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ABSTRACT

Pumping-test  analyses  are  based  on  a  series  of  a88unptlons  required  to

reduce  complex  natural  systems   to  mathematically  tractable  ones.     Thl8  work

exanlne8   the  assumption  that  aqulfer  properties  are  uniform  ln  Space.     The

focus  of   the  lnvestlgatlon  is  on  the  dependence  of  pumping-test   transnl8Blvlty

on  spatial  and   temporal   location  of   observations,   and  mode  of   drawdowtl

analysis.     A  two-dlmenslonal,   nonunlform  structure  de8crlbed  by  a  stationary

gtochastlc  process   ls  assumed  to   represent  horizontal  varlation8   1n  hydraulic

conductlvlty.     The  lnf luence  of  vertical  varlatlon8  1n  hydraulic  conductlvlcy

on  pumping-test  analyses   is   assumed  negllglble.     Monte  Carlo  slmulatlon  ls

utlllzed  to  lnvestlgate  flow  behavior  ln  this  conf lguratlon.     The  results  show

that  angular  and  temporal  locations  of  ob8ervatlons  have  little  ef feet  on

transmlssivity,   although  radial  location  can  often  be  crltlcal.     The  results

also  demonstrate  that  nodes  of  analysis   that  yield  identical  estlnates  ln

uniform  units  yield  differing  estimates  ln  nonunlforn  units.     This  divergence

ls   a  function  of   the  dlf ferent  methods  emphaslzlng  dlsslmllar  aspects  of   the

drawdown  record.     An  analytical  solution  for  a   simple  nonunlform  system  ls

employed   to  demonstrate   the  impact   of   these  different   emphases.     The  general

conclusion  18   that  pumping-test   analyses   can  be  a  f easlble  approach  ln  many

nonunlform  aqulfers,   provldlng  both  local  and  regional  estlnates  of  aqulfer

propert leg .
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INTRODUCTION

Slide   1

This  af ternoon  I  would  like  to  briefly  dlscus6  some  research  that  I  have

been  pursuing  ln  the  area  of  pumping  tests   ln  nonunlforn  aqulfers.     In  this

work,   I  subdlvlded  nonunlform  aqulfers   into  homogeneous   and  heterogeneous

units,   where  homogeneous   and  heterogeneous  are  defined  ln  a  geological  field

classlflcatlon  sense.     This   can  also  tie  viewed  as  a  subdlvislon  into  systems

of   single  and  multiple  components,   respectively.     The  majority  of  ny  comments

will  concern  homogeneous  units,   and,   speclflcally,   the  appllcabllity  of

techniques   developed   for  uniform  aqulfers   to  homogeneous,   nonunlform  systems.
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The  presentation  will  be  organized  in  the  following  manner.     I  will  begin

by  quickly  8ummarizlng   the  research  approach.     Two  of   the  more   important

a8sumptlons  will  be  examined.     I  will  then  present   the  results  of   this  work,

looking  at   the  dependence  of  pumpingt.test   transmlsslvlty  on  observation

location  and  mode  of   drawdown  analysis.     I  will  then  examine   the  dependence  of

pumping-test   results  on  mode  of  analysis  ln  more  detail  and  will  also  make  a

few  comments   concerning  appllcatlons   to  heterogeneous   systems.

RESEARCH   APPROACH
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I  will  use   this   811de  to  introduce   the  basic  research  approach.     Consider

this  to  be  an  areal  view  of  an  aqulfer  with  stars  representing  observation

wells  along  the  circumference  of   three  circles  of  radll  A,   8,   and  C.     A

pumping  well  18  at   the  center  of   these  circles.     I  was   chiefly  interested  ln

assessing  how  transmisslvlty,   calculated  from  drawdoun  at  a  single  ob§ervatlon

well  using  techniques  for  uniform  aqulfers,   varied  with  angular  and  radial
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position  of   the  observation  well,   as  well  as   the  duration  of   the  analy81s.     In

this  work,   I  examined  the  ef feet  of  hydraullcTconductlvlty  varlatlons  on

pumping  tests  ln  confined  aqulfer8.     Storage  and  aqulfer  thlcknes8  were

assumed  constant.     Based  on  earlier  work,   I  also  assumed   that  vertical

varlatlons  ln  hydraulic  conductlvlty  could  be  neglected.
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In  terns  of  procedural  details,   I  used  a  second-order  stationary
\

stochagtic  process  with  the  usual  nornallty  assumptions   to  represent

varlatlon6   1n  the  natural  logarithm  of  hydraulic  conductlvlty.     A  regularized

process  was   employed   to   reduce   the   required   computations.     Correlation  was

represented  by  a  doubleTexponentlal  variogram  model.     The  horizontal  range  and

sill  values  are  as  shown  for  the  pre-regularized  process;   values  within

parentheses   represent  lntrabed  varlablllty  as  will  be  explained  shortly.

