of  rather  limited  effectiveness  in
describing the vertical variations in hydraulic conductivity.

Given that a highly conductive skin can limit the effectiveness of multilevel
slug tests, a series of additional simulations was performed in order to assess if well-
construction measures could be taken to reduce the effect of a conductive skin.  One

possibility suitable to wells where the sand pack is the high conductivity skin would
be to place very thin layers (1-2 cm) of low conductivity material (e.g., bentonite

pellets) in the sand pack at relatively frequent intervals.   These layers would serve
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to decrease the vertical movement of water in the sand pack but would have very
little impact on the horizontal movement of water.  This scheme was evaluated here
by simulating slug tests in wells with high conductivity skins in which an anisotropy
in conductivity was assumed for the skin.   Figure 11.8.16 presents the results of a
series  of  sinulations  in  which  anisotropy  ratios  (Kh/Kv)  of  1,  2,  and  10  were
employed (Kh remaining constant, Kv decreasing).  As shown in the figure, increases
in the anisotropy ratio cause the range of the calculated conductivities to increase
and the estimated values to decrease towards the no skin case.  Thus, these results
indicate that if a well is to be used for multilevel slug tests, periodic thin layers of
low conductivity material in the sand pack would be useful in mitigating the effect
of a higiv conductivity skin.   Unfortunately, in uncased wells in consolidated rack,
such an approach would not be possible making it difricult to remove the effect of
a high conductivity skin (e.g., near-well zone of drilling-induced fractures)  in such
situations.

All of the simulations described above were performed assuming either that
the packers were quite  long (greater than 2 meters)  or that the well was cased
everywhere in the unit cacept at the test interval (infinite packer).  This was done in
order to remove any effects due to the circumvention of the packers from the results.
However, in field applications of multilevel slug tests, packer circumvention is a very
real concern.   Thus, a series of additional simulations was performed in order to
assess the effect of packer length on multilevel slug tests.   In the 3DFDTC model
used in this work, packers are simulated as no-flow boundaries in the well bore, so
there is no restriction on the length of the modelled packer.   Four configurations
were employed in this analysis (Cases 8a-8d of Table 11.8.1) in order to allow the
effects of packer length to be evaluated in homogeneous and layered situations, both
with and without a higiv conductivity skin.  Figure 11.8.17 presents the results of this
series of simulations in the fom of a plot of packer length versus the difference
between  the  estimated  conductivity using  a  packer  of  a  certain  length  and  the
estimated conductivity using an infinite packer nomalized by the infinite packer
estimate.  Note that a dramatic decrease in this difference is seen in all cases with
an increase in packer length.  This plot also indicates that a highly conductive skin
will cracerbate packer circumvention problems.  In all cases, however, these results
demonstrate that the relationships derived in this work are essentially the same as
would be obtained using a packer of .75-1j meters in length, which is the length
range of many commercially available packers.  Note, however, that these results are
dependent on the thickness of the high conductivity skin.  In cases where very thick
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skins  are suspected,  longer packers or  a  number of packers  in series should be
employed.

As stated earlier, the Hvorslev model was employed to calculate Kr values
from sinulated slug-test data.  One final issue to be addressed is that of the quality
of the fits of the Hvorslev model to the simulated data.   Figure 11.8.18 diaplays a

typical plot from the last series of simulations reported on here.  As shown in the
figure, the Hvorslev model provides a relatively good fit to the simulated data.  This
fit was characteristic of all the cases examined here.

The results discussed in this section are taken from a subset of the simulations

performed for this project.   Tables 11.8.1  and 11.8.2 summarize  all the scenarios
acamined in this work.

St-ry
The results of this modeling investigation of the viability of slug tests for the

purpose of describing vertical variations in hydraulic conductivity can be summarized
as follows:

1) Slug tests perfomed in a screened interval that passes through the entire
aquifer will wield a thickness weighted average of layer conductivities.  The rcaponse
at the slugged well will show no indication of laysring.   Observation wells must be
emplo)red if fully penetrating slug tests are going to provide any information about
vertical variations in hydraulic conductivity,

2) In multilevel slug tests, when the screen length is considerably greater than
the layer thickness and the aspect ratio (screen length/rw) is large, a slug test will

yield an approximate thiclmess weighted average of the layers intersecting the screen.
As the aspect ratio decreases, the properties of layers outside of the screened interval
will influence the calculated conductivity as a result of the increased vertical flow;

3) Analysis of multilevel slug-test data with the CBP model (Cooper et al.,
1967) can lead to a considerable overestimation of the radial hydraulic conductivity
and also produces a systematic lack of fit between predicted and observed responses;

4) The model of Hvorslev (1951) appears to be the best present approach for
analyzing  multilevel  slug-test  data.     This  approach  provides  more  reasonable
estimates and a much better fit than the CBP model;

5)   Even  when  the  screened  interval  is   less  than  the  layer  thickness,
considerable error can be introduced into the description of vertical variations in
hydraulic conductivity as a result of the influence of layers adjoining the tested layer.
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The magnitude of the influence of the adjoining layers will depend on the layer
conductivities, the specific storage  and  anisotropy ratio  of the tested  layer, skin
conductivity, and the aspect ratio;

6) A low conductivity skin will make it difficult to describe vertical variations
in hydraulic conductivity because the conductivity calculated from the slug-test data
will be strongly influenced by the conductivity of the sldn;

7) A higiv conductivity skin will make it difricult to describe vertical variations
in hydraulic conductivity when the screened interval and the layer thiclmess are both
small.  In this case, a large amount of vertical flow can occur along the skin, making
it difricult to detect the existence of layers of low conductivity.  Emplacing thin low
conductivity layers in the sand pack can decrease vertical flow and allow a more
accurate description of the conductivity variations;

8) Experimental simulations showed that packer circumvention should not be
a major problem when  packers  of .75  meters  or  longer  are  employed.    Packer
circumvention is of greatest concern in the case of a thick, high pemeability skin.
Vertical flow can be suppressed by placing thin low conductivity layers in the sand

pack.

In summary, multilevel slug tests can provide considerable information about
vertical variations in lydraulic conductivity under the rigivt conditions.   The best
conditions would be thick layers using test intervals considerably smaller than the
layer thiclmess.    However,  even  in  these  conditions, well  skins  can  dramatically
decrease  the  effectiveness  of  the  approach.    Attention  must  be  given  to  well
construction and development in order to minimize the impact of a well skin on
multilevel slug tests.

Note that the results discussed in this subsection were based on a series of
simulations  performed  in  perfectly stratified  aquifers,  i.e.  Iayering  is  continuous
througivout the entire model domain.  Many aquifers, however, consist of a series of
discontinuous  layers.     Further  work  is  required  to  assess  the  effect  of  layer
discontinuity on the results described here.
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Tal]le 11.8.1 - Summary of layered-aquifer slug-test scenarios.

Scenario Ks KH/Kv rl 11 + Note
(10-in/s) (in) (in) (in)

1 - 1 - 4 1* 1*

IA 05 1 0.11 4 1A* 1A*

18 5 1 0.11 4 18, 18,

1C - 1 - 4 1C* 1C,

2 - 1 - 5 25 2*

2A - 1 - 0.6 OcO 2,

28 - 1 - 75 25 2,

2C 3.75 25 2,

2D OcO 0.15 2,

3 - 1 - 25 25 2*

3A 1 1 0.11 25 25 2t

38 - 2 - 25 25 2t

4 - 1 - 125 25 2*

4A 1 1 0.11 125 25 2.
48 - 2 - 1J25 25 2,

4C 1 1 0.11 125 25 2*

4D - 1 - 125 25 2,3,

5 - 1 - 1J25 125 2*

5A 1 1 0.11 125 1J25 2*

6 - 1 - 03 03 2.
6A 1 1 0.11 03 03 2,

68 1 1 022 03 03 2,

6C 0.01 1 0.11 OcO OcO 2,

7 - 1 - 0.15 0.15 2t

7A 1 1 0.11 0.15 0.15 2*

7B - 2 - 0.15 0.15 2*

7C - 10 - 0.15 0.15 2*

7D 1 1 0.11 0.15 0.15 2,,4,
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7E 1 1 0.11 0.15 0.15 2,5,

7F 0.01 1 0.11 0.15 0.15 2,

8A - 1 - 0.15 - 6,

88 - 1 - 0.15 0.15 2,

8C 1 1 0.11 0.15 - 6,

8D 1 1 0.11 0.15 0.15 2,

Note:     Speciric storage is 1 x 10-5 in-1 if not pecified otherwise.  K^ =  2 x 10-5 in/s and KB  = 2 x 10J

L*:      ##°Ly¥rsseoTB¥=t:a=;dLuscffiik=u]tenth8ethc&ft:r¥:#:r+;hsys:#ti¥n=performed
for 8 hyers of 1, 2, 4, 6, 10, 20, and 30 in in thickness.

1A*:       Scenario salnc as 1 with sldn.
18*:       Scenario same as 1 with higiver pemcability stdn.
1C.:       Scenario same as 1 with lower apeciric storage (1 x 10-7 in.1).
2*:         Alternating layers of A and B.
3*:          Initial Head is 10 in.

:;:    S¥tl=:i¥{o¥¥°ds unit with pxprdes of hysr B.
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Scenario
Computed difference between % of actual range
layer conductivities (10J in/s) (actual range =

1£ x 10J in/s)

2 iL3o8-1.106  I  Ore 1122

2A 1.1560.914  =  0242 13.44

28 1.492UjB9  =  0.603 33.48

2C 13320.925 =  0.407 22.61

3 1.7830244 =  1j39 85cO

3A 2.1130538 I  1575 87jo

38 1.6950259  =  1.436 79.78

4 1JB70244 =  1.613 89.63

4A 22960510 =  1.786 9922

48 1.727i]2i9 = lee 83Jr7

4C 3.122-lee =  1.913 10630

4D 1J3570244  =  1.613 89.63

5 ird27028O =  1347 74&
• 2OuO.648 =  1358 75.44

6 1cO10258 = 1"3 5794

6A 2.106-1346  =  0.7cO 4222

68 3531-3.172  =  0359 19.94

6C 02320.180  =  0.052 289

7 1.0770245 = 0&2 4622

7A 2240-law = OLas 19.61

78 0.952un2 I 0.750 41.67

7C 0.74io.135 = Oee 33.67

7D ijm-iso = 0.469 26.06

7E 1.4510.667  =  0.784 43J54

7F 0.1650.135  =  One 1.67

Table  11.8.2  -  Summary  of  slug-test  simulations  in  configuration  consisting  of
alternating layers of A and 8.  Results are given in terms of the difference between
the computed conductivities for the two layers.  See Table 11.8.1 for description of
each scenario.
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Figure 11.8.1:  Effects of variable layering on fully-penetrating slug test results
at (A) the slugged well and (8) an observation well located at vertical node 13
and 3.7 meters radial distance from the slugged well.   Layering schemes are
shorn in Figure 11.8.2.
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low      high          low       high         low      high
K-Iayering   schemes

Figure 11.8.2:   Layering schemes employed for results shown in Figure 11.8.1.
Low and high hydraulic conductivities are those for the layered, anisotropic
aquifer.

I      anisotropic
a      isotropic

56

Figure 11.8.3:   Effects of slugged interval length in a uniform aquifer.   Slugged
interval is centered at vertical node 13 and its length increases symetrically up
to the full thickness of the aquifer (25 nodes).
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Figure 11.8.6: Observed (obs) and CBP best-fit heads at vertical nodes 7 and 12
of layered, anisotropic aquifer using (A) a three-node slugged interval and (8)
a one-node slugged interval.
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Figure 11.8.9.  Chnductivity versus depth plot for Scenario 1 of Table 11.8.1 (ly(B) =
thickness of layer 8)
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Figure 11.8.10.  Conductivity versus depth plot for Scenario lA of Table 11.8.1 (ly(B)
= thickness of layer 8)

43



2S.00

EE
E-

20.00
CL0I
515.cO0
IT0

uO ,o.co-0I
Ti 5.co
®a

0.00
a.OE+OcO `or"Kfrff I.OE-OOu

Figure 11.8.11.   Conductivity versus depth plot for Scenario 2 of Table 11.8.1
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Figure 11.8.12 - Conductivity versus depth plot for Scenario 3 of Table 11.8.1

44



25.cO-
E-

20.cO
CL0r-
SIS.OO
a,L0

U)
10.cO

E=0
Tl
ii s.co0a

0.00
a.OE+OOO `fyF"Kfrff 3.OE-OcO

Figure 11.8.13 - Conductivity versus depth plot for Scenario 7 of Table 11.8.1

Figure 11.8.14 - Conductivity versus depth plot for Scenario 3A of Table 11.8.1
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Figure 11.8.15 - Conductivity versus depth plot for Scenario 7A of Table 11.8.1

7A
Case

7D7E

Figure 11.8.16 - Plot depicting the range of calculated conductivities for the higiv

permeability  skin  case.     Cases  7A,  7D,  and  7E  diaplay  results  for  increasing
anisotropy within the skin (Kh > Kv).
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Figure 11.8.17 -Packer length versus normalized difference plot for Cases 8A-8D of
Table 11.8.1.
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Figure 11.8.18 -Plot showing the results of the Hvorslev analysis applied to simulated
test data from Scenario 7A
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c. SLUG TESTs VI" OBSERVATION wELrs
Introduction

The common methods for the analysis of slug-test data are based on analytical
solutions to a partial differential equation describing the flow of groundwater in
response to an instantaneous slug of water at a central well.   Cooper et al. (1967)
developed a rigorous solution for the case of the transient head response due to a
slug test in a fully penetrating well in a confined aquifer.   MCElwee et al. (1989)

perfomed  a sensitivity analysis of slug tests using the Cooper et  al. solution to
represent system behavior.  They showed how a slug test could be designed to wield
reasonably accurate  estinates  of the  aquifer  transmissivity through  appropriate
selection of the number and times of measurements.  As demonstrated in that work
and as also shown by Cooper et al. (1967), the head response at the central well
during a slug test is not very sensitive to the storage coefricient.   In this section, an
investigation of the radial dependence of the analytical solution of Cooper et al.

(1967) is undertaken.   The results of this investigation show that the use of one or
more observation wells (i.e. wells other than the central well at which the slug was
introduced) can vastly improve the parameter estimates, particularly the estimate of
the storage ccefricient.

Analytical Solution of Cooper et al. (1967)
The analytical solution of Cooper et al. (1967) can be written as

H(a,a,Ho,I/rs)  --3#-I
0

e-®u2/a
A(u)

F(u,a,I/rB)du   l±1.C.1|

F(u,a,I/rg)   =   [7o(u=)  [uyo(u)-2a[y±(u)]

-yo(u=)[u7o(u)-2¢7i(U)]];

A ( u)  = [ u/o ( u)  -2 0[7L ( u) ] 2 + [ LJyo ( u)  -2¢ yL ( u) ] 2 ;

P   =  TC/r3,.

Ji, Yi = Bessel functions of the first and second kind, respectively, of order i;
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a = ¥s,.

r8, rc = radius of the screen and casing, respectively;

Th = initial head diaplacement.

Equation (II.C.1) shows that slug-test responses can be expressed as a function of
four parameters: aE, a parameter related to screen and casing radii and the storage
coefficient; P , a dimensionless time involving transmissivity and the casing radius; Ho,
the initial head diaplacement; and r/r8, the distance to an observation well divided
by the  screen  radius.    In  the  following  discussion,  this  solution  is  emplo]red  to
examine the sensitivity of slug-test responses to model and aquifer parameters, with
an  emphasis  on the  dependence  of the  sensitivity coefficients on  the  r/r8  ratio.
Introductory material on sensitivity analysis can be found  in Appendix 8  of this
report.

