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an8IRACI

The  slug  test  is  currently  the  most  common  method  for  the  in
situ  estimation  of  hydraulic  conductivity  at  sites  of  suspected

groundwater contamination.    It  is widely  recognized,  however,  that
the   quality   of   the   parameter   estimates   obtained   using   this
technique  can vary  tremendously.    The  success  of  a  program  of  slug

tests   critically   depends   on   well   installation   and   development

procedures,    as    field    data    have    repeatedly    shown    that    low-

permeability  (low-K)  well  skins  are  the  largest  source  of  error  in
slug-test  estimates.    Theoretical  analyses  have  demonstrated  that
hydraulic-conductivity estimates  from slug tests in wells with low-
K  skins  are  often  of  limited  value,   regardless  of  the  particular
approach   used   to   analyze   the   response   data.      It   is   therefore
imperative  that  a  low-K  skin  be  identified  through  a  program  of

repeat  slug tests.    Recently,  a  series  of practical  guidelines  for
the  performance  and  analysis  of  slug  tests  has  been  developed  at

the  Kansas  Geological  Survey  in  an  attempt  to  improve  the  quality

of slug-test estimates.   A subset of these guidelines was presented

in Butler et  al.   (1996) .    Additional  guidelines  of  relevance to the

field  practitioner  are  described  here.
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IrmRODt]cTION

The  slug  test  is  a  very  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,   which   is   quite   simple   in   practice,   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 of the  formation adjacent to
the  screened  (open)   interval  of  the  well  through  comparisons  with

theoretical  models  of  test  responses.    The  widespread  use  of  this

technique  in  the  environmental  industry  cannot  be  overemphasized,

as  literally  tens  of  thousands  of  these  tests  are  performed  each

year   in  the  United  States   alone.      The   slug  test  has  become   so

prevalent primarily as a result of its  simplicity and low cost,  its
utility  in  low-permeability  formations where pumping tests  may not

be  feasible,   and  the  fact  that  the  approach  can  be  con figured  so
that  no water  is  actually  removed  from or  added to  the well  during

the  course  of  testing  (e.g.,   Levy  and  Pannell,1991) .

Over  the  last  three  decades,  a  significant  amount  of work has

been   directed   at   developing   theoretical   models   for   use   in   the
analysis  of  the  head  data  collected  during  a  slug  test  (see  Hyder
et  al.   (1994)  and  references  therein) .    Although  considerable work

has  also  been  directed  at  very  practical  aspects  of  the  approach,

relatively   little   of   that   work   has   actually   appeared   in   the

published   literature.      Standard   texts   on  well   hydraulics   that
discuss   slug   tests   essentially   just   summarize   the   theoretical
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models  that  can  be  used  to  analyze  slug-test  data  (e.g.,  Kruseman

and   de  Ridder,1990;   Dawson   and   Istok,1991).      Little,   if   any,

discussion  of  how  the  technique  should  be  applied  in  practice  is

provided.         With   limited   guidance   from   the   literature,    field
practitioners    often    must    resort    to    ad-hoc    approacines,    the
ramifications  of  which may  not  be  fully understood.    The  result  is
that  the  quality  of  parameter  estimates  obtained  from  slug  tests
can vary tremendously.    Clearly,  significantly more  attention must

be  given  to  the  practical  aspects  of  the  methodology  before  this
technique  can  be  expected  to  provide  reliable  estimates   of  the
hydraulic  conductivity  of  a  formation  on  a  consistent  basis.

Over  the   last   six  years,   the   Kansas   Geological   Survey  has

carried out extensive theoretical and field research on slug tests.
A major product of  this work has been the  definition of  a  series  of

practical  guidelines.     Butler  et  al.   (1996)   describe  a  subset  of
these  guidelines,   strongly  emphasizing  the  need  for  both  thorough

well    development   and   repeat   slug   tests.        Space   limitations,

however,  prevented those authors  from discussing several guidelines

of  considerable  relevance  to  the  field  practitioner.    The  purpose
of this  article  is to briefly describe these additional  guidelines
of  practical  importance.    Tests  from  a  variety  of  field  sites,  in

conjunction with numerical simulations,  will be used to demonstrate

the  significance  of  the  proposed  guidelines.
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PRACTICAI.  8I.UG-TE8g  GUIDEI.IREB

THE   PREBENCE  OF  A  row-pERiiEaell.ITy  8xlN  xu8T  BE  REcOGNlzED

As  stated  by  Butler  et  al.   (1996),   the  failure  to  recognize
the    existence    of    a    low-permeability     (low-K)     well    skin    is

undoubtedly  the   largest  source  of  error   in  parameter  estimates
obtained  from  slug  tests.     Butler  and  Healey  (1995b)   describe  two

field examples that demonstrate the ubiquitous nature of low-K well
skins and the magnitude of the error introduced into the hydraulic-
conductivity estimate when a  low-K skin  is present.    They speculate

that the widely observed difference between hydraulic-conductivity
estimates  obtained  from  slug  tests  and  those  from  pumping  tests

(slug-test  estimates  are  usually  less  than  estimates  from  pumping
tests)   is  primarily  a  product  of  low-K  skins  produced  by  residual
drilling  debris  and/or  products  of  biochemical  processes.

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.    The

primary  reason  for  this  is  the  nonuniqueness  of  test  responses  in
the   presence   of   a    low-K   skin,    which   has   been   theoretically

demonstrated  by Moench  and  Hsieh  (1985)   among  others,  coupled  with

the  nonidealities   (e.g.,   sensor  noise,   formation  layering,   poor

well   construction,    eta.)    common   to   field   applications.       This

nonuniqueness  of  test  responses  is  especially  pronounced  in  wells

that are screened over a  limited portion of the  formation,  which  is

the    usual    conf iguration    at    sites    of    suspected    groundwater

5



contamination.        Thus,    a    reliable    estimate    of    the    formation

hydraulic  conductivity  may  be  virtually  impossible  to  obtain  from
a  slug  test  in  a  well  with  a  low-K  skin  under  conditions  common to

environmental  applications.
In    the    petroleum    industry,    however,    the    slug    test    is

considerably   more    useful    in   wells    with    low-K    skins    because

petroleum   applications   commonly   involve   much   deeper   wells   than
those  used  in  groundwater  investigations.     The  head  disturbance
initiating   a   slug   test   is   often   on   the   order   of   hundreds   to
thousands of meters of water in petroleum applications,  in contrast
to   the   less-than-one   to   two   meter   range   commonly   used   in   the

environmental  industry.    The  much  larger  initial  head  disturbance

allows  the  data  to  be  analyzed  using  techniques  that  are  based  on

large-time  approximations  to  the  theoretical  models   (see  Sageev

(1986)  and  references  therein) .    These  large-time  techniques,  most
of  which  are  some  variant  of  the  Ferris-Knowles  method  (Ferris  and

Knowles,  1963) ,  enable  quite  reasonable  estimates  of  the hydraulic

conductivity of the formation to be obtained.   Unfortunately,  these

techniques  are only valid  for the very small  normalized heads  found

in  the  very  late  stages  of  a  slug  test   (H(t)/Ho  <   0.0025,   where

H(t)   is  measured  deviation  from  static  and  Ho  is  the  size  of  the

slug).      Thus,   these  methods   are   essentially   of   no   use   in  most

environmental  applications,   where  the  deviations  from  static  for

which these techniques would be  applicable would be on the  order of

a  centimeter  or  less.