Regularlzatlon  dampened   the  varlablllty  by  over  an  order  of  magnitude.     Monte

Carlo   simulation  was   employed   to  estimate  mean  behavior  over   the  stochastic

process.     The   turning  bands  method  was  used  to  generate   reallzations,   and  a

stratif led  sanpllng  Scheme  was   employed   to  reduce   the  number  of   required

reallzatlons .
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A  finite  element   flow  model  was   employed  for   the  pumping-test

slmulatlons.     Drawdowns   were  analyzed  using  automated  routines;   one   being  a

nonllnear   least  squares  approach  employing  the  solution  of  Theis,   the  other  a

Slope  calculation  using  the  Cooper-Jacob  approxlmatlon.     Unless  noted

otherwise,   all  the  drawdown  analyses   were   performed  enploylng   the  nonlinear

least-squares   approach.
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I  would  like  to  discuss   two  polnt8   concerning  the  procedural  details.

First,   as  has  been  demonstrated  ln  Several  field  8tudles,   data  from  a  vertical

sampling  traverse  will  display  mich  greater  varlablllty  than  data  from  a

traverse  of  equal  length  in  the  horizontal  plane.     Es8entlally,   as  8hoim  here,

this   ls  due  to  the  vertical  traverse  sampling  a  slgnlf icantly  greater  number

of  beds.     In  thl8  work,   I  assumed  that  the  varlabllity  seen  ln  the  vertical

would  be  reproduced  ln  the  horizontal  at  a  large  distance.     I  thus  assumed  the

horizontal  traverse  to  be  providing  lnf ormatlon  concerning  intrabed

variability,  while  the  vertical  traverse  was  characterizing  interbed

variablllty.
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A  second  point  concerning  procedural  details  can  be  considered  by  looking

at   this  areal  view  of  a  hypothetical  aquifer.     Pumping   tests  were  simulated  in

a  conf ined  aqulf er  of   large  enough  size  so   that  boundary  ef f ects  could  be

neglected.     However,   I  assumed  that   the  conductivity  variability  playing  the

primary  role  ln  controlling  System  behavior  was   that   ln  the  viclnlty  of   the

pumping  and  observation  wells.     The  stratlfled   sampling  scheme  was   therefore

based  on  sampling  the  varlablllty  within  a  snail  portion  of   the  aqulf er

represented  here.by   the  small   square   centered  on  the  pumping  well.     The

distance  R  wag   approximately   twice   the  distance   to   the  most   distant   circle  of

observation  wells.

RESULTS

Slide   8

With   that   background,   let  us  now  examine   the   results   from  the  Monte  Carlo

simulation  work.     First,   let  us  consider  the  variability  ln  pumping-test
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transmlsslvlty  seen  ln  the  angular  dlrectlon.     Displayed  18  a  plot  of   the  mean

coef flclent  of  varlatlon;   the  standard  devlatlon  of   tran8mi881vlty  values

calculated  at  lndlvldual  wells  along  the  clrcumf erence  of  a  circle  at  a  given

radial  distance   from  the  pumping  well  over   the  mean  of   these  values,   versus

the  radial  distance  to  the  circle  of  observation  wells  normalized  by  the  range

of   the  process.     Vertical   bars   are   95%  confidence   intervals.     Two   major   points

concerning  this   plot  are   1)   the  mean  coef f lclent  of  variation  lncrea8ed  with

distance   f ron  the  pumping  well  and   2)   the  magnitude  of  varlablllty  ln  the

angular  dlrectlon  was  not   large  enough   to  be  of   concern  ln  most  appllcatlon8.
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This   slide  displays   the  calculated  dependence  of   pumping  test

transmlssivity  on  radial  location.     Plotted  here  are  the  mean  absolute

transmlsglvlty  dlfference,   which  ls   the  normalized  difference  between  a

transmlssivlty  calculated  at   the  pumping  well  and  one  at  a  distance   f ron  the

putnplng  well,   versus   the  normalized   separation  distance.     Again,   the

variablllty  increases  with  distance.     The  varlabillty  ln  this  case  was  much

greater  than  that  seen  ln  the  angular  dlrectlon.     Considerable  uncertainty  may