Sensitivity to Ho
Figure II.C.1 depicts the sensitivity of slug-test responses to EL versus time for

observation wells located at various radial distances from the stressed well.   The
marimum sensitivity occurs at r=rs (Figures II.C.1  and II.C3) and decreases with
time and radial distance.  Figure II.C.1 shows that an observation well will respond
in time with a bellchaped curve whose marimum amplitude decays with distance
from the slugged well.  At 175rs, the maximum amplitude has fallen to about .01 EL
for a= 10-3 (see Figure II.C.2).  As clown in Figures II.C.2 and II.C.4, smaller values
of a[ will result  in  larger responses in apace  and time.   Figures  II.C3  and II.C.4
clearly show how the area of influence of a slug test apreads with time.

Sensitivity to 'Ihanrmissivity
Figures II.C5-8 illustrate the dependence of the sensitivity to transmissivity

on time, distance, and a[.   As shown by Figures II.Cj and II.C.6, the normalized
sensitivity has both positive and negative lobes cacept when observations from the
stressed well (r=r) are considered. Figures II.C.7 and II.C.8 chow that the sensitivity
decays rapidly with increasing r.  Figures II.C.6 and II.C.8 illustrate the dependence
on a.   The maximum amplitude of the sensitivity appears to vary inversely with aE

(Figure II.C.6), althouch this dependence is somewhat weakened at the central well
(Figure II.C.8). As noted previously, the smaller the value for a[, the greater the area
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of influence of the slug test.

Sensitivity to Storage
Figures II.C.9-12 illustrate the dependence of the sensitivity to storage on

time, distance, and a[.  The marimum sensitivity does not cx:cur at the central well,
but rather at a distance of about 5 screen radii from the central well for aE=10-3

(Figures II.C.9 and II.C.11).   Figure II.C.10 shous that, for a given radial lceation,
the maximum amplitude of the sensitivity is inversely proportional to a and occurs
at earlier times with smaller values of aE.  Figure II.C.11 shows that the normalked
sensitivity  plot   widens   and   decays  with   increasing   time.      The   dependence
relationships depicted in Figure II.C.12 again show that the signal propagates much
father from the well for smaller values of a.

Correlation of Sensitivity to Transmissivity and Storage
Figure II.C.13 depicts plots of the sensitivity coefficients for transmissivity and

storage for measurements taken at the stressed well.  Except for the large difference
in amplitudes, the curves are extremely similar.   This plot indicates that the head
measurements at the stressed well are much more sensitive to transmissivity than to
storage.  The limited sensitivity to storage that does exist is highly correlated with the
sensitivity to transmissivity.   Thus, the storage estimate obtained from a slug test
using data from the stressed well will be  unreliable because of the illtonditioned
nature of the sensitivity summation matrix (see Appendix 8).

Figure II.C.14 depicts plots of the sensitivity coefricients for transmissivity and
storage  for  measurements  taken  at  a well  located  at  ten  screen  radii  from  the
stressed well.  This figure chows that the sensitivity plots are similar in amplitude but
much different in shape when measurements from an observation well are used.  This

plot indicates that the correlation between transmissivity and storage is dramatically
reduced by using data from an observation well in a slug test.   The much  lower
correlation produces a much better conditioned sensitivity summation matrix, leading
to a more reliable estimate for the storage coefficient.

Thcoretical Einple
From previous permeameter analyses and long-term pumping tests, we have

obtained estimates for the average hydraulic properties at GEMS (K=91.29 in/day;
T=973.8 m2/day; S=.00063).  We can use these parameter estimates to simulate a
hypothetical slug test with observation wells at GEMS.  We assume that the stressed
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well  is  .102 in in diameter and that observation wells are  located  152 and 3.05
meters from the stressed well.   All wells are assumed to fully penetrate the 10.6
meter thick sand and gravel interval.   Measurements at the observation wells are
assumed to have been taken below packers isolating the screen from the open casing.
The simulated data are rounded to the nearest .03 meters and then analyzed using
SUPRPUMP,  a well-test  analysis  program  developed  at  the  Kansas  Gcolqgical
Survey (Bohling and MCElwee, 1992).  The results are given below for analyses using
three different data sets:  1)  data  from  the stressed well  only;  2)  data from  the
stressed well and one observation well; and 3) data from the stressed well and both
observation wells.

Data Set 1

Range of T

Range of S

(xl0-3)

Correlation

rms deviation

951.1-1070.1

.178-.722

.98

.026

Remarks          Trouble converging

Data set 2          Data set 3

965.8rty85.9            968 5L987.2

.616-.666              .609-.648

54

.026

.44

.025

Converged rapidly

Note that although the addition of the observation well data does not greatly

improve the model fit (root-meansquare (rms)  deviation ( /5Z  of Appendix 8)
changes  little),  the  width  of  the  parameter  ranges  and  the  magnitude  of  the
correlation are significantly decreased.  The decrease in the parameter correlation
results in the parameter estimation problem being much better behaved, which is
reflected in the rapid convergence of the leastisquares iterative procedure.  Note that
theparameterrangesarebasedonapprorimateconfidenceintervalscalculatedusing
the estimated standard error defined in Appendix 8.

Results From Slug Tests in the Dakota Aquifer
A program  of well  testing is being carried out by the Kansas  Geolngical

Survey as part of a regional study of the Dakota aquifer in Kansas.  At one site in
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Lincoln County, Kansas, two wells (.102 and .051 meters in diameter), screened over
similar intervals, are located 6.46 meters apart.  A series of slug tests was carried out
at this site to illustrate some of the concepts discussed in this section.  These tests
consisted of introducing a slug at the  larger of the two wells and measuring the
responses both at the stressed well and at the observation well.  Measurements from
the observation well were taken using a traneducer placed below a packer located

just above the top of the screen.  The packer enabled effects associated with wellbore
storage at the observation well to be kept very small.  Three different data sets were
used in the analysis of the test responses: 1) data from the stressed well only; 2) data
from the observation well only;  and 3) data from both the stressed well and the
observation well.  The results of these three analyses are

Data set 1          Data set 2          Data set 3

T (m2/day)              6.98                     8.07                    8.26

s                       .20 x io-3         51 x lot           52 x 104

Correlation             .99                     .27                     .49

ms Deviation         .0024                .0030                  .0040

Figure II.C.15 shows the field measurements and fitted model results for the
analysis using the third data set.  Althougiv the actual parameter values for this site
are not known, the results of the sensitivity analysis and the previous theoretical
example  indicate  that  the  parameters  from  the  second  and  third  data  sets  are

probably more representative of conditions at the site than the parameters from the
first data set.  Note that the dramatic decrease in correlation seen when data from
an observation well were employed would make the [A] matrix of equation (84)
much better conditioned.

The results of the theoretical and field examples clearly show that use of
observationwellscangreatlyimprovethereliabilityofparametersobtainedfromslug
tests.  Although it may not be practical to install observation wells solely for use in
a slug test, the density of pretldsting monitoring wells at many sites is such that this
technique can be readily employed.  Generally, the observation well must be fairly
close (less than ten meters) to the stressed well  in order that the signal can be
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discerned from background noise.   The storage coefficient must be quite small in
order to see the effects of the slug test at greater distances from the stressed well.
As described above, the observation well can be packed off in order to remove the
lagging  and  damping  of  the  signal  that  cx:curs  due  to  wellbore  storage  at  the
observation well.  If a packer is not employed, an analytical solution that incorporates
wellbore storage at the observation well must be employed in the data analysis (e.g.,
Novakouski, 1989).
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Figure n.C.1.
Voridtion  of  u'u  with  Time  For  Various  r/r.

101
iSM-ENsl'o°N-LEss '"E  ('8°ETA)

Figure II.C.2.
Variation   of  u'u  Wit-h  Time   For  Various  Alpha
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Figure n.C.3.
Varic)lion   of  u'H.  With-  Distance   For  Various  Times

DISTANCE   (r/rs)

Figure II.C.4.
Variation   of   u`t`  With .Distance   For  Various  Alpha

.40
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DISTANCE  (r/rs)
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Figure II.C.5.
Variation   of  u`T  With  Time  For  Various   r/r.
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Figure II.C.6.
Variation   of   u'T  With  Time   For  Various  Alpha
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Figure II.C.7.
Variation   of  u`T  With   Distance   For  Various  Times

Figure II.C.8.
Variation   of   u'T  With   Distance   For  Various  AlphQ

DISTANCE   (r/rs)
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Figure II.C.9.
Variation   of  u's  With  Time   For  Various   r/r.

10.1°-iiMdENsi'o°N-LEss 'T|ME   d°ETA)

Figure n.C.10.
variation   of   u's  With  Tirr,e  .For  Various   Alpha

10 -i8ri`ENs,iooN-LEss i"E  tiBOETA,
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Figure II.C.11
Variation   of  u's  With.Distance   For  VQriou§  times
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Figure  II.C.12.
Vciriation   of   u's   With   Distance   For  Vcirious  Alpha

DISTANCE   (r/rs)
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Figure II.C.13
Comparison   of  Sensitivities  at  the  Screen   Radius

Fi.enrell.C.14.
Comparison   of  Sensitivities  ot   10  Screen   Radii
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Figure II.C.15
Dakota   Aquifer  Test.   Lincoln   County   Kansas

Ti!%e  (Seconds#°
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D. SLUG TESTS IN THE PRESENCE OF A lh7ELL SKIN
Introduction

Conventional methods for analysis of slug-test data are based on a series of
assumptions about the formation being tested.  One of the more inportant of these
assumptions is that the fomation is homngeneous in the vicinity of the stressed well.
In natural systems, however, there is often a near-well zone of disturbance (well skin)
created during well drilling or development activities that has differing properties
than the fomation as a whole.  The issue of how to analyze slug-test data from a
well with a skin is one of considerable importance.  In this section, an investigation
of various approaches for analyzing data from a slug test in a well with a skin is
undertaken.   The results of this investigation show that it may be very difficult to
accurately estimate formation properties from a slug test in the presence of a low

pemeability well skin.

Model for Slug Tests in the Presence of a Well Skin
Figure II.D.1 depicts the configuration of interest here.  A slug test is being

performed in a well that is screened for the full width of a perfectly confined aquifer
(b).  In the immediate vicinity of the well, there is a well skin of radius Rs.  The well
skin extends through the full thickness of the aquifer and has transmissive (Ti) and
storage (Si) properties that may be different from those of the aquifer (T2 and S2).
Note that the well may have a screen (rw) of different radius than the casing (rJ.
The change in water level due to the introduction of the slug is denoted by EL.

Moench and Hsieh (1985) have proposed a mathematical model to describe
head responses to  a slug test in this configuration.   The mathematical  model  is
defined by the following partial differential equations and auxiliary conditions:

Governing equations:

#+=¥=±#,rsRg          ,II.D.„

#+=¥=£#,r2Rg          ,==.D.„
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Initial conditions:

Boundary conditions:

Hi(I,o)   =  H2(I,o)   =  o,     I  >  ry

H1(rw,0)   --Ho

ttr3(#)I, =  (2ttTi¥)r,

Hi{Rs. tl   --H2(Rgl tl

TL(¥)A,=r2(#)A,

H2(co'  t)    =  0

(II.D.3)

(II.D.I)

(II.D.5)

(II.D.6)

(II.D.7)

(II.D.8)

Note that two conditions (equations (II.D.6) and (II.D.7)) are required in order to
ensure continuity of flow across the boundary between the well skin and the aquifer.

Equations  (II.D.1)-(II.D.8)  describe  the  flow  conditions  of  interest  here.
Moench and Hsieh (1985) present an analytical solution for the functions Hi and H2
that satisfy these conditions.  Their solution is used here to assess the sensitivity of
the head response to various model parameters.

Sensitivity to Ti and T2
Figures II.D.2 and II.D3 depict the sensitivity of head at the stressed well to

the transmissivity of the skin and the aquifer.   Figure II.D.2 chows the sensitivity
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coefficients (see Appendix 8 for an introduction to sensitivity coefficients) for the
case when the transmissivities of the sldn and aquifer are equal, while Figure II.D3
illustrates conditions when the skin transmissivity is an order of magnitude smaller
than that of the aquifer.  In both cases, the plots of the sensitivity coefficients for Ti
and T2 are very similar in crape, although the plot for T2 is slightly chifted towards
larger times.  Note that the maxinum amplitude of the sensitivity plots is inversely

proportional to the transmissivity.   The lower sensitivity for T2 diaplaysd in Figure
II.D3, coupled with the similarity in the shape of the two sensitivity plots (correlation
between the two sensitivity coefficients is large), indicates that it is going to be very
difficult to accurately estimate T2 using the measured heads.   The small sensitivity
to T2 and the large correlation with T) will result in the sensitivity summation matrix
being poorly conditioned and an unreliable T2 estimate (see Appendix 8).  Note that
at observation points other than the stressed well there is some difference in shape
between the sensitivity ccefficients for TL and T2.  The amplitude of the sensitivities,
however, decays rapidly, making it difficult to utilize these differences.   Also note
that the sensitivities displayed in Figures II.D.2 and II.D3 were computed assuming
a skin radius equal to ten times the well radius.  Although not shown here, the head
response at the slugged well is rather insensitive to the storage properties of both the
skin and the aquifer.   MCElwee et al. (1989) and Section II.C of this report discuss
the sensitivity of slug-test responses to the storage coefricient in more detail.   As
discussed in those reports, it is very difricult to obtain a reliable estimate of the
storage properties of a system using head measurements from the slugged well.

Effect of Valving the Skin Radius
FiguresII.D.4andII.D.5showhowslug-testresponseschangewithvariations

in the skin radius.  Regardless of the lcx:ation of the observation point, increasing the
skin radius shifts the head response curve to larger dimensionless times when Ti <
T2.   Figure II.D.4 shows the normalized head in the slugged well for various skin
radii, while Figure II.D.5 is a similar plot for an observation well located at loo well
radii away from the slugged well.   Note that the response in the observation well
declines with increasing skin radius for Ti < T2, as would be expected.

Correlation Between Ti and R.
Figure   II.D.6   depicts   sensitivity  of  head   at  the   stressed  well   to   the

transmissivity of the skin and to the skin radius.  Note that the sensitivity to the skin
radius is smaller than that to the skin transmissivity and of an opposite sign.   The
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shape of the t`ro sensitivity plots is very similar, however, so the absolute magnitude
of the correlation between the two sensitivity coefficients is very large.  As discussed
earlier, a  large correlation between two sensitivity coefricients can  make  it very
difficult to reliatly estimate one or both of these two parameters.   There may be
many pairs of values of TL and Rs that give equally good results.  In some instances,
the approrimate value of the skin radius may be known based on the diameter of the
hole created by the drilling equipment.  In such cases, the skin radius can be assumed
known and not estimated in the fitting process.

Analyzing a Slug Test at a Well with a Skin Using a Uniform Aquifer Mndel
Usually it is not known in advance whether the well being tested has a skin,

so slug-test data are normally initially analyzed using a model that assumes that the
aquifer is uniform.  A commonly used uniform aquifer model for slug tests is that of
Cooper et al. (1967) (henceforth designated the C-B-P model).  An important issue
to consider is the nature of the effective transmissivity estimated using this model
when a well skin is present.  Figure II.D.7 displays a plot of simulated data computed
using the Mcench and Hsich (1985) model and the best-fit curve to the data obtained
with the C-B-P model.   Note that the fitting was perfomed using SUPRPUMP, a
well-test analysis package developed at the Kansas Geological Survey (Bohling and
MCElwee,  1992).   This figure shows a systematic deviation between the simulated
data  and  the  model  fit  for the  case  of TL  <  T2.    This  deviation  consists  of the
simulated data lying above the C-B-P model curve at early times and below the C-B-
P model curve at late times.

The effective transmissivity calculated from the C-B-P model must be some
sort of average of the skin and aquifer transmissivities.   We have found that the
following  empirical  equation  can  provide  reasonable  estimates  of  the  effective
transmissivity from a C-B-P analysis:

1      _   rln(Rg/rv)=[
Te££         -             T1

where

Ln(I eft/ I w) -LrL(R a/ I w)

I off/ I w --  lc/ SA .5 ,  ±s.Cs;2. .,

rcff = effcutive radius of influence of the slug test;
C = empirical ccefricient;
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S  = storage ccefficient.

