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ABSTRACT

The failure to recognize the existence of a low-pemeability
well skin is undoubtedly the largest source of error in hydraulic
conductivity   QC)   estimates   obtained   from   slug   tests.      An
underestimation  of formation K by  an  order  of magnitude  or
more   will   often  be   the   result   if  the   presence   of  a  low-
permeability skin is not recognized.  In this presentation, several
approaches for the identification of low-permeability well skins
are  discussed.     Special  emphasis   will  be  placed  on  a  new
approach that has recently been proposed for use in formations
of  low  to  moderate  K.     This  approach  exploits  some  basic
features of the physics  of slug-induced flow in the presence of
a  low-permeability  skin.    Repeat  slug  tests  are  performed  in
conjunction   with   a   simple   ratio   method   derived   from   the
Hvorslev  technique.    The  dimensionless  storage  parameter  is
changed between tests by modifying the effective radius of the
well  casing.      Results  indicate  that the  approach  should  work
well when the skin-fomation K contrast is greater than an order
of magnitude, even in the presence of the noise inherent in field
applications.   Less dramatic contrasts can be identified when the
vertical component of the slug-induced flow is small and/or the
change in the effective casing radii is quite large.   Although the
formation  K  may  still  be  difficult  to  estimate,  use  of  these
methods    should    enable    the    field    practitioner    to    avoid
inadvertently    assigning    properties    reflective    of    a    low-
perm.eability skin to the formation.
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RTRODUCTION

The slug test is a commonly used technique for the in situ
estimation   of  hydraulic   conductivity   at   sites   of   suspected
groundwater contamination (Chirlin,1990; Butler et al. ,1996).
This  approach consists of measuring the recovery of head in a
well after a near instantaneous change in water level at that well.
The   recovery   data   can  be  used   to   estimate   the  hydraulic
conductivity  QC)  of  the  formation  through  comparisons  with
theoretical models of test responses.   The widespread use of this
technique   cannot   be   overemphasized,    as   literally   tens   of
thousands  of these tests a-re performed each year in the United
States  alone.

Unfortunately,  estimates obtained from slug tests are often
not consistent with other information obtained as part of a site
investigation.    For  example,  a large body  of field data shows
that  the  K estimate  obtained  from  a  series  of slug  test is,  on
average,  considerably  lower  than that  obtained from pumping
tests in the same formation (e.g. , Rovey and Cherkauer,  1995).
Although   these   data   could  be  interpreted   as   indicating   an
underlying  scale dependence  in K,  Butler  and Healey  (1995b)
argue th`at the slug-test K is  artificially low  as  a result of low-
permeability well skins.  They speculate that the low-K skins are
primarily a result of incomplete well development,  i.e. a failure
to  remove  drilling-related  debris  and/or  products  of bacterial
action from the near-well portions of the formation.   Since slug
tests   are   extremely   sensitive   to  near-well   conditions   (e.g.,
Moench  and  Hsieh,  1985),  incomplete  well  development  can
result in slug-test estimates being more reflective of the altered
(lower  permeability),   near-well  material  than  the  formation
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itself.
Although  theoretical  models  for  slug  tests  in  wells  with

skins exist (e.g., Ramey et al.,1975; Moench and Hsieh,1985;
Hyder  et  al.,  1994),  these  models  are  of quite  limited use  in
practice because  of the nonuniqueness  of test responses in the
presence of a low-K skin (e.g., Moench and Hsieh,1985).   This
nonuniqueness   is   especially   pronounced   in   wells   that   are
screened over a limited portion of the formation,  which is the
usual situation in groundwater investigations.   Thus,  it may be
virtually impossible to obtain a reliable estimate of the hydraulic
conductivity of the formation from a slug test in a well with a
low-K skin under conditions colrmonly faced in the field.

Since  hydraulic-conductivity  estimates  from  slug` tests  in
wells with low-K skins  are of little value,  it is imperative that
the  field practitioner recognize  when  a low'-K skin is present.
h this presentation, several approaches for the field detection of
low-K well skins  are presented.   Particular emphasis is placed
on  a  new  approach  based  on  repeat  slug  tests  in  which  the
effective casing radius is changed between tests.
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LOW-K SKINS  -  TIH REALITY

