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Abstract	
  19	
  

	
  20	
  

Seismic	
   waves	
   have	
   been	
   observed	
   to	
   increase	
   the	
   permeability	
   in	
   fractured	
  21	
  

aquifers.	
  A	
  detailed,	
  predictive	
  understanding	
  of	
  the	
  process	
  has	
  been	
  hampered	
  by	
  22	
  

a	
  lack	
  of	
  constraint	
  on	
  the	
  primary	
  physical	
  controls.	
  What	
  aspect	
  of	
  the	
  oscillatory	
  23	
  

forcing	
   is	
   most	
   important	
   in	
   determining	
   the	
   magnitude	
   of	
   the	
   permeability	
  24	
  

enhancement?	
   Here	
   we	
   present	
   laboratory	
   results	
   showing	
   that	
   flow	
   rate	
   is	
   the	
  25	
  

primary	
   control	
   on	
   permeability	
   increases	
   in	
   the	
   laboratory.	
   We	
   fractured	
   Berea	
  26	
  

sandstone	
   samples	
   under	
   triaxial	
   stresses	
   of	
   tens	
   of	
   megapascals,	
   and	
   applied	
  27	
  

dynamic	
  fluid-­‐stresses	
  via	
  pore	
  pressure	
  oscillations.	
  In	
  each	
  experiment,	
  we	
  varied	
  28	
  

either	
   the	
   amplitude	
   or	
   the	
   frequency	
   of	
   the	
   pressure	
   changes.	
   Amplitude	
   and	
  29	
  

frequency	
  each	
  separately	
  correlated	
  with	
  the	
  resultant	
  permeability	
  increase.	
  More	
  30	
  

importantly,	
   the	
   permeability	
   changes	
   correlate	
   with	
   the	
   flow	
   rate	
   in	
   each	
  31	
  

configuration,	
   regardless	
   of	
   whether	
   flow	
   rate	
   variations	
   were	
   driven	
   by	
   varying	
  32	
  

amplitude	
  or	
  frequency.	
  We	
  also	
  track	
  the	
  permeability	
  evolution	
  during	
  a	
  single	
  set	
  33	
  

of	
  oscillations	
  by	
  measuring	
  the	
  phase	
  lags	
  (time	
  delays)	
  of	
  successive	
  oscillations.	
  34	
  

Interpreting	
   the	
   responses	
   with	
   a	
   poroelastic	
   model	
   shows	
   that	
   80%	
   of	
   the	
  35	
  

permeability	
   enhancement	
   is	
   reached	
   during	
   the	
   first	
   oscillation	
   and	
   the	
   final	
  36	
  

permeability	
   enhancement	
   scales	
   exponentially	
   with	
   the	
   imposed	
   change	
   in	
   flow	
  37	
  

rate	
  integrated	
  over	
  the	
  rock	
  volume.	
  The	
  establishment	
  of	
  flow	
  rate	
  as	
  the	
  primary	
  38	
  

control	
   on	
   permeability	
   enhancement	
   from	
   seismic	
   waves	
   opens	
   the	
   door	
   to	
  39	
  

quantitative	
   studies	
   of	
   earthquake-­‐hydrogeological	
   coupling.	
   The	
   result	
   also	
  40	
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suggests	
   that	
   reservoir	
   permeability	
   could	
   be	
   engineered	
   by	
   imposing	
   dynamic	
  41	
  

stresses	
  and	
  changes	
  in	
  flow	
  rate.	
  42	
  

	
  43	
  

I.	
  Introduction	
  44	
  

	
  45	
  

Transient	
  permeability	
  enhancement	
  produced	
  by	
  dynamic	
  stresses	
   is	
  now	
  a	
  well-­‐46	
  

documented	
   observation	
   in	
   fractured	
   aquifers	
   (Elkhoury	
   et	
   al.,	
   2006;	
   Xue	
   et	
   al.,	
  47	
  

2013;	
  Lai	
  et	
  al.,	
  2014).	
  These	
  studies	
  show	
  that	
  shaking	
  of	
  the	
  shallow	
  crust	
  during	
  48	
  

the	
   passage	
   of	
   seismic	
   waves	
   generates	
   transient	
   permeability	
   enhancement.	
   A	
  49	
  

better	
   understanding	
   of	
   this	
   complex	
   coupling	
   between	
   the	
   fractured	
   aquifer	
  50	
  

properties	
  and	
  the	
  dynamic	
  stresses	
  is	
  important	
  for	
  both	
  fundamental	
  and	
  applied	
  51	
  

sciences.	
   The	
   fluid	
   and	
   pressure	
   redistributions	
   associated	
   with	
   the	
   change	
   in	
  52	
  

permeability	
  may	
  destabilize	
  critically	
  stressed	
  faults	
  (Brodsky	
  et	
  al.,	
  2003;	
  Brodsky	
  53	
  

and	
   Prejean,	
   2005;	
   van	
   der	
   Elst	
   et	
   al.,	
   2013).	
   Petroleum	
   engineering	
   could	
  54	
  

potentially	
  employ	
  the	
  mechanism	
  to	
  design	
  artificial	
  dynamic	
  shaking	
  of	
  fractured	
  55	
  

aquifer	
  and	
  enhance	
  oil	
  recovery	
  (Beresnev	
  and	
  Johnson,	
  1994;	
  Nikolaevskiy	
  et	
  al.,	
  56	
  

1996;	
  Roberts	
  et	
  al.,	
  2003).	
  57	
  

	
  58	
  

One	
   way	
   to	
   better	
   characterize	
   the	
   process	
   of	
   permeability	
   enhancement	
   by	
  59	
  

dynamic	
   stresses	
   is	
   to	
   perform	
   experiments	
   on	
   fractured	
   rock	
   samples	
   (Roberts,	
  60	
  

2005;	
  Roberts	
  and	
  Abdel-­‐Fattah,	
  2009;	
  Liu	
  and	
  Manga,	
  2009;	
  Elkhoury	
  et	
  al.,	
  2011;	
  61	
  

Faoro	
   et	
   al.,	
   2012;	
   Candela	
   et	
   al.,	
   2014).	
   Recently,	
   experiments	
   of	
   Elkhoury	
   et	
   al.	
  62	
  

(2011)	
   and	
  Candela	
   et	
   al.	
   (2014)	
  have	
   successfully	
   reproduced	
   field	
  observations.	
  63	
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The	
  experimental	
  technique	
  used	
  by	
  Elkhoury	
  et	
  al.	
  (2011)	
  and	
  Candela	
  et	
  al.	
  (2014)	
  64	
  

consists	
   of	
   applying	
   dynamic	
   fluid-­‐stresses	
   via	
   pore	
   pressure	
   oscillations	
   on	
   rock	
  65	
  

sample.	
   These	
   experiments	
   have	
   demonstrated	
   that	
   the	
   magnitude	
   of	
   the	
  66	
  

permeability	
   enhancement	
   is	
   positively	
   correlated	
   with	
   the	
   amplitude	
   of	
   the	
  67	
  

dynamic	
   strain	
   for	
   a	
   fixed	
   frequency.	
   This	
   result	
   is	
   encouraging	
   as	
   the	
   field	
  68	
  

observations	
   also	
   suggest	
   that	
   permeability	
   enhancement	
   scales	
   with	
   the	
   peak	
  69	
  

ground	
  velocity	
  (Elkhoury	
  et	
  al.,	
  2006).	
  70	
  

	
  71	
  

Brodsky	
   et	
   al.	
   (2003)	
   and	
   Elkhoury	
   et	
   al.	
   (2011)	
   proposed	
   that	
   a	
   flow-­‐driven	
  72	
  

process	
   could	
   be	
   reasonable	
   for	
   transient	
   permeability	
   enhancement.	
  73	
  

Micromechanically,	
   the	
   imposed	
  change	
   in	
   flow	
  rate	
  during	
   the	
  passage	
  of	
  seismic	
  74	
  

waves	
   could	
   unclog	
   fractures	
   or	
   pores	
   blocked	
   by	
   fines.	
   Candela	
   et	
   al.	
   (2014)	
  75	
  

confirmed	
   the	
   unclogging	
   hypothesis	
   for	
   the	
   laboratory	
   experiments.	
   However,	
  76	
  

because	
   fine	
   mobilization	
   through	
   a	
   porous	
   medium	
   is	
   a	
   complex,	
   multiphase	
  77	
  

process,	
  the	
  previous	
  works	
  did	
  not	
  establish	
  any	
  specific	
  controlling	
  variable	
  that	
  78	
  

could	
   potentially	
   be	
   used	
   to	
   evaluate	
   (or	
   even	
   control)	
   this	
   effect	
   in	
   natural,	
   field	
  79	
  

settings.	
  Establishing	
  the	
  key	
  parameters	
  that	
  govern	
  the	
  permeability	
  enhancement	
  80	
  

is	
  a	
  necessary	
  step	
  in	
  scaling	
  the	
  laboratory	
  experiments	
  to	
  nature.	
  	
  81	
  

	
  82	
  

The	
  fact	
  that	
  the	
  flushing	
  is	
  driven	
  by	
  the	
  fluid	
  flow	
  suggests	
  that	
  flow	
  rate	
  may	
  be	
  83	
  

the	
   key	
   variable,	
   but	
   simply	
   varying	
   amplitude	
   of	
   the	
   pore	
   pressure	
   of	
   a	
   single	
  84	
  

frequency	
   is	
   not	
   enough	
   to	
   evaluate	
   this	
   possibility.	
   Both	
   sets	
   of	
   experiments	
  85	
  

performed	
  by	
  Elkhoury	
  et	
  al.	
   (2011)	
  and	
  Candela	
  et	
  al.	
   (2014)	
  consist	
  of	
   imposing	
  86	
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multiple	
   sets	
   of	
   pore	
   pressure	
   oscillations	
   of	
   varying	
   amplitudes	
   while	
   keeping	
  87	
  

constant	
   the	
   frequency	
   and	
   the	
   duration	
   of	
   the	
   oscillatory	
   forcing.	
   Here	
   we	
   vary	
  88	
  

frequency	
  to	
  probe	
  the	
  suspected	
  correlation	
  between	
  the	
  imposed	
  change	
  in	
  flow	
  89	
  

rate	
  and	
  the	
  permeability	
  enhancement.	
  We	
  also	
  use	
  a	
  model	
  of	
  porous	
  flow	
  within	
  90	
  

our	
  samples	
  to	
  track	
  changes	
  in	
  permeability	
  and	
  the	
  spatio-­‐temporal	
  evolution	
  of	
  91	
  

flow	
   rate	
   during	
   pressure	
   oscillations.	
   The	
   combination	
   of	
   the	
   frequency	
   and	
  92	
  

amplitude	
   variations	
   and	
   the	
   poromechanical	
   model	
   interpretations	
   of	
   flow	
   will	
  93	
  

help	
  illuminate	
  the	
  factors	
  that	
  dictate	
  flow	
  rate	
  and	
  permeability	
  evolution.	
  	
  94	
  

	
  95	
  

This	
   paper	
   builds	
   on	
   the	
   understanding	
   that	
   colloidal	
   mobilization	
   is	
   the	
  96	
  

fundamental	
   unclogging	
   process	
   in	
   the	
   lab	
   and	
   strives	
   to	
   build	
   enough	
   of	
   a	
  97	
  

quantitative	
  understanding	
  of	
   the	
   controlling	
  variables	
   to	
   set	
   the	
   stage	
   for	
   scaling	
  98	
  

the	
   laboratory	
   results	
   to	
   the	
   field.	
  To	
   this	
   end,	
  we	
  begin	
  with	
  a	
  description	
  of	
   the	
  99	
  

laboratory	
   apparatus	
   (Section	
   II.1)	
   and	
   experimental	
   set-­‐up	
   (Sections	
   II.2-­‐3)	
   and	
  100	
  

then	
   present	
   measurements	
   of	
   flow	
   and	
   deformation	
   during	
   the	
   pore	
   pressure	
  101	
  

oscillations	
   (Section	
   III),	
   which	
   demonstrate	
   permeability	
   enhancement	
   (Section	
  102	
  

IV).	
   In	
   Section	
   V	
   we	
   make	
   the	
   connection	
   between	
   flow	
   rate,	
   during	
   pressure	
  103	
  

oscillations,	
   and	
   permeability	
   enhancement	
   by	
   making	
   use	
   of	
   poromechanical	
  104	
  

analysis	
  and	
  in	
  particular	
  the	
  1D	
  diffusion	
  problem	
  during	
  pore	
  pressure	
  oscillation.	
  105	
  

Finally,	
  we	
  discuss	
  the	
  extrapolation	
  of	
  our	
  experimental	
  results	
  to	
  the	
  field	
  system	
  106	
  

scale	
   in	
   two	
   steps	
   (Section	
   VI).	
   First,	
   the	
   complicating	
   factor	
   of	
   coupling	
   to	
   the	
  107	
  

elastic,	
   seismic	
   waves	
   to	
   the	
   pore	
   pressure	
   is	
   evaluated	
   using	
   an	
   additional	
  108	
  

experiment	
  that	
  applied	
  solid	
  mechanical	
  stresses	
  instead	
  of	
  fluid	
  stresses	
  (Section	
  109	
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VI.1-­‐2).	
   Second,	
   we	
   explore	
   the	
   application	
   to	
   the	
   field	
   conditions	
   of	
   our	
  110	
  

experimental	
  prediction	
  in	
  term	
  of	
  scaling	
  between	
  the	
  imposed	
  change	
  in	
  flow	
  rate	
  111	
  

and	
  the	
  resulting	
  permeability	
  enhancement	
  (Section	
  VI.3).	
  112	
  