Although the effective parameter obtained from this equation is heavily weichted by
Ti, the lowest value of transmissivity (whether it is in the aquifer or the skin) will be
the dominant factor in determining the effective transmissivity. Note that the storage
ccefficient is assumed to be the same in the skin and the aquifer for this empirical
equation.  Also note that, as expected, the effective transmissivity is independent of
the height of the initial slug.

A series of slug-test simulations were run using the Moench and Hsieh (1985)
model and the simulated data were analyzed using the C-B-P model.  The effective
transmissivities estinated from the C-B-P model were then compared to the effective
transmissivities estimated from the empirical equation.  Table II.D.1 lists the results
of this cuercise.  Note that a constant storage coefficient of .001 was used in all of
the simulations and the head data were assumed to come from an observation well
100 well radii from the stressed well.  These results demonstrate the viability of the
empirical expression given in equation (II.D.9).

Analyzing a Slug Test at a Well with a Skin Using the Mcench and Hsieh Model
If there is a systematic deviation between the measured data from a slug test

and the best-fit CBP curve such as shown in Figure II.D.7, one possible explanation
would be the existence of a low permeability well skin.   The Mcench and Hsieh

(1985) model could be employed to analyze the test data in this situation.  However,
the  results  of  the  previously  discussed  sensitivity  analysis  indicate  that  there  is
considerable correlation between several of the parameters of this model.  Thus, it
is unclear how effective the model will be in estimating system parameters.

A theoretical investigation of the viability of the Mcxmch and Hsieh model for
the analysis of slug-test data was undertaken as part of this work.  A slug test in a
well with a low permeability skin was simulated with the Moench and Hsieh model
assuming four observation wells at varying distances from the stressed well (r/rw =
1,  25,  50,  100).    Fifty-  six  time  measurements  between  .01  and  loco.  units  of

dimensionless time (   P=T2C/r3  ) were simulated.   The data from all four wells

were analyzed simultancously with the Mcench and Hsieh model assuming that the
skin and aquifer transmissivities and the skin radius were unknown.  The analysis was

performed using the SUPRPUMP well-test analysis package (Bohling and MCElwee,
1992).   Table  II.D.2 displays the  result of the  analysis  and  additional  diagnastic
output from SUPRPuhff .   Note that the approximate 95% confidence intervals

66



indicate that TL  and T2 can be determined to within 40%, while the skin radius
estinate is very unreliable (a physically unrealistic negative skin radius arises from
the use of approrimate confidence intervals).   The underl)ing reasons for these
results are revealed by looking at the diagnestic output from SUPRPUMP diapla3nd
in Table II.D.2.  The sensitivity summation matrix indicates that the sinulated data
are much more sensitive to T) than the other parameters.  Note the large correlation
between Ti and Rs shown by the sensitivity correlation matrix.  The high degree of
correlation between these two parameters and the large difference in the sensitivity
of the simulated data to the model parameters results  in very broad confidence
intervals for the skin radius and a very large parameter correlation between the skin
transmissivity  and  the  skin  radius.    Note  that  the  correlation  between  the  t`ro
transmissivities is smaller than might have been expected from Figures II.D.2 and
II.D3 because of the use of data from observation points other than at the stressed
well.   Also  note that these  results are based  on simulated data that have been
truncated to the nearest .025 EL.  One would expect considerably worse results when
the  noise  that  will  be  found  in  actual  applications  is  added  to  the  tnincated
measurements employed here.

GEMS Field Application
Figures II.D.8 and II.D.9 display results of an analysis of a slug test performed

at a well at GEMS that was suapected of having a low permeability well skin.  Figure
II.D.8 depicts the results of an application of the C-B-P model to the measured data.
Note that there is a systematic deviation between the fitted model and the measured
data that is similar to that seen in the theoretical example.  Figure II.D.9 depicts the
results of an application of the Mcench and Hsieh model to the measured data.
Note that  althougiv the  fit  is  considerably better,  convergence of the  parameter
estimation procedure was very difricult to achieve.   The estimation procedure was
very sensitive to the number of parameters being fit and the initial values of these

parameters.   In many cases, convergence could not be achieved due to the poorly
conditioned sensitivity summation matrix.  The sensitivity of the measured data to Si
and  S2  was  very  low,  so  the  best  results  were  obtained  by  considering  these

parameters as known and setting them to reasonable values.    Since Rs was hichly
comelated with TL, it was considered known and set to .101 in, a value consistent with
the diameter of the hole that is created by drilling with auger fligivts of the she used
at GEMS.  Table II.D3 provides the results of the analysis and additional diagnestic
output from SUPRPUMP. Note that the estimated conductivities must be considered
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ratherapproximatebecauseofthepassibleerrorintroducedbyconsideringRsknown
when  the  data were  actually falrly sensitive  to  this  parameter.    Also  note  that
althoughthecorrelationbetweenthesensitivitycoefricientsforthet`roconductivities
is quite large, the magnitudes of the summed sensitivities are much closer than for
the examples illustrated in Figures II.D.2 and II.D3.  The primary reason for this is
that the estimate for the skin thickness used for GEMS well #04 is considerably
smaller than  that  used  in  the  previous examples.    It  is  of interest to  note  that
substitution of the parameters obtained with the Moench and Hsieh model into the
empirical equation (assuming C=2 because of the low permeability skin) produced
an effective transmissivity of .16 in/day, a value somewhat lower than the effective
transmissivity estimated by the C-B-P model (.40 in/day).   Given the uncertainty
associated  with  the  estimated  parameters  from  the  Mcench  and  Hsieh  model,
however,  the   agreement  betveen  the  two  effective   transmissivities  must  be
considered quite good.

This  field example  coupled with  the  results  of the  theoretical  simulation
indicate that it can be very difficult to estimate system paraneters using data from
a slug test performed at a well  with a skin.  Unless one has additional information
about the  skin  radius  or  the  skin  transmissivity,  the  parameters  may be  rather
unreliable.  One possible approach for getting a prior estimate of skin transmissivity
would be to initially analyze the data with the Hvorslev model (Hvorslev, 1951).  As
Butler et al. (1990) point out, the hydraulic conductivity estimated from the Hvorslev
technique will be very close to the conductivity of the skin due to the nature of the
assumptions incorporated in the Hvorslev model.  The skin conductivity could thus
be considered as known and set to the Hvorslev estimate.  One could then solve for
the sldn radius and aquifer transmissivity.  Although further work needs to be done
to fully assess this approach, it is of interest to note that a Hvorslev analysis of the
field data yielded a hydraulic conductivity of 36 in/day, a value quite similar to the
skin conductivity estimated by the Mcench and Hsieh model (34 in/day).
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Table II.D.1

Effective Thansmissivities in the Presence Of a Skin

T1 T2 Rs/rw TCBP C (emp.) Tcff

0.1 1.0 5 .205 2 .208

0.1 1.0 10 .155 2 .155

0.1 1.0 20 .126 2 .124

1.0 0.1 5 .175 1 .172

1.0 0.1 10 .260 1 .250

1.0 0.1 20 .456 1 .456
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TABLE n.D.2
SUPRPUMP OUTPUT

TTIREE PARAREThR FIT

The estimated root-mean-squared residual is    .2500E-01

The parameter values with approximate 95% confidence intervals are:
Parameter                                      Value               I.ower Bound

TRANSNIS S. OF AQUIFER                1.000                    . 6227
Upper Bound

1.377
TRANSMISS. OF SKIN                          .1000                      .5668E-01               .1433
SKIN RADIUS                                           10.00                    -1.459

For the following arrays:
Col-Row  1 represents TRANSMISSIVITY 0F AQUIFER (12)
Col-Row  2 represents TRANSNISSIVITY OF SRIN  (T1)
Col-Row  3 represents SKIN RADIUS a`s)

Raw crossproducts matrix of normalized sensitivities :
123

1                          .2357E-01         .8306E-01       -.3155E-01
2                         .8306E-01            1.093               -.4113
3                         -.3155E-01           -.4113                  .1566

The reciprocal condition number of the
sensitivity crossproducts mathx is     .1079E-02

Sensitivity conelation matrix :
1 2

.5174
1.000
-.9940

21.46

This matrix shows that
Tl has the highest
sensitivity by far.

3
-.5192
-.9940 ------- Very high correlation

1.OcO          between Tl and Rs.

Covariance marix of normalized parameter variations :
12

1                        .3630E-01             -.6035E-03               .5727E-02
2                     -.6035E-03                .47 87E-01              .1256
3                        .5727E-02                .1256                       .3349

Parameter conelation mathx:
123

1.000                    -.1448E-01              .5194E-01
-.1448E-01                 1.000                          .9918 -------- Very high conelation
.5194E-01                .9918                             1.000              between Tl and Rs.

70



TABIE II.D3
SupRpurm ouTpuT

GEMs in/EIL #04 ANALysls

The root mean squared residual is     3837E02

The parameter values with approximate 95% confidence intervals are:
Paranieter                             Value        IIower Bound    Upper Bound

HY. COND. OF AQUIFER       1.23              1.10
HY. COND. OF SKIN                034             030

For the following arrays:
Col-Row  1 represents IIY. COND. OF AQUIFER
Col-Row  2 represents HY. COND. OF SKIN

Raw crosaproducts matrix of normalized sensitivities:
12

1           3073           3013
2          3013           3644

The reciprocal condition number of the
sensitivity crossproducts matrix is     .4993EOI

Sensitivity correlation matrix:
12

1             1.000            .9003
2            .9003            1.000

Covariance matrix of normalized parameter variations:
12

1           .272iEfl2    -.225OEro2
2         -225OEii2     .2294Ero2

Parameter correlation matrix:
12

1             1.000           -.9003
2          -.9003            1.000
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Figure II.D.1. Schematic of a slug test in a well with a skin.

T1 = Klb T2 = K2b
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Figure II.D.2.
Van.ation  of  u'T  With  Tim;`ot  the  slugged  Well

Figure II.D.3.
Van.ation   of  u'T  With  Time  at  the  Slugged   Well
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Figure II.D.4.
Variation  of  Head  ln  Slugged  Well  mth  Skin  Radius

Figure n.D.5.
Van.ation   of   Head   in   Obs.   Well   with   Skin   Rcdiug  I
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Figure  II.D.6.
Compan.son   of  u'T,   and   u'ft  at  the   Slugged   Well

Figure  II.D.7.
fit  of  Well   Skin   Data  to  the   C-B-P   Mcldel
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Figure II.D.8.
Analysis  owitf nthtlu6.f#au'fiejdei!ug  Test

1000a.1                  1           tim`€   (see)'°°

a.cO

Figure H.D.9.
Analysis  of fanthAJtl#:ia±k?nquLf::cFlu9  Test

1            t:m`€   (see)'OO
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Ill. FIELD INVESTIGATIONs OF MULTILEVEL SLUG TEsrs

A KGS MULTluEVEL SLUG-TEST SYSTEM

In  1989, a slug-test system was developed at the KGS for the purpose of

performing  slug  tests  in  wells  of small  diameters  (.05  in  ID)  lceated  in  higivly
permeable alluvial units (MCElwee and Butler, 1989).  This equipment served as the
basis  of  a  multilevel  slug  test  system  that  is  being  developed  for  the  research
described in this report.  A prototype straddle-packer system for multilevel slug tests
has been constnicted at the KGS.   The prototype system consists of two packers

(each approEL .67 in in length when fully inflated) that are used to seal off the test
interval from the adjacent screen.   A section of .025 in ID PVC (SCH 40) pipe is
connected to the central flow-through pipe of the top packer of the pair.  A series
of sections of the .025 in ID PVC pipe runs to a third packer located above the top
of the screened interval.  This pipe allows the pressure pulse initiating a slug test to
be confined to the straddle-packer interval.   The central flow-through pipe of the
middle packer is closed off prior to testing.   A slug test is initiated by adding or
removing water to the casing above the third packer and then opening the central
flow-through pipe in the middle packer.  As with the original KGS slug-test system

(MCElwee  and  Butler,  1989),  the  central  flow-througiv  pipe  is  opened  by  the
mechanical lovering of a plug attached to pump rods.   Note that other initiation
mcchanisms,  such  as  via  pneumatic  means  (e.g.,  Orient  et  al.,  1987)  or  water
displacement using a solid object of a known volume, could also be employed with
this system.    Although the test interval can be up to several meters in length, it
cannot be less than .29 in in the present configuration.

After the completion of testing at one level, the packers are deflated and the
string of packers and pipes is moved until the straddle-packer interval is opposite the
nCict zone to be tested.  The string can be moved until the top of the third packer is
raised above the static water level or lowered below the top of the screen.  At that

point, a section of PVC pipe must be either removed or added, respectively, to the
pipe string connecting the straddle packer to the top packer before testing can be
continued.  In this manner, a series of multilevel slug tests can be readily perfomed
across the entire screened interval of a well in a relatively short period of time.  At
shallow depths the string of packers and pipes can be lifted manually, while at dearer
depths a special tripod and winch arrangement that was constructed during the first

year of this project is employed.   Note that the packers used in this system were
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designed and constructed at the KGS.  Ctommercially available packers for use in .05
in ID wells have central flow-through pipes that are .0125 in ID or smaller.  Packers
with larger flow-througiv pipes (.025 in and .019 in) were designed in an effort to
ensure that the parameters estimated from the response data would be reflective of
properties in the aquifer, and not the diameter of the flow-through pipe.

As stated above, slug tests are initiated by adding or removing water from the
cased section of the well above the third packer.  In all cases, pressure traneducers
(PS70cO and PS9un series, Instrumentation Northwest, Inc.) placed above the third
packer are employed to monitor water-level responses in the slugged well.  During
the field season, the transducers are calibrated in the laboratory on a monthly to
bimonthly  basis  using  the  equipment  described  in  subsection  IV.B.     Between
laboratory calibrations, transducer functioning is checked in the field by measuring
the height of the column of water above the transducer using an electric tape (Model
101 flat tape water meter, Solinst Canada Ltd.).  The transducers are connected to
one of two types of data acquisition devices: a datalogger (21X datalogger, Campbell
Scientific, Inc.), or a data acquisition card (PC/IEEE 488 General Purpose Interface
Board, Iotech, Inc.).   Note that the data-acquisition card has been placed in the
expansion chassis of a 20 MHZ laptop computer O`TBA 386 SX, Chaplet Systems
USA, Inc.).

In the following subsection, the use of this equipment in an initial series of
multilevel slug tests at GEMS is described.

78



8. MUIJHIEVEL SLUG TESTS AT GEMS

Multilevel Tests at GEIVIS 2-5
The prototype KGS multilevel slug-test system was employed in a series of

multilevel slug tests at GEMS.  GEMS well 2-5 (depth = 20.67 in, screen length =
9.14 in), which is screened essentially througiv the entire sand and gravel section at
the site, was used for these tests.  An initial series of tests was run in which the slug
consisted of the volume of water required to raise water levels 3.07 meters in the
cased section of the well (IJo=3.07 in).   As shown in Figure Ill.8.1, the slug-test
responses measured at the different depths were very similar. Note that Table Ill.8.1
lists the depths corresponding to each test interval.   Although the variation in the
hydraulic conductivity values calculated from the core samples taken from a nearby
well (GEMS 216) at these sanie depths was not large (Butler et al., 1991), greater
variation in the conductivity estimated from the slug tests was expected.  Therefore,
the decision was made to repeat the series of slug tests using Ho's of different
magnitudes to see if greater discrimination between test zones would be possible
using a different Ho.  Figure Ill.8.2 shows a plot for slug tests over the same intervals
as Figure Ill.8.1  using a EL of approximately 1.65  in.   A comparison of the two
figures shows that, although there is little difference between tests using the same Th
there is a considerable difference between tests using different Th I s.   Normalized

plots of the slug-test responses from a series of tests in the third test interval using
differing EL ' s are presented in Figure Ill.83.  Note the dramatic dependence of the
slug-test responses on magnitude of EL.  Dependence relationships of this form were
seen in all the tested intervals.  Table Ill.8.1 summarizes the parameters calculated
from the slug-test responses for a subset of the tested intervals.   In all cases, the
higher  the  Ho,  the  lower  the  calculated  conductivity.    The  inverse  relationship
between the magnitude of EL and the calculated conductivity does not appear to
require a threshold value for Ho.  Experiments have shown that differences in EL as
small  as  .03  meters  will  still  produce  conductivity  differences  in  the  direction

predicted from this relationship.  Thus, the small difference in EL that edsts between
the slug tests clown on Figure Ill.8.1 or Figure Ill.8.2 could largely cxplain the
differences displayed on those plots.   Note that when special  care was taken to
ensure that the same volume was used for the slug in repeat tests at a given interval,
the plots of the responses for the repeat tests coincided.