Because  hydraulic-conductivity  estimates  from  slug  tests  in
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wells  with  low-K  skins  are  of  little  value  in  shallow  groundwater
applications,    a   program   of   slug   tests   should   be   designed   to
identify  the  presence  of  a  low-K  skin.     Butler  and  Healey   (1996)

point  out  that  well  skins  may  be  dynamic  or  static  in  nature.    If
a  portion  of  the  material  that  is  producing  the  skin  ef fect  is
mobilized by the  introduction of the  slug-induced disturbance  (the
dynamic   case),    one    should   expect   to    see    sizable    changes    in

hydraulic-conductivity estimates between repeat tests at that well.
If  the  flow  during  the  slug  test  is  insufficient  to mobilize  this
material   (the  static  case) ,  one  should  expect  a  consistent  set  of
conductivity  estimates  from  repeat  tests.     Butler  et  al.    (1996)

recommend  that  at  least  three  slug tests  be performed  at  each well
in  order to  identify  a  dynamic  skin.    One  of  these  tests  should  be

conf igured   so  that  the   flow  of  water   in  response  to  the   slug-
induced  disturbance  is  opposite  the  flow  direction  of  the  other
tests.    This  reversal  of  flow direction  is analogous to the pulsing
action of well  development  and often will mobilize  a portion of the

material  comprising  the  skin.    Note  that  the  primary  direction  of
f low  during  a  series  of  slug  tests  should  be  from  the  formation

into  the  well,   as  flow  into  the  formation  will  often  lead  to  a

progressive  decrease  in  near-well  hydraulic  conductivity.     This
decrease  is  primarily  a  result  of  mobilized  fine  material  being
lodged  deeper  in  the  formation.

Figures  1  and  2  illustrate  the  types  of  slug-test  responses
that  are  often  observed  in  the   field.      In  these   figures,   test
responses  can  be  compared  using  To,   which   is  the  basic  time   lag
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(i.e.,    time   at   which   a   normalized   head   of    0.37    is    obtained

(Hvorslev,     1951))     and     inversely    proportional     to    hydraulic
conductivity.     The  repeat  tests  shown  on  Figure  1  display  rather
typical  dynamic  skin  effects  (To,  and thus  K,  varies  by  a  factor of
1.8)   and  a  very  limited  dependence  on  flow  direction.     Because  To

increases  with  the  later  tests,  one  might  speculate  that  analysis
of Test  #1 would produce an estimate of hydraulic conductivity that

is  reasonably  close  to that  of  the  formation  (e.g. ,  Butler  et  al. ,
1996).      However,   the  dynamic  skin  effects   observed  during  these

tests   are   an   indication   that   development   activities   have   been
insufficient  at  this  well.    Therefore,  when  confronted with  such  a
situation,  it  is best to err on the  side of caution and assume that
all  tests  have  been  impacted  by  insufficient  development.

The tests  shown on Figure  2,  in contrast to those  of Figure  1,

display   a   very   dramatic   dependence   on   flow   direction,   a   clear

indication  of  a  significant  low-K  skin.     There  should  be  little
doubt   that   all   tests   at   this   well,    regardless   of   the   flow
direction,   have  been  significantly  impacted  by  insufficient  well

development.    Slug-test    estimates    from    wells    exhibiting    such

behavior  must  be  viewed  with  considerable  skepticism.

The  performance  of  repeat  slug  tests  using  the  range  of  Ho

commonly    employed    in    the    environmental    industry    is    usually

sufficient  to  mobilize  a  portion  of  the  material  comprising  the

low-K skin and/or reveal  a skin-related directional dependence.    If

such effects are not observed during a series of repeat slug tests,
it has been our experience that theoretical models  (e.g. ,  Cooper et
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al. ,  1967;  Hyder et al. ,  1994)  will  provide very reasonable  fits to

the  test data.    However,  as discussed by Butler  and Healey  (1995b) ,

close   agreement   between   To   values    from   repeat   slug   tests   is
strictly    only    a    partial    demonstration    of    appropriate    well
development,    so   only   limited   credence   should   be   given   to   the

resulting   hydraulic   conductivity   estimates.       For   example,    as
discussed  in  the  next  section,  the  slug-induced  flow may  simply be

constrained  to  a  few  thin,  well-developed  zones  that  pass  through
a relatively static low-K skin.   Additional testing is required for
cases where there  is  concern that the  skin may be  primarily  static
in  nature.     Butler  and  Healey   (1996)   recommend  performing  repeat

slug  tests  in  which  the  effective  casing  radius  is  varied  between
tests   through  use  of  a  packer  and   standpipe  arrangement.      When

hydraulic-conductivity   estimates   from   a   series   of   slug   tests

performed  with   successively   smaller  ef fective   casing   radii   are
plotted  in  the   format  shown  in  Figure  3,   it  may  be  possible  to
recognize  the  presence  of  a  low-K  skin.     Butler  and  Healey   (1996)

describe the theoretical basis of the approach and an initial  f ield
application.    As  they  discuss,  this  approach  provides  one  tool  by
which to assess if well-development activities have been sufficient
for  slug-test  purposes  in  formations  of  moderate  to  low  hydraulic

conductivity.   Note that the theoretical  relationships  depicted  in
Figure  3  are  for conditions  similar to those  often  faced  in shallow

groundwater  investigations   (i.e.   partially  penetrating  wells  and
moderate  to  small  values  of  the  storage  parameter) .