	
  113	
  

II.	
  Experimental	
  Method	
  114	
  

	
  115	
  

II.1.	
  A	
  true	
  triaxial	
  pressure	
  vessel	
  116	
  

	
  117	
  

We	
  performed	
  experiments	
  on	
  fractured	
  samples	
  of	
  Berea	
  Sandstone	
  using	
  a	
  direct	
  118	
  

shear	
  configuration	
  within	
  a	
  pressure	
  vessel	
   (Figure	
  1).	
  A	
   true	
  triaxial	
  stress	
  state	
  119	
  

was	
  achieved	
  via	
   the	
  confining	
  pressure	
  and	
   two	
   loads	
  applied	
   through	
  the	
  piston	
  120	
  

(for	
  details	
   of	
   the	
   apparatus,	
   see	
  Samuelson	
  et	
   al.,	
   2009	
  and	
   Ikari	
   et	
   al.,	
   2009).	
   In	
  121	
  

addition	
   to	
   the	
   confining	
  pressure,	
   a	
  horizontal	
   ram	
  applies	
   a	
   force	
  normal	
   to	
   the	
  122	
  

fracture	
  plane,	
  and	
  the	
  vertical	
  ram	
  of	
  the	
  biaxial	
  load	
  frame	
  is	
  used	
  to	
  apply	
  stress	
  123	
  

to	
  the	
  top	
  of	
  the	
  sample.	
  124	
  

	
  125	
  

Two	
  pore	
   pressure	
   intensifiers	
  were	
   used	
   to	
   control	
   fluid	
   pressure	
   (or	
   flow	
   rate)	
  126	
  

and	
  measure	
  permeability	
  (Figure	
  1).	
  We	
  measured	
  inlet	
  and	
  outlet	
  flow	
  volumes	
  to	
  127	
  

a	
   resolution	
   of	
   5.1	
   x	
   10-­‐5	
   cm3	
   using	
   Linear	
   Variable	
   Differential	
   Transformers	
  128	
  

(LVDTs)	
  mounted	
  on	
  the	
  pressure	
  intensifier	
  pistons.	
  The	
  effective	
  permeability	
  k	
  is	
  129	
  

determined	
   from	
   Darcy’s	
   law	
   (Equation	
   1).	
   Flow	
   rates	
   were	
   measured	
  130	
  



	
   7	
  

independently	
   at	
   both	
   the	
   inlet	
   and	
   outlet	
   to	
   verify	
   steady	
   state	
   flow	
   and	
  131	
  

permeability	
  was	
  determined	
  using	
  Darcy’s	
  Law:	
  	
  132	
  

	
  133	
  

	
   	
   	
   	
   	
   𝑘 = !"
!
   !
!"#

	
   	
   (1)	
  134	
  

	
  135	
  

where	
  𝜇	
  is	
  the	
  fluid	
  viscosity	
  (8.9x104	
  Pa.s),	
  𝐿	
  is	
  the	
  flow	
  path	
  i.e.	
  the	
  sample	
  length	
  136	
  

(50	
  mm),	
  𝑆	
  is	
  the	
  cross	
  section	
  of	
  the	
  sample	
  perpendicular	
  to	
  the	
  flow	
  path	
  (45	
  x	
  29	
  137	
  

mm),	
  and	
  ∆Pp	
  is	
  the	
  differential	
  pore	
  pressure	
  between	
  the	
  inlet	
  and	
  outlet	
  (Figure	
  138	
  

1).	
   In	
   the	
  data	
  presented	
  below,	
  we	
  always	
  verified	
   that	
   inlet	
  and	
  outlet	
   flow	
  rate	
  139	
  

were	
  equal	
  to	
  within	
  ≤1%	
  before	
  measuring	
  permeability.	
  140	
  

	
  141	
  

Each	
   axis	
   of	
   triaxial	
   loading	
   is	
   servo-­‐controlled	
   independently	
   and	
   all	
   stresses,	
  142	
  

strains,	
  fluid	
  pressures	
  and	
  fluid	
  volumes	
  were	
  measured	
  continuously	
  with	
  a	
  24-­‐bit	
  143	
  

analog	
  to	
  digital	
  converter	
  at	
  10	
  kHz	
  and	
  averaged	
  to	
  recording	
  rates	
  of	
  1	
  to	
  100	
  Hz	
  144	
  

depending	
  on	
  the	
  experiment	
  stage.	
  	
  145	
  

	
  146	
  

Vertical	
  and	
  horizontal	
  displacements	
  of	
   the	
  applied	
   loading	
   rams	
  were	
  measured	
  147	
  

with	
  Direct-­‐Current	
  Displacement	
  Transducers	
  (DCDT)	
  mounted	
  on	
  the	
  biaxial	
  load	
  148	
  

frame	
   with	
   ±0.1	
   µm	
   precision	
   (Figure	
   1).	
   To	
   determine	
   elastic	
   strain	
   and	
   any	
  149	
  

changes	
   in	
   the	
   sample	
   thickness,	
   we	
   used	
   an	
   LVDT	
   mounted	
   across	
   the	
   sample	
  150	
  

within	
   the	
   pressure	
   vessel	
   with	
   a	
   ±0.025	
   µm	
   precision.	
   Applied	
   stresses	
   were	
  151	
  

measured	
  with	
   strain	
   gauge	
   load	
   cells,	
   calibrated	
  with	
   a	
  proving	
   ring	
   traceable	
   to	
  152	
  

the	
   National	
   Bureau	
   of	
   Standards,	
   and	
   recorded	
   with	
   force	
   resolution	
   of	
   ±	
   10	
   N	
  153	
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(~4.4	
  kPa	
  on	
  the	
  fracture	
  plane	
  which	
  has	
  nominal	
  dimensions	
  of	
  45	
  mm	
  x	
  50	
  mm).	
  154	
  

Fluid	
   pressures	
   were	
   measured	
   using	
   transducers	
   mounted	
   at	
   the	
   pressure	
  155	
  

intensifiers	
  accurate	
  to	
  ±	
  0.007	
  MPa.	
  156	
  

	
  157	
  

II.2.	
  Experimental	
  procedure	
  158	
  

	
  159	
  

Samples	
  of	
  Berea	
  Sandstone	
  were:	
  (1)	
  cut	
  into	
  L-­‐shaped	
  blocks	
  measuring	
  68	
  x	
  45	
  x	
  160	
  

50	
   x	
   29	
   mm,	
   (2)	
   presaturated	
   with	
   the	
   pore	
   fluid	
   of	
   deionized	
   (DI)	
   water,	
   (3)	
  161	
  

jacketed	
   in	
   a	
   latex	
  membrane	
   and	
   (4)	
  placed	
   in	
   the	
  direct	
   shear	
   configuration.	
  As	
  162	
  

discussed	
   by	
   Candela	
   et	
   al.	
   (2014),	
   the	
   water	
   chemistry	
   is	
   significant	
   factor	
   in	
  163	
  

particulate	
  mobilization.	
  For	
  these	
  experiments	
  we	
  selected	
  DI	
  as	
  a	
  simple	
  aqueous	
  164	
  

chemistry	
  that	
  was	
  easily	
  reproduced.	
  	
  165	
  

	
  166	
  

Experiments	
   started	
   with	
   application	
   of	
   a	
   small	
   normal	
   stress	
   across	
   the	
   future	
  167	
  

fracture	
   plane,	
   after	
   which	
   confining	
   pressure	
   was	
   applied.	
   Normal	
   stress	
   and	
  168	
  

confining	
   pressures	
   were	
   then	
   raised	
   to	
   the	
   target	
   values	
   of	
   20	
   MPa	
   and	
   9	
   MPa	
  169	
  

respectively.	
   These	
   stresses	
   were	
   then	
   maintained	
   constant	
   in	
   load	
   feedback	
  170	
  

control.	
  171	
  

	
  172	
  

The	
  next	
  step	
  was	
  to	
  initialize	
  fluid	
  flow	
  through	
  the	
  samples.	
  Pore	
  pressures	
  (Pp)	
  173	
  

were	
   servo-­‐controlled	
   independently	
   and	
  applied	
  via	
   a	
   line	
   source	
  at	
   an	
   inlet	
   and	
  174	
  

outlet	
  such	
  that	
  flow	
  occurred	
  along	
  the	
  future	
  fracture	
  plane	
  (Figure	
  1).	
  The	
  fluid	
  175	
  

inlet	
  and	
  outlet	
  each	
  consists	
  of	
  a	
  narrow	
  channel	
  (1	
  mm	
  wide	
  45	
  mm	
  long)	
  fed	
  by	
  176	
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five	
  1/16”	
  (1.6	
  mm)	
  dia.	
  holes	
  in	
  order	
  to	
  homogeneously	
  distribute	
  the	
  flow	
  along	
  177	
  

the	
  width	
  of	
  the	
  sample	
  (Figure	
  1).	
  We	
  applied	
  first	
  a	
  controlled	
  pore	
  pressure	
  at	
  the	
  178	
  

outlet	
  and	
  flushed	
  the	
  system	
  until	
  clear	
  fluid	
  (without	
  air	
  bubbles)	
  flowed	
  from	
  the	
  179	
  

inlet,	
   which	
   was	
   open	
   to	
   the	
   atmosphere.	
   Then	
   the	
   inlet	
   pore	
   pressure	
   line	
   was	
  180	
  

connected	
   and	
   we	
   applied	
   a	
   controlled	
   difference	
   (∆Pp)	
   (see	
   Table	
   1).	
   Pore	
  181	
  

pressures	
  were	
  then	
  maintained	
  constant	
  except	
  for	
  imposed	
  pressure	
  oscillations.	
  182	
  

	
  183	
  

The	
  next	
  step	
  was	
  to	
  fracture	
  the	
  sample.	
  Shear	
  load	
  was	
  applied	
  by	
  advancing	
  the	
  184	
  

vertical	
   piston	
   in	
   servo	
   displacement	
   control	
   at	
   10	
   microns/s,	
   which	
   increased	
  185	
  

stress	
  on	
  the	
  top	
  of	
  the	
  L-­‐shaped	
  block	
  until	
  the	
  sample	
  fracture	
  (Figure	
  1).	
  Due	
  to	
  186	
  

the	
   sample	
   geometry	
   and	
   loading	
   conditions,	
   the	
   fracture	
   was	
   constrained	
   to	
  187	
  

propagate	
  along	
  the	
  long-­‐axis	
  of	
  the	
  specimen	
  -­‐	
  vertically	
  in	
  the	
  loading	
  apparatus.	
  A	
  188	
  

thin	
   starter-­‐notch	
   was	
   added	
   at	
   the	
   top	
   of	
   the	
   sample	
   in	
   order	
   to	
   minimize	
   the	
  189	
  

geometrical	
   complexity	
   of	
   the	
   fracture	
   and	
   to	
   acquire	
   a	
   planar	
   and	
   reproducible	
  190	
  

fracture	
  geometry	
  for	
  each	
  experiment.	
  191	
  

	
  192	
  

II.3.	
  Dynamic	
  stressing	
  via	
  pore	
  pressure	
  oscillations	
  193	
  

	
  194	
  

After	
  the	
  sample	
  fractured,	
  we	
  imposed	
  sinusoidal	
  oscillations	
  in	
  the	
  upstream	
  pore	
  195	
  

pressure	
   while	
   holding	
   the	
   downstream	
   pore	
   pressure	
   constant	
   to	
   simulate	
  196	
  

dynamic	
  forcing	
  following	
  the	
  technique	
  of	
  Elkhoury	
  et	
  al.	
  (2011)	
  and	
  Candela	
  et	
  al.	
  197	
  

(2014)	
  (Figure	
  2).	
  For	
  each	
  experiment,	
  we	
  imposed	
  multiple	
  sets	
  of	
  pore	
  pressure	
  198	
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oscillations	
   on	
   the	
   fractured	
   sample	
   and	
   the	
   waiting	
   time	
   between	
   two	
   sets	
   was	
  199	
  

around	
  30min.	
  200	
  

	
  201	
  

Two	
   kinds	
   of	
   pore	
   pressure	
   oscillation	
   experiments	
   are	
   presented	
   in	
   this	
   paper	
  202	
  

(Figure	
  2).	
  The	
  amplitude	
  experiments	
  are	
  identical	
  to	
  those	
  performed	
  by	
  Elkhoury	
  203	
  

et	
   al.	
   (2011)	
   and	
   Candela	
   et	
   al.	
   (2014)	
   in	
   which	
   multiple	
   sets	
   of	
   pore	
   pressure	
  204	
  

sinusoidal	
  oscillations	
  of	
  varying	
  amplitude	
  A	
  are	
  imposed.	
  The	
  period	
  (T=20s)	
  and	
  205	
  

the	
  duration	
  (120s)	
  are	
  kept	
  constant.	
  In	
  this	
  publication,	
  only	
  the	
  results	
  obtained	
  206	
  

for	
   one	
   representative	
   experiment	
   (p4092)	
   are	
   presented.	
   Additional	
   details	
   and	
  207	
  

results	
  of	
  these	
  amplitude	
  experiments	
  can	
  be	
  found	
  in	
  Candela	
  et	
  al.	
  (2014).	
  208	
  