It  is  important  to  note  that  the  thcory  from  which  the  conventional
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methodology used for slug-test analysis  (e.g., the  CBP  or Hvorslev models)  was
developed holds that the slug-test responses should be independent of Ho.  In other
wordb plots of slug-test responses from tests using differing Ho ' s normalked by the

EL used in each test should coincide.  Clearly, the multilevel slug tests at GEMS are
being affected by processes not considered in the standard theory.   It is doubtful,
hovever, that these additional processes are solely responsible for the smaller than
expected variation seen in the vertical.  Based on the simulation results deschbed in
subsection 11.8, we suspect that the small variation with depth is a result of a high

pemeability skin that formed during well installation.  In the future, we will attempt
to decrease the vertical pemeability of this well skin using thin layers of bentonite

pellets as described in subsection 11.8.
The dependence of slug-test responses on EL was not the only anomalous

behavior observed during the multilevel slug testing at GEMS.   Figures Ill.8.1  -
Ill.83  are plots  of slug-test responses presented  in  the  fomat of the  Hvorslev
method (log head versus arithmetic time).  Note the concave downward form of the
curves.  Conventional theory dictates that these plots should be concave upward or
straight lines (Chirlin,  1989; MCElwee et al.,  1990).   Nothing in the conventional
thcory would allow for concave downward plots.   Additional  indications that the
multilevel slug tests at GEMS are being affected by processes not considered in the
standard thcory are seen in Figures Ill.8.4 and Ill.85, where the slug-test data are
fitted using conventional approaches (CBP and Hvorslev techniques). The systematic
deviation  displayed  on  these  plots  between  the  fitted  model  and  the  data  are
characteristic of the behavior observed in every multilevel slug test performed in
GEMS well 2-5.

Clearly, the processes that are producing these anomalous responses need to
be explained before much useful information can be obtained from multilevel slug
tests at GEMS.   The decision was made to suspend multilevel slug testing and to
concentrate on trying to explain the observed behavior.  The objective of the work
in  the  first  year  of this project  thus  shifted  to  the  definition  of the  underlying
mechanisms  causing  the  anomalous  behavior  and  the   incorporation  of  these
mcchanisms into a general theory that can be the basis of new techniques for slug-
test  analysis.    In  the  following  pages,  a  series  of field  experiments,  which  were

performed in  an attempt to define the relevant processes, are described.   These
experiments led to the development of nonlinear flow models that are described in
a later subsection.
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Field Experiments to Explain Anomalous Behavior

A series  of field  experinents was  designed to  asses  the  role  of several

possible factors in explaining the observed behavior.  Factors that could be causing
the observed behavior include the following:   1) Frictional flow losses - these could
occur in the cased rerion of the well above the top packer, within the PVC pipe
connecting the straddle packer to the top packer, within the packer flow-througiv

pipes, and within the well screen; 2) Non-Darcian flow within the aquifer in the
vicinity of the well screen; 3) Aquifer heterogeneities; and 4) Measured pressure not
reflective  of  water  level  position  -  the  transducers  used  in  the  field  tests  are
measuring pressure, which may not always equate to the position of the water level.

An extensive series of field experiments was designed to test the possibility of
frictional flow lasses in each of the components of the system listed above.  In order
to simplify the testing procedure, the multilevel slug-test system was not used for
these experiments.  Instead, all aperiments were carried out using a single packer
inflated  in  the  cased  region  of  a  well  with  a  short  screened  interval.     This
configuration allows for a long length of well casing between the top of the packer
and the static water level.

GEMS well 10-1 (depth =  17.25 in, screen length = .76 in) was selected for
the initial series of tests.  The packer was placed just above the screened region and
two transducers were placed in the well above the packer.   One transducer was

placed immediately above the packer (759 in below static water level) and one was
placed slightly below the static water level (.58 in below static water level).   Thus,
there was 7.01 in of casing separating the two transducers.   If there are significant
flow lasses within the casing, normalized plots of the data from the two transducers
should differ.  Figure Ill.8.6 displays data from two tests of this series: Test 1, which
employed an Ilo of 1.07 in, and Test 6, which employed an EL of 6.83 in.  Note that
on both plots the early-time data display pressure oscillations that are attributed to
the water hammer effects accompanying the opening of the flow-through pipe in the

packer.  In both plots, the transducer closest to the packer displays the largest early-
time pressure oscillation, consistent with a water hammer explanation Oamakian,
1963).   After the early-time pressure transients have passed, there  is little to no
difference between the normalized pressure measurements from the transducers.
Thus, frictional flow losses within the cased region of the well do not appear to be
an important mechanism for these tests.  Note that Figure Ill.8.6 clearly indicates
that the dependence of slug-test responses on EL is seen with the single packer setup.
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Note also that a Hvorslev plot of the tests of Figure Ill.8.6 will diaplay a marked
concave downward curvature.  Thus, the same behavior was Observed in the single

packer tests as in the multilevel packer tests.  This would imply that the PVC pipe
employed  in the  multilevel  system  is  not primarily responsible  for the observed
behavior.

The nact series of field tests was designed to assess whether frictional tosses
within the flow-throuch pipe of the packer could be an explanation for the observed
behavior.  In order to test the importance of this mechanism, a transducer must be

placed  below  the   packer   and   isolated   from   the   region   above   the   packer.
Unfortunately,  there  is  not  enough  room  in  a  .05  in  ID  well  to  place  such  a
transducer-packer arrangement.   Therefore, work was shifted to GEMS well 06
(depth = 24.69 in, screen length =  1.52 in, radius = .127 in), which is currently the
only  largerdiameter  observation  well  at  the  site.    Unfortunately,  GEMS  06  is
screened in the bedrock underlying the alluvial deposits, so the velocity of the slug-
test induced flows is considerably lower than in the wells sited in the sand and gravel
section of the alluvium.   Preliminary testing, however, did reveal that the slug-test
responses at this well displayed a similar dependence on Ho.   In addition, a slicht
downward curvature was seen on Hvorslev plots of tests when a very large EL (739
in)  was  employed.    Thus,  even  a  well  sited  in  material  of  lower  permeability
diapla]red much of the same anomalous behavior.

A simple transducer-packer alTangement was constructed at the KGS for this
set of experiments.  The transducer cable was run througiv the central flow-through

pipe of the packer until the bottom of the packer, a short distance above the lcx:ation
of the plug used to initiate the slug tests, at which point it was passed out of the flow-
throuch pipe at a T connection.  A compression fitting was placed on the cable at the
T connection to ensure that no water leaked into the flow-through pipe along the
transducer cable.  This setup enabled the transducer sensor to be placed below the

packer, isolated from the region above the packer.   A series of experiments was
perfomed in the field and laboratory to ensure a watertight seal was obtained with
the compression fitting and that the transducer was truly isolated from the cased
region above the packer.  Neither in these experiments nor in any of the following
tests was there any indication of leakage in this system.

Figure Ill.8.7 displays the head data from a test (Th  =  6.88 in) using the
transducer-packer alTangement.  The upper transducer is lceated above the packer,
.46 in below the static water level.  The lower traneducer is located below the packer,
11.88 in below the static water level (total distance between the tiro transducers is
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11.42  in).    The  plotted  data  show  that  there  are  differences  between  the  two
transduers in the early portions of the test.   These differences, however, bcome
negligible later in the test.   Some flow lasses do seem to occur within the packer
flow-througiv pipe, but, since the differences do not extend through the entire test,
they are probably not the primary reason for the observed anomalous behavior.  A
comparison of Figures Ill.8.6 and Ill.8.7 shows that recovery to the static water level
in the bedrcek well takes much longer than in the wells sited in the sand and gravel
section.  The velcx:ities in the flow-througiv pipe in the wells in the sand and gravel
section are clearly much greater than in the bedrcek well and thus the effctt of
frictional lasses in the flow-througiv pipe should be larger.   However, given that a
similar dependence on Th is observed in the bedrcek and alluvial wells, frictional
losses  in  the  flow-througiv  pipe  are  probably  still  not  the  primary  mechanism

producing the anomalous responses.
In order to further assess the possible role of the packer in the production of

the observed behavior, an additional series of experiments was run  in which the

packer arrangement was not employed.  Instead, PVC pipes (.06 in OD) of differing
lengths (1.cO and 3.10 in), which had been filled with sand and sealed at both ends,
were used to perform the slug tests.  A slug test was initiated by rapidly lowering a
PVC pipe below the static water  level, causing a rise  in water  levels.   Pipes of
different lengths cause the EL I s to be different (Th = 36 in for short pipe and = .69
in for large pipe).  Figure Ill.8.8 displays the results from t`ro tests of this series.  As
with tests using the packer, a dependence on EL is observed.  Thus, flow losses in the
central flow-througiv pipe in the packer do not appear to be the primary mechanism

producing the observed dependence on Ho.
Frictional  leases  in  the  well  screen  appear  to  be  a  likely source  of the

observed behavior.  Unfortunately, there is not an easy way of testing the importance
of this mechanism in the field.   An initial attempt at assessing the importance of
frictionallossesinthewellscreenwasmadeusingthetransducer-packerarrangemcnt
discussed earlier.  In this case, a piece of well screen (1.52 in in length) was screwed
on to the bottom end of the flow-through pipe.  The transducer situated below the

packer was located outside this section of screen.  The idea was to mount a piece of
screen whose slot size was smaller than that used in the well scrcfn at GEMS 0-6.
The screen with the smallest slot size should be the feature with the meet resistance
to flow in the system.  If frictional losses in this screen are important, measurements
from the traneducer located below the packer outside the mounted screen should
differ  from  the  measurements  from  transducers  above  the  packer.   A series  of
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experiments with screens of two different slot sizes were perfomed.  In all cases, the
responses were similar to thasc of Figure Ill.8.7.  There were no additional losses
of any significance.  We suspect, however, that this result may be more of a function
of experimental design (i.e. slot sizes of mounted screen are too large, slots of screen
in well  are  encrusted with  mud,  etc.),  so  further tests  are  planned both  in  the
laboratory and field in an attempt to better assess the importance of this mechanism.

Non-Darcian flow within the aquifer in the vicinity of the well screen is also
a likely source of the observed behavior.   During the first year of this project, no
field experiments were performed to assess the importance of this mechanism.  An

approrimate anal)itical model described in the sucoeeding subsection of this report,
however, demonstrates that non-Darcian flow can produce the behavior observed at
GEMS.  A series of laboratory experiments will be performed in the second year of
this project to cramine this behavior in more detail.

Aquifer heterogeneities could perhaps be invoked as an explanation of the
observed phenomenon.   However, simulations that were performed as part of the
theoretical  work  described   in  subsection   11.8   (scenario  4D   of  Table   11.8.1)
demonstrated that aquifer heterogeneities are not going to produce a dependence on

EL in perfectly stratified systems.  This result will apply to a system of discontinuous
layers as well.

Mast slug tests in moderate to hichly permeable media are performed using
submersible  pressure  transducers  to  record  changes  in  water  levels.     These
transducers are assumed to be measuring the static pressure exerted on the sensor
by the overlying column of water.  Actually, however, these sensors are measuring
both static and dynamic components of pressure.    If the dynamic  component of

pressure is significant, the measured pressures will not be reflective of actual water
levels.   Potentially, this effect could be contributing to the observed behavior at
GEMS.

A series  of experiments was performed  in  order to  assess  the  difference
between the pressure measured by the transducers and the actual water level in the
well.   GEMS well 06 was employed for this series of experiments because it is the
only largerdiameter well lceated at GEMS and the experimental setup required a .01
in ID well or larger.  These experiments used a single packer inflated above the well
screen.  A transducer was placed above the packer, several meters below the static
water  level.    An  ultrasonic  distance  transmitter  (LV401  non<ontact  ultrasonic
level/distance transmitter, Omega Engineering, Inc.), placed over the top of a .05 in
ID drop pipe held in position by chain vice grips, was used to provide an independent
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measurement of the position of the actual water level.  This transmitter measures the

position of the water level using the travel time of an ultrasonic signal reflecting off
the water surface.  A comparison of the ultrasound data and the prcesure transducer
data should reveal any errors arising from use of pressure transducers to record
changes in water levels.  Note that the ultrasonic transmitter was placed in a drap

pipe so that reflections off the pump rods used with the packer could be avoided.
Note  also  that  the  ultrasonic  transmitter  had  been  preset  at  the  factory  for
measurement in air at a temperature of 20.C.  Thus, immediately prior to performing
this series of slug tests, the ultrasonic transmitter was calibrated to reflect the air
temperature at the onset of the test period.  The manufacturer estimates that there
is an approrimate 1 percent shift in accuraey per 10.C deviation from 20®C.

Figure  Ill.8.9  displays plots  of the  ultrasound  and  transducer  data  (both
adjusted so that the static water level is the reference point) and their difference for
one of the slug tests performed in this series of experiments.  Note that nonnegligible
differences are displayed at two intervals on the plot.  The first interval encompasses
the initial seconds of the slug test.  Clearly, there are pressure oscillations during this

period that are not due to actual movement of the water level in the well.  We feel
that these oscillations are due to the earlierrdescribed water hammer effects and do
not play a role in the anomalous behavior observed at larger times.   The second
interval  occurs  at  the  end  of the  plotted  record  and  is  due  to  the water  level
beginning to fall outside of the range of the ultrasonic distance transmitter that we
were employing for this series of experiments.   Although we were only able  to
compare the ultrasound and transducer data over a limited range of distances, it is
clear that the assumption that a pressure transducer is measuring the static pressure
Cirerted by the overlying column of water is appropriate for slug tests performed in
wells screened in moderately permeable systems such as the bedrcek in which GEMS
well 06 is screened.  Note that the results displayed in Figure Ill.8.9 are reflective
of all the tests performed as part of this series of experiments at GEMS well 06,
regardless of the Ho.  A further series of tests will be carried out early in the second

year of this project to cramine if the assumption is valid in wells sited in the sand
and gravel section at GEMS.   These tests will be performed in a series of large
diameter wells that will be drilled in the sand and gravel interval early in the scoond

year of the project.

Sumnay
An initial series of multilevel slug tests was performed at a well sited in the
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sand and gravel section at GEMS.  The data from this series of tests indicated that
the slug-test responses at this well were being affected by mechanisms not accounted
for in the conventional thcory. An inverse relationship between the magnitude of the
induced slug (Th) and the estimated conductivity, a concave downward curvature to
data plotted in the Hvorslev format, and systematic deviations between the test data
and the best-fit conventional models were the mcrst obvious indications of these
mechanisms.   Additional experiments indicated that some of these processes also
affect slug-test responses in a well in the moderately permeable bedrock underlying
the alluvial section at GEMS.