Static   skins   are   of   special   concern   in   low-permeability
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formations,   where   the   slug-induced   flow  may  be   insufficient   to

mobilize  a  portion  of  the  skin.     Although  the  approach  of  Butler

and  Healey  (1996)   could  be  of  considerable  use  in  this  situation,

the permeability of the  formation may be such that tests with large
effective  casing  radii  take  a very  long time  to  complete.    In  this
case,   one  should  consider  adopting  an  approach  analogous  to  the

drill-stem  test  of  the  petroleum  industry  (Earlougher,1977).    As

Karasaki   (1990)   points  out,   the  drill-stem  test  is  essentially  a
slug   test   that   begins   as   the   standard   open-hole   test   used   in

groundwater  investigations,   and  then  is  changed  at  some  point  to
the  shut-in  test  used  for  very  low  permeability  units  (Bredehoeft
and  Papadopulos,1980;   Neuzil,1982).      Thus,   a  slug  test  can  be

performed  in  the  open-hole  mode  long  enough  to  obtain  an  estimate
of  To  or  some  other  criterion,  and  then  the  test  can be  shut  in  to
allow  more  rapid  recovery.     The  packer  and  standpipe  arrangement

described  by  Butler  and  Healey  (1995a)   allows  such  a  procedure  to

be   done   quite   readily,   without   all   the   specialized   equipment
required    for    the    deep    applications    common    to    the    petroleum

industry.     One  should  be  able  to  use  this  approach  to  perform  a

series  of  tests  over a wide  enough  range  of  effective  casing  radii
to  allow  the  existence  of  a  static  skin  to  be  recognized.

If ,  as a result of a series of repeat slug tests,  one strongly
suspects  that  responses  at  a  given  well  are  being  signif icantly

influenced  by  a  low-K  skin,  the  parameter  estimates  obtained  from

those tests  must be  discounted.    In this  case,  the  only  option  for

obtaining a  reliable estimate of the hydraulic conductivity of the
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formation   is   to   perform   a   short-term  pumping   test.      The   exact

configuration   of   this   test   (i.e.,   discharge   versus   injection,
constant  rate  versus  constant  head,  etc.)  will  depend  on  specific
site  conditions.

NOHINAI.   SCREEN   I.ENGTH   gHOUI.I)   BE   tJBED  Ag   I:FFECTIVE   SCREEN   I.ENGTH

Regardless  of  which  particular  method  is  used  to  analyze  the

response  data  from  a  slug  test,   an  estimate  must  be  provided  for

the  effective  length  of  the  screened  interval   (bet).     The  nominal

length  of  the  well  screen   (bw)   and  the  length  of  the  gravel  pack

(bgp)   are  the  two  most  cormon  quantities  used   for  the  ef fective
screen  length.     Because  the  gravel  pack  is  usually  considerably

more  permeable  than  the  formation,  many  authors   (e.g.,   Palmer  and

Paul,1987;  Butler  et  al.,1996)  have  recommended  using  bgp  for  the

effective screen length.    This recommendation,  however,  needs to be

revised,  as  it  is  based  on  the  often  unrealistic  assumption  that
near-well  portions  of  the  formation have  been well  developed  along

the  entire  length  of  the  gravel  pack  (Figure  4A) .

It  is  important to emphasize that regardless of which drilling

technology  is  employed,   a  considerable  amount  of  drilling  debris

(e.g.,   mobilized   fine   material,    remnant   drilling   fluids,    clay
smears,  etc.)  will be concentrated in the near-well portions of the
formation     (Aller    et    al.,     1989).         Given    the    standard    well

installation  and  development  procedures  used  in  the  environmental

industry,   it  may  be  very  difficult,   if  not  impossible,   to  remove

this debris  from portions of the  formation opposite the gravel pack
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but either above or below the screened interval.    In reality,  near-
well portions of the formation will  invariably only be developed in
the zones of highest hydraulic conductivity intersecting the gravel

pack  and/or  immediately  adjacent  to  the  screen,  and  even  in  those
locations  the  development may just be partially  successful.    Thus,
the best  one  can hope  for  are  conditions  similar to  those  shown  in
Figure 48.   Actual  conditions,  however,  are undoubtedly much closer

to  Figure  4C.    Note  that  in  Figure  4C  the  zones  of  development  are

depicted    as    being    located    opposite    the    screened    interval.
Actually,  the  location of these  zones will be a  function of  factors
such as the hydraulic conductivity variations within the formation,
the  width  and  hydraulic  conductivity  of  the  gravel  pack,    and  the
nature  of  the  specific  method  employed  for  development.

Unfortunately,  conditions  similar to those depicted  in Figure
4C  may  be  very  difficult  to  recognize  in  the  field.     The  dynamic

skin   ef fects    and/or   directional    dependence    discussed    in   the

previous   section   nay   be   present   if   development   in   the   more-

permeable channels through the drilling debris has been  incomplete.
If  the  developed  portion  of  the  screened  interval  is  very  small
relative  to  bw  and  the  skin  is  essentially  static  in  nature,  then
the  technique  described  by  Butler  and  Healey  (1996)  may  be  useful.

However,  in layered systems where development  in the more-permeable

channels  through  the  drilling  debris  has  been  nearly  complete,   it

may  oftentimes  be  virtually  impossible  to  recognize  the  situation

depicted  in  Figure  4C.

The  influence  of well  development  and  effective  screen  length
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on hydraulic-conductivity estimates  can be best  illustrated with a
series   of   numerical   simulations   performed  using   a   cylindrical-
coordinate,  finite-difference model  that has been developed at the
Kansas  Geological  Survey  for  the  simulation  and  analysis  of  well

tests  (Butler et al. ,  1994) .    Formation and well parameters  similar

to  those  that  might  be  found  in  the  f ield  were  employed  in  the
configurations  shown  in  Figures  4A-4C   (aquifer  thickness  =  10  in,

screen  length  =  2  in,  gravel  pack  length =  7  in,  distance  from top  of

aquifer  to  top  of  screen  =  4  in,  casing  and  screen  radius  =  0.05  in,

radius  of  gravel  pack =  0.11 in,  radius  of  skin  zone  (Figures  4B-4C)
=  0.20  in,   ratio  of  hydraulic  conductivity  of  the  formation  over

that  of  the  skin   (Figures  4B-4C)   =  150,   and  developed  portion  of

the  screened  interval   (Figure  4C)   =  1  in) .