	
  209	
  

The	
  second	
  type	
  of	
  experiments,	
  called	
  frequency	
  experiments,	
  consists	
  of	
  multiple	
  210	
  

sets	
  of	
  pore	
  pressure	
  oscillations	
  of	
  varying	
  periods	
  (T=1s-­‐5s-­‐20s).	
  The	
  normalized	
  211	
  

amplitude	
   (A/∆Pp~0.82)	
   and	
   duration	
   (120s)	
   are	
   kept	
   constant.	
   This	
   value	
   of	
  212	
  

normalized	
  amplitudes	
  corresponds	
  to	
  the	
  upper	
  range	
  of	
  the	
  amplitudes	
  explored	
  213	
  

for	
  the	
  amplitude	
  experiments	
  (see	
  Figure	
  2).	
  214	
  

	
  215	
  

III.	
  Flow	
  and	
  deformation	
  during	
  pore	
  pressure	
  oscillations	
  216	
  

	
  217	
  

Figure	
  3	
  shows	
  the	
  flow	
  and	
  mechanical	
  response	
  of	
  two	
  representative	
  sets	
  of	
  pore	
  218	
  

pressure	
   oscillations	
   with	
   two	
   frequencies	
   (T=1s	
   and	
   T=20s)	
   during	
   the	
   same	
  219	
  

experiment	
  (p4167).	
  220	
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  221	
  

In	
   these	
   experiments,	
   we	
   impose	
   sinusoidal	
   oscillations	
   in	
   the	
   upstream	
   pore	
  222	
  

pressure	
   while	
   holding	
   the	
   downstream	
   pore	
   pressure	
   constant	
   via	
   a	
   fast-­‐acting	
  223	
  

servohydraulic	
  controller.	
  This	
  forces	
  an	
  oscillatory	
  flow	
  to	
  diffuse	
  from	
  the	
  top	
  to	
  224	
  

the	
  bottom	
  of	
   the	
   sample.	
  The	
  peak	
   flow	
  rate	
   increases	
  progressively	
  during	
  each	
  225	
  

set	
  of	
  pressure	
  oscillations	
  and	
  is	
  globally	
  higher	
  for	
  the	
  high-­‐frequency	
  set	
  (Figure	
  226	
  

3).	
   The	
   flow	
   rate	
   attenuation	
  R	
   and	
   time	
   delay	
  τ	
   between	
   the	
   upstream	
   and	
   the	
  227	
  

downstream	
  become	
  progressively	
  more	
  severe	
  and	
  higher	
  as	
  frequency	
  increases.	
  228	
  

	
  229	
  

These	
   experiments	
   document	
   the	
   enhancement	
   of	
   flow	
   rate	
   relative	
   to	
   the	
   initial	
  230	
  

flow	
   rate	
   (Figure	
   3).	
   Because	
   the	
   controlled	
  differential	
   pore	
   pressure	
   is	
   identical	
  231	
  

before	
   and	
   after	
   each	
   set,	
   flow	
   rate	
   enhancement	
   can	
   be	
   directly	
   related	
   to	
  232	
  

permeability	
  enhancement.	
  We	
  find	
  that	
  direct	
  permeability	
  enhancement	
  is	
  higher	
  233	
  

for	
   the	
   high-­‐frequency	
   set,	
   and	
   is	
   followed	
   by	
   a	
   progressive	
   recovery	
   of	
   the	
  234	
  

permeability	
  for	
  both	
  sets.	
  235	
  

	
  236	
  

We	
  measure	
  transient	
  changes	
  in	
  sample	
  thickness	
  normal	
  to	
  the	
  fracture	
  plane	
  and	
  237	
  

find	
   identical	
  magnitudes	
   for	
   the	
   two	
  sets	
  of	
  pore	
  pressure	
  oscillations	
  (Figure	
  3).	
  238	
  

However	
   the	
   poroelastic	
   response	
   of	
   the	
   sample	
   and	
   the	
   observed	
   permeability	
  239	
  

enhancement	
  are	
  not	
  connected	
  to	
  any	
  measureable,	
  permanent	
  deformation.	
  240	
  

	
  241	
  

IV.	
  Direct	
  permeability	
  enhancement	
  and	
  pressure	
  oscillations	
  242	
  

	
  243	
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Permeability	
  increases	
  systematically	
  as	
  a	
  function	
  of	
  both	
  pore	
  pressure	
  oscillation	
  244	
  

amplitude	
  and	
  frequency	
  (Figure	
  4).	
  Following	
  Elkhoury	
  et	
  al.	
  (2011)	
  and	
  Candela	
  et	
  245	
  

al.	
  (2014),	
  we	
  report	
  permeability	
  enhancement	
  as	
  (k1-­‐k0)/k0	
  where	
  k0	
  represents	
  246	
  

the	
   initial	
   permeability	
   10s	
   before	
   oscillations	
   and	
   k1	
   the	
   permeability	
   10s	
   after	
  247	
  

oscillations.	
   The	
   difference	
   in	
   permeability	
   (k1-­‐k0)	
   is	
   linearly	
   dependent	
   to	
   the	
  248	
  

initial	
   permeability	
   k0.	
   Consequently,	
   in	
   order	
   to	
   compare	
   experiments	
   with	
  249	
  

different	
  background	
  permeability,	
  we	
  normalize	
  the	
  difference	
  in	
  permeability	
  (k1-­‐250	
  

k0)	
  by	
  k0.	
  251	
  

	
  252	
  

For	
   the	
   amplitude	
   experiments,	
   the	
   permeability	
   enhancement	
  𝛥𝑘 	
  is	
   positively	
  253	
  

correlated	
   with	
   the	
   amplitude	
   of	
   the	
   pore	
   pressure	
   oscillations	
   (Figure	
   4a).	
   This	
  254	
  

exponential	
   relationship	
  𝛥𝑘 ∝ 𝑒!	
  has	
   been	
   previously	
   observed	
   by	
   Elkhoury	
   et	
   al.	
  255	
  

(2011)	
  and	
  Candela	
  et	
  al.	
  (2014).	
  	
  256	
  

	
  257	
  

For	
   the	
   frequency	
   experiments,	
   the	
   permeability	
   enhancement	
   is	
   positively	
  258	
  

correlated	
   with	
   the	
   frequency	
   of	
   the	
   pressure	
   oscillations	
   (Figure	
   4b).	
   For	
  259	
  

oscillation	
  periods	
  ranging	
   from	
  1-­‐5s-­‐20s,	
   the	
  average	
  permeability	
  enhancements	
  260	
  

are	
   respectively	
  70%,	
  25%	
  and	
  10%.	
  Note	
   that	
   the	
   fixed	
  normalized	
  amplitude	
  of	
  261	
  

the	
  pore	
  pressure	
  oscillations,	
  A/ΔPp	
  for	
  the	
  frequency	
  experiments	
  corresponds	
  to	
  262	
  

the	
  higher	
  magnitudes	
  explored	
  in	
  the	
  amplitude	
  experiments,	
  i.e.,	
  A/ΔPp	
  ~	
  0.82.	
  	
  263	
  

	
  264	
  

These	
   new	
   experimental	
   results	
   are	
   tricky	
   to	
   interpret	
   from	
   the	
   raw	
   data.	
   In	
   our	
  265	
  

amplitude	
   experiments	
   (Figure	
   4a),	
   by	
   increasing	
   A	
   we	
   increase	
   the	
   maximum	
  266	
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differential	
   pore	
   pressure	
   and	
   consequently	
   the	
   peak	
   flow	
   rate	
   following	
   Darcy’s	
  267	
  

Law.	
   Previous	
   work	
   showed	
   that	
   unclogging	
   is	
   the	
   primary	
   mechanism	
   of	
  268	
  

permeability	
  increases	
  in	
  these	
  experiments	
  (Candela	
  et	
  al.,	
  2014).	
  	
  The	
  higher	
  peak	
  269	
  

flow	
  rate	
  will	
  flush	
  more	
  efficiently	
  the	
  temporary	
  blockages	
  from	
  fractures,	
  which	
  270	
  

explains	
   the	
   higher	
   permeability	
   enhancement	
   by	
   unclogging.	
   However,	
   in	
   the	
  271	
  

frequency	
   experiments,	
  we	
  observe	
   a	
  higher	
  permeability	
   enhancement	
  with	
  high	
  272	
  

frequency	
   pore	
   pressure	
   oscillations,	
   even	
   if	
   the	
   pore	
   pressure	
   amplitude	
   and	
  273	
  

therefore	
  the	
  maximum	
  differential	
  pore	
  pressure	
  are	
  identical	
  (Figure	
  3	
  &	
  4).	
  This	
  274	
  

result	
  is	
  potentially	
  confusing	
  because	
  in	
  a	
  quasi-­‐static	
  system	
  Darcy’s	
  Law	
  implies	
  275	
  

that	
   the	
   flow	
   rate	
   should	
   depend	
   only	
   on	
   the	
   pore	
   pressure	
   differential	
   across	
   a	
  276	
  

fixed	
  length	
  and	
  not	
  the	
  rate	
  of	
  pressure	
  change.	
  277	
  

	
  278	
  

The	
   solution	
   to	
   this	
   conundrum	
   is	
   to	
   consider	
   the	
   diffusion	
   of	
   the	
   pore	
   pressure	
  279	
  

oscillations	
  through	
  the	
  interior	
  of	
  the	
  sample	
  and	
  fracture	
  plane.	
  Attenuation	
  of	
  the	
  280	
  

forcing	
  signal	
  is	
  expected	
  at	
  high	
  frequencies	
  due	
  to	
  diffusion	
  in	
  the	
  porous	
  medium.	
  281	
  

There	
   is	
   direct	
   evidence	
   (Figure	
   3)	
   of	
   such	
   a	
   diffusive	
   process	
   as	
   the	
   outlet	
   pore	
  282	
  

pressure	
  oscillation	
   is	
   attenuated	
   and	
  delayed	
   relative	
   to	
   the	
   inlet.	
  Understanding	
  283	
  

this	
  attenuation	
  effect	
  as	
  a	
  function	
  of	
  frequency	
  is	
  therefore	
  critical	
  to	
  interpreting	
  284	
  

the	
  frequency	
  experiments	
  and	
  we	
  now	
  proceed	
  to	
  use	
  a	
  simple,	
  analytical	
  model	
  to	
  285	
  

help	
  interpret	
  the	
  results.	
  	
  	
  	
  286	
  

	
  287	
  

V.	
  Diffusion	
  solution	
  for	
  flow	
  in	
  the	
  interior	
  of	
  the	
  sample	
  	
  288	
  

	
  289	
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In	
  order	
  to	
  quantitatively	
  evaluate	
  the	
  effect	
  of	
  the	
  frequency	
  variation	
  on	
  the	
  flow	
  290	
  

field,	
   we	
  model	
   the	
   diffusion	
   of	
   the	
   pore	
   pressure	
   oscillation	
   (Kranz	
   et	
   al.,	
   1990;	
  291	
  

Fisher,	
   1992;	
   Fisher	
   and	
  Paterson,	
   1992;	
   Zhang	
   et	
   al.,	
   1994;	
  Bernabe	
   et	
   al.,	
   2006;	
  292	
  

Song	
  and	
  Renner,	
  2007).	
  We	
  will	
  first	
  review	
  the	
  analytical	
  solution	
  and	
  then	
  use	
  it	
  293	
  

to:	
  (1)	
  examine	
  how	
  the	
  permeability	
  changes	
  with	
  progressive	
  oscillations	
  and	
  (2)	
  294	
  

explain	
  the	
  observed	
  frequency	
  effects	
  by	
  taking	
  an	
  appropriate	
  volumetric	
  average	
  295	
  

of	
  the	
  flow	
  field	
  over	
  the	
  sample.	
  296	
  

	
  297	
  

Kranz	
  et	
  al.	
  (1990)	
  and	
  Fisher	
  (1992)	
  derive	
  an	
  analytical	
  solution	
  of	
  the	
  diffusion	
  298	
  

equation	
   for	
   1-­‐D	
   flow	
   along	
   a	
   finite	
   sample	
   excited	
   by	
   a	
   pore	
   pressure	
   oscillation	
  299	
  

𝐴𝑒!"# .	
  The	
  problem	
  consists	
  on	
  finding	
  Pp(x,t)	
  such	
  that	
  	
  300	
  

	
  301	
  

𝜕𝑃𝑝
𝜕𝑡 = ν

𝜕!𝑃𝑝
𝜕𝑥!     (0 < 𝑥 < 𝐿)	
  

(2)	
  302	
  

	
  303	
  

where	
  ν	
  is	
  the	
  hydraulic	
  diffusivity	
  with	
  boundary	
  conditions:	
  304	
  

	
  305	
  

At	
  x	
  =	
  0,	
  	
  	
  306	
  

𝑃(0, 𝑡) = 𝐴𝑒!"#	
  

(3)	
  307	
  

	
  308	
  

At	
  x	
  =	
  L,	
  	
  309	
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𝜕𝑃𝑝
𝜕𝑡 + λ

𝜕𝑃𝑝
𝜕𝑥 = 0  (𝜆 > 0)	
  

(4)	
  310	
  

	
  311	
  

where	
  𝜆 = 𝑘𝑆 /𝜇𝛽𝑉!	
  ,	
   β	
   is	
   the	
   fluid	
   compressibility	
   (4.2x10-­‐10	
  Pa-­‐1),	
   and	
  V2	
   is	
   the	
  312	
  

downstream	
   fluid	
   reservoir	
   (125	
   cm3).	
   As	
   in	
   Equation	
   (1),	
  𝜇	
  is	
   the	
   fluid	
   viscosity	
  313	
  

(8.9x104	
  Pa.s),	
  𝐿	
  is	
   the	
   flow	
  path	
   i.e.	
   the	
  sample	
   length	
  (50	
  mm),	
  and	
  𝑆	
  is	
   the	
  cross	
  314	
  

section	
   of	
   the	
   sample	
   perpendicular	
   to	
   the	
   flow	
  path	
   (45	
   x	
   29	
  mm).	
   The	
   periodic	
  315	
  

solution	
  as	
  a	
  function	
  of	
  distance	
  x	
  from	
  the	
  upstream	
  (see	
  Figure	
  2)	
  and	
  time	
  t	
  is	
  316	
  

	
  317	
  

𝑃𝑝(𝑥, 𝑡) =   
𝐴 𝑖𝑤 − 𝜆(1+ 𝑖)𝑁 𝑒!"#  !  (!!!)!(!!!) − 𝑖𝑤 + 𝜆(1+ 𝑖)𝑁 𝑒!"#  –  (!!!)!(!!!)