A large number of field experiments were performed in an attempt to identify
the relevant mechanisms producing the observed behavior.   The results of these
experiments indicated that frictional flow lasses in the well casing, in the PVC pipe
string used in the multilevel slug-test system, and in the flow-through pipe in the

packer  were  not  the  primary  mechanisms  producing  the  observed  rcaponses.
Experiments to assess the importance of frictional flow losses within the well sereen

produced ambiguous results.  An initial set of experiments to assess the magnitude
of a)manic pressure  effects on traneducer measurements  indicated that q}mamic

pressure effects are probably not a significant contributor to the observed behavior.
Further work is needed to assess the role of flow losses within the well screen and

possible non-Darcian flow in the apuifer.
Although the work described here is ongoing, an important recommendation

can be made about the performance and analysis of slug tests.  A series of slug tests
at a well should always be perfomed using at least two different EL ' s ®referably
differing  by  at  least  5  in).    If  plots  of  the  response  data  nomalized  by  the
corresponding Ho all coincide, then one can feel confident that some variant of the
conventional approach for analysis of slug-test data can be employed.  As shown in
the experiments described in this section, the use of only one Th in a series of slug
tests could lead to considerable error in the estimated parameters.   It is important
to note that the behavior described here has, to the best knowledge of the authors,
never been reported on in the literature.  This is not especially surprising due to the
fact that Ho is almost never varied during a program of slug testing and that meet
slug tests are performed and analyzed in a rather approximate fashion.  However, if
our ability to predict contaminant movement in the subsurface is to be improved, it
is essential that the error being introduced into the modeling analyses by the use of
incorrect parameter values be diminished.

Althougiv  field  experiments  directed  at  defining the  relevant  mcchanisms
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producing the anomalous behavior have not yet been completed, work has already
begun on the development of a theory to account for some of the observed behavior.
In the nact subsection of this report,  a theory based on the incorporation of a
nonlinear  flow  term  into  the  Hvorslev  model  is  described  and  examples  of

application of the theory to data from wells at GEMS are presented.
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Interval
(1o¥Fvm/s, (1o¥BL/s)

Ho

(in) (in)

20.07   -20.36 0.2105 0.0682 6.88

20.07   -20.36 0.2136 0 . 0693 6.86

20.07   -20.36 0 . 3499 0 .1124 1.66

20.07   -20.36 0.2856 0.0921 3.06

20.07   -20.36 0.2960 0 . 0956 3.12

19.77   -20.05 0 . 3499 0.1135 1.65

19.77   -20.05 0.2785 0.0904 3.04

19.77   -20.05 0.2881 0.0938 3.01

19.77   -20.05 0.2045 0 . 0664 6.85

19.46   -19.74 0.3377 0 .1098 1.74

19.46   -19.74 0.2797 0 . 0911 3.05

19.46   -19.74 0.2805 0 . 0913 3.03

19.46   -19.74 0.2074 0 . 0676 6.86

19.15   -19.43 0.3347 0 .1085 1.62

19.15   -19.43 0.2823 0 . 0917 3.04

19.15   -19.43 0.2673 0.0864 3.28

19.15   -19.43 0.2011 0 . 0652 6.85

18.83   -19.12 0.3539 0 .1177 1.58

18.83   -19.12 0.2839 0.0922 3.03

18.83   -19.12 0.2777 0.0900 3.19

18.83   -19.12 0.2031 0.0660 6.87

ie.52   -18.81 0.3481 0 .1124 1.60

18.52   -18.81 0.2723 0 . 0882 3.23

18.52   -18.81 0.2908 0 . 0943 2.94

18.52   -18.81 0.2068 0.0672 6.90

18.22   -   18.50 0.3441 0 .1111 1.69

18.22   -18.50 0.2868 0 . 0929 3.01

18.22   -18.50 0.2941 0 . 0955 2.99

18.22   -18.50 0.2117 0 . 0688 6.92

Table Ill.8.1 - Results of Hvorslev (K.rv) and CBP (KCBp) analyses for the multilevel
slug tests using different initial heads (Ho).   Interval nos. increase down table (top
is no.2).
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0.00          5.00       i,0#Oe    (:5:OcO, 20.00         25.00

Figure Ill.8.1 - Normalized head (H/Ho) versus time plots for slug tests in seven
intervals  of  GEMS  well  2-5  (Ho   =   3.07  in).     See  Table  Ill.8.1   for  depths
corresponding to each interval.
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0.00 5.00 20.00         25.00

Figure Ill.8.2 - Normalized head (H/Ho) versus tine plots for slug tests in seven
intervals  of  GEMS  well  2-5  (Ho   =   1.65  in).     See  Table  Ill.8.1  for  depths
corresponding to each interval.
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Figure Ill.83 - Nomalized head (H/Ho) versus time plots for slug tests in the third
interval (19.77-20.05 in) of GEMS well 2-5 using EL ' s of different magnitudes.
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0.01

Figure Ill.8.4 - Normalized head (H/Ho) versus time plots of slug-test data from
interval 3 (19.77-20.05 in) of GEMS well 2-5 and the best-fit CBP model.
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5.00
Tim:0.0(Osec,

15.00               20.00

Figure Ill.8.5 - Normalized head (H/Ho) versus time plots of slug-test data from
interval 3 (19.77-20.05 in) of GEMS well 2-5 and the best-fit Hvorslev model.
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1   Time   ('s°ec)

Figure  Ill.8.6  - Nomalized head (H/Ho) versus time plots for two slug tests at
GEMS well  10-1  (HOL  =  1.07 in; Ho6  =  6.83 in).   Note that two transducers were
used in each test.

94



1            Tim:0(sec).00

Figure Ill.8.7 - Normalized head (H/IIo) versus time plots for slug test at GEMS
well 06 (EL = 6.88 in).  Note that the transducer-packer arrangement described in
the tcict was used in this test.
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1   Time    ('s°ec)           100

Figure  Ill.8.8  - Nomalized head (H/Ho)  versus time plots for two slug tests at
GEMS well 0-6  (Hot  =  036 in; Ho2  =  0.69 in).   Note that these slug tests were
initiated using the PVC pipes described in the text.
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10'

Figure Ill.8.9 - Meters of water above static versus time plot for a slug test at GEMS well
04 (Ho = 6.46 in).  Note that the height of the water column atrove static is being measured
using both  a pressure transducer and an  ultrasonic  distance transmitter.   The  absolute
difference between these two measurements is also plotted.
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C.   DEVELopMEr`IT oF NONLINEAR MODELs FOR ANALYSIS oF SLUG-
TEST DATA
introduction

As described in the previous subsection, slug-test response data from wells in the
sand and gravel aquifer at GEMS are being affected by mechanisms not accounted for in
the conventional theory on which the standard methods for data analysis are based.  Two

possible  mechanism  that could  be  producing  the  anomalous  observed  behavior  are
friction between the water and the casing walls or screen slots, and non-Darcian flow
within the aquifer.   In this subsection, additional terms to account for the nonlinearities
introduced by these mechanisms are added into the standard Hvorslev model.  Following
the development of the model accounting for frictional losses within  the casing  and
screen, several example applications of this model to data from slug tests at GEMS are

given.

hcorporation of Frictiona] Flow Losses into the Hvorslev Model
In the following derivation, an additional term is incorporated into the Hvorslev

model to account for frictional losses within the well screen.   The initial model that is
developed will assume that frictional losses in the well screen are independent of water
velocity.   However, since  frictional effects are generally proportional to some power of
the velocity, the final model developed here will assume a dependence of frictional losses
on velocity.  This velocity dependence will lead to a model of a nonlinear form.
Constant Resistance

The conventional Hvorslev equation is

Q(i)--ar2c4¥---FK.h(t)

Q(t) = flow into/out of the well in response to induced slug;
H(t) = height of water in well at time t;
h(t) = head of water in the aquifer just outside the screen;
K = hydraulic conductivity;

F = Hvorslev geometric factor;
rc = casing radius.
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If there is a loss in head across the screen due to wall or slot friction, H(t) and h(t) will
not be the sane.  This results in

a(,) = -
H (t) - h(i)

(III.C.2)

where R is the resistance factor.  In this first case, we consider R a constant and see what
are the consequences.   Replacing h(t) in equation (III.C.1)   with equation (III.C.2)   and
eliminating Q(t) gives

•Tr:¥':" ---FK.(Q(i)R+H(i))

dH (i)           -FK
dt    -ar2c(1+FKR)

• H(,)

Equation (HI.C.3b) is easily solved to give the solution

LnlH(i,)-
-FK

ar2(1+FKR)
i + Corrst.

(in.C.3a)

(III.C.3b)

(in.C.4)

Clearly, this equation will plot as a straight line on a log-linear plot just as the traditional
Hvorslev method, the only difference being that the slope is modified by the resistance
factor (R).   Equation (III.C.4) shows that a constant resistance can not give the concave
downward behavior or the dependence on initial head that we observe in the slug-test data
from GEMS .

Resistance Procortional to a Power of the Velocitv

The more realistic assumption is that the resistance is proportional to some power
of the velocity.   For simplicity, usually only the first or second power of velocity is
considered.  If we assume R is proportional to the first power of the water velocity in the
well casing, we obtain
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I? = A . lvl = A (in.C.5)

where A is an assumed constant of proportionality.   Using equation (III.C.5) for R and
substituting into equation (III.C.3a) gives

or:#=-F+(',+g("A,#].

Using equation (III.C.1) to eliminate Q(t)  gives the result

#[1+FKAl#l]=-#H("

Ou.C.6a)

(in.C.6b)

The generalization of equation QII.C.5) for any power  (N) of the velocity is

R=A.|v|IV=A|#|IV.

Similarly, the generalization of equation (in.C.6) is

#[1+FKA,#,"]=-#H(„

(III.C.7)

(in.C.8)

Numerical Solution

Equation  (III.C.8)  is nonlinear in  the variable H(t)  and in  general can  not be

solved in closed form.  However, it does yield to standard numerical solution techniques.
We have tried several possibilities.   One fomi that has worked well is explored here.
Solving equation (Ill.C.8) for the time derivative of H(t) results in the following
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dH(t)
-#H(f,

d'_[
1 + FKA

(III.C.9)

The time derivatives in equation (III.C.9) can be evaluated numerically by the central
difference rule.

[#T+l'2
Hn+1 - Hn

A,
(Ill.C.10)

where Hn is the value of H(t) at time n and At is the time step between times n+1 and n.
Evaluating equation url.C.9) at time n+1/2 and using equation (Ill.C.10) along with the

Crank-Nicol son approximation

Hh+\12-_(Hn+\+Hh)|2,

gives the following numerical approximation

Hn+, - Hn - (III.C.11)

However, equation (III.C.11) still can not be solved directly since Hn+1 appears
on both sides of the equation.  Therefore, we must resort to an iterative scheme by adding
another superscript to be the interactive index.   Hn(in) is the in th iteration value at the
nth time level. Rewriting equation (III.C.11) with iteration indices results in the following

fom
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Hn+1{r"+I)  __ Hr. _

where we have also used the standard definition of the Hvorslev time lag

•.-#

(Ill.C.12)

(III.C.13)

Equation (III.C.12) must be iterated until there is relatively little difference in the H(t) for
consecutive iterations.  At that point one can move on to another time step and repeat the
iteration procedure.  In this way the complete time dependence of H(t) can be generated
numerically.   We have implemented this scheme with N=2 in the automated well-test
analysis program SUPRPUMP (Bohling and MCElwee,  1992).   Note that when N=2 is
employed, the simulated data does display a pronounced downward curvature on the
standard log-linear Hvorslev plot.  Also, examination of (Ill.C.12) shows that this model
will produce a dependence on initial head.  Thus, the two major anomalous features seen
in the GEMS data can be reproduced by this  model.

ADDlication of the Nonlinear Model to GEMS Data
This nonlinear model was applied to data from a series of slug tests at GEMS.

Figures  III.C.1-Ill.C.3  are representative of the model fits that were obtained.   In all

cases, when slug-test data from a well sited in the sand and gravel section of GEMS were
analyzed with this model,  very good fits were obtained.

Although the fits were dramatically improved by use of this approach (compare
Fig. Ill.C.3 with Figs. Ill.8.4-Ill.8.5),   the conductivity estimates indicate that we still
have not incorporated all the relevant mechanisms into the model.  This is clearly shown
by Figures HI.C.1-Ill.C.2, which display slug-test reaponse data from two tests done at
the same well using different initial heads.  The conductivities estimated from these data

using the nonlinear Hvorslev model are .000984 in/s and .000641 in/s for the low and
high initial head cases, respectively.  Thus, there still seems to be an inverse dependence

of estimated conductivity on the magnitude of the initial head.    Further work is being
carried out in an attempt to explaln this continued dependence on initial head.
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Inco]poration of Non-Dardan Flow into the Hvorslev Model

In the previous derivation, we assumed that nonlinearities were introduced
into the Hvorslev model via frictional  losses in the well screen.   In the following
development, we will instead assume that the nonlinearities are introduced by non-
Darcian flow within the aquifer itself. Non-Darcian flow arises when velocities within
the porous media are large enough that the hydraulic gradient is no longer a linear
function of the specific discharge.   For this developmerty we will assume that the
relationshipbetweenthehydraulicgradientandspecificdischargeundernon-Darcian
flow conditions can be expressed as

±  = rv + bv26r

v = specific discharge;
w, b = constants of proportionality.

where

(Ill.C.14)

Note  that  although  in  equation  (Ill.C.14)  the  second  power  of  the  velceity  is
employed, any arbitrary power could be incorporated into the derivation. The second

power was employed here to be consistent with mast past work on non-Darcian flow
in porous media (Bear, 1972; Guppy et al., 1982).

Equation (Ill.C.14) can be rearranged and expressed in terms of the specific
discharge using the quadratic fomula:

v = -¥ ± #i# -¥  I y             (Ill.C.15)

Since the Hvorslev model is based on the assumption of incompressible matrix
and pore fluids, the continuity equation can be written in its steadyLstate form as

±± (rv,  = #v  +  J¥  = oI
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Substitution Of equation (IH.C.15) into equation (IH.C.16) ]ields

6r±ydy       =TZ5=
vy I  2by

A straight-forward integration of equation (Ill.C.17) results in

-ln(w I  2by)   =  ln(I)   +  ln(C'')

C I  = integration constant.
where

(Ill.C.17)

(Ill.C.18)

Use  of the  additive  properties  of  logarithms  enables  equation  (III.C.18)  to  be
rewhtten as

ln[rc''(v I  2by) ]   =  0 (Ill.C.19)

Equation (Ill.C.19) can be readily solved for y producing the following expression:

y = =¥  I (Ill.C20)

Substitution of equation (Ill.C.20) back into equation (Ill.C.15) wields an expression
for the specific discharge:

V=- (III.C21)

An expression for specific discharge can also be obtained by emploving the
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boundary condition at the slugged well.  Using the same notation as in the previous
derivation, an expression for the flow into/out of the well in response to the induced
slug can be written as

a(c)   -flr2

where

dH ( t)
c!t [VAgc] I-r'  =  -

2bcIIw

Asc = surface area of the well screen;
rw = radius of the well screen;
L = screen length.

27,rwL (Ill.C22)

RealTangement of equation (Ill.C.22) leads to an expression for specific discharge
in tens of the head in the slugged well:

CZH(t)     1
c!Cr

(Ill.C23)

Substitution of equation (Ill.C.23) back into equation (Ill.C.14) and integration in
the radial direction wields

h-_

where

wr2c  dH(t)
2Ldt |n(I)   - •-::iri.