Commonly used methods for the analysis of slug-test data
often  employ   the  uurealistic   assumption  that  the  near-well
portions  of the  formation have been well developed  along  the
entire  length  of the  gravel  pack  Figure  lA).    Regardless  of
which drilling technology is employed, however, a considerable
amount  of  drilling  debris  will  be  deposited  in  the  near-well
portions of the formation.   Given standard well installation and
development procedures, it may be very difficult to remove this
debris  from  portions  of  the  formation  that  are  opposite  the
gravel pack, but either above or below the screened interval.   In
reality,  the near-well portions  of the formation will  invariably
only be developed immediately adjacent to the screen, and even
there the development may just be partially successful.    Thus,
the best one can hope for are conditions similar to those depicted
in  Figure  18.    Actual  conditions,  however,  are  undoubtedly
much  closer  to  Figure   lc   or  worse,   especially   when  one
considers the additional impacts of bacterial action, inappropriate
sizing/placement   of  the   gravel  pack,   vertical   variations   in
formation  K,  etc.    If  we  are  to  have  any  confidence  in  the
paramet6r estimates obtained from slug tests, we need to be able
to recognize the presence of conditions similar to those depicted
in Figure lc.
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CLASSIFICATION/RECOGNITION OF LOW-K SKINS

Well skins may be classified with respect to their response
to the pressure disturbance initiating a slug test.   If a portion of
the material  that is  forming  a low-K skin is mobilized by the
slug-induced disturbance,  the skin is considered to be dynamic
in nature.   In this case, one should expect to see sizable changes
in K estimates between repeat slug tests at a well (e.g.,  Figure
2,  where  To is the basic time lag  (time at which a normalized
head of 0.37 is reached) of Hvorslev (1951)).  If flow during the
slug  test  is  insufficient  to  mobilize  this  material,  the  skin  is
considered to be static in nature.   h the static case,  one should
expect  a  consistent  set  of K estimates  from repeat  tests  (e.g.,
Figure  3).    The  response  of a  skin may  be  a  function  of the
amount of flow induced by a slug test.   For example,  Figure 3
displays data from a series of shut-in slug tests  (Neuzil,  1982)
that were performed at the same well as in Figure 2, prior to the
tests in Figure 2.   Although the later tests of Figure 2 revealed
the presence  of a low-K  skin,  the very  small  amount  of flow
during the shut-in tests was insufficient to mobilize a portion of
that skin.   Note that regardless of whether a skin is dynamic or
static  in  nature,  there  often  exists  a  skin-related  directional
dependence in the response data (e.g. ,  Figure 4).

There are a number of approaches  for recognizing low-K
skins  from  slug-test  data.     These  approaches,  which  can  be
subdivided   into   single-   and  multi-test  methods,   are  briefly
described in the following  sections.
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SINGLE-TEST RETHODS

It can be extremely difficult to recognize the presence of a
low-K skin from the results of a single slug test.   Occasionally,
dynamic  s]in effects may be  so  dramatic  that there is  a clear
break on the response plot.   For example,  the break at point A
for Test # on Figure 2,  which is more clearly seen in the log
head  versus  time  plot  of Figure  5,  is  a  clear  indication  of a
dynamic  skin.    In most  cases,  however,  dynamic  s]in effects
will be difficult to recognize on the basis of a single test.   One
can   attempt   to   identify   the   presence   of  a  low~K   skin  by
comparison  of test responses  with theoretical  models  for slug
tests  in  homogeneous  formations  (e.g.,  Cooper  et  al„   1967;
Hyder et al. ,1994).   When a low-K skin is present, one will see
a  systematic  deviation  between  test responses  and  the  best-fit
theoretical model.   Figure 6 shows such a deviation for the case
of a skin that is on the order of a factor of two less permeable
than the formation.   As Hyder et al.  (1994)  explain,  however,
a similar deviation is produced by slug-induced vertical flow, so
there  is  a  considerable  degree  of nonuniqueness  for  partially
penetrating wells.   A fmal approach would be to attempt to fit
the data rising existing models for slug tests in wells with low-K
skins  (e.g.,  Moench  and  Hsieh,   1985;   Hyder  et  al.,   1994).
Again,  however,  nonuniqueness  of  test  responses  makes  the
approach  of limited value.    Thus,  data from a single slug test
are, in general, of very limited use for the identification of low-
K skins.
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MULTI-TEST RETHODS

Butler  et  al.  (1996)  recommend  a multi-test  approach  to
exploit the dynamic  (e.g. ,  Figure 2)  and directional-dependent
(e.g,  Figure 4)  character of many low-K skins.   At least three
slug tests should be performed at each well.   h order to allow
the directional dependence of test responses to be assessed, one
of these tests  should be  configured so  that flow in response to
the  slug-induced  disturbance  is  opposite  the  direction  of  the
other tests.  The performance of repeat slug tests using Ho in the
range of 0.3 to 3 in is usually sufficient to mobilize a portion of
the   low-K    skin   and/or    reveal    a   Skin-related    directional
dependence.    If such  effects  are not seen in a series  of repeat
slug   tests   perfomied   in   formations   of   moderate   to   high
conductivity,  it has been our experience that theoretical models
(e.g. ,  Cooper et al. ,  1967; Hyder et al. ,  1994) will provide very
reasonable fits to the test data.  However, only limited credence
should be  given to the resulting K estimates  because the  slug-
induced  flow  may  simply be  constrained  to  a few  thin,  well-
developed zones that pass through a relatively static low-K skin
(e.8.,  Fig.1C).