𝑖𝑤 − 𝜆(1+ 𝑖)𝑁 𝑒!(!!!)!" − 𝑖𝑤 + 𝜆(1+ 𝑖)𝑁 𝑒(!!!)!"
	
  

	
  318	
  

(5)	
  319	
  

	
  320	
  

where	
  𝑤 = 2𝜋/𝛵 	
  is	
   the	
   angular	
   velocity	
   of	
   the	
   pore	
   pressure	
   oscillation	
   and	
  321	
  

𝑁 = (𝑤/2𝜈).	
   From	
   the	
   development	
   of	
   Equation	
   (5)	
   as	
   detailed	
   in	
   Kranz	
   et	
   al.	
  322	
  

(1990),	
   the	
   amplitude	
   ratios	
   R	
   and	
   phase	
   difference	
  𝛿 = −2𝜋𝜏 𝑇 	
  between	
   the	
  323	
  

upstream	
  and	
  downstream	
  pore	
  pressure	
  are	
  	
  324	
  

	
  	
  325	
  

𝑅! =
4𝛼!

(2𝛼! + 1) cosh2𝛾 + (2𝛼! − 1) cos 2𝛾 + 2𝛼(sinh 2𝛾 − sin 2𝛾)	
  

(6)	
  326	
  

	
  327	
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  328	
  

𝛿 = 𝑎𝑟𝑐 tan
tanh 2𝛼 tan 𝛾 + 1 + tan 𝛾

tan 𝛾 − tanh 𝛾 + 2𝛼 	
  

(7)	
  329	
  

	
  330	
  

where	
  the	
  dimensionless	
  variables	
  α	
  and	
  γ	
  are:	
  331	
  

	
  332	
  

	
   	
   	
   	
   	
   𝛼 = 𝜆/ 2𝑤𝜈	
   	
   (8)	
  333	
  

and	
  334	
  

	
   	
   	
   	
   	
   𝛾 = 𝑤𝐿/ 2𝑤𝜈	
  	
   (9)	
  335	
  

	
  336	
  

Given	
   two	
   observables	
   R	
   and	
   δ,	
   Equations	
   (6-­‐7)	
   can	
   be	
   solved	
   simultaneously	
   to	
  337	
  

extract	
  the	
  dimensionless	
  variables	
  𝛼	
  and	
  𝛾	
  .	
  From	
  these	
  solutions	
  and	
  Equations	
  (8-­‐338	
  

9),	
  permeability	
  and	
  the	
  hydraulic	
  diffusivity	
  are	
  obtained.	
  In	
  our	
  situation,	
  because	
  339	
  

the	
  upstream	
  and	
  downstream	
  reservoirs	
  are	
  servo-­‐controlled	
  in	
  pressure	
  feedback	
  340	
  

control,	
   we	
   measure	
   the	
   amplitude	
   ratios	
   R	
   and	
   time	
   delays	
  τ	
   of	
   the	
   flow	
   rate	
  341	
  

between	
  the	
  upstream	
  and	
  the	
  downstream	
  (Figure	
  3).	
  342	
  

	
  343	
  

V.1.	
  Temporal	
  evolution	
  of	
  the	
  hydraulic	
  diffusivity,	
  344	
  

permeability,	
  and	
  specific	
  storage	
  345	
  

	
  346	
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Figure	
  5	
  displays	
  the	
  temporal	
  evolution	
  of	
  the	
  flow	
  rate	
  amplitude	
  ratio	
  and	
  time	
  347	
  

delays	
   during	
   one	
   set	
   of	
   pore	
   pressure	
   oscillations	
   with	
   T=1s.	
   The	
   pair	
   of	
  348	
  

parameters	
   R	
   and	
   δ	
   are	
   measured	
   for	
   each	
   sinusoid,	
   and	
   for	
   each	
   R-­‐δ	
   pair	
   the	
  349	
  

temporal	
   evolution	
   of	
   the	
   hydraulic	
   diffusivity	
   and	
   permeability	
   are	
   deduced.	
  	
  350	
  

Figure	
   6	
   shows	
   an	
   example	
   of	
   this	
   analysis	
   for	
   the	
   data	
   of	
   experiment	
   p4167	
  351	
  

presented	
   in	
   Figure	
   3.	
   The	
   trends	
   shown	
   in	
   Figure	
   6	
   apply	
   throughout	
   our	
   set	
   of	
  352	
  

experiments	
   of	
   pore	
   pressure	
   oscillations	
   with	
   different	
   amplitudes	
   and	
  353	
  

frequencies.	
  	
  354	
  

	
  355	
  

We	
   find	
   that	
   transport	
   properties,	
   the	
   hydraulic	
   diffusivity,	
   and	
   permeability	
  356	
  

increase	
   progressively	
   during	
   pore	
   pressure	
   oscillations	
   (Figure	
   6).	
   This	
  357	
  

observation	
   is	
   in	
   agreement	
  with	
   the	
   progressive	
   slight	
   increase	
   of	
   the	
   peak	
   flow	
  358	
  

rate	
   observed	
   during	
   pressure	
   oscillations	
   (see	
   Figure	
   3).	
   In	
   contrast,	
   our	
  359	
  

measurements	
  indicate	
  that	
  the	
  specific	
  storage	
  of	
  the	
  samples	
  defined	
  as	
  	
  360	
  

	
  361	
  

𝑆! =
𝑘
𝜇𝜈	
  

	
  (10)	
  362	
  

	
  363	
  

is	
   constant	
   for	
  each	
  experiment	
  and	
  does	
  not	
   evolve	
  during	
   the	
  application	
  of	
   the	
  364	
  

dynamic	
  stressing	
   (Figure	
  6c).	
  The	
  unclogging	
  of	
   temporary	
  blockages	
  via	
  particle	
  365	
  

fracture	
   or	
  mobilization	
   is	
   not	
   expected	
   to	
   affect	
   the	
   bulk	
   properties	
   such	
   as	
   the	
  366	
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specific	
   storage	
   but	
   only	
   increase	
   the	
   interconnectivity	
   and	
   therefore	
   change	
   the	
  367	
  

transport	
  properties	
  such	
  as	
  the	
  permeability	
  and	
  diffusivity.	
  368	
  

	
  369	
  

The	
   increase	
   of	
   the	
   hydraulic	
   diffusivity	
   and	
   permeability	
   follow	
   a	
   logarithmic	
  370	
  

function;	
  as	
  we	
  increase	
  the	
  diffusivity	
  and	
  permeability	
  it	
  gets	
  harder	
  and	
  harder	
  to	
  371	
  

increase	
   them	
   (Figure	
   6).	
   For	
   unclogging,	
   these	
   logarithmic	
   increases	
   can	
   be	
   a	
  372	
  

consequence	
   of	
   the	
   evolution	
   of	
   the	
   budget	
   of	
   particles	
   blocking	
   the	
   fracture	
  373	
  

porosity.	
  During	
  the	
  first	
  pore	
  pressure	
  sinusoid,	
  most	
  of	
  the	
  particles	
  are	
  unclogged	
  374	
  

leading	
   to	
   a	
   strong	
   change	
   of	
   the	
   transport	
   properties,	
   but	
   during	
   subsequent	
  375	
  

pressure	
   oscillations	
   fewer	
   and	
   fewer	
   particles	
   are	
   susceptible	
   to	
   unclogging,	
   and	
  376	
  

therefore	
   it	
   is	
   harder	
   and	
   harder	
   to	
   increase	
   the	
   diffusivity.	
   Following	
   this	
  377	
  

reasoning,	
   the	
   number	
   of	
   particles	
   flushed	
   (ΔN)	
   and	
   both	
   the	
   permeability	
   and	
  378	
  

diffusivity	
  enhancements	
  (Δk,	
  Δν)	
  should	
  scale	
  with	
  the	
  number	
  of	
  oscillations	
  (n):	
  	
  379	
  

𝛥𝑘 ∝ 𝛥𝑁 ∝ 𝑙𝑛(𝑛).	
  380	
  

	
  381	
  

Interestingly,	
  the	
  cumulative	
  change	
  in	
  hydraulic	
  diffusivity	
  and	
  permeability	
  is	
  only	
  382	
  

15%	
   compared	
   to	
   the	
   state	
   during	
   the	
   first	
   oscillation,	
   while	
   the	
   observed	
  383	
  

permeability	
  enhancement	
  relative	
  to	
  the	
  original	
  state	
  is	
  70%	
  (Figure	
  6).	
  In	
  other	
  384	
  

words,	
   during	
   the	
   first	
   pore	
   pressure	
   sinusoid,	
   80%	
   of	
   the	
   permeability	
  385	
  

enhancement	
  is	
  achieved.	
  386	
  

	
  387	
  

V.2.	
  Flow	
  rate	
  controls	
  permeability	
  enhancement	
  388	
  

	
  389	
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In	
   the	
   context	
   of	
   an	
   unclogging	
  mechanism	
  driven	
  by	
  dynamic	
   stressing,	
   it	
   seems	
  390	
  

plausible	
   that	
   the	
   maximum	
   change	
   in	
   flow	
   rate	
   should	
   be	
   the	
   key	
   parameter	
  391	
  

controlling	
   the	
   flushing	
   efficiency	
   and	
   therefore	
   permeability	
   enhancement.	
  392	
  

However,	
   we	
   only	
   measure	
   the	
   flow	
   rate	
   at	
   the	
   inlet	
   and	
   outlet	
   of	
   the	
   sample;	
  393	
  

whereas	
  unclogging	
  and	
  permeability	
   enhancement	
  occurs	
   in	
   the	
   interior,	
   and	
  we	
  394	
  

measure	
   the	
   average	
   permeability	
   change	
   for	
   the	
   fracture	
   and	
   bulk	
   sample.	
  395	
  

Therefore,	
  we	
  need	
  to	
  consider	
  the	
  spatial	
  variation	
  of	
  the	
  flow	
  rate	
  in	
  establishing	
  a	
  396	
  

connection	
  between	
  flow	
  rate	
  and	
  permeability	
  changes.	
  	
  397	
  

	
  398	
  

V.2.a.	
  Measured	
  and	
  modeled	
  flow	
  rates	
  at	
  the	
  sample	
  boundaries	
  399	
  

	
  400	
  

Assuming	
   that	
  a	
  continuum	
  approach	
  applies	
   to	
   the	
  sample,	
   that	
   is,	
  Darcy’s	
   law	
   is	
  401	
  

applicable	
   to	
   spatial	
   scales	
   (much)	
   smaller	
   than	
   the	
   sample	
   size,	
   the	
   periodic	
  402	
  

solution	
  of	
  the	
  pore	
  pressure	
  diffusion	
  (Equation	
  5)	
  can	
  be	
  used	
  to	
  track	
  the	
  spatio-­‐403	
  

temporal	
  evolution	
  of	
  the	
  flow	
  rate	
  through	
  the	
  sample	
  as	
  404	
  

	
  405	
  

𝑄(𝑥, 𝑡) = − !"
!
  !"#(!,!)

!"
.	
   	