C I '  =  integration constant.

cZJ7 ( C )

c'C
]2±  +  a,,I (III.C24)

If we  assume that the  head  is unchanged from static  conditions  (=  0)  at some
distance rc (effective radius) from the slugged well, then the integration constant can
be whtten as

c,, -b.£ dH ( t)
dt
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Substitution of equation (Ill.C.25) back into equation (Ill.C.24) wields an cxpresion
for the head within the aquifer

dH ( t)
c!t

•n'='  +I,£re
CZH( t)

dc ]2[±  -±]I (Ill.C26)

An expression for head in the slugged well can be obtained by setting r=rw
and h=H(t) in equation (Ill.C.26)

H(c)  =  (wfin(in  + 0[£]2[re
rw -re`  ,  dH(t)  ` \  dH(t)

rerw   J-dt    -'       dt
(Ill.C27)

Equation (Ill.C.27) can be rewhtten into a fom similar to equation (Ill.C.6b)

2£

Wr31n(iv)
r®

[1+

) H( C)

z3b (JE) clH(t)  `  cm(t)

2LWLn(i)`   rerv.      dt    -dtre

(Ill.C28)

Equating  the  constant  terms  on  the  lefthand  sides  of  equations  (Ill.C.28)  and

(Ill.C.6b) yields

2L FK
wr2  ln (rw/re)            7tr2

If K = -1/w, then the Hvorslev fomation factor (F) can be defined as

F-- 2wL
|n(rw/re)

Substitution of equation (Ill.C30) into equation (Ill.C.28) wields
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-%cH(t,--,1-

If rc >> rw

Fr2cbK
4£2q

(rrve-_r-rye) cm(t'  `  cm(t)
dt   -     dt

ry-re`           1
rc,rw                 lv

and equation (Ill.C31) can be simplified to

-%H(t ,--, 1 + FKb   r2c  dH(t)  .  dH(t)
4mL2   rw      dt    -       dt

(Ill.C31)

(Ill.C32)

(Ill.C33)

Note  that  if  b=0  ( #  =  wi/),  then  equation  (III.C33)  will  reduce  to  the

conventional  form  of the  Hvorslev  equation.    Also  note  that  by emploving the
equivalence of equations (Ill.C33) and (Ill.C.6b), an expression for the constant A
can be whtten as

A=
br3

4n£2ry

Substitution of (Ill.C34) into (Ill.C33) wields

-%cH(t)  --  11  +  FRA cm(t)  `  dH(t)
dt   -     dt

(Ill.C34)

(Ill.es)

Normalizing the heads on both sides of equation (Ill.C35) by the height of
the initial slug produces an expression for the normalized head within the well

107



ttr2c  dH,(t,H'(t) ---iFKdt
-Ho"r2A( dHI ( t'

dc

H ' (t) = normalized head = H(t)/Ho.
where

(Ill.C36)

Note that the response to the induced slug is now a function of the height of the
initial slug in agreement with the behavior we observed in the slug tests at GEMS.

At large times, the second term on the righthand side of (Ill.C36) becomes
negligible and equation (III.C36) can be simplified to

(%,dt--- (Ill.C37)

Integration of equation (Ill.C37) leads to the conventional Hvorslev equation

(%) t ---1n(H'(tn                          (lI1.C38)

Thus, use of equation (Ill.C38) with large-time data could be a means to avoid
additional complexities introduced by the nonlinear component of the non-Darcian
flow Hvorslev model.

A striking feature of this development is the equivalence between equation

(Ill.C35), the non-Darcian flow fom of the Hvorslev model, and equation (Ill.C.6b),
the tom of the Hvorslev model derived assuming nonlinear frictional lasses within
the well screen.  These two forms will be equivalent when the power of the velceity
to which resistance in the well screen is proportional is one less than the power of
the velocity in the second term of equation (Ill.C.14).  This equivalence appears to
arise from the quasi steadystate assumption that is the basis of the Hvorslev model.

Note that (III.C36) must be solved iteratively in a manner similar to that
employed for the previously described model.  Although an implementation of this
model was incorporated into SUPRPUMP (Bohling and MCElwee, 1992) during the
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first year of this research, the model has not yet been used to analyze field data from
GEMS.   Analysis of field data with the non-Darcian flow variant of the Hvorslev
model will be performed early in the second year of this research.
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Figure Ill.C.1 - Natural logarithm of head versus time plots of slug-test data from
GEMS well 0-2 (Ho=.88 in) and the best-fit nonlinear Hvorslev model

Figure Ill.C.2 - Natural logarithm of head versus time plots of slug-test data from
GEMS well 0-2 (Ho=7.05 in) and the best-fit nonlinear Hvorslev model
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Figure Ill.C3 - Natural logarithm of head versus time plots of slug-test data from a
fully penetrating slug test at GEMS well 2-5 (Ho=.79 in) and the best fit nonlinear
Hvorslev model.
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IV. SITE CHARACTERIZATION ACTIVITIES

A DRILLING AND SAMPLING ACITVITIES
Intnduction

Prior to 1991, twenty five wells had been installed at GEMS.  Samples from
the sand and gravel interval (10.7-213 meters below land surface) were taken at six
of these wells using various techniques (MCElwee et al., 1991).  A modified Waterloo
sampler (Zapico, 1987; Zapico et al., 1987) was empleyed with good success when
drilling mud was used in the  auger flights to control heaving sands and to  help

prevent the sediment from falling out the bottom of the sampler.  The use of drilling
muds, however, has disadvantages ®otential to contaminate the formation and the
cores) and recovery without sample loss is difficult since the recovery procedure is
very sensitive to vibration and other mechanical forces.  Without the use of drilling
muds, the  modified Waterloo sampler performed  unsatisfactorily due  to  a  large

percentage of the sediment falling out the bottom  of the sampler.    In  order to
address this limitation, new sampler designs were developed and field tested.   The
most promising design did not require drilling mud, achieved a very high recovery

percentage,  and was not very sensitive to  vibration  and other mechanical forces
during recovery.   In addition to the piston used in the Waterloo sampler, the new
design incorporates an inflatable bladder, lceated in the drive shoe, which closes off
the end of the sampler (MCElwee et al., 1991).  In the initial phase of the sanipling,
the rubber bladder lies deflated behind a plastic sample liner as the core enters the
sampler.  Near the end of the 1.52 meter sample drive, an extension at the upper end
of the piston triggers a release mechanism and allows a .102 meter retraction of the

plastic liner, resulting in the bladder being in direct contact with the sediment.  The
bladder is then inflated from the surface with nitrogen gas, closing off the bottom of
the sampler and allowing recovery with minimal opportunity for sediment to fall out.
We consistently have been able to achieve about 85% recovery out of a possible 90%

(drive shoe loss is .152 in out of 1.52 in due to bladder length and placement) with
this bladder sampler.  The remaining 5% loss is due to compaction, premature piston
movement, or wall friction preventing movement of material into the sampler.  After
recovery, the cores are taken to the laboratory for storage until measurement of
hydraulic conductivity, porosity, density, and particleiize fraction, which is described
in subsection IV.B, can be done.
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Drilling and Sampling Procedures
All except one of the monitoring wells at GEMS have been installed with

hollowrstem auger techniques (Hackett, 1987).  Auger flichts with an inside diameter
of .083 meters and an outside diameter of .168 meters were used in all cases.   As
noted earlier, the neariurfaee stratigraphy at GEMS consists of approrimately 10.6
meters of clay and silt overlying approximately 10.6 meters of sand and gravel.   If
samples from the clay and silt interval are desired, a splitspoon sampler with an
overshoot mechanism for attachment inside the auger fligivts is used.  The splitspoon
samplers are .61 meters in length and must be retrieved after every .61 meters of
drilling.   Retrieval is done using a wire line on the drill rig.

Although we have taken continuous samples through the clay and silt interval
at four well locations scattered over the site, our primary interest at GEMS is in the
sand and gravel interval.   One of the biggest problems faced in obtaining samples
from the sand and gravel interval  is heaving sands or sandblows (Minning,  1982;
Perry and Hart, 1985; Keely and Boateng, 1987; and Hackett, 1987).  It is absolutely
essential to maintain greater hydrestatic pressure inside the auger flights than in the
formation when working in heaving sands.  The water level inside the auger flights
is maintained higher than the ambient water level by adding water at critical times

(i.e.  any time when  tools are  moved within  the  open  flights or the  open  flights
themselves are moved).   If a greater hydrustatic head is not maintained within the
auger fligivts at these critical times, up to one or more meters of sediment may

quickly enter the flights, making it impossible to obtain an undisturbed sample at that
depth.    Adding  water  to  maintain  a  higher  head  in  the  flights  may  affect  the
chemistry and biota of an aquifer, so one must balance this concern with the need
to control heaving sands.  At GEMS, we simply pump water from a nearby well in
the sand and gravel interval into the flights.   There is no known contamination at
GEMS,  so  we  are  adding  water  of  a  similar  composition  to  the  flights.    This

procedure seems appropriate for our purposes.
Samples are obtained from the sand and gravel interval using the sampler

described earlier (MCElwee et al., 1991).   If samples are not taken in the overlying
clay and silt interval, we first drill down to approximately 10.7 meters.  The pilot bit
is withdrawn via a wireline and the sampler emplaced at the bottom of the fligivts.
The sampler is then driven  152 meters in advance of the flights.   The sampler is
retrieved using drill rods or a wireline, after which the pilot bit is reinserted and the
augers advanced to the depth for the ncict sample.   Figure IVAl summarizes the
steps involved in obtaining a sample.  Note that due to the close fit of the pilot bit
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and the sampler  in the  interior of the  flights, there  is great potential to  induce
heaving sands during removal of the pilot bit and retrieval of the sampler.  Special
care must be taken to add water to the flights during these procedures.

If no samples are to be obtained during drilling, a lmockout plate is installed
in the auger head in place of a pilot bit (Perry and Hart, 1985; Hackett, 1987).  The

plate is left in place until the completion depth is achieved.  At that point, the plate
is lmceked out of the bottom of the flights using the casing string.  The plate is then
left in the formation below the well.  Stainless steel, PVC, and aluminum knack®ut

plates have been used at GEMS.  Note that water must be added to the fligivts when
the plate is knocked out in order to prevent movement of sediment into the interior
of the flights and possible binding of the casing string in the flights.

Dri]]ing and Sampling - Year One
During the first year of this project, ten additional wells were drilled and

completed.  Four of these wells were cored from the surface to the bedrcek using the
techniques outlined above.  The aplitspoon sampler was used for apprordmately the
first 10.7 meters and then the bladder sampler was used until bedrcx:k was reached
at approrimately 213 meters below land surface.

These ten additional wells bring the total number of wells at GEMS to thirty
five.   Table IVA.1 is a summary of pertinent information about the GEMS wells.
The  elevation  data given  in  Table  IVAl  were  obtained througiv  a cooperative
surveying exercise with the lst Battalion of the 127th Field Artillery of the Kansas
National  Guard performed  in  March  of 1992.   Note that a reference point was
established at a central location on the site during this cnercise.  This reference point
will be used in all future surveys at the site.  The elevation as well as the longitude
and latitude of the reference point are given in Table IVA1.   The samples of silt
and clay from the first 10.7 meters were examined visually and detailed whtten logs
of the visible features were prepared.  Although no additional work was done with
these samples, in future years ve plan to measure the hydraulic conductivity of cores
from this interval while they are still saturated.   We have just recently purchased a

permeameter for use with  lowLconductivity samples (S480 Pemeability Cell and
Pressure Control Panel, Brainard-Kilman Co.) and are preparing to use it in the nact

year of this project.
The bladder sampler was used to collect samples of the sand and gravel

interval beginning at approrimately 10.7 meters below land surface.   Table IVA2
summarizes the sample recovery for all holes drilled in the reporting period (00-1,
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1-7, 8-1, and 10-1).  Other data about these wells can be found in Table IVA1.  The
overall recovery was apprordmately 75%, which was about 10% lower than expxrd.
As described earlier, 85% has been an average recovery for previously sampled wells
at GEMS.  The lower than expected recovery obtained at these wells was due to a
number of factors.  In several instances, we had problems with large rack fragments
blceking the sampler throat.  In one extreme case, a .05 meter pebble (the sampler
has an inner diameter of only .038 meters), blacking the entrance of the sampler, was
recovered with the sampler.   Another factor affecting recovery was the testing of
different sampler driving mechanisms.   At two holes, the sampler was driven  in
advance of the auger fligivts with a trydraulic hammer on the drill rig (owl and 1-7),
while in one hole the sampler was driven with an electric jackhammer (8-1), and in
the other the sampler was driven with an air jackhammer (10-1).  The hole at which
the air jackhammer was emplo)red (10-1) had the highest recovery.   Based on this
series of tests and earlier experience ®reviously we had driven the sampler using
either an air jackhammer or a hammer operated with the rig cathead), we feel that
the air jaclchammer is the meet suitable tool for driving the sampler.  Therefore, we
intend  to  use  a  recently purehased  air jackhammer  in  all  future sampling.    We
believe that the better recovery and ease of driving found with the air jackhammer
is due to the increased weight, power, and blow frequeney of the tool.  Note that in
June of 1991, shortly before the start of the research described in this report, the co-
PI of this research, Carl MCElwee, travelled to Otis Air Force Base on Cape Cod,
Mass. where he demonstrated the use of the bladder sampler to USGS researchers.
Kathryn Hess of the Marlborough, Mass. ofrice of the USGS can be contacted for
further details of that demonstration.
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Table IVAI

Well Data

Well Elevation Ixpth (in) Screen Length (in)
Number (in)

owl 252.724 17.04 0.76

On2 252.780 14.41 0.76

00-3 252.670 2137 NA

004 25;2.fffri 11.18 NA

00-5 252.021 9.74 NA

006 252.746 12.91 NA

00-7 252.734 2034 NA

0-1 252.796 21.74 9.14

0-2 252.756 14.08 0.70

OT3 2S2.J8:H 11.00 0.74

04 252.707 7.94 0.76

0-5 252.793 19.84 0.70

rot 252.945 24.66 1.52

0-7 252.743 16.57 0.70

1-1 252.J9f) 14.26 0.76

1-2 252.714 11.22 0.61

1-3 252.814 8.55 0.65

14 252.796 6.15 1.45

1-5 252.791 2033 9.14

1i; 252.899 17.cO 0.73

1-7 252.735 21.42 9.14
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2-1 252.791 11.92 057

2-2 252.785 14.72 056

2-3 252.784 853 0.63

24 252.779 6.04 1.41

2-5 252.791 21.42 9.14

26 252.735 20.24 9.14

2-7 252.728 17.17 0.79

4-1 252.724 2158 9.14

5-1 252.949 2154 9.14

6-1 252.753 2034 0.77

6-2 252.754 2155 1155

8-1 252.703 17.44 NA

9-1 252.639 20.93 1326

10-1 252566 1732 NA

A1 252511 9.91 0.76

A2 252.931 7.86 0.61

+PW NA 21.84 6.10

KGS Reference Mark:    Lfltitude-North 39®cO I  55.628"
Iiongitude-West 95®12121.272M                  Elevation 252.242 in

* Well diameter is .127 in; all other wells except PW are .051
in diameter.