Additional  testing  is  required  for  cases  where  there  is
concern that the skin is primarily static in nature.   A new multi-
test  approach  for  assessing  the  presence  of  a  static  skin  is
described in the following sections.
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TIH INFLUENCE OF Tlm DIRENsloNLEss STORAGE
PAI-TER (c¥)

Most  field  practitioners  use  the  techniques  of  Hvorslev
(1951) or Bouwer and RIce (1976) to analyze response data from
slug tests.   These methods are based on two major assumptions
concerning the slug-induced flow system:  1) there is an effective
radius beyond which the slug-induced disturbance has no effect
on formation heads,  and 2) the influence of specific storage on
test    responses    is     essentially    negligible.         When    these
approximations are appropriate, a plot of the log of the deviation
of head from static conditions versus time will be linear in form.
However,  Chirlin (1989)  shows  that the linearity of a .log head
versus time plot will depend on the value  of the dimensionless
storage parameter (er =(2rw2bs)/rc2)).  When er is small, the plots
will be linear in form.   As c¥ increases, however,  the plots will
display an increasingly pronounced concave-upward curvature.
Note that a significant proportion of vertical flow in response to
the slug-induced disturbance (i.e. a test in a partially penetrating
well) will serve to suppress the concave-upward curvature with
respect to the case of a fully penetrating well.

When a slug test is performed at a well with a low-K skin,
almost all of the head drop occurs across the skin; heads in the
formation are essentially unaffected by the test (e.g. , Faust and
Mercer,  1984).   In addition, the specific storage of the skin has
very little influence on the response data because the thickness
of the skin is relatively small.  Thus, the two major assumptions
of the Hvorslev/Bouwer  and Rice methods  appear to be more
reasonable   in  the   case   of  a  low-K  well   s]dn  than  in  the
homogeneous  case.   The result is that plots of log head versus
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time from tests in wells with low-K skins will be approximately
linear over a very wide range of er values,  whereas plots from
tests  in  a  homogeneous   formation  will  display  increasingly
greater  concave-upward  curvature  over the  same range.    This
difference  in  the  dependence  of slug-induced  responses  on  c¥
between the homogeneous and low-K skin cases can be exploited
to detect the existence of a skin if one can perform repeat slug
tests at the same well using different values of c¥ between tests.
A description  of one  approach  for changing  c¥ is given in the
following  section.
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CIIANGING  er VIA TIH EFFECTIVE CASING RADrus

Once a well has been emplaced, most of the well-formation
parameters  are  fixed  quantities.    The  exception  to  this  is  the
effective  radius of the casing (rc), which can be readily changed
by using  a packer-standpipe  arrangement  (e.g.,  Figure  10  and
Butler and Healey (1995a)).   Because rc is in the denominator of
er,   a  decrease  in  rc  will  lead  to  an  increase  in  c¥.     In  the
configuration  of  Figure  10,  the  standpipe  is  attached  to  the
central   flow-through   pipe   of   the   packer,    which   can   be
opened/closed from the surface using a wireline.  In an injection
slug test,  the standpipe would extend from the packer  (located
below  the  static  level in the  well)  to  some  distance  above  the
expected  Ho.     Thus,  all  water  level  changes  during  the  test
would  occur  in  the  smaller-diameter  standpipe.     Note  that
decreasing  rc  speeds up  the duration of the test.   The ultimate
result of continual decreases in rc is the shut-in slug test used in
formations  of very low K (e.g.,  Neuzil,1982).

Changing the casing radius (and hence c¥) between tests is
the basis of the multi-test method proposed here.   Moench and
Hsieh (1.985)  speculated that perfoming  repeat slug tests with
different c¥ might prove useful for estimating skin and formation
properties.   However,  other than a series of tests described by
Novakowski  (1988)  to  assess  if fracture  width  changed  with
depth of investigation, very little work has apparently been done
on varying c¥ between slug tests at the same well.
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DETECTION OF A STATIC LOW-K SIEN.