Figure 5 presents the results of the analysis of the simulated
slug-test  response  data  in  the  form  of  a  plot  of  the  ratio  of  the
hydraulic  conductivity  estimated  using  the  Hvorslev  method  (shape

factor    as    in    case    8    of    Hvorslev     (1951))     over    the    actual

conductivity  of  the  formation  versus  the  simulation  case,   where
simulation  cases  A,  8,  and  C  are  for the  conditions  illustrated  in
Figures  4A,   48,   and  4C,   respectively.     Results  for  two  different

gravel   pack-formation   permeability   contrasts   and   two   different
assumed  effective   screen   lengths   are  presented.      The   solid  and

dashed lines depict conditions  for a gravel pack that  is two orders

of  magnitude  more  permeable  than  the  formation,  while  the  circles

denote  results  for  the  case  of  a  gravel  pack  that  is  4000  times

more  permeable  than  the  formation   (the  point  labelled  ''1"   is  for
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the  case  where  bef  is  assumed  to  equal  bop,   while  point  ''2''  is  for

the  Case where  bet  is  assumed to  equal  bw) .    The  results  for  the  two

gravel   pack-formation   permeability   contrasts   are   approximately
equal  for  simulation  cases  8  and  C,  so  results  are  only  presented
for  the  smaller  contrast   (Kgp  =  100Kfm)   in  those  cases.     Note  that

the  relationships  displayed  in  this  f igure  are  independent  of  the
value  of  formation  hydraulic  conductivity  and  apply  for  the  range
of  storage  parameters  common  in  groundwater  investigations.

The  major  conclusion  that  can  be  drawn  from  Figure  5  is  that

the   nominal   length   of   the   well   screen    (bH)    is   a   much   better

estimate   of   bef   than   the   length   of   the   gravel   pack    (bgp)    for

conditions  commonly  found  in  the  field.     Only  when  the  formation

has been well  developed  along the  entire  length  of  the gravel  pack
and the gravel pack-formation permeability contrast is greater than
two orders of magnitude will  bgp be a  significantly better estimate.

Given  the  rarity  of  such  ideal  conditions  with  respect  to  well
development,  the  nominal  length  of  the  well  screen  should  be  used

for  the  effective  screen  length  in virtually  all  cases.
It    is    important   to    emphasize   that   use   of   bw   will,    as

illustrated  by  case  C  in  Figure  5,   virtually  always  lead  to  an
underestimation  of  the  hydraulic  conductivity  of  the  formation,
because the actual  ef fective screen length is undoubtedly less than
bw.     Use  of  relatively  vigorous  well-development  procedures  that

stress  (preferably via  a  pulsing  action)  discrete  intervals  along
the  screen  (Kill,  1990;  ASTM,  1996)  are therefore  recommended prior

to  testing  in  order  to  obtain  the  most  reasonable  estimate  of  the
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hydraulic  conductivity  of  the  formation.

®RAVEli-PZICK   RADIug   8HOuliD   BE   USED   Zl8   EFFECTIVE   SCREEN   RADIUS    IN

HOST   CABE8

In addition to an estimate of the effective screen length,  all
methods   for  the  analysis  of  slug-test  response  data  require  an
estimate  for  the  effective  radius  of  the  well  screen   (ref).     The
nominal  radius  of the well  screen  (rw)  and the  radius  of  the gravel

pack   (rgp)   are  the  two   quantities   commonly  used   for  ref .      Again,
because the gravel pack is usually considerably more permeable than

the  formation,  many authors  (e.g. ,  Palmer and Paul,1987;  Butler et

al.,    1996)    have   recommended   using   rgp   for   the   estimate   Of   ref.

Although   intuitively  this  proposal   seems   appropriate,   numerical
simulation  can  play  a  useful  role  in  verifying  the  soundness  of
this  recommendation.

Figure  6  presents  the  results  of  the  analysis  of  a  series  of
hypothetical  slug tests  simulated using the  numerical model  of  the

previous  section  and  the  same  formation  and  well  parameters  as  in
Figure  48.    The  results  are  presented  in  the  form  of  a  plot  of  the
hydraulic   conductivity   ratio   versus   the   gravel   pack-formation

permeability   contrast.      Two   conclusions   can   be   drawn   from   the
relationships  depicted  in  this  figure.    First,   in  cases  where  the

permeability of the gravel pack  is  approximately a  factor of  1.5  or

greater  than  that  of  the  formation,   rgp  is  the  most  appropriate
estimate  of  ref .     Thus,   rgp  should  be  used  in  virtually  all  cases

where  an  artificial  gravel  pack  (gravel  pack  consists  of  material
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introduced  from  the  surface)   is  employed.     Second,   in  cases  where

a  natural  gravel  pack  is  used   (gravel  pack  consists  of  collapsed
formation  materials) ,   rw  is  often  the  most  appropriate  quantity.
Note that  in certain  situations,  ref may actually be  larger than rgp
as  a  result  of  a  relatively  high  rate  of  pumping  producing  a  zone
of  intensive  development  that  extends  a  small  distance  into  the
formation.    However,  the extent of this  zone beyond the  gravel pack

is   probably   very   limited   in   most   monitoring   wells   used   for
environmental applications because the stresses applied during well
development  tend  to  be  rather  small  in  such  situations.     As  with

Figure  5,   the  relationships  given  in  Figure  6  are  independent  of
formation hydraulic conductivity and apply for the range of storage

parameters  common  in  groundwater  investigations.

THE   DOuBI.I   8TRAIGHT   I,IRE  ANzil.y818   8HOul,D  BE   t}gED  FOR  CONCAVE-upmRD

RESPONSE   DATA

Most field practitioners use the techniques of Hvorslev  (1951)

or  Bouwer  and  Rice  (1976)  to  analyze  response  data  from  slug tests.

Both  approaches  are  based  on  the  assumption  that  a  plot  of  the  log

of the deviation of head  from static conditions versus time will be
linear   in   form.       It   is   not   uncommon,    however,    for   slug-test

responses  to  display  a  concave-upward  curvature  when  plotted  in

this   format    (e.g.,    Figure   7).       Bouwer    (1989)    speculated   that

concave-upward  responses,  which he  termed  the  double  straight  line

effect,   are   a   result   of   a   rapid   draining   of   the   gravel   pack

(represented   by    interval    A-B    in    Figure    8    according    to   his
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hypothesis)   followed  by  a  much  slower  response  controlled  by  the

hydraulic conductivity of the formation  (represented by interval 8-
C   in   Figure   8).      Bouwer   carefully   qualified  his   hypothesis   by

stating  that  such  behavior  should  only  be  seen  in  cases  where  the
well  screen  or  gravel  pack  intersects  the  water  table,   and  where
the   gravel   pack   is   more   permeable   than   the    formation.       He

recommended  that  the  Bouwer  and  Rice  method  be  modif led   in  such

situations  by using  initial head  and  slope estimates  obtained  from
a  straight  line  fit  to  the  second  linear  segment  (interval  B-C  of
Figure  8;  Ho*  is  initial  head  estimate  for  second  linear  segment) .