   (11)	
  406	
  

	
  407	
  

Figure	
  7	
  presents	
  the	
  spatio-­‐temporal	
  evolution	
  of	
  the	
  flow	
  rate	
  through	
  the	
  sample	
  408	
  

for	
  the	
  data	
  of	
  Figure	
  3.	
  These	
  are	
  oscillations	
  sets	
  with	
  the	
  same	
  amplitude	
  but	
  two	
  409	
  

different	
  frequencies	
  (T=1s	
  and	
  T=20s).	
  410	
  

	
  411	
  



	
   20	
  

We	
  have	
  already	
  established	
  that	
  most	
  of	
  the	
  change	
  in	
  transport	
  properties	
  that	
  are	
  412	
  

enhancements	
   in	
  hydraulic	
  diffusivity	
  and	
  permeability	
  happen	
  at	
   the	
  onset	
  of	
   the	
  413	
  

application	
  of	
  the	
  dynamic	
  stressing	
  (Figure	
  6).	
  For	
  each	
  set	
  of	
  oscillations,	
  the	
  first	
  414	
  

measured	
  peak	
   flow	
  rate	
  of	
   the	
   first	
  sinusoid	
   is	
  already	
  associated	
  with	
  a	
  value	
  of	
  415	
  

permeability	
  close	
  to	
  the	
  final	
  value	
  k1.	
  Because	
  we	
  are	
  interested	
  in	
  the	
  flow	
  before	
  416	
  

any	
  change	
  in	
  transport	
  properties,	
  in	
  Figure	
  7	
  we	
  use	
  for	
  k	
  and	
  ν	
  the	
  initial	
  values	
  417	
  

before	
   each	
   set	
   of	
   pore	
   pressure	
   oscillations.	
   For	
   k,	
   we	
   use	
   the	
   measured	
   initial	
  418	
  

permeabilty	
  k0.	
  For	
  ν,	
  we	
  can	
  use	
  our	
  measurements	
  of	
  the	
  amplitude	
  ratios	
  R	
  and	
  419	
  

time	
  delays	
  δ,	
  in	
  order	
  to	
  estimate	
  first	
  the	
  specific	
  storage	
  of	
  each	
  rock	
  sample	
  as	
  420	
  

defined	
  by	
  Equation	
  (10).	
  Then,	
  with	
  this	
  value	
  of	
  specific	
  storage	
  and	
  the	
  measured	
  421	
  

k0	
  we	
  define	
  the	
  initial	
  hydraulic	
  diffusivity	
  used	
  to	
  produce	
  the	
  result	
  in	
  Figure	
  7.	
  422	
  

Table	
   1	
   provides	
   all	
   values	
   used	
   to	
   compute	
   the	
   spatio-­‐temporal	
   evolution	
   of	
   the	
  423	
  

flow	
  rate	
  through	
  the	
  samples.	
  424	
  

	
  425	
  

Figure	
   7	
   and	
   8	
   reveal	
   the	
   attenuation-­‐effect	
   as	
   a	
   function	
   of	
   the	
   frequency	
   of	
  426	
  

pressure	
   oscillations.	
   At	
   high	
   frequency,	
   pressure	
   oscillations	
   are	
   more	
   severely	
  427	
  

attenuated,	
   and	
   consequently	
   the	
   local	
   peak	
   flow	
   rate	
   at	
   the	
   top	
   of	
   the	
   sample	
   is	
  428	
  

relatively	
   higher.	
   In	
   the	
   meantime,	
   the	
   higher	
   attenuation	
   of	
   the	
   pore	
   pressure	
  429	
  

oscillation	
   at	
   high	
   frequency	
   results	
   in	
   a	
   relatively	
   lower	
   local	
   flow	
   rate	
   at	
   the	
  430	
  

bottom	
  of	
  the	
  sample.	
  431	
  

	
  432	
  

Figure	
   8	
   can	
   be	
   directly	
   compared	
   with	
   Figure	
   3.	
   The	
   measured	
   (Figure	
   3)	
   and	
  433	
  

modeled	
   (Figure	
   8)	
   flow	
   rates	
   are	
   qualitatively	
   similar;	
   in	
   both	
   cases	
   relatively	
  434	
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higher	
  peak	
  flow	
  rates	
  and	
  a	
  more	
  severe	
  attenuation	
  is	
  observed	
  at	
  high	
  frequency.	
  435	
  

However,	
  because	
  the	
  measured	
  flow	
  rates	
  in	
  Figure	
  3	
  are	
  already	
  associated	
  with	
  436	
  

the	
   final	
   permeability	
   k1,	
   relatively	
   higher	
   absolute	
   magnitudes	
   in	
   the	
   peak	
   flow	
  437	
  

rates	
  are	
  measured	
  in	
  Figure	
  3	
  compared	
  to	
  those	
  estimated	
  by	
  the	
  model	
  in	
  Figure	
  438	
  

8.	
   This	
   difference	
   is	
   accentuated	
   at	
   high	
   frequency	
   due	
   to	
   the	
   relatively	
   larger	
  439	
  

permeability	
  enhancements.	
  440	
  

	
  441	
  

The	
  model	
  provides	
  the	
  flow	
  rate	
  at	
  the	
  upstream	
  and	
  downstream	
  before	
  the	
  onset	
  442	
  

of	
   permeability	
   enhancement.	
   In	
   order	
   to	
   evaluate	
   if	
   the	
   model	
   prediction	
   is	
   in	
  443	
  

agreement	
   with	
   our	
   experimental	
   observations,	
   we	
   need	
   to	
   subtract	
   from	
   our	
  444	
  

measurements	
  of	
   the	
  maximum	
  upstream	
  and	
  downstream	
  peak	
   flow	
  rates	
  Qmax,	
  445	
  

the	
  increase	
  in	
  flow	
  rate	
  due	
  to	
  the	
  permeability	
  enhancements,	
  i.e.,	
  446	
  

	
  447	
  

𝑄𝑚𝑎𝑥!"##$!%$& =   𝑄𝑚𝑎𝑥  –   
𝑘1− 𝑘0 𝐴 + 𝛥𝑃𝑝

𝜇𝐿
𝑆

	
  

(12)	
  448	
  

	
  449	
  

Figure	
  9	
  shows	
  the	
  maximum	
  change	
  in	
  flow	
  rate	
  deduced	
  from	
  our	
  measurements	
  450	
  

and	
   those	
   predicted.	
   Figure	
   9	
   demonstrates	
   that	
   the	
   analytical	
   solution	
   of	
   the	
   1D	
  451	
  

diffusion	
  problem	
  is	
  clearly	
  in	
  agreement	
  with	
  our	
  measurements.	
  For	
  example,	
  the	
  452	
  

maximum	
   change	
   in	
   flow	
   rate	
   deduced	
   from	
   the	
   corrected	
   peak	
   flow	
   rate	
  453	
  

𝑄𝑚𝑎𝑥!"##$!%$& ,	
  are	
  now	
  roughly	
  the	
  same	
  as	
  the	
  predicted	
  maximum	
  change	
  in	
  flow	
  454	
  

rate.	
  Table	
  1	
  provides	
  all	
  values	
  used	
  for	
  the	
  model	
  including	
  initial	
  specific	
  storage,	
  455	
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hydraulic	
  diffusivity,	
  and	
  permeabilty.	
  Note	
  here	
  that	
  because	
  the	
  maximum	
  change	
  456	
  

in	
  flow	
  rate	
  is	
  linearly	
  dependent	
  on	
  the	
  initial	
  flow	
  rate	
  Q0	
  (see	
  inset	
  Figure	
  9),	
  the	
  457	
  

maximum	
  change	
  in	
  flow	
  rate	
  is	
  normalized	
  by	
  Q0.	
  458	
  

	
  459	
  

V.2.b.	
  Average	
  flow	
  rate	
  inside	
  the	
  sample	
  460	
  

	
  461	
  

We	
  can	
  now	
  compare	
  the	
  peak	
  flow	
  rate	
  within	
  the	
  fracture	
  with	
  the	
  permeability	
  462	
  

changes.	
   Our	
   measurements	
   clearly	
   reveal	
   the	
   positive	
   correlation	
   between	
   the	
  463	
  

permeability	
  enhancement	
  and	
   the	
  average	
  between	
   the	
  maximum	
  change	
   in	
   flow	
  464	
  

rate	
   at	
   the	
   upstream	
   and	
   downstream	
   (Figure	
   9).	
   We	
   can	
   make	
   this	
   empirical	
  465	
  

relationship	
  more	
  precise	
  using	
   the	
  diffusive	
  model.	
   The	
   volumetric	
   average	
  peak	
  466	
  

flow	
  rate	
  from	
  the	
  inlet	
  to	
  a	
  depth	
  L	
  inside	
  the	
  rock	
  sample	
  is	
  467	
  

	
  468	
  

𝑄𝑣𝑜𝑙 =
1
𝐿 𝑄𝑚𝑎𝑥! 𝑑𝑥

!

!
	
  

(13)	
  469	
  

	
  470	
  

Figure	
  10	
  presents	
  the	
  change	
  in	
  the	
  volumetric	
  average	
  amplitude	
  of	
  the	
  flow	
  rate	
  471	
  

as	
   𝑄𝑣𝑜𝑙 − 𝑄𝑣𝑜𝑙! /𝑄𝑣𝑜𝑙! ,	
   when	
   𝑄𝑣𝑜𝑙 	
  is	
   the	
   magnitude	
   reached	
   during	
   the	
  472	
  

application	
   of	
   the	
   dynamic	
   stressing	
   and	
  𝑄𝑣𝑜𝑙!   is	
   the	
   initial	
   value.	
   Figure	
   10	
  473	
  

demonstrates	
   the	
   positive	
   correlation	
   between	
   the	
   change	
   in	
   flow	
   rate	
   integrated	
  474	
  

over	
  the	
  length	
  of	
  the	
  sample	
  and	
  the	
  permeability	
  enhancement.	
  The	
  fact	
  that	
  the	
  475	
  

1D	
  diffusion	
  model	
   fits	
   our	
   flow	
   rate	
  measurements	
   at	
   the	
   top	
   and	
  bottom	
  of	
   the	
  476	
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sample	
   leads	
  us	
   to	
  believe	
   that	
   the	
   same	
  correlation	
  holds	
  between	
   the	
   change	
   in	
  477	
  

flow	
   rate	
   integrated	
   over	
   the	
   length	
   of	
   the	
   sample	
   and	
   the	
   permeability	
  478	
  

enhancement.	
  In	
  the	
  experiments,	
  the	
  combined	
  amplitude	
  and	
  frequency	
  variation	
  479	
  

control	
  the	
  activated	
  volume	
  of	
  the	
  rock-­‐sample	
  and	
  therefore	
  the	
  final	
  permeability	
  480	
  

enhancement	
  averaged	
  over	
  the	
  volume.	
  481	
  

	
  482	
  

Our	
   analysis	
   indicates	
   an	
   exponential	
   relationship	
   between	
   permeability	
  483	
  

enhancements	
  and	
  the	
  volumetric	
  change	
  in	
  flow	
  rate.	
  During	
  unclogging,	
  the	
  flow	
  is	
  484	
  

removing	
  fine	
  particles	
  in	
  the	
  fracture.	
  We	
  start	
  by	
  assuming	
  the	
  simplest	
  possible	
  485	
  

relationship	
  between	
  the	
  number	
  of	
  particles	
  flushed	
  (ΔN)	
  and	
  the	
  flow	
  rate	
  change	
  486	
  

(ΔQ),	
  i.e.,	
  a	
  linear	
  relationship:	
  487	
  

	
  488	
  

𝛥𝑁 ∝ 𝛥𝑄	
  	
   	
   (14)	
  489	
  

	
  490	
  

According	
  to	
  Darcy’s	
  law	
  and	
  for	
  a	
  fixed	
  path	
  length:	
  491	
  

	
  492	
  

𝛥𝑄 ∝ 𝑘0  𝐴	
  	
   	
   (15)	
  493	
  

	
  494	
  

where	
  A	
   is	
   the	
   amplitude	
   of	
   the	
   imposed	
   pore	
   pressure	
   oscillation	
   and	
   k0	
   is	
   the	
  495	
  

initial	
   permeability	
   before	
   any	
   changes.	
   At	
   the	
   end	
   of	
   the	
   oscillatory	
   forcing,	
   we	
  496	
  

assume	
   that	
   the	
   cross-­‐sectional	
  area	
  of	
   the	
   fracture	
  cleaned	
   is	
  proportional	
   to	
   the	
  497	
  

number	
  of	
  particles	
  flushed,	
  i.e.,	
  498	
  

	
  499	
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𝛥𝑘 ∝ 𝛥𝑁	
  .	
   	
   (16)	
  500	
  

	
  501	
  

Finally,	
  combining	
  Equations	
  (14-­‐16)	
  and	
  integrating	
  results	
  in	
  502	
  

	
  503	
  

𝑙𝑛(𝑘) ∝ 𝐴	
  	
   	
   (17)	
  504	
  

	
  505	
  

As	
  revealed	
  by	
  our	
  experimental	
  results,	
  the	
  change	
  in	
  permeability	
  is	
  proportional	
  506	
  

to	
  the	
  initial	
  permeability	
  𝛥𝑘 ∝ 𝑘	
  (inset	
  Figure	
  4),	
  implying	
  that:	
  507	
  

	
  508	
  

𝑙𝑛(𝛥𝑘) ∝ 𝐴	
  	
   	
   (18)	
  509	
  

	
  510	
  

Equation	
   (18)	
   is	
   in	
   agreement	
   with	
   our	
   observation	
   (Figure	
   4)	
   and	
   those	
   of	
  511	
  

Elkhoury	
  et	
  al.	
  (2011)	
  and	
  Candela	
  et	
  al.	
  (2014).	
  Finally,	
  we	
  note	
  that	
  for	
  any	
  change	
  512	
  

in	
  permeability,	
  𝛥𝑄 ∝ 𝐴	
  (Equation	
  15)	
  and	
  therefore	
  513	
  

	
  514	
  

𝛥𝑘 ∝ 𝑒!" 	
  	