theref ore  arl8e  when  using  a  transmlBslvlty  calculated  at  one  observation  well

to  characterize  behavior  at  another  well  at  a  large  distance  ln  the  radial

dlrectlon.     Now  I  would  also  like  to  use  these  results   to  make  a  point

concerning  anlsotropy.     I  found   that   the  combined  effect   of  both  angular  and

radial  varlatlons  ln  pumping-test   transmlsslvlty  could  easily  be  mistaken  for

some   sort  of  anl8otropy  ln  transmlsslvlty,   1f   conventional  techniques   for

analysis   of  uniform,   anlsotroplc   aqulfers  were  employed.     Therefore,   only  ln

the  presence  of  addltlonal  evidence  should  the  concept  of  anlsotropy  be

resorted  to  as  an  explanation  for  varlatlons  ln  pumping-test  transmisslvity.
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The  exanlnatlon  of   the   temporal  dependence  of  pumping-test   tran8mlB81vlty

was   somewhat  dlf ferent   ln  that   the  dependence  on  mode  of   drawdoim  analysis  was

also  assessed.     Once  again,   a  normalized  difference  wag  used  with  the

normalizing  quantity  being  the  smallt.time  transmlsslvlty.     Note  that  the

temporal  dependence  was   very  small  with   the  nonlinear   least   Squares  approach,

and  reasonably  snail  using  a  Cooper-Jacob  analysis.     The  most   important  point

ls   that   these  two  methods,   which  produce   ldentlcal  estimates   ln  uniform  units,

produce  dlfferlng  estimates   ln  nonuniform  ones.     These  dlfferlng  estimates  are

due   to   the   two  methodologies   emphaslzlng  different  aspects   of   the  drawdown

record.     Before  demonstrating   this   fact,   let  me  briefly   summarize   the

presentation  to  this  point.     E§sentially,   the  results  have  Shown  that  angular

and  temporal  dependence  are  of   little  concern  ln  most   cases.     Radial

dependence  may  be  of   concern,   but   only  at   large  separation  distances.

MODE   0F   ANALYSIS
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In  order   to  better  understand  this   dependence  on  mode  of  analysis,   I

exanlned  pumping-test  behavior  ln  a  simple  heterogeneous   conf lguration

conslstlng  of   a  radial  disk  of   one  uniform  material  embedded  in  a  uniform

Datrlx  of   dlfferlng  properties.     For   the  case  of  pumping  from  the  center  of

the   dl§k,   the  I.aplace   transform  approach  can  be  applied   to  calculate  drawdolm

at  any  point   ln  the  system.     It   ls   lngtructlve   to  consider  drawdotm  at  a  point

wlthln  the  embedded  disk,   for  which   the   large-time  approximation  ls   given  by

this   equation.
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The  terms  here  need  little  explanation  -  the  big  R  ls  the  radius  of  the

embedded  disk,  while  the  small  r  ls   the  radial  distance  to  the  observation

well.     This  expression  was  produced  by  truncating  an  lnflnlte  series   ln  a

manner  analogous   to   the  CooperTJacob  truncatlon.     In  fact,   the  dlmenslonless

tlme8  of   truncatlon  are   the  Same  except   that,   1n  this   case,   the  radius   ln  the

dlTDenslonle8s   time   term  ls   that   of   the   embedded   dl§k,   and  not   the   ob8ervatlon

well.     In  other  words,   the   translents   produced  by   the  disk  boundary,   and  not

just   the  material  1n  the  vlcinlty  of   the  observation  well,   must  be  dl8slpated

before  truncatlon.     The  important   point   to  note  concerning  this  equation  ls

that   the   rate  of  drawdown  ls  controlled  solely  by  the  properties  of   the

matrix.     A  Cooper-Jacob  analysis   over  time  will  yield  the  matrix

transmlssivlty.     The  Cooper-Jacob  approach  ls   thus  providing  an  estimate  of

the  transmlsslvlty  of   the  material  through  which  the   front  of   the  cone  of

depression  passed  during   the  duration  of   the  analysis,   and  thus   this  approach

ls  viable  ln  some  heterogeneous  Systems.     An  lnterestlng  result   ls   that   lt   can

be  shown,   using  this  conflguratlon,   that  the  lnf inlte  series   truncatlon  of