+ High capacity pumping well, screen and casing is .254 in in
diameter, drop pipe is .102 in in diameter.
NA - infomation not currently available.
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Table IVA2

Sample Recovery Analysis

Wcn Segment Squent Head % of Squent
Number Number I.ength (in) Space (in) Igiv

1111-1111111
Procedure:    Hydraulic Hammer

00-1 19 1524 0.062 4.06

00-1 20 1524 OJrs7 5.73

cO-1 21 1524 0.108 7.08

00-1 22 1.423 OAV6 61J56

00-1 23 1524 0.403 26.46

00-1 24 1524 Oun 4.14

00-1 25 1219 0206 16J93

00-1 Totals 10262 1ro7 17.cO

Thcoretical Recovery 82.4010.00

Bladder ha
Actual Recovery 72.40-!1111

Procedure:    H}draulic Hammer

1-7 20 1.486 0.098 6.62

1-7 21 1.473 0.118 7.97

1-7 22 1524 0.098 6.46

1-7 23 1524 0.102 6J;7

1-7 24 1524 0.121 7.92

1-7 25 1524 1321 86.67

1-7 26 1524 0.152 10m
1-7 27 1524 0.410 26es

1-7 Totals 12.102 2.419 19.99

Theoretical Recovery 80.01

Bladder I,oss lout
Actual Recovery 7001

Procedure:    Eleculc Jaclchammer
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8-1 20 1311 0.140 10as

8-1 21 1524 0.184 12us

8-1 22 1539 0.162 1052

8-1 23 1524 0.111 7J29

8-1 24 1j39 0248 16J„

8-1 25 1524 0.159 10.04

8-1 26 1524 OJ298 19J58

8-1 Totals 10.485 lam 12.40

Thcoretical Recovery 87.cO

Bfardder I.oss loan

Actual Recovery 77.cO

Procedure:   Air Jackhammer

10-1 19 1524 0.064 4.17

10-1 20 1539 Ousl 333

10-1 21 Numbering Omission

10-1 22 1j54 0073 4.79

10-1 23 1524 0.140 9.17

10-1 24 lee 0.070 4j3
10-1 25 lee 0.140 923

10-1 26 lee 0241 1594

io-1 Totals 10.668 0.778 7J29

Thcoretical Recovery 92.71

Bladder Lam 10.00

Actual Recovery 82.71

Well Totals 43517 6" 14.48

Thcoretical Recovery 8552
'Bladder IIoes 10.00

ihetual Recovery 7552

• 10% of the total length, 4352 in, is lust due to the bladder mounthg dinensions.
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Figure IV.A.1. Sequential steps showing borehole
advancement with pilot assembly and collection
of a formation sample (after F3iggs  1983).
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8.  IABORAroRy ACTlvlTlus
I.aboratory Procedures and Methods

The  cores  recovered  from  the  drilling  and  sampling  summarized  in  the

previous subsection of this report were taken to the laboratory for measurement of
trydraulic conductivity in a constant-head permeameter. Prior to measurement, cores
are  stored  under  refrigeration  to  keep  bacterial  growth  and  evaporation  to  a
mininum.   With the Ciroeption of the changes noted below, the procedures  and
methods  used  in  anal)ring the  core  samples  are  essentially the  same  as  those
described in Butler et al. (1991) and Jiang (1991).

A new apparatus was developed to more accurately and efficiently calibrate
the  pressure  transducers  used  in  the  permeameter.    The  calibration  apparatus
consists of metal pipe into which pressure trannducers can be inserted with an air-
tight seal, a rubber bladder to increase the volume of gas within the system, and a
high-accuracy pressure transducer (Druck PTX 620 pressure transmitter) to serve as
a pressure standard.   Nitrogen gas can be  introduced into or released from the
system in small amounts, simultaneously changing the pressure on both the pressure
transducers and the pressure standard, while readings are recorded by a datalogger.
The pressure transducers are then calibrated against the pressure standard.  This new
system  can  be  used  to  calibrate  both  the  pressure  transducers  used  in  the

permeameter (0-5 psig) and the pressure trannducers used in the field for hydraulic
testing (0-15 and 0-25 psig).   Up to four pressure transducers can be calibrated at
one time.

The constant-head permeameter used in this work was originally designed to

prceess  four  cores  at  one  time.    The  permeameter  has  now been  expanded to
increase the number of cores that can be processed at one time to eight.

A temperature transmitter (Dwyer Series 650-2) has been installed next to the
mercury thermometer in the permeameter.  Water temperature is recorded by the
datalogger  at  the  same  interval  as  water  pressure  in  the  outflow  tubes  of  the

permeameter. This enables a more accurate representation of the temporal variation
in viscesity to be incorporated into the trydraulic conductivity calculations.

In order to  more  accurately determine the  head  drop  over the  cores,  an
instrument incorporating a dial caliper has been constructed and mounted on the

permeameter.  Water levels in glass-topped manometer tubes, which measure head
at the top of each core and at the constant head boundary, can be read to the
nearest .025 mm (readings are generally reproducible to better than .13 mm).  This
device allows us to use smaller head drops over the cores without increasing the
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percent error in our calculations.
Occasionally, a decrease in head at the constant head boundary is experienced

due to  lack of flow from the upper reservoir.   To  reduce the frequeney of this
occurrence, a new reservoir was installed that drains from the bottom rather than
relying on a siphon tube exiting from the reservoir top.

X-rays are taken of each core sample to aid in the determination of changes
in grain sire and the identification of sedimentary structures.  An aluminum filter is
used to improve resolution at the edges of the core (Baker and Friedman, 1969).
Using the X-rays as a  guide, the core is cut into segments that are as homogeneous
as possible within the .1-.2 meter limit on segment size imposed by the permeameter
setup.   To  inhibit organic growth, the core segments are wrapped in plastic and
aluminum foil and refrigerated until they are placed in the permeameter.

The amount of Thymol added to the water used in the pemeameter has been
increased to .1 g/I to further inhibit the growth of organic matter.

In order to keep the Reynolds number below one and reduce the possibility
of non-Darcian flow, the head drop over the cores is kept as small as possible.  This
also decreases the entrainment of fine material as water moves through the core.
Typically, the head drop is initially set at approrimately .013 meters and increased
only if no flow occurs after 12 to 24 hours.   With this small head drop, it takes a
minimum of 36 hours to process a core segment, with some segments requiring four
to five days.

During the drying process, which precedes particle density analysis and dry
sieving, claysized particles tend to coat larger grains and form sandsized aggregates.
This will cause the weight percentages of the larger grain sizes to be overestimated
at the expense of the fines.  To more accurately determine the weight percent of fine
material in the core, the samples are wetiieved with a 53 micron sieve after the

particle  density analysis.    The weigivt percent  of fine  material  is  determined  by
comparing the dry weight of the sample before and after wet sieving. The coarse
fraction is then dtysieved to complete the grain size analysis. Even thougiv some
material is lost during the permeameter tests and the repacking process, this method
of determining the amount of fine material should still be reasonably accurate, since
mast of the material that is lost is clay and silt sized.

No photographs are taken of the sediment before sieving.

Results and Discussion
Hydraulic conductivity values have been obtained for 49 of 50 segments from

122



GEMS well 00-1, both in the undisturbed state (Figure IV.B.1) and after being dried
and repacked (Figure IV.B.2).  A comparison of the original and repacked hydraulic
conductivity values is presented in Figure IV.83. The segment from depth 14.27-
14.41  in below datum  is  composed of material that  appears to be wood, so no

permeaneter tests were run on that segment.  Note that the datum on all plots is the
elevation of the KGS reference mark (252.242 in) described in the previous section.

The undistufoed cores have an arithmetic mean conductivity of 20.16 in/day,
with a sample standard deviation of 24.26 in/day. Values range from a minimum of
.06 in/day to a marimum of 94.28 in/day.  There is no apparent trend in hydraulic
conductivity with depth.

The repacked cores chibit a higher mean conductivity and greater variability
than the undisturbed cores.  Values range from .04 in/day to 185.43 in/day with a
mean of 44.82 in/day and standard deviation of 44.65 in/day.

For 44 of the 49 segments, the repacked hydraulic  conductivity is greater than
the original measurement.   This is meet likely due to the elimination during the
rapacking process  of thin  layers  of fine  material  that  may be  cnerting  a strong
influence on the hydraulic conductivity calculations.  The redistribution of this fine
material during the repacking process results in the rapacked cores generally being
more homogencous than the undisturbed cores.  In some cases, it is possible that the
repacked cores could be less homogeneous than the undisturbed cores.  Layers can
be created within the core if a poorly sorted sediment is not sufriciently mixed while
being repacked into the sample tube.  For example, a one centimeter layer of fine
material was noted at the top of the rapacked sample 001-24-7 (depth 2037- 20j6
in).    For future  rapacks, we  plan  to  use  a sediment sample  splitter to  produce
numerous small, homogeneous amounts of material to introduce into the sample tube
to help eliminate this problem.

Porosity values were calculated for both the original and repacked cores from
the particle density, bulk density and core volume measurcments (Figures IV.B.4 and
IV.B.5).   The original cores have porusities ranging from 23.2% to 37.4% with an
arithmetic mean of 28.4%  and standard deviation of 3.1%.   The porosity of the
repacked cores ranges from 23.8% to 35.8% with an arithmetic mean of 28.8% and
standard deviation of 2.7%.

The difference between the original  and repacked poresities ranged from
0.03% to 3.22% with an arithmetic mean of 1.23%.   For 35 of the 49 cores, the
repacked porosity is greater than the original porosity, 14 of the rapacked cores have
lover poresities than the original cores.  The primary reasons for differences between
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the original and repacked poresities are 1) inability to repack the cores to exactly the
same volume as the original cores, and 2)  Ices of sediment during the rapacking

prcxxEL
The mean phi size was calculated for each core using the method of moments

(Figure IV.B.6).  The phi sizes range from -1.02 to 2.55 with an arithmetic mean of -
0.02 and  standard deviation  of .65.   The profile shows  a general  fining upward
sequence.  The percent fines (<53 microns) was also calculated for each core (Figure
IV.B.7).  The percent fines einibits a range from .2% to 40.6% with an arithmetic
mean of 2.9% and standard deviation of 6.1%.  There is no apparent trend in percent
fines with depth.

Deercases in Hydraulic Conductivity with Time
We have found that for many cores hydraulic conductivity increases (as the

core  completely saturates),  reaches  a  maximum,  and  then  decreases  as the  test
continues.  An example of this phenomenon for one core segment is illustrated in
Figure IV.B.8.  Possible explanations for this decrease in conductivity at large times
include biological growth, movement of fines, and mineral deposition.  Maintaining
the  concentration of the biacide Thymol and emploving as low a flow rate through
the core as practical should reduce the influence of the first two factors. Calcite
deposits have been observed on the plastic tubing, thermometer, and temperature
transmitter of the permeameter, so a simulation using PHREEQE Q'arkhurst et al.,
19sO) was run to determine the nature and amount of mineral material that might
be deposited during the hydraulic conductivity tests.

The water in use in the permeameter is taken from the same site and depth
from which the cores are taken to ensure as much as possible that the water will be
in chemical equilibrium with the cores during the permeameter experiments.   The
water does experience some changes, however, before it is used in the permeameter:
increased temperature, decreased partial pressure of PC02, and addition of Thymol.
These changes may cause the water to precipitate mineral material in order to regain
equilibrium.  Chemical analyses of water samples from GEMS are available from the
fall of 1990 and the summer of 1991.  Two of these samples are from the same depth
from which water for the permeameter is collected.   Both samples have similar
chemical characteristics.

The  PHREEQE  simulation  was  performed  by  first  creating  a  solution
matching the temperature,  pH  and chemical  composition  of the  two well water
samples.  Alkalinity was input as HC03-, aqueous nitrogen gas was removed from
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the data base,  and the pe was set at 9.0.   The pe and pH were allowed to be
determined by the reaction. The meet abundant constituents of the coarse fraction
in  the  cores  are  quartz  and  K-feldspar,  so  the saturation  indices  of quartz  and
micracline were adjusted to match the silica and potassium contents of the water
samples.   This resulted in the solution being sligivtly oversaturated with respect to

quartz  and  undersaturated  with  respect  to  microcline.    The  solution  was  then
equilibratedwithlaboratorytemperatures(22degreesC)andsurfacepartialpresure
of PC02 (log PC02  =  -35).   Thymol was added as a reaction to the computer
simulated solution, and the solution was equilibrated with calcite to detemine the
amount of calcium carbonate that might be deposited.

The changes in alkalinity, pH, and pe that take place in the water acoording
to  the  PHREEQE  simulation  are  shown  in  Figure  IV.B.9.  The  changes  in  the
saturation  index  (log  IAP/KT)  of  calcite  are  shown  in  Figure  IV.B.10.     The
simulation shows that when well water is equilibrated with surface temperatures and

pressures, calcite should precipitate.   Calculations indicate that 38 liters of GEMS
well  water  (approximately the  amount  used  in  the  permeameter  at  one  time)

precipitate 356 cm3 of calcite.   What is not presently know is the kinetics of the
situation.   PHREEQE assumes all reactions reach equilibrium instantaneously.   It
is unclear how much of the calcite precipitates during the time the water is left to
equilibrate  with  laboratory  conditions  (two  weeks  minimum)  and  how  much  is
deposited in the cores and on the permeameter.  Observation of the gradual buildup
of a calcite film on permeameter tubing indicates that some deposition is occurring
throughout the period during which a single 38-liter supply of water is being used in
the permeameter.  It is probable that a similar film is being deposited in the cores
themselves.

Insight into the impact of the deposition of 356 cm3 of calcite on the core
measurements can be obtained by calculating the volume of the pore space of the
cores used in the permeameter.  Using values representative of the cores at GEMS
(core volume  =  475 cm3, porosity =  30%), the pore volume of a typical core at
GEMS  is calculated to be  14.25 cm3.   Assuming that approximately 32 cores are

processed per each 38 liters of water employed in the permeameter, the total pore
volume of the processed cores is 456 cm3.  If the deposited calcite can be considered
to be equally distributed over the 32 cores, the total amount of deposition amounts
to 0.8% of the pore volume.   Given that a very small amount of deposition in the

pore throats can  have  a considerable impact on the permeability of the core, it
appears that calcite deposition could be responsible for the observed decreases with
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time.     However, further work needs to be done on the kinetics of this reaction
before the role of the calcite deposition can be clarified.   Note that the observed
deposition of calcite in the permeameter tubing is ignored in the above calculations
because of the much greater surface area of the cores.

In the second year of this project, chemical  analyses will be performed to
compare  the  calcium  cafoonate  content  of  the  water  before  and  after  the
equilibration  period  in  the  lab,  and  before  and  after  running  a  permeameter
experiment.  These analyses will allow us to better determine if deposition of calcite
in the cores is contributing to the observed decrease in hydraulic conductivity with
time and, if so, how micht its impact be lessened.
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rtydroullc Conductivfty (in/dqy)

Figure IV.B.1 - Original conductivity versus depth plot for GEMS well col.

10-2 10-I                  loo                 101                  102
Hydraulic Conductivfty (in/day)

Figure IV.B.2 - Repacked conductivity versus depth plot for GEMS well col.
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Figure IV.83 - Combined original and repacked conductivity versus depth plot for
GEMS well 001.

a.ae  om  a.24  a.2e  a.2I  oco  a.se  o"  a.ae  a.so  a.4o
PO,coity

Figure IV.B.4 - Original porosity versus depth plot for GEMS well col.
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Figure IV.B.5 - Rapacked porosity versus depth plot for GEMS well 001.

3.oo  2u  2.Io  I.e5  I.ae  a.75  a.so -0.i5neo-I.05-ico
Phi Size

Figure IV.B.6 - Mean grain size (measured in phi units) versus depth plot for GEMS
well 001.
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Figure IV.B.7 -Percent fines (<.053 mm) versus depth plot for GEMS well 001.

a.a    +5    9.a   i3.5  ie.a  22.5  27.a  ]i5  36.a  4a.5   +5.a

Time (hrs)

Figure  IV.B.8  -  Hydraulic  conductivity  versus  time  plot  for  sample  24  of  core
segment 5 of GEMS well 001.
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Figure IV.B.9 - Changes in alkalinity, pH, and pe.

Figure IV.B.10 - Changes in the saturation index (SI) of calcite (SI = log ion activity

product /equilibrium constant).
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V. SUMMARY 0F YEAR ONE RESEARCH AND 0UTI.00K FOR YEAR TWO

A Surm4ARv oF RESEARCH IN YEAR ONE
The major fceus of the first year of this project was on the use of slug tests

to describe spatial variations in hydraulic conductivity.   This research on slug tests
in heterogencous fomations had both theoretical and field components.