   	
   (19)	
  515	
  

	
  516	
  

as	
   observed	
   in	
   our	
   experiments	
   (Figure	
   10).	
   The	
   consistency	
   means	
   that	
   our	
  517	
  

interpretation	
   in	
   term	
  of	
   flow-­‐driven	
  mechanism	
   for	
  permeability	
  enhancement	
   is	
  518	
  

reasonable.	
   The	
   change	
   in	
   flow	
   rate	
   integrated	
   over	
   the	
   rock	
   volume	
   is	
   the	
   key	
  519	
  

parameter	
   controlling	
   the	
   flushing	
   of	
   blockages	
   and	
   therefore	
   the	
   permeability	
  520	
  

enhancement.	
  521	
  

	
  522	
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VI.	
  Extrapolation	
  to	
  the	
  field	
  scale	
  523	
  

	
  524	
  

We	
   address	
   two	
   questions	
   related	
   to	
   connecting	
   our	
   laboratory	
  measurements	
   to	
  525	
  

field	
   observations:	
   (1)	
   is	
   our	
   experimental	
   setup	
   appropriate	
   for	
   evaluating	
   the	
  526	
  

connections	
   between	
   dynamic	
   stressing	
   and	
   fluid	
   flow	
   in	
   nature?	
   (2)	
   can	
   we	
  527	
  

extrapolate	
  our	
  measurements	
  to	
  the	
  field	
  scale?	
  528	
  

	
  529	
  

VI.1.	
  Generating	
  oscillatory	
  flows	
  from	
  seismic	
  waves	
  530	
  

	
  531	
  

In	
   a	
   fractured	
   aquifer,	
   during	
   the	
   propagation	
   of	
   a	
   seismic	
   wave,	
   the	
   dilatational	
  532	
  

strain	
   directly	
   generates	
   a	
   hydraulic	
   head	
   oscillation	
   with	
   the	
   local	
   amplitude	
  533	
  

dependent	
   on	
   the	
   local	
   stiffness.	
   Since	
   the	
   amplitude	
   of	
   the	
   head	
   oscillations	
   is	
  534	
  

different	
   in	
  stiff,	
   intact	
  rocks	
  and	
  damaged	
  fault	
  zones,	
  a	
   flow	
  between	
  the	
  units	
   is	
  535	
  

generated	
  locally.	
  This	
  flow	
  is	
  what	
  we	
  artificially	
  reproduce	
  in	
  our	
  experiments.	
  By	
  536	
  

imposing	
   sinusoidal	
   oscillations	
   in	
   the	
   upstream	
   pore	
   pressure	
  while	
   holding	
   the	
  537	
  

downstream	
  pore	
  pressure	
  constant,	
  we	
  force	
  an	
  oscillatory	
  flow	
  from	
  the	
  top	
  to	
  the	
  538	
  

bottom	
  of	
  the	
  sample.	
  The	
  pressure	
  oscillation	
  technique,	
  applied	
  on	
  fractured	
  rock	
  539	
  

samples,	
   is	
   therefore	
   well	
   adapted	
   to	
   reproduce	
   the	
   passage	
   of	
   seismic	
   waves	
  540	
  

through	
  a	
  fractured	
  aquifer.	
  541	
  

	
  542	
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An	
   alternative	
   approach	
   is	
   to	
  mimic	
   the	
   forcing	
  of	
   the	
   seismic	
  waves	
  on	
   the	
   solid	
  543	
  

rock	
  and	
  then	
  allow	
  the	
  pore	
  pressure	
  to	
  vary	
  as	
  a	
  consequence	
  inside	
  the	
  sample.	
  544	
  

This	
  approach	
  has	
  been	
  taken	
  by	
  other	
  experimenters	
  who	
  either	
  used	
  long-­‐period	
  545	
  

solid	
   mechanical	
   forcing	
   (Liu	
   and	
   Manga,	
   2009)	
   or	
   acoustic	
   vibrations	
   (Roberts,	
  546	
  

2005;	
   Roberts	
   and	
   Abdel-­‐Fattah,	
   2009.	
   Notably,	
   Liu	
   and	
   Manga	
   (2009)	
   found	
  547	
  

permeability	
  decreases	
  when	
  applying	
  solid	
  mechanical	
  stresses.	
  	
  548	
  

	
  549	
  

In	
   order	
   to	
   evaluate	
   the	
   differences	
   between	
   the	
   solid	
   and	
   fluid	
   forcing,	
   we	
  550	
  

performed	
  experiments	
  in	
  which	
  stress	
  oscillations	
  were	
  applied	
  to	
  the	
  solid	
  block	
  551	
  

rather	
   than	
   via	
   a	
   fluid	
   pressure.	
   	
   Figure	
   11	
   shows	
   results	
   from	
   a	
   representative	
  552	
  

experiment.	
  After	
   fracturing	
  the	
  sample	
  following	
  the	
  same	
  preliminary	
  procedure	
  553	
  

as	
   for	
   the	
  pore	
  pressure	
  oscillations	
   technique,	
  we	
  oscillated	
   the	
   stress	
  normal	
   to	
  554	
  

the	
   fracture	
   while	
   the	
   differential	
   pore	
   pressure	
   ΔPp,	
   the	
   shear	
   stress,	
   and	
   the	
  555	
  

confining	
  pressure	
  were	
  maintained	
  constant.	
  Controlled	
  normal-­‐stress	
  oscillations	
  556	
  

are	
  achieved	
  by	
  adjusting	
  the	
  servo	
  command	
  signal	
  for	
  the	
  horizontal	
  loading	
  ram	
  557	
  

in	
   load	
   feedback	
   mode.	
   We	
   applied	
   multiple	
   sets	
   of	
   normal	
   stress	
   sinusoidal	
  558	
  

oscillations	
  of	
   varying	
   amplitude	
  while	
   keeping	
   constant	
   the	
  period	
   (20s)	
   and	
   the	
  559	
  

duration	
  (120s),	
  and	
  spaced	
  in	
  time	
  of	
  around	
  30min.	
  560	
  

	
  561	
  

Figure	
  11	
  shows	
  that	
  normal-­‐stress	
  oscillations	
  cause	
  transient	
  compaction-­‐dilation	
  562	
  

of	
  the	
  rock	
  sample	
  as	
  measured	
  with	
  the	
  internal	
  LVDT	
  mounted	
  across	
  the	
  fracture	
  563	
  

(Figure	
   1).	
   The	
   stress	
   oscillations	
   cause	
   transient	
   changes	
   in	
   fluid	
   flow	
  564	
  

superimposed	
   on	
   the	
   background	
   initial	
   flow	
   (Figure	
   11).	
   Squeezing	
   fluids	
   in	
   and	
  565	
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out	
   of	
   the	
   fracture	
   plane,	
   during	
   the	
   normal-­‐stress	
   oscillation,	
   produces	
   the	
  566	
  

observed	
   oscillatory	
   flow.	
   At	
   the	
   end	
   of	
   the	
   stress	
   oscillations,	
   the	
   flow	
   rate	
  567	
  

(identical	
   at	
   the	
   upstream	
   and	
   downstream	
   boundary)	
   is	
   lower	
   compared	
   to	
   the	
  568	
  

initial	
  value	
  before	
  the	
  oscillatory	
  forcing.	
  569	
  

	
  570	
  

Because	
  ΔPp	
  is	
  maintained	
  constant	
  during	
  imposed	
  normal	
  stress	
  oscillations,	
  the	
  571	
  

measured	
  reduction	
  in	
  flow	
  rate	
  can	
  be	
  directly	
  translated	
  to	
  permeability.	
   In	
  fact,	
  572	
  

following	
   the	
   application	
   of	
   the	
   dynamic	
   stress,	
  we	
   observe	
   a	
   net	
   decrease	
   of	
   the	
  573	
  

sample	
   thickness	
   (Figure	
   11).	
   The	
   simplest	
   interpretation	
   is	
   to	
   directly	
   relate	
   the	
  574	
  

measured	
   sample	
   compaction	
  Δun in	
   term	
  of	
   closing	
   of	
   the	
   fracture	
   aperture.	
   This	
  575	
  

way,	
   the	
   decrease	
   in	
   permeability	
   is	
   directly	
   related	
   to	
   the	
   closing	
   of	
   the	
   fracture	
  576	
  

aperture.	
  This	
   interpretation	
   is	
  demonstrated	
   in	
  Figure	
  12	
  which	
  shows	
   that	
  both	
  577	
  

the	
  measured	
  sample	
  compaction	
  Δun 	
  and	
  permeability	
  reduction	
  increase	
  with	
  the	
  578	
  

amplitude	
  of	
  the	
  normal-­‐stress	
  oscillations.	
  	
  579	
  

	
  580	
  

Following	
   the	
   most	
   commonly	
   used	
   equation	
   for	
   fluid	
   flow	
   through	
   fractures	
  581	
  

frequently	
  called	
  the	
  cubic	
  law	
  (e.g.	
  Snow,	
  1969;	
  Witherspoon	
  et	
  al.,	
  1980;	
  Silliman,	
  582	
  

1989;	
  Ouyang	
  and	
  Elsworth,	
  1993),	
  we	
  can	
  link	
  k0	
  and	
  k1	
  with	
  the	
  fracture	
  aperture	
  583	
  

via	
  the	
  parallel	
  plate	
  approximation	
  	
  584	
  

	
  585	
  

𝑘! =
!!!

!"!
	
   	
   (20)	
  586	
  

and	
  587	
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𝑘! =
(!!!!!)!

!"!
	
   (21)	
  588	
  

	
  589	
  

where	
   b0	
   is	
   the	
   initial	
   aperture	
   of	
   the	
   fracture,	
  Δ𝑏	
  is	
   the	
   closing	
   of	
   the	
   fracture	
  590	
  

aperture	
  and	
  W	
   is	
   the	
  width	
  of	
  the	
  sample.	
  Then	
  combining	
  (20)	
  and	
  (21),	
  we	
  can	
  591	
  

estimate	
   the	
   predicted	
   magnitude	
   of	
   the	
   permeability	
   decrease	
   for	
   the	
   observed	
  592	
  

aperture	
  closure	
  Δ𝑏	
  as:	
  593	
  

	
  594	
  

!!!!!
!!

=    ( !"!!!
! !!!)!

!"!!!
− 1	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (22).	
  595	
  

	
  596	
  

Interestingly,	
  the	
  magnitude	
  of	
  the	
  permeability	
  decrease	
  predicted	
  by	
  the	
  cubic	
  law	
  597	
  

model	
  (Equation	
  22)	
  is	
  significantly	
  larger	
  than	
  the	
  observed	
  permeability	
  decrease	
  598	
  

(Figure	
  12c).	
  One	
  explanation	
  for	
  this	
  discrepancy	
  is	
  that	
  the	
  permeability	
  decrease	
  599	
  

associated	
  with	
  the	
  aperture	
  closing	
  is	
  mitigated	
  by	
  a	
  permeability	
  increase	
  due	
  to	
  600	
  

unclogging.	
  The	
  same	
  unclogging	
  mechanism	
  as	
  observed	
  in	
  the	
  earlier	
  experiments	
  601	
  

could	
   cancel	
   much	
   of	
   the	
   fracture	
   closure	
   and	
   result	
   in	
   a	
   more	
   modest	
   net	
  602	
  

permeability	
  decrease	
  than	
  expected	
  from	
  the	
  deformation	
  data.	
  603	
  

	
  604	
  

A	
   second	
   possibility,	
   is	
   that	
   the	
   actual	
   change	
   in	
   aperture	
   within	
   the	
   sample	
   is	
  605	
  

significantly	
   less	
   than	
   the	
   observed	
   permanent	
   compaction	
   of	
   the	
   sample	
   of	
  606	
  

Δun ~ 20µm ,	
  apparent	
  in	
  Figure	
  12c.	
   	
  This	
  could	
  result	
  if	
  either	
  (1)	
  the	
  compactive	
  607	
  

deformation	
  of	
  the	
  sample	
  is	
  distributed	
  throughout	
  the	
  sample	
  rather	
  than	
  merely	
  608	
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concentrated	
   on	
   the	
   mechanically-­‐soft	
   fracture	
   (implicitly	
   assumed	
   in	
   Equation	
  609	
  

(22)),	
   or	
   (2)	
   that	
   the	
   active	
   flow	
   conduit	
   is	
   a	
   circular	
   cross-­‐section	
   pipe	
   that	
   is	
  610	
  

significantly	
  more	
  resistant	
  to	
  deformation	
  than	
  the	
  mechanically-­‐soft	
  parallel	
  plate	
  611	
  

fracture	
  assumed	
  in	
  Equation	
  (22).	
  	