How    common    the    conditions    hypothesized    by    Bouwer    (1989)

actually  are   in  the   field   is  unclear.      In  the   case  of   a  well
screened  across  the  water  table,   a  very  rapid  dewatering  of  the

gravel   pack    (slug   tests    in   such   wells   are   virtually   always
con figured so that the direction of  flow is  into the well)  is often
observed  immediately  after  test  initiation.     This  dewatering  is
frequently  so  rapid  with  respect  to  the  timing  of  the  formation
response that  it  is not observable past the origin on a linear time

plot    of    the    response    data.        As    the    contrast    between    the

permeability    of    the    gravel    pack   and    that    of   the    formation
decreases,   one  might  expect  to   find  a   range  of  conditions   over

which     the     behavior     hypothesized     by     Bouwer     would     occur.

Unfortunately,  there has been little reported field experimentation

or  theoretical  modeling  to  assess  the  frequency  of  occurrence  of

these  conditions.     Despite  this,   the  recommendation  of  Bouwer  to

base  analyses   on  the   second   interval   of  the  response  plot   (the

17



double   straight   line   analysis)   has   been  widely   adopted   in   the
environmental  industry.    In  cases  where  the  screen  or  gravel  pack
does   not   intersect   the   water   table,   a   leaky   annular   seal   is
frequently  invoked  as  the  mechanism  responsible  for  the  observed
curvature .

Actually,   slug-test  responses  that  display  a  concave-upward
curvature  are  not  at  all  uncommon  in  either  conf ined  or unconf ined

systems,  and  often  have  nothing  to  do  with  the  gravel  pack  (e.g. ,

Figure  7).     Chirlin  (1989)  provides  a  theoretical  explanation  for

this behavior  in the case of a  fully penetrating well  in a  conf ined
aquifer.     He  shows  that  concave-upward  responses  are  primarily  a

product   of   a   large   storage   parameter,   a,   which   is   defined   as

(bs8r:/rc2),   where   b   is   the   effective   screen   length,   Ss   is   the

specific  storage,  and rw and  rc are the  effective  screen radius  and
casing  radius,  respectively.    Although  the  degree  of  curvature  of
the  response  data  changes,   his  explanation  is  equally  valid  for

partially  penetrating  wells  in  confined  or  unconfined  formations.
Thus,   it  appears  that  the  double  straight  line  analysis  may  be
frequently  being  applied  to  conditions  outside  of  the  range  for
which  it  was  originally  proposed.     It  is  therefore  important  to
assess    the    error    that    is    being    introduced    into    hydraulic-
conductivity  estimates  through  this  practice.

Figure   9   displays   responses   for   a   hypothetical   slug   test

simulated   using   the    KGS    Model    for    slug    tests    in    partially

penetrating wells   (Hyder  et  al.,1994;  Liu  and  Butler,1995) .    The
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c!  value   (0.0125)   employed  in  this  simulation  was  the  same  as  that

estimated  from  the  analysis  of  the  test  shown  in  Figure  7   (Butler
et  al.,1996).     The  simulated  test  responses  of  Figure  9  have  a

distinct  concave-upward  curvature.     An  important  issue  regarding
the  double  straight  line  approach  is  which  interval  to  use  in  the
analysis.    In  order  to  address  this  issue,  the  simulated  response

plot  on  Figure  9  was  divided  into  five  separate  intervals  (AB,  BC,
CD,  DE,  and  EF) ,  and the double  straight  line  approach was  employed

to obtain a hydraulic-conductivity estimate  for each interval.   The
ratio  of that  estimate  over the hydraulic conductivity used  in the
model   is  shown  in  Figure  9  for  both  the  Hvorslev   (Hv)   and  Bouwer

and  Rice   (BR)  methods.    The  difference  between  the  ratios  for  the

two methods  is  a  result  of  the  tendency  for the  Hvorslev method  to

slightly  overpredict  and  the  Bouwer  and  Rice  method  to  slightly
underpredict   hydraulic   conductivity   in   homogeneous,    isotropic
formations   (Hyder   et   al.,1994;   Hyder   and   Butler,1995).      Most

field  practitioners  would  have  applied  the  double  straight  line
analysis to data  lying between a and D.    Fortunately,  this practice

appears    to    produce    a    reasonable    estimate    of    the    hydraulic

conductivity  of  the  formation.     As  a  increases,   the  interval  for
which   a   reasonable   estimate   of   hydraulic   conductivity   can   be

obtained shrinks.     A considerable number of numerical  simulations,

however,   have  shown  that  a  very  reasonable  estimate  of  hydraulic

Conductivity   can   virtually   always   be   obtained   if   the   double

straight  line method  is  applied using normalized heads  in the range

of   0.25-0.15   and   0.30-0.20   for  the  Hvorslev   and   Bouwer  and  Rice
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approaches,  respectively.
The  double  straight  line  method  recommended  by  Bouwer   (1989)

appears  to  be  a  reasonable  approach  for  the  analysis  of  data  with
a pronounced  concave-upward curvature,  regardless  of  the mechanism

producing   the   concave-upward   behavior.       Clearly,    however,    the
approach must be used with care.    In cases where the water table  is

not  impacting  slug-test  responses,  normalized  heads  in  the  ranges
recommended  in  the  previous  paragraph  should  be  employed  in  the

analysis.    In  cases  where  the  mecinanism  hypothesized  by  Bouwer  may

be   impacting   responses,    consideration   of   the   volume   of   water

involved  in  the  initial  slug-induced  disturbance  and  the  gravel-

pack   dimensions   should   help   identify   the   appropriate   range   of
normalized  heads  to  use  in  the  analysis.     Given  the  uncertainty

about   whether   the   drainage  mechanism  hypothesized   by   Bouwer   is

actually  occurring,  it  is  strongly  recommended  that  the  ranges  of
normalized  heads  proposed  here  be  employed  in  the  analysis  unless

there  is  very  convincing  evidence  to  support  use  of  a  dif ferent
range.    As  shown  by  Figure  9,  one  particularly  wants  to  avoid  use

of  very  small  normalized  heads  because  of  the  strong  likelihood

that     the     resulting     hydraulic     conductivity     estimate     will
signif icantly    underpredict    the    actual    conductivity    of    the
formation.