Equation (1) is the Hvorslev expression (case 8 of Hvorslev
(1951))  for the hydraulic  conductivity  Qcrv)  estimated  from a
slug test in a partially penetrating well in an isotropic formation:

Klrv
r:Imp/(2rw)   +  [1 +(b/2rw)2]°.5]

2bTo

where b and rw are screen length and radius, respectively.
When a test is repeated with a different casing radius, only

rc and To change in (1).   Thus,  the ratio  of the right hand side
of equation (1) for the second test (assume with smaller rc) over
that for the first test can be written as

(r:,To,2

(r:,To,1
(2)

where  1  and 2 designate the tests with the original and smaller
casing radii, respectively.

The method proposed here is based on a plot of equation
(2) qenceforth designated as the Hvorslev ratio) versus the ratio
of  the  squared  casing  radii   (rc2]/r:).     h  order  to  assess  the
viability of the approach, a series of numerical experiments were
run  using  a  semianalytical  solution  for  slug  tests  in partially
penetrating wells (Liu and Butler,  1995).   Figure 7 is a plot of
equation (2) versus the rc ratio for the case of a fully penetrating
Well (cg=4.2e-4 for test  1, radius of skin twice that of screen).
As  shown in the figure,  the difference between the Hvorslev-
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ratio curves will increase with the magnitude of the change in rc
and that of the skin-formation contrast.   Figure 7 indicates that
it should be possible to identify a low-K skin that is an order of
magnitude or more less conductive than the formation when the
well is screened across the entire formation.    Identification of
smaller  contrasts  may  be  possible  if large  changes  in  rc  are
employed.

Figure  8  displays  results  for  a  partially  penetrating  well
(aspect ratio a/rw) of 17.5).   The difference between Hvorslev-
ratio curves is clearly much smaller when there is a significant
component of vertical flow.   Thus,  a relatively large change in
rc must be effected for the method to be viable in wells of small
aspect  ratios.     This  need  for  a  relatively  large  change  in  rc
restricts the method to formations of moderate to low K.   Even
when the change in rc is large,  however,  it will be difficult to
identify  a  skin-formation  contrast  of  less  than  an  order  of
magnitude.   Note that Figure 8 is based on an initial c¥ of 4.2e-
4.   The dependence  of the Hvorslev ratio on rc-is a function of
c¥.   Figure 9 displays results for an initial c¥ of 4.2e-2,  a value
that  might  be  found  in  low-K,   clay-rich  fomations.     The
approach is clearly much more effective in this situation.   Note
that the i)ronounced rise seen in the skin curves above a rc ratio
of 50  (i.e.  at very large c¥) occurs because  the effective radius
of the slug test has become smaller than the outer radius of the
skin.   This dependence of the effective radius of a slug test on
c¥ is the feature that Novakowski (1988) was trying to exploit in
the tests he describes.
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INITIAL FIELD EVALUATION

An initial field evaluation of this new approach has begun
at  two  Kansas  Geological  Survey  monitoring  sites  (Stafford
County site 18 and the Trego County monitoring site).   Figures
2 and 3 display the results of tests that were performed with two
different   rc   at   the   same   5"    well   at   the   Stafford   site.
Unfortunately, fairly dramatic dynamic skin effects (e.g. , Figure
2) were seen in tests at both sites when rc greater than 0.5 " were
employed.      These  effects  made  it  impossible  to  rigorously
evaluate  the potential  of the  approach.    Further testing  of the
methodology is planned using a range of small rc in an attempt
to  minimize  the  influence   of  dynamic   skin  effects   on  the
methodology evaluation.
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CONCLUSIONS

Undoubtedly,   the   primary   source   of   large   errors   in
parameter  estimates  obtained  from  slug  tests  is  the  failure  to
recognize the existence of a low-permeability (low-K) well skin.
A program of slug tests should therefore be designed to assess
whether  a low-K  skin exists  at  the  test  well.    It  is  extremely
difficult  to  recognize  the  presence  of  a  low-K  skin  from  the
results  of a single slug test.   However,  a program of multiple
slug  tests  at  a  single  well  will  often reveal  the  existence  of a
skin.   The multi-test approach described by Butler et al.  (1996)
exploits  the  dynamic  and  directional-dependent   character  of
many  low-K  skins.    Static  skins,  however,  will  often  not  be
recognized   using   this   approach.      A   new   method   for   the
identification of static skins is proposed here.    This  approach,
which  exploits   some  basic  features  of  the  physics   of  slug-
induced  flow  in  the  presence  of  a  low-K  skin,  involves  the
performance  of repeat slug  tests in which the  effective  casing
radius  is  changed  between  tests.    A  simple  plotting  method
derived from the Hvorslev technique is employed to assess if a
shin exists at the test well.  Numerical experiments indicate that
this new` approach holds  considerable promise in formations of
moderate  to  low  K.     A  field  evaluation  of  the  method  is
currently underway.
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