  612	
  

	
  613	
  

	
  (1)	
  In	
  the	
  first	
  instance,	
  if	
  the	
  compactive	
  deformation	
  is	
  partitioned	
  on	
  the	
  fracture	
  614	
  

in	
  proportion	
   to	
   the	
  stiffnesses	
  of	
   the	
   intact	
   rock	
  (Ei)	
  and	
   the	
   fractured	
  composite	
  615	
  

(Em)	
  (Ouyang	
  and	
  Elsworth,	
  1993)	
  then	
  the	
  change	
  in	
  aperture	
  is	
  given	
  as	
  	
  616	
  

	
  617	
  

Δb = [W (1− Rm )+ b0 ]Δun /W 	
  (23)	
  618	
  

	
  619	
  

where	
   Rm = Em / Ei .	
   For	
   the	
  measured	
  magnitude	
   of	
   Rm = 0.4 	
  and	
  with	
  Δun = 20µm 	
  620	
  

this	
   results	
   in	
   an	
   expected	
   change	
   in	
   aperture	
   of	
  Δb ~ 0.6Δun =12µm .	
   Although	
  621	
  

smaller	
   than	
   the	
  measured	
   permanent	
   compaction	
   of	
   the	
   sample,	
   this	
  magnitude	
  622	
  

remains	
  still	
  too	
  large	
  to	
  explain	
  the	
  observed	
  very	
  small	
  reduction	
  in	
  permeability.	
  623	
  

	
  624	
  

(2)	
  Alternately,	
  where	
  the	
  active	
  flow	
  is	
  considered	
  confined	
  to	
  a	
  single	
  tubular	
  flow	
  625	
  

conduit	
  then	
  the	
  volumetric	
  flow	
  rate	
  Q	
  scales	
  with	
  pipe	
  diameter,	
  D,	
  as	
  Q0 ∝D0
4 	
  or	
  626	
  

with	
  the	
  modified	
  diameter	
  as	
  Q1 ∝ (D + ΔD)4 .	
  The	
  change	
  in	
  diameter	
  of	
  a	
  circular	
  627	
  

section	
  tube	
  embedded	
  within	
  an	
  elastic	
  medium	
  scales	
  as	
   ΔD ~ D0Δε 	
  where	
   Δε 	
  is	
  628	
  

the	
   isotropic	
   strain	
   applied	
   to	
   the	
   elastic	
   medium.	
   This	
   allows	
   the	
   change	
   in	
  629	
  

permeability	
  anticipated	
   from	
  a	
  single	
  compressible	
   flow	
  tube	
  to	
  be	
  approximated	
  630	
  

as	
  631	
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  632	
  

k1 − k0
k0

= Q1 −Q0

Q0

∝ (1+ Δun
W
)4 −1 	
  	
  	
  	
  	
  (24)	
  633	
  

	
  634	
  

where	
  the	
  permanent	
  strain	
  retained	
  within	
  the	
  sample	
  is	
  identified	
  as	
   Δε = Δun /W 	
  635	
  

(Figure	
   12;	
   2µm < Δun < 35µm ).	
   This	
   enables	
   the	
   observed	
   permanent	
   post-­‐636	
  

oscillation	
   change	
   in	
   permeability	
   to	
   be	
   compared	
   with	
   that	
   predicted	
   from	
   the	
  637	
  

presumed	
   representation	
   of	
   the	
   system	
   as	
   a	
   geometrically-­‐soft	
   parallel-­‐sided	
  638	
  

fracture	
  (Equation	
  (22))	
  versus	
  a	
  geometrically-­‐stiff	
  pipe	
  (Equation	
  (24))	
  in	
  Figure	
  639	
  

12c.	
   Apparent	
   from	
   this	
   comparison	
   is	
   that	
   these	
   two	
   end-­‐member	
   behaviors	
  640	
  

bracket	
  the	
  true	
  response	
  (Figure	
  12c)	
  and	
  suggesting	
  that	
  the	
  true	
  flow	
  conduit	
  is	
  641	
  

best	
  represented	
  as	
  an	
  elliptical	
  section	
  pipe	
  with	
  major-­‐axis	
  ratio	
  larger	
  than	
  1:1.	
  642	
  

	
  643	
  

Our	
   experiments	
   reveal	
   that	
   solid	
   mechanical	
   stresses	
   do	
   not	
   reproduce	
  644	
  

permeability	
  enhancements	
  as	
  observed	
  in	
  the	
  field.	
  One	
  key	
  point	
  here	
  is	
  that	
  we	
  645	
  

were	
  able	
   to	
  generate	
  spontaneously	
  an	
  oscillatory	
   flow	
  (Figure	
  11)	
   in	
  contrast	
   to	
  646	
  

the	
  artificially-­‐generated	
  oscillations	
  in	
  flow	
  rate	
  with	
  the	
  pore	
  pressure	
  oscillations	
  647	
  

technique	
   (Figure	
   3).	
   At	
   this	
   point,	
   we	
   cannot	
   exclude	
   that	
   using	
   a	
   different	
  648	
  

experimental	
  setup	
  allowing	
  stronger	
  contrast	
  of	
  stiffness	
  between	
  the	
  fracture	
  and	
  649	
  

the	
   bulk	
   of	
   the	
   sample,	
   we	
   could	
   drive	
   stronger	
   oscillatory	
   flows	
   and	
   possibly	
  650	
  

permeability	
  enhancements.	
  However,	
  it	
  is	
  important	
  to	
  note	
  that	
  during	
  the	
  solid-­‐651	
  

stresses	
   experiment	
   the	
   imposed	
   dynamic	
   strains	
   were	
   one	
   order	
   of	
   magnitude	
  652	
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larger	
   (~	
   10-­‐5)	
   compared	
   to	
   those	
   imposed	
   during	
   the	
   dynamic	
   fluid-­‐stresses	
  653	
  

experiments	
  (~10-­‐6).	
  654	
  

	
  655	
  

VI.2.	
  Application	
  to	
  field	
  conditions	
  656	
  

	
  657	
  

One	
   of	
   our	
   main	
   goals	
   was	
   to	
   identify	
   the	
   variable	
   controlling	
   the	
   permeability	
  658	
  

enhancement	
   during	
   the	
   passage	
   of	
   seismic	
   waves	
   through	
   a	
   fractured	
   aquifer	
  659	
  

(Elkhoury	
   et	
   al.,	
   2006;	
   Xue	
   et	
   al.,	
   2013;	
   Lai	
   et	
   al.,	
   2014).	
   Previous	
   experiments	
   of	
  660	
  

Elkhoury	
   et	
   al.	
   (2011)	
   and	
   Candela	
   et	
   al.	
   (2014)	
   have	
   suggested	
   that	
   during	
   the	
  661	
  

passage	
  of	
  a	
  seismic	
  wave,	
  at	
  a	
  given	
  frequency	
  the	
  amplitude	
  of	
  the	
  pore	
  pressure	
  662	
  

oscillations	
   directly	
   induced	
   by	
   the	
   dilatational	
   strain,	
   could	
   be	
   the	
   variable	
  663	
  

controlling	
  the	
  measured	
  permeability	
  enhancement.	
  Here	
  our	
  experimental	
  results	
  664	
  

reveal	
   that	
   once	
   a	
   range	
   of	
   frequencies	
   is	
   considered,	
   the	
   flow	
   velocity	
   is	
   the	
  665	
  

preferred	
   discriminant.	
   As	
   might	
   be	
   expected	
   from	
   an	
   unclogging	
   mechanism,	
  666	
  

higher	
   volumetric	
   changes	
   in	
   flow	
   velocity	
   induce	
   higher	
   permeability	
  667	
  

enhancements.	
  668	
  

	
  669	
  

Our	
  work	
  suggests	
   that	
  a	
  better	
  knowledge	
  of	
   the	
  change	
   in	
   flow	
  rate	
   through	
  the	
  670	
  

volume	
   of	
   rock	
   subject	
   to	
   dynamic	
   stressing	
   is	
   key	
   to	
   predicting	
   subsequent	
  671	
  

permeability	
   enhancement.	
   One	
   can	
   ask	
   now	
   if	
   we	
   can	
   use	
   our	
   experimental	
  672	
  

correlation	
   between	
   the	
   volumetric	
   change	
   in	
   flow	
   rate	
   and	
   the	
   permeability	
  673	
  

enhancement	
  (Figure	
  10)	
   for	
   field	
  predictions.	
   In	
  order	
   to	
  answer	
   this	
  question,	
   it	
  674	
  

remains	
   to	
   estimate	
   the	
   change	
   in	
   flow	
   velocity	
   around	
   boreholes	
   where	
  675	
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permeability	
   enhancements	
   have	
   been	
   observed.	
   This	
   can	
   be	
   estimated	
   by	
  676	
  

considering	
   the	
   oscillation	
   of	
   the	
   water	
   level	
  
!"
!"
	
  inside	
   the	
   borehole	
   during	
   the	
  677	
  

passage	
  of	
  seismic	
  waves	
  (Brodsky	
  et	
  al.,	
  2003).	
  The	
  volume	
  of	
  water	
  
!"
!"
	
  flowing	
  in	
  678	
  

and	
  out	
  the	
  cylindrical	
  boundary	
  of	
  the	
  borehole	
  and	
  produced	
  by	
  the	
  passage	
  of	
  the	
  679	
  

seismic	
  wave	
  can	
  be	
  link	
  to	
  
!"
!"
	
  as:	
  680	
  

	
  681	
  

!"
!"
= !"

!"
𝑆! = 𝑢𝑆!	
  	
  	
  	
  	
  	
  	
  	
  	
  (25)	
  682	
  

	
  683	
  

where	
  𝑢	
  is	
  the	
  average	
  flow	
  velocity	
  at	
  the	
  boundary	
  of	
  the	
  borehole	
  driven	
  by	
  the	
  684	
  

seismic	
  waves	
  where	
  Sc	
   and	
  SA	
  are	
   the	
   cross-­‐section	
   (Sc	
  =	
  πr2)	
  and	
   the	
   cylindrical	
  685	
  

surface	
   area	
   (SA	
   =	
   2πrh)	
   of	
   the	
   borehole.	
   Note	
   that	
   the	
   driven	
   flow	
   rate	
   u	
   is	
  686	
  

superposed	
  on	
  a	
  background	
  flow	
  rate	
  as	
  in	
  the	
  experiments.	
  Rearranging	
  Equation	
  687	
  

(25)	
  we	
   can	
   estimate	
   the	
   change	
   in	
   average	
   flow	
   velocity	
   at	
   the	
   boundary	
   of	
   the	
  688	
  

borehole	
  as	
  a	
  function	
  of	
  the	
  oscillation	
  of	
  the	
  water	
  level	
  as	
  689	
  

	
  690	
  

𝑢 = !"
!"
   !
!"
	
  	
  	
  	
  	
  	
  	
  	
  	
  (26)	
  691	
  

	
  692	
  

The	
  water	
  level	
  oscillations	
  observed	
  in	
  boreholes	
  and	
  produced	
  by	
  the	
  passage	
  of	
  693	
  

teleseismic	
  surface	
  waves	
  are	
  characterized	
  by	
  an	
  average	
  amplitude	
  and	
  period	
  of	
  694	
  

respectively	
   0.1m	
   and	
   20s	
   (see	
   Brodsky	
   et	
   al.,	
   2003);	
   as	
   a	
   consequence	
  !"
!"
=695	
  

0.02  𝑚 𝑠.	
   The	
   open	
   section	
   h	
   of	
   the	
   borehole	
   is	
   of	
   100m	
   and	
   its	
   radius	
   is	
   0.1m,	
  696	
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therefore	
   u	
   =	
   1x10-­‐5	
  m/s.	
   In	
   our	
   experiments,	
   the	
   driven	
   volumetric	
   flow	
   rate	
   is	
  697	
  

around	
  6x10-­‐8	
  m3/s	
  which	
  results	
  in	
  an	
  average	
  flow	
  velocity	
  of	
  4.5x10-­‐5	
  m/s,	
  which	
  698	
  

is	
  very	
  close	
  to	
  our	
  estimation	
  for	
  the	
  change	
  in	
  flow	
  rate	
  around	
  a	
  borehole	
  and	
  due	
  699	
  

to	
  the	
  passage	
  of	
  a	
  seismic	
  wave.	
  	
  700	
  

	
  701	
  

This	
  analysis	
  suggests	
  that	
  the	
  experiments	
  are	
  exploring	
  the	
  relevant	
  flow	
  regime	
  702	
  

and	
   that	
   the	
  physical	
  processes	
   explored	
   in	
   the	
   lab	
   are	
   likely	
   relevant	
   to	
   the	
   field	
  703	
  

(Elkhoury	
  et	
  al.,	
  2006;	
  Xue	
  et	
  al.,	
  2013;	
  Lai	
  et	
  al.,	
  2014).	
  Manipulating	
  the	
  flow	
  rate	
  in	
  704	
  

depth	
   could	
   be	
   the	
   key	
   to	
   controling	
   the	
   permeability.	
   In	
   future	
   experiments	
   on	
  705	
  

actively	
   engineering	
   permeability,	
   in	
   situ	
   flow	
   velocities	
   of	
   ~	
   10-­‐5	
  m/s	
   should	
   be	
  706	
  

explored	
  to	
  evaluate	
  permeability	
  enhancement.	
  707	
  

	
  708	
  

VII.	
  Conclusion	
  709	
  

	
  710	
  

Our	
   experiments	
   have	
   previously	
   demonstrated	
   that	
   a	
   flow-­‐driven	
  mechanism	
   of	
  711	
  

unclogging	
   of	
   temporary	
   blockages	
   from	
   fracture	
   is	
   the	
  most	
   viable	
   candidate	
   to	
  712	
  

explain	
  transient	
  permeability	
  enhancements	
  during	
  the	
  passage	
  of	
  seismic	
  waves.	
  713	
  

Here	
  we	
  showed	
  that	
  the	
  combined	
  characteristics	
  of	
  the	
  seismic	
  wave	
  (amplitude	
  714	
  

and	
  frequency)	
  and	
  the	
  poroelastic	
  properties	
  of	
  the	
  porous	
  media	
  will	
  control	
  the	
  715	
  

magnitude	
   of	
   the	
   change	
   in	
   flow	
   rate	
   which	
   in	
   turn	
   results	
   in	
   permeability	
  716	
  

enhancement.	
   In	
   the	
   laboratory,	
   frequency	
   variations	
   result	
   in	
   variations	
   of	
   the	
  717	
  

affected	
  volume	
  of	
  the	
  sample	
  as	
  well	
  as	
  the	
  local	
  flow	
  rate.	
  Measuring	
  the	
  flow	
  rate	
  718	
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in	
  the	
  field	
  could	
  be	
  the	
  key	
  to	
  predict	
  and	
  control	
  the	
  permeability	
  enhancement	
  of	
  719	
  

fractured	
  aquifer	
  or	
  reservoir.	
  720	
  

	
  721	
  

	
  722	
  

	
  723	
  

	
  724	
  

	
  725	
  

	
  726	
  

	
  727	
  

	
  728	
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Figure	
  captions:	
  848	
  