cABE8  oF  NONINBTnNTnNEOu8   81,uG  INIRODucTION  REQulRE   spEclziL  CARE

In  formations  of moderate to high permeability,  response  data

from  slug  tests  that  are  initiated  by  the  removal  or  introduction
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of  a  solid  slug  are  often  quite  "noisy"  as  a  result  of  a  number  of
factors related to the nature of the test  initiation  (e.g. ,  Figure
10).     A  significant  difference  between  the  expected  initial  head

(Ho)   and  the  apparent   initial  head   (Ho*),   such  as   that   shown  in
Figure  10,  may  be  an  indication  that  the  slug-induced  disturbance
is  being  introduced  in  a  noninstantaneous  fashion  relative  to  the
timing of the formation response  (other possibilities include rapid
drainage  of the gravel  pack,  as  discussed  in the previous  section,
and  entrapped  air   in  the  gravel  pack   (Keller  and  Van  der  Ramp,

1992)).        There   are   three   common   approaches    for   dealing   with

response    data    that    are    impacted    by    noninstantaneous    slug

introduction.         One    approach     (henceforth    designated    as    the

translation  method  following  the  terminology  of  Pandit  and  Miner

(1986))   is  to  ignore  the  noisy  early-time  portions  of  the  record
and assume that the test  started at point A on  Figure  10.    The head

(Ho*)   and  time   (tj)   of  point  A  are  then  used  for  the  initial  head
and   start   time   of   the   test,   respectively.      A   second   approach

(henceforth designated as  the  conventional  approach)  is  to use the
expected  initial  head  (Ho)   and  the  actual  start  time  (to)  but  just

ignore  the  early-time  portions  of  the  record.     A  final  approach

(henceforth  designated  as  the  worst-case  approach)   is  to  use  Ho*
and  to  but  again   ignore  the  early-time  portions   of  the  record.
Given  the  frequency  with  which  all  three  approaches  are  employed,

assessing  which  method  is  the  most  appropriate  for  general  use  is

important.

The   error   introduced   into  parameter  estimates  through  non-
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instantaneous   slug   introduction  was   assessed   for   each   of  these
approaches  through  a  series  of  simulations  using  the  cylindrical-
coordinate,  finite-difference model described previously.   In these
simulations,  the  rate  at which  the  slug was  introduced was  assumed

to  be  constant  over  the  total  time  required  for  slug  introduction

(tf   of   Figure   10).       Figure   11   displays   the   results   of   this
assessment   for   the   configuration   given   in   Figure   48.       These

results,   which   are   valid   for   partially   penetrating   wells   and
moderate  to  small  values  of  the  storage  parameter   (a!) ,   indicate

that the  translation method can produce very  reasonable hydraulic-
conductivity  estimates,   even  in  the  case  of  a   large  difference
between  the   expected  and   apparent   initial   heads.      This   is   not

surprising because test data from a partially penetrating well will
be  quite  linear  in  form when  plotted  on  a  semilog head versus  time

plot   for   the   case   of   moderate   to   small   values   of   aE.       If   a
hydraulic-conductivity   ratio   of   between   0.8   and   1.2   is   deemed

acceptable,    then   Figure   11   indicates   that   the   worst-case   and
conventional  methods  should  not  be  used  when  Ho*/Ho  is  less  than

about    0.9    and    0.8,    respectively.        In   cases   where   there    is

considerable   uncertainty   about   Ho,    the   translation   method   is

clearly  the  method  of  choice.

The above recommendations are  for nonoscillating responses and

moderate  to  small  values  of  a   (i.e.,   the  case  of  linear  log  head

Versus  time  plots).     At  large  a!  values,   the  translation  approach

can  potentially  introduce  considerable  error  as  a  result  of  the
concave-upward  curvature  of  the  response  data.     In  very  permeable
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formations,   test  responses  may  be  oscillatory  in  nature   (Van  der
Kamp,  1976) .    In  this  case,  the  translation method  can potentially

introduce    significant    error    because    the    amplitude    of    the
oscillations  relative  to  the  initial  head  are  the  basis  of  most
conventional  analysis  approaches   (e.g. ,   Kipp,1985;   Springer  and

Gelhar,  1991) .    Thus,  the translation method should not be employed

when  a  is  large  or  responses  are  oscillatory  in  nature.    Instead,
in those conditions,  a considerable effort should be made to ensure
that the slug is  introduced in a near-instantaneous  fashion  (Butler
et  al.,1996).     An  assessment  of  the  linearity  of  test  responses

when  plotted  in  a  log  head versus  time  format  is  clearly  the  best
way  to  determine  if  the  translation method  is  appropriate  for  any

particular test.

CONCLUSIONS

The  slug  test  is  currently  the  most  common  technique  for  in

situ  estimation  of  hydraulic  conductivity  at  sites  of  suspected

groundwater  contamination.     A  series  of  practical  guidelines  for
the  performance  and  analysis   of  slug  tests  was  presented  here.

These  guidelines,  when  considered  in  conjunction  with  those  given

earlier    by    Butler    et    al.     (1996),     should    enable    the    field

practitioner  to  better understand  the  conditions  under which  this
technique    can   yield   a    reasonable    estimate    of   the   hydraulic

conductivity  of  a  formation.

This article has touched on several  factors that may introduce

error  into  slug-test  estimates.    Inattention to most  of the  issues
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discussed  here  will  lead  to  an  estimation  error  on  the  order  of  a
factor  of  two  or  less,   a  magnitude  that  should  not  be  considered
large    given    the    uncertainty    inherent    in   most    hydrogeologic
investigations.   Clearly,  the primary source of large errors  (i.e. ,
those   considerably  greater  than   a   factor   of   two)   in   slug-test
estimates   is  the   failure  to  recognize  the   existence  of  a   low-

permeability  (low-K)  well  skin.     Thus,   considerable  effort  should
be  expended  to  assess  whether  a  low-K  skin  exists  at  a  well  at
which   a   series   of   slug  tests   are  being  performed.      One   cannot

overemphasize  the  fact  that  the  success  of  a program of  slug tests

critically depends on well  installation and development procedures.