The theoretical work was directed at developing a better understanding of the
type of infomation that can be obtained from slug tests in heterogeneous units.
Since traditional modeling techniques are of limited effectiveness for the analysis of
slug-test data from wells in heterogencous formations, a new numerical model, which
is continuous in time and employs an approrimate representation of flow in the well
bore, was developed.  This model was then used in a detailed study of slug tests in
layered aquifers.  The results of this study helped to 1) define the manner in which
layer  properties  are  vertically  averaged  during  a  slug  test,  2)  demonstrate  that
observation wells can potentially provide useful information about vertical variations
in formation properties, and 3) delineate conditions under which multilevel slug tests
can provide valuable infomation about vertical variations in hydraulic conductivity
within a unit.  The best conditions for use of multilevel slug tests were shown to be
cases of low frequency vertical variations in hydraulic conductivity using test intervals
considerably  shorter  than  the  thiclmess  of  the  average  layer.    Even  in  these
conditions,  however, well  skins  of both  lower  and  higher permeability than  the
undamaged formation can dramatically decrease the effectiveness of the approach.
Careful well  construction  and development procedures were stressed  as ways of
deereasing the impact of such skins.   Since observation wells were shown to be of

potential use in the analysis of slug tests in layered aquifers, the nerct component of
the theoretical  analysis was a detailed cramination of slug tests with observation
wells.    This  analysis  showed that the  use  of observation  wells  in  slug tests can
significantly improve the  reliability of the  estimated parameters  as a result of a
significant decrease in parameter correlation when observation wells are employed.
When slug tests are performed in wells surrounded by a finite-radius zone (well skin)
of permeability differing from that of the formation, the estimated parameters are
a function of both the skin and formation properties.  In the final component of the
theoretical analysis, the form of these effective parameters is explored.  As would be
expected, the parameter values are heavily dependent on the properties of the well
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skin.  The nature of this dependence is a function of the particular technique used
to analyze the slug-test data.   In general, it will be rather difricult to estinate the
conductivity of the formation in the presence of a low-permeability well skin.

The field component of this study of slug tests in heterogeneous formations
mainly concentrated on an assessment of multilevel slug tests in highly permeable
alluvium.   A prototype multilevel slug-test system, built at the KGS, was tcsted at
GEMS.  The results of the multilevel tests indicated that slug tests in the sand and

gravel section at GEMS are being affected by mechanisms not accounted for in the
conventional theory on which the standard methods for slug-test data analysis are
based.  The existence of these mechanisms were reflected by a concave downward
curvature  on  log  head  versus  arithmetic  time  plots,  a  dependence  of slug-test
responses on  the  magnitude of the  induced slug (Ho),  and systematic  deviations
between plots of the test data and the best-fit conventional models.   A series of
cxperinents were calTied out at GEMS in order to clarify the mechanisms producing
the observed behavior.  Althougiv these experiments have not yet been completed,
friction  within  the  well  scrc€n  and  non-Darcian  flow within  the  formation  are
considered the most likely mechanisms producing the observed behavior.  Nonlinear
terms have been added to the model of Hvorslev (1951) in order to account for these
mechanisms.  The two nonlinear forms of the Hvorslev model presented here appear
to be superior to the conventional approaches for the analysis of slug-test data from
the sand and gravel section at GEMS.   Further work, however, is still needed to
identify all the relevant meehanisms affecting slug-test reaponses at GEMS and to
incorporate these mechanisms into a general model that can be used for the analysis
of slug-test data.

In  addition  to  the  research  on  slug tests  in  heterogeneous  formations,  a
significant  amount  of the work  in  the  first year of this  project was  directed  at
increasing our knowledge of the subsurface at GEMS.  This work included continued
drilling  and  sampling  activities,  further  modifications  of  the  bladder  sampler
developed at the KGS, and continued laboratory analyses of the cores obtained with
the bladder sampler.  These characterization efforts, which will continue throughout
this project,  are  directed towards  the  development  of a  detailed  picture  of the
subsurface at GEMS, so that we can better assess the results of the hydraulic tests
that are being performed as part of this research.
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8. OUTLOOK FOR RESEARCH IN YEAR TWO
The second year of this project will build upon the progress made in year one.

The major task of the early part of year two will be to complete the study of the
mechanisms that are producing the anomalous behavior in slug tests at GEMS and
to incorporate the relevant mechanisms into a new model for the analysis of slug-test
data.  Following the completion of the slug-test work, the fcxus of the research will
shift to pulse tests.  The primary emphasis of the remainder of year two will be an
evaluation of twordimensional and lceal threerdimensional pulse tests for providing
information concerning the lateral and vertical variations in hydraulic conductivity
between wells.  A better assessment of this interwell variation should shed light on
how  these  properties  might  be  averaged  to  form  equivalent  parameters  for
mathematical  modeling,  and  thus  should  lead  to  more  accurate  predictions  of
contaminant  movement  in  the  subsurface.    As with  year  one  of this  project,  a
significant component of the work in year two will be efforts directed at continued
characterization of the subsurface at GEMS.  The detailed information collected in
this characterization effort will be of vital importance in the third year of this work
when high-resolution threerdimensional pulse tests will be performed at GEMS.
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VII. APpENDEx A - Nul\mRICAL IAplACE TRANSFORMS

This appendix begins by briefly discussing three commonly used numerical
methods for the back transformation of Leplacespace functions into real space.  The
Crump  (1976)  method  is  the  fceus  of the  remainder  of  the  appendix  and  the
algorithm of De Hcog et al. (1982) is introduced as an approach for accelerating the
convergence of the summation series employed in the Crump method.

The inversion step, i.e. the back transformation of the haplacexpace function
into real apace, is probably the mast difficult step of a problem involving the haplace
transformation.     Many  methods  for  the  numerical  inversion  of  lraplacexpace
solutions have been employed in the groundwater literature.   The most commonly
used methds are thcne of Stehfest (1970), Crump (1976), and Talbot (1979).  The
numerical inversion scheme of Stehfest produces a solution for one specific time.  At
least 10 or more haplace solutions (i.e.  10 pk values) are usually required for the
inversion  in  order  to  obtain  a  solution  of acceptable  accuracy.    The  marimum
number of lxplace solutions (K) that can be used in the Stehfest algorithm is related
to the largest number the computer can manipulate.  Generally, K should be assigned
a value as large as possible for a given machine in order to minimize the error of the
inversion.  Once the value of K is selected, the accuracy of the inversion is fixed.

The Talbot inversion algorithm also produces a solution for one specific time.
In this case, however, there is no limit on the value of K and thus on the accuracy
of the inversion.  Computations are terminated when a summation series converges
to  a  prespecified  criterion  by  comparing  inversion  results  obtained  using  two
successive pk values.

The Crump method differs from both of the preceding methods in that a
single set of pk solutions can be employed to perform the inversion for a range of
times.  The accuraey of the inversion in this case is determined by both the number
of terms in the summation and the values of summationiseries parameters.

Previous work (e.g., Barker, 1982; Moench and Ogata, 1984; Mcench, 1984;
Chen, 1985; Kipp, 1985; Chen, 1986) has shown that all three of the above methods

can be used in groundwater flow and transport applications with hick accuracy.  The
selection  of  an   inversion  method  should  therefore  be  based  on  the  specific
requirements of the problem being addressed.  If solutions are required at only a few
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points  in time, then the Talbot or Stehfest algorithms  are the  most  appropriate
approaches.  If, as is often the case in well-test applications, there are a large number
of points  in  time,  the  method  of Crump  (1976)  is  the  most efricient  approach.
Although  3DFDTC  enables  the  user  to  select  either  the  Stehfest  or  Crump
algorithms, the algorithm of Crump will undoubtedly be the mcrst commonly used
approach for well testing applications and thus is the focus of the remainder of this
discussion.

Crump (1976) found that a series transformation may be incorporated into
equation (IIA12) to speed up the rate of convergence and, at the same time, reduce
the truncation error.   This approach,  known as the epsilon  algorithm, produces,
without exception, much faster series convergence than a conventional summation.
The number of I.aplacerspace solutions required in the summation series is reduced
from hundreds to tens.   The epsilon algorithm involves the approximation of the
summation series of (IIA.12) by a sequence of partial sums that are calculated using
a recursive equation.  De Hoog et al. (1982) present a quotient difference algorithm
that dramatically improves on the speed of convergence of the epsilon algorithm.
Liu and Butler (1991) provide a detailed description of the De Hoog algorithm, a
summary of which is given here.

In  the  De  Hcog  algorithm,  the  summation  series  inside  the  brackets  of

(IIA12) is rewritten as the real value of the following equation,

2J,

s2]y= I: akz *
k-0

i*t
z  --  e Tmx ;

ak--=J(Pk)
This summation can be approximated by

S2Nts V ( Z , ZN)  --dol  (1 + dLZ /  (1 + ... + dzNZ) }

where

(1A)

(2A)

where ¢ ,..., j=1, 2N are called the continued fraction ccefficients

and  are  defined  as   c!o=ao,  din_[=-al°' ,  cI2n=-e£°',  n=i ,......, IV.     The  initial
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er(I)    and   gJJ)    terms are defined as:

eJ±' --0 ,  for i--0 , 1 ,..., 2N,  and q±±' --a±+ja±,    for i--0 , 1 ,..., 2N-1.
An array of q and e coefficients can be fomed using the following relationships

for  I--1 ,..., 2N,   e±±' -_q±±+" -q±±'  +e±±:.l ,   i-_o ,..., 2N_2r    (3Ai)

and  for I--2 ,..., N,  q±±' -_q±±:" e±±:L' / e±±| ,  i~_o ,..., 2N-2r-1     (4A:)

This array can be written out as

gio)

e(o])                eu,OO

qflxl)            qfl«2»
coo)             e!''             e!O)

TP           qf&f1)
eKSo»              cf I,A

g10)

et4)

(SA)

The following recursive equations can then be used to calculate the tens required
in the approximate summation of (2A):

An  =  An-1  +  dnzAn-2
n  -  1, 2 ,..., 2N

Bn  =  Bn-1  +  dnzBn-2
(6A)

With A.1  =  0, B.1  =  1, Ao  =  do and 8o  =  1.

Using these recursive equations, (2A) can now be written as S2n a v(z,2N) =
A2N/BIN.  Equation (IIA12) thus becomes:

hjle)Siiarep°ts2„=t±epoti?:]

A3

(7A)



Liu  and  Butler  (1991)  show  that  use  of  (7A)  instead  of the  epsilon  algorithm

approach can reduce the number of terms required in the summation by a factor of
two or more.  Note that as described by Liu and Butler (1991), careful selection of
the Tmax parameter is required in order to realize the maximum computational
reductions.  Those authors provide recommendations on the selection of Tmex and
other summation parameters.
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VIII - APPENDIX 8 - SENSITIVITY AN:AIYSIS

Introduction
Sensitivity analysis (MCElwee, 1987) is a formalism that allows relationships

betveen model responses and model parameters to be eramined in considerable
detail.   In this appendix, a brief summary of the firsti>rder sensitivity approach as

applied to the modeling of groundwater flow in response to a stress at a central well
is given.

Sensitivity Coefficients
Assuming three parameters of interest, the firstlorder Taylor expansion for

trydraulic head is

H.   -  Hm   +  Upm±LPLm   +  Upm2LP2m   +  Upm.LP3m ®1)

Pj  =  model parameters such as transmissivity (T), storage (S), initial head

(Ho), etc.;

If = vector of heads based on the true parameters  Pj* ;

Hm = vector of heads based on current parameter estimates   P|m  ;

Up:  =  #  = sensitivity ccefficient;

AP]J»   = unknown perturbation in the parameter estimates;
in =  iteration indchL

where

Note that equation (81) is a linear approximation of a nonlinear process as a result
of the neglection of the higher order terms in the expansion.

Normalized Seusitivities
The multiplication of a sensitivity ccefficient by the parameter of interest is

defined as a normalized sensitivity ccefricient (MCElwee, 1987) and is denoted by

CJf] .  When investigating the head response in a slug test, the normalized sensitivity

to relative head (  ufj  ) is often used.  This quantity is defined as
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u i 1  --  P 1

h = relative head = H/Ho.
where

6(H/Ho)
6pj

-pj# ®2)

An examination of the spatial and temporal dependence of the normalized sensitivity
will often yield considerable insight into the physical processes accuITing during a
well test.

Parameter Estimation
Sensitivity  coefficients  can  be  employed  in  an  unweighted  least  squares

inversing routine to estimate model parameters.  MCElwee (1982, 1987) describes the
technique in considerable detail.  The approach is an iterative prceedure involving
the minimization of an error functional in the form of the sum over all measurement

points of the squared differences between the observed and calculated heads:

JE  =  Z:  [Hon  -  HC'n] 2
n

Hon = H* +  €  = observed head at index point n;
Hcn = calculated head at index point n;
c  = measurement error;
n = spatial and temporal lceation of measurement.

where

(83)

The righthand side of equation (81) is substituted for HC[ in equation (83) and the
functional minimized with respect to the parameters.   This produces a system of
equations with the unknown being a vector of parameter changes:

[A] Ap  =  R

a-2
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where

[A]  = the sensitivity summation matrix;
AP = vector of parameter changes, AP+  =  (Api, AP2, AP3);
R = residual vector.

The new parameter estimates are then found using

pm±+1  -_  pf  +  ^plm 05)

Since the outlined procedure employs a linear approximation of a nonlinear process,
a number of iterations are generally required to obtain convergence to within  a

predefined criterion.

Sensitivity Summation Matrix
The sensitivity summation or sensitivity design matrix ([A] of equation (84))

is a summation over time and space of products for any tiro sensitivity coefricients:

ajJ  =   [A] „  =  I: uj (J]) CJj (J])
n

ij  - P1, P2' P3.
where

(86)

The diagonal elements of the matrix are simple summations of the squares of the
sensitivity ccefricients with respect to the same parameter.  In general, the solution
to equation (84) is well behaved if the diagonal elements are large and nearly equal
and the ofidiagonal  elements are small.   This will be the case when sensitivity
ccefricients are large and poorly correlated.

Seusitivity Correlation Matrix
The  sensitivity  summation  matrix  can  be  transformed  into  a  "pseudo"

sensitivity correlation matrix whose elements are defined as
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cjJ  =   [C]jj  =
alJ_JrfuJ 07)

cti  =  a "pseudo" correlation between sensitivity coefficients for panmeters
Piandpj,   lcjjl  i  1.

where

The elements of this matrix quantify the degree of correlation betveen sensitivity
ccefficients characterizing different parameters. By definition, the diagonal elements
of the matrix will be one.   If any of the offrdiagonal tens are cmctly one, the
inverse of [A] in equation (84) does not edst and the parameter estination problem
cannot be solved.   In practice, anytime the offrdiagonal elements of the sensitivity
correlation matrix get above .9 the [A] matrix becomes illtonditioned rather rapidly
and the parameter estimates become more unreliable.

Parameter Covariance Matrix
Equation  (84)  shows  that  the  inverse  of the  [A]  matrix  is  emplo)red  to

calculate the vector of parameter changes.  The inverse of [A] is also employed to
estimate the apbreximate covariance of the estimated parameters:

COY(P)    =    [8]    =   [A]-1s2

[8]  = covariance matrix;
s2   =  I)  [Jron  -  HC',]] 2/ (IV-Aft  ;

I,

N = total number of measurements;
M = total number of parameters.

where

are)

The estimated standard error of parameter PL is given by the   /5=]   element of the
covariance matrix.  Note that the form of the parameter covariance matrix is based
on some simplifying assumptions about the measurement error.  These assumptions
include that the measurement error is additive, of a zero mean and constant variance,
and uncorrelated with the measurement error at another location.
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Equations  (87)   and  (88)   indicate  that  correlation  between  sensitivity
coefficients will affect the reliability of parameter estimates.   Butler and MCElwee

(1990) present a demonstration of the design of well testing procedures to reduce the
comelation between sensitivity coefricients and therefore increase the reliability of

parameter estimates. Section II.C of this report describes a sensitivity analysis of slug
tests in which Observation wells other than the stressed well are employed to improve
the reliability of parameter estimates.
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