	
  849	
  

Figure	
  1:	
  850	
  

Biaxial	
   apparatus	
   and	
   experiment	
   configuration.	
   (a)	
   Schematic	
   of	
   the	
   biaxial	
  851	
  

apparatus	
  showing	
  horizontal	
  and	
  vertical	
  pistons	
  which	
  provide	
  normal	
  and	
  shear	
  852	
  

stresses	
  on	
   the	
   fracture	
  plane,	
   and	
  pressure	
  vessel.	
  Displacements	
  and	
   stresses	
  of	
  853	
  

the	
   two	
   pistons	
   are	
   measured	
   with	
   Direct-­‐Current	
   Displacement	
   Transducers	
  854	
  

(DCDTs)	
   and	
   strain	
   gauge	
   load	
   cells.	
   (b)	
   L-­‐shape	
   sample	
   of	
   Berea	
   Sandstone,	
  855	
  

showing	
  the	
  fracture	
  plane	
  (red	
  dotted	
  line)	
  that	
  we	
  use	
  to	
  compute	
  the	
  shear	
  stress	
  856	
  

(c)	
   Photo	
   of	
   the	
   single	
   direct	
   shear	
   configuration	
  with	
   the	
   two	
   sample	
   holders	
   at	
  857	
  

both	
   sides	
   of	
   the	
   L-­‐shape	
   sample.	
   As	
   a	
   consequence	
   of	
   the	
   geometry	
   of	
   the	
  858	
  

configuration,	
   the	
   fracture	
   plane	
   forms	
   vertically	
   (red	
   dotted	
   line)	
   (d)	
   Photo	
   of	
  859	
  

pressure	
   vessel	
   with	
   front	
   door	
   removed	
   showing	
   the	
   sample	
   (within	
   jacket),	
  860	
  

internal	
  fluid	
  piping,	
  and	
  loading	
  configuration.	
  Fluid	
  lines	
  are	
  connected	
  to	
  servo-­‐861	
  

controlled	
  intensifiers.	
  Linear	
  Variable	
  Differential	
  Transformers	
  (LVDTs)	
  mounted	
  862	
  

on	
   the	
   intensifier	
  pistons	
   are	
  used	
   to	
  determine	
   flow	
  volumes.	
  An	
  LVDT	
  mounted	
  863	
  

inside	
   the	
   pressure	
   vessel	
   provides	
   precise	
   measurement	
   of	
   changes	
   in	
   sample	
  864	
  

thickness	
   during	
   the	
   experiment.	
   (e)	
   Enlargement	
   of	
   one	
   of	
   the	
   sample	
   holders	
  865	
  

(right	
   side	
   of	
   Figure	
   1c).	
   Fluid	
   ports	
   and	
   internal	
   conduits	
   in	
   the	
   holders	
   provide	
  866	
  

fluid	
   flow	
   through	
   the	
   rock	
   sample.	
   (f)	
   Fracture	
   plane	
   after	
   the	
   experiments.	
   The	
  867	
  

black	
  dotted	
  contour	
  highlights	
   the	
  white	
  gouge	
  particles,	
  which	
  are	
  preferentially	
  868	
  

located	
  downstream	
  revealing	
  their	
  migration.	
  869	
  

	
  870	
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Figure	
  2:	
  	
  871	
  

Fluid	
   flow	
   geometry	
   and	
   characteristics	
   of	
   the	
   dynamical	
   stresses.	
   (a)	
  872	
  

Schematic	
  of	
   the	
  geometry	
  of	
   the	
   fluid	
   flow	
  relatively	
   to	
   the	
  L-­‐shape	
  sample.	
  Pore	
  873	
  

pressure	
  oscillations	
  are	
  applied	
  at	
  the	
  inlet	
  while	
  holding	
  constant	
  the	
  outlet	
  pore	
  874	
  

pressure.	
  The	
  area	
  perpendicular	
  to	
  the	
  flow	
  direction,	
  which	
  is	
  used	
  in	
  Darcy’s	
  law,	
  875	
  

is	
   indicated.	
  Note	
  also	
  the	
  distance	
  x	
  from	
  the	
  upstream	
  used	
  for	
  the	
  1-­‐D	
  diffusion	
  876	
  

problem	
  in	
  Section	
  V.	
  (b)	
  The	
  amplitude	
  experiments	
  consists	
  of	
  imposing	
  multiple	
  877	
  

sets	
  of	
  pore	
  pressure	
  sinusoidal	
  oscillations	
  of	
  varying	
  amplitude	
  keeping	
  constant	
  878	
  

the	
   period	
   (T=20s).	
   (c)	
   The	
   frequency	
   experiments	
   consists	
   of	
   imposing	
  multiple	
  879	
  

sets	
  of	
  pore	
  pressure	
  sinusoidal	
  oscillations	
  of	
  varying	
  period	
  (T=1-­‐5-­‐20s)	
  keeping	
  880	
  

constant	
   the	
   amplitude.	
   Note	
   that	
   the	
   constant	
   amplitude	
   of	
   the	
   frequency	
  881	
  

experiments	
   corresponds	
   to	
   the	
   highest	
   amplitude	
   explored	
   in	
   the	
   amplitude	
  882	
  

experiments.	
  For	
  both	
  types	
  of	
  experiments	
  the	
  time	
  duration	
  of	
  the	
  pore	
  pressure	
  883	
  

oscillations	
  is	
  keeping	
  constant	
  (120s).	
  884	
  

	
  885	
  

Figure	
  3:	
  	
  886	
  

Flow	
  and	
  mechanical	
  response	
  during	
  two	
  sets	
  of	
  pore	
  pressure	
  oscillations	
  of	
  887	
  

identical	
   amplitude	
   but	
   different	
   periods.	
   (a)	
   Flow	
   rate	
   oscillations	
   (up)	
   and	
  888	
  

transient	
  changes	
  in	
  sample	
  thickness	
  (down)	
  during	
  the	
  two	
  sets	
  of	
  pore	
  pressure	
  889	
  

oscillations.	
   (b)	
  Zoom	
  on	
  a	
  part	
  of	
   (a)	
  showing	
  details	
  of	
   the	
   flow	
  rate	
  oscillations	
  890	
  

(up)	
  and	
  transient	
  changes	
  in	
  sample	
  thickness	
  (down).	
  891	
  

	
  892	
  

Figure	
  4:	
  893	
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Permeability	
   enhancements	
   at	
   the	
   end	
   of	
   the	
   pore	
   pressure	
   oscillations.	
   (a)	
  894	
  

For	
  the	
  amplitude	
  experiments,	
  the	
  magnitude	
  of	
  the	
  permeability	
  enhancement	
  is	
  895	
  

positively	
  correlated	
  with	
  the	
  amplitude	
  of	
  the	
  pore	
  pressure	
  oscillation.	
  (b)	
  For	
  the	
  896	
  

frequency	
   experiments,	
   the	
   magnitude	
   of	
   the	
   permeability	
   enhancement	
   is	
  897	
  

positively	
  correlated	
  with	
  the	
  frequency	
  of	
  the	
  pore	
  pressure	
  oscillation.	
  The	
  inset	
  898	
  

indicates	
  the	
  linear	
  relationship	
  between	
  the	
  difference	
  of	
  permeability	
  (k1-­‐k0)	
  and	
  899	
  

the	
  initial	
  permeability	
  k0.	
  900	
  

	
  901	
  

Figure	
  5:	
  902	
  

Evolution	
  of	
   the	
   flow	
   rate	
   amplitude	
   ratio	
   (a)	
   and	
   time	
  delay	
   (b)	
  during	
   the	
  903	
  

oscillatory	
  forcing.	
  904	
  

	
  905	
  

Figure	
  6:	
  906	
  

Evolution	
  of	
  the	
  hydraulic	
  diffusivity	
  (a),	
  permeability	
  (b)	
  and	
  specific	
  storage	
  907	
  

(c)	
  during	
  the	
  oscillatory	
  forcing.	
  For	
  each	
  property,	
  the	
  evolution	
  of	
  the	
  relative	
  908	
  

magnitude	
  (main	
  graph)	
  and	
  absolute	
  magnitude	
  (inset)	
  are	
  presented.	
  909	
  

	
  910	
  

Figure	
  7:	
  911	
  

Estimation	
   of	
   the	
   frequency	
   effect	
   on	
   the	
   spatio-­‐temporal	
   evolution	
   of	
   the	
  912	
  

pore	
  pressure	
   (a	
  and	
  b)	
  and	
   flow	
  rate	
   (c	
  and	
  d)	
  along	
   the	
   length	
  of	
   the	
  rock	
  913	
  

sample	
  during	
  the	
  oscillatory	
  forcing.	
  The	
  left	
  side	
  of	
  the	
  figure	
  corresponds	
  to	
  a	
  914	
  

pore	
  pressure	
  oscillation	
  with	
  a	
  period	
  of	
  1s	
  (a	
  and	
  c)	
  and	
  the	
  right	
  side	
  to	
  a	
  pore	
  915	
  

pressure	
   oscillation	
   with	
   a	
   period	
   of	
   20s	
   (b	
   and	
   d).	
   For	
   each	
   graph,	
   the	
   x-­‐axis	
  916	
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represents	
  the	
  sample	
  length	
  with	
  0m	
  corresponding	
  to	
  the	
  top	
  of	
  the	
  sample	
  or	
  the	
  917	
  

upstream	
  limit,	
  and	
  0.05m	
  the	
  bottom	
  of	
   the	
  sample	
  or	
   the	
  downstream	
  limit.	
  See	
  918	
  

the	
  Figure	
  2	
  to	
  evaluate	
  the	
  geometry	
  of	
  the	
  sample	
  relatively	
  to	
  these	
  graphs.	
  919	
  

	
  920	
  

Figure	
  8:	
  921	
  

Estimation	
  of	
  the	
  frequency	
  effect	
  on	
  the	
  pore	
  pressure	
  (a)	
  and	
  flow	
  rate	
  (b)	
  at	
  922	
  

the	
   upstream	
   and	
   downstream	
   limits.	
   These	
   graphs	
   are	
   directly	
   deduced	
   from	
  923	
  

Figure	
  7	
  in	
  order	
  to	
  be	
  compared	
  with	
  the	
  experimental	
  measurements	
  of	
  Figure	
  3.	
  924	
  

	
  925	
  

Figure	
  9:	
  926	
  

Comparison	
  of	
  the	
  changes	
  in	
  flow	
  rates	
  measured	
  in	
  our	
  experiments	
  (a	
  and	
  927	
  

c)	
  and	
  those	
  deduced	
  from	
  the	
  1D	
  diffusion	
  model	
  (b	
  and	
  d).	
  The	
  upstream	
  and	
  928	
  

downstream	
   flow	
   rates	
   are	
   presented	
   on	
   the	
   top-­‐graphs	
   (a	
   and	
   b).	
   The	
   average	
  929	
  

values	
  between	
  the	
  upstream	
  and	
  the	
  downstream	
  flow	
  rates	
  are	
  presented	
  on	
  the	
  930	
  

bottom-­‐graphs	
   (c	
   and	
   d).	
   A	
   visual	
   inspection	
   of	
   the	
   graphs	
   reveals	
   the	
   strong	
  931	
  

correlation	
  between	
  the	
  experimental	
  measurements	
  and	
  the	
  model.	
  The	
  inset	
  in	
  (c)	
  932	
  

indicates	
   the	
   linear	
   relationship	
   between	
   the	
   change	
   in	
   flow	
   rate	
   and	
   the	
   initial	
  933	
  

background	
  flow	
  rate.	
  934	
  

	
  935	
  

Figure	
  10:	
  936	
  

Exponential	
   relationship	
   between	
   the	
   estimated	
   volumetric	
   change	
   in	
   flow	
  937	
  

rate	
  and	
  the	
  measured	
  permeability	
  enhancement.	
  938	
  

	
  939	
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Figure	
  11:	
  940	
  

Flow	
   and	
   deformation	
   during	
   dynamic	
   solid-­‐stress	
   oscillation.	
   (a)	
  Controlled	
  941	
  

normal-­‐stress	
   oscillations	
   applied	
   via	
   the	
   horizontal	
   piston	
   while	
   maintaining	
  942	
  

constant	
   the	
   differential	
   Pp.	
   (b)	
   Example	
   of	
   imposed	
   normal-­‐stress	
   sinusoidal	
  943	
  

oscillation	
  with	
  an	
  amplitude	
  of	
  4MPa.	
   (c)	
  During	
   the	
  normal-­‐stress	
  oscillation	
  we	
  944	
  

observe	
  the	
  transient	
  deformation	
  of	
  the	
  rock	
  sample	
  perpendicular	
  to	
  the	
  fracture	
  945	
  

plane.	
  At	
   the	
  end	
  of	
   the	
  application	
  of	
   the	
  dynamic	
   stress,	
  note	
   the	
   strong	
   sample	
  946	
  

compaction	
  normal	
   to	
   the	
   fracture	
  plane.	
   (d)	
  The	
   transient	
   compaction-­‐dilation	
  of	
  947	
  

the	
  rock	
  sample	
  during	
  the	
  application	
  of	
  the	
  dynamic	
  stress	
  induces	
  an	
  oscillation	
  948	
  

of	
  the	
  upstream	
  and	
  downstream	
  flow	
  rates.	
  Note	
  here	
  the	
  net	
  decrease	
  of	
  the	
  flow	
  949	
  

rates	
  at	
  the	
  end	
  of	
  the	
  application	
  of	
  the	
  dynamic	