Unfortunately,  these are the very phases of the field investigation
that   often   receive   rather   limited   attention   in   environmental
applications.        Unless    relatively    aggressive    well-development

procedures  are  employed  to  stress  discrete  intervals  of  the  well
screen,  the resulting hydraulic-conductivity estimate obtained from
a  slug  test  will  be,   at  best,   a  very  conservative  lower  bound  on

the hydraulic  conductivity of the  formation  in the vicinity of the
well.    Although  use  of  more  intensive  well-development  procedures

will  certainly  increase  the  cost  of  a  site  investigation,   this
action  also  will  clearly  result  in  parameter  estimates  that  are
more  representative  of  reality.    It  will  be  a  rare  case  when  that
benef it does not considerably outweigh the accompanying increase  in

cost .

24



ACENOVLEDGRENI8

I  thank  Dr.  Gilbert  Zemansky  of Terracon  Environmental,  Inc. ,

and  John  Healey  and  .oe  Anderson  of  the  Kansas  Geological  Survey

for  contributing  comments  that helped  improve  this  article.

25



REFERENCES   CITED

Aller,   L.,   T.W.   Bennett,   G.   Hackett,   R.J.   Petty,   ..H.   Lehr,   H.

Sedoris,   D.M.   Nielsen,   and  J.E.   Denne,   1989,   Handbook  of

suggested  practices  for  the  design  and  installation  of

ground-water  monitoring  wells:  National  Water  Well  Assoc. ,
Dublin,   OH.,   398  pp.

ASTM,   1996,   Standard  guide  for  development  of  ground-water

monitoring  wells  in  granular  aquifers   (D  5521-94),   in  1996

Annual  book  of  ASTM  standards  -Vol.   4.09:   Philadelphia,

American  Soc.   for  Testing  and  Materials,   p.   344-358.

Bouwer,  H. ,   1989,  The  Bouwer  and Rice  slug  test  -an  update:  Ground

Water,   v.   27,   no.   3,   p.   304-309.

Bouwer,   H.,   and  R.C.   Rice,1976,   A  slug  test  for  determining

hydraulic conductivity of unconfined aquifers with completely
or  partially  penetrating  wells:  Water  Resour.  Res.,  v.12,

no.    3,   p.   423-428.

Bredehoeft,   J.D.,   and  I.S.   Papadopulos,1980,   A  method  for

determining  the  hydraulic  properties  of  tight  formations:
Water  Resour.   Res.,   v.16,   no.1,   p.   233-238.

Butler,   T ...,   Tr.,   and  T.M.   Healey,1995a,   Analysis  of  1994-95

hydraulic  tests  at  Trego  County  monitoring  site:  Kansas

Geological  Survey  Open-File  Rept.   95-66,   30  pp.

Butler,   J.J.,  Jr.,   and  J.M.  Healey,1995b,  Relationship  between

pumping-test  and  slug-test  parameters:  Scale  effect  or
artifact?   (abstract):   EOS,   v.   76,   no.   46,   p.   F192.

26



Butler,  I.J.,  Jr.,   and  J.M.  Healey,1996,   Detection  of

low-permeability  well  skins  using  slug  tests  (abstract) :
EOS,   v.   77,   no.   17,   p.   S97.

Butler,   r.r.,   rr.,   C.D.   MCElwee,   and  W.Z.   I.iu,1996,   Improving

the  quality  of  parameter  estimates  obtained  from  slug  tests:
Ground  Water,   v.   34,   no.3,   p.   480-490.

Butler,   I ...,   Jr.,   G.C.   Bohling,   Z.   Hyder,   and  C.D.   MCElwee,

1994,  The  use  of  slug  tests  to  describe  vertical  variations
in  hydraulic  conductivity:  .our.  of  Hydrology,  v.   156,

p.    137-162.

Chirlin,  G.R.,1989,  A  critique  of  the  Hvorslev  method  for  slug

test  analysis:  The  fully  penetrating  well:  Ground  Water

Monitoring  Review,   v.   9,   no.   2,   p.   130-138.

Chirlin,  G.R.,1990,  The  slug  test:  the  first  four  decades:  Ground

Water  Management,   v.   1,   p.   365-381.

Cooper,  H.H. ,  J.D.  Bredehoeft,  and  I.S.  Papadopulos,1967,  Response

of a finite-diameter well  to an instantaneous charge of water:

Water  Resour.   Res.,   v.   3,   no.1,   p.   263-269.

Dawson,   K.J.,   and  J.D.   Istok,1991,   Aquifer  testing:   Design  and

analysis  of  pumping  and  slug  tests:   Chelsea,  MI,   Lewis  Pub.,

280   p.

Earlougher,   R.C.,  Jr.,1977,  Advances  in  well  test  analysis:

Dallas,   Soc.   of  Pet.   Eng.,   264  p.

Ferris,  J.G.,   and  D.B.  Knowles,1963,  The  slug-injection  test  for

estimating the coefficient of transmissibility of an aquifer,
in R.  Bentall  (compiler) ,  Methods of determining permeability,

27



transmissibility,  and drawdown:  U.S.  Geological  Survey Water-

Supply  Paper  1536-I,   p.   299-304.

Hvorslev,  M.I.,1951,   Time  lag  and  soil  permeability  in

ground-water  observations:   Bull  no.   36. ,  Waterways  Exper.
Sta.,   Corps  of  Engrs.,   U.S.   Army,   50  p.

Hyder,   Z.,   and  r...  Butler,  .r.,1995,  Slug  tests  in  unconfined

formations:  An  assessment  of  the  Bouwer  and  Rice  technique:

Ground  Water,   v.   33,   no.   1,   p.   16-22.

Hyder,   Z.,   r.r.   Butler,   rr.,   C.D.   MCElwee,   and  W.Z.   Liu,1994,

Slug  tests  in  partially  penetrating  wells:  Water  Resour.
Res.,   v.   30,   no.11,   p.   2945-2957.

Karasaki,  K.,1990,  A  systematized  drillstem  test:  Water  Resour.

Res.,   v.   26,   no.12,   p.   2913-2919.

Keller,   C.K.,   and  G.   Van  der  Ramp,1992,   Slug  tests  with  storage

due  to  entrapped  air:   Ground  Water,  v.   30,   no.   1,   p.   2-7.

Kill,   D.L.,1990,   Monitoring  well  development  -why  and  how,   in

D.M.   Nielsen  and  A.I.   Johnson   (editors),   Ground  water

and  vadose  monitoring  -ASTM  STP  1053:   Philadelphia,  American

Soc.   for  Testing  and  Materials,   p.   82-90.

Kipp,  K.L.,  Tr.,1985,  Type  curve  analysis  of  inertial  effects  in

the  response  of  a  well  to  a  slug  test:  Water  Resour.  Res.,

v.   21,   no.   9,   p.   1397-1408.

Kruseman,   G.P.   and  N.A.   de  Ridder,   1990,   Analysis  and  evaluation

of  pumping  test  data  -IIRI  publication  47:  The  Netherlands,

Int.   Inst.   for  Land  Reclamation  and  Improvement,   377  p.

Levy,   B.S.,   and  L.   Pannell,1991,   Evaluation  of  a  pressure  system

28



for  estimating  in  situ  hydraulic  conductivity:  Proc.  of  the
5th National  Outdoor Action Conf . ,  National Water Well Assoc. ,

p.   131-146.

Liu,  W.Z.,  and  T.J.  Butler,  Jr.,1995,  The  KGS  Model  for  slug  tests

in  partially  penetrating  wells   (v.   3.0) :  Kansas  Geological

Survey  Computer  Series  Rept.   95-1.

Moench,   A.F.,   and  P.A.   Hsieh,1985,   Analysis  of  slug  test  data  in

a  well  with  finite-thickness  skin,   in  Memoirs  of  the  17th

Intern.   Gong.   on  the  Hydrogeology  of  Rocks  of  Low

Permeability:  v.   17,   p.   17-29.

Neuzil,   C.E.,1982,   On  conducting  the  modified  "slug"  test  in

tight  formations:  Water  Resour.  Res.,  v.18,   no.   2,

p.   439-441.

Palmer,   C.D.,   and  D.G.   Paul,1987,   Problems  in  the  interpretation

of  slug  test  data  from  fine-grained  tills:   Proc.  of  the  NWWA

FOCUS  Conf .   on  Northwestern  Ground  Water  Issues,   National

Water  Well  Assoc.,   p.   99-123.

Pandit,  N.S.,   and  R.F.  Miner,1986,   Interpretation  of  slug  test

data:   Ground  Water,   v.   24,   no.   6,   p.   743-749.

Ramey,   H.J.,   Tr.,   R.G.   Agarwal,   and  I.   Martin,1975,   Analysis  of

"slug test"  or DST  flow period data:  Tour.  Can.  Pet.  Technol. ,

V.    14,   p.   53-67.

Sageev,   A.,1986,   Slug  test  analysis:  Water  Resour.   Res,   v.   22,

no.   8,   p.    1323-1333.

Springer,   R.K.,   and  L.W.   Gelhar,1991,   Characterization  of

large-scale  aquifer  heterogeneity  in  glacial  outwash  by

29



analysis  of  slug  tests  with  oscillatory  responses,  Cape  Cod,
Massachusetts:  U.S.  Geological Survey Water Resour.  Inv.  Rept.

91-4034,   p.   36-40.

Van der Kamp,  G. ,  1976,  Determining  aquifer transmissivity by means

of  well  response  tests:  The  underdamped  case:  Water  Resour.

Res.,   v.12,   no.1,   p.   71-77.

30



FIGURE   CZIPTIONg

Figure    1    -   Nomalized   head    (H(t)/Ho,    where   H(t)     is   measured

deviation    from    static    and    Ho    is    magnitude    of    the    initial
displacement)   versus   log   time   plot   of   a   series   of   slug   tests

performed during October  1993  in well  1  at site  36  in Pratt County,
Kansas  (To defined  in text,  negative Ho  indicates direction of slug-

induced  flow  was  into  the  well) .

Figure  2  - Normalized head versus  log time plot  of  a  series  of  slug

tests  performed  during  October  and  November  1995  in  a  monitoring

well   in   Trego   County,    Kansas    (To   defined   in   text,    negative   Ho

indicates  direction  of  slug-induced  flow was  into  the  well) .

Figure  3  -  Plot  of  hydraulic  conductivity  ratio versus  the  log  of
the  square  of  the  ratio  of  the  casing  radii   (subscripts  1  and  i
refer  to  tests  performed  with  the  original  casing  radius  (rc,)   and
casing  radius  rcj,   respectively;  hydraulic  conductivity  estimates
obtained using  either the Hvorslev  (1951)  or  Bouwer  and Rice  (1976)

techniques) .

Figure  4  -  Cross  sectional  view  of  three  possible  conditions  of

well   development   in   a   partially   Penetrating   Well    (Kfm     and  sam

denote   the   hydraulic   conductivity   and   specif ic   storage   of   the
formation,  respectively;  figure  not  to  scale) .
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Figure    5    -   Plot    of   Conductivity   ratio    (Ke8t/Kfm.    where   Rest    is

hydraulic conductivity estimate provided by the Hvorslev technique
and   Kfm   is   the   actual   hydraulic   conductivity   of   the   formation)

versus  simulation  case  for  a  well  with  a  high-permeability  gravel

pack    (Kgp   is   the   hydraulic   conductivity   of   the   gravel   pack;
remaining  notation  clef ined  in  text) .

Figure   6   -  Plot  of  conductivity  ratio  versus  the  ratio  of  the
hydraulic  conductivity  of  the  gravel  pack   (Kgp)   over  that  of  the

formation  (remaining  notation  defined  in  text) .

Figure  7   -  Log  normalized  head  versus  time  plot  of  a  slug  test

performed  during  .une  1991  in  well  Im-1  at  a  monitoring  site  in
Lincoln  County,   Kansas   (Ho  =  10.35  in;   see  Butler  et  al.   (1996)   for

test  details) .

Figure  8  -  Log  normalized  head  versus  time  plot  illustrating  the

double  straight  line  effect  described  by  Bouwer   (1989)   (notation

clef ined  in  text) .

Figure   9   -  Log  normalized  head  versus  time  plot  of  a  slug  test

simulated in a well-aquifer configuration similar to that of Figure
7   (Q=0.0125,   bef/ref=40;   normalized  heads  for  points  a,   C,   D,   and  E

are  0.51,   0.21,   0.08,   and  0.03,   respectively).

Figure  10  -  Normalized  head  versus  log  time  plot  of  a  slug  test
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initiated   by   removal   of   a   solid   slug   from   the   water   column

(notation  defined  in  text) .

Figure  11  -  Plot  of  Conductivity  ratio   (Kest/Kjnsti  where  Ke8t  is  the

hydraulic conductivity estimate provided by the Hvorslev technique
and Kjnst  is the Hvorslev estimate obtained  if the slug is  introduced

in  an  instantaneous  manner)  versus  one minus  the  ratio  of  apparent

(Ho*)   to   expected   (Ho)    initial   head   (legend   notation  defined   in
text) .
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