Cooper  and  Jacob  removes   all  further  contrlbutlons  of  near~well  material  to

total  drawdown.
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With   that  understanding  of   the  Cooper-Jacob  method,   let  us  quickly  look

at  a  simple  slnulatlon  exercise  to  demonstrate   the  dlf ference  due  to

analytical  methodology.     The  basic  conflguratlon  ls  a8  before,   a  radial  disk

embedded  ln  a  matrix  of  dlfferlng  properties.     Let  us  also  consider  tco  other

cases:     1)   a  unlforn  aqulfer  with  propertleg   of   the  radial  disk  and  2)  a

uniform  aqulfer  with  propertle8  of   the  matrix.
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A  plot  of   the  81mulatlon  results   1s  shorn  here.     The   transmlsslvlty  of

the  embedded  dl8k  18   60,   that   of   the  matrix  600.     Storage   ls   assumed

constant.     The  middle   curve  deplcts   drawdown  for   the  embedded  disk  case.     At  a

very  early  time,   the  upper   two  curves   diverge  as   the   drawdoim  cone  pas8e8   out

of   the  disk.
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After  approximately  a  tenth  of  a  day,   the   two   lower  curves  are

parallel.     If  a  Cooper-Jacob  analysis  ls  performed   for   the  embedded  disk  case

at  any  later   time  interval,   the  transmlsslvity  of   the  matrix  ls  computed.     A

nonllnear  least  squares  analysis,   however,   will  produce  a  vastly  different

estimate.     The  reason  for  this   ls   that   the  least-squares  analysis  ls  an

equationt.flttlng  procedure.     Unlike  the  Cooper-Jacob  method,   which  calculates

the  slope  of  a  fitted  straight  line,   a  procedure  based  on  flttlng  the  Thels

solution  to   the  drawdown  record  will  be  controlled  by   the   total  drawdolim,   and,

as   graphically  shown  here,   that   total  drawdoim  ls   often  dominated  by  early

tine  behavior.     A  leastt.squares   analysl8   performed  for   the  embedded  disk  case

between   1  and   loo  days   produced  a  transmis81vlty  estimate   only   15%  of   the

matrix  transmlsslvlty.     Trangnl8slvlty  estimates   computed  by  a   least-squares

analysis  are  clearly  heavily  dependent  on  near.-well  properties.     A  pumplng<

test  analysis   ln  a  nonunlfom  aqulfer  thus  produces   two  estlmate§:     one  that

ls  heavllywelghted  towards  near.:.well  properties,   and  one  that  ls  a  function

of   the  material  through  which  the  f ront  of   the  cone  of   depression  passed

during  the  analyzed  interval.
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CONCLUSIONS
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In  conclusion,   I  would  like  to  gay  that   this  pre8entatlon  has   8hoiim  that

the   conventional  approach  for  analysis   of   pumping  tests   ln  homogeneous  units

under  confined  condltlons  appears  viable.     Transnlsslvlty  estlnates  dl8play

little   dependence  on  angular  and   temporal   location.     Radial  dependence  18   the

most   serlou8.     However,   I  mist  qualify   that   result   by   saying   that   this  was   a

bounding-case  analysis   based  on  a  data  set  with  one  of   the  largest   sill  values

reported  in  the  literature.     I  have  also  pointed  out  here  that  the  concept  of

anlsotropy  ln  pumping-test   transmlssivlty  nay  be  overused.     The  dependence  of

parameter  estlnates   on  mode  of  drawdoim  analysis  was   demonstrated  with

dlf f erent   techniques   being  shown  to  characterize  dlf ferent  portions  of   the

aqulfer.     The  vlablllty  of   the  Cooper-Jacob  approach  ln  some  heterogeneous

conflguratlons  was  also   shown.     In  addltlon,   I  briefly  discussed   the  phy§1cal

slgniflcance  of   the  Coopert.Jacob  truncation.     Finally,   I  would  like  to  say

that,   although   this  work  employs  many  assumptions   and  ls   clearly  incomplete,

the  major  results   reported  here  are  independent  of   these  shortcomings  and

should  be  considered  ln  that   light.

Thank  you  for  your  attention.
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APPENDIX

Detall8   concerning   this   research  can  be  found  ln  the  following
ref erences .

Butler,   J.   J.,   Jr.,   Pumpltig  tests   ln  nonunlform  aqulfer8:   a
deternlnlstlc/sCochagtlc  analysis   (Ph.D.   thesis),   220  pp.   Stan ford  Unlv.,
1986.

Butler,   J.   J.,   Jr.,   Pumping  tests   ln  nonunlform  aqulfer8:   the  radially
symmetric   case,   1n  review.

Butler,   J.   J.,   Jr.,   Pumping  tests   ln  homogeneous,   nonunlform  aqulfers,1n
review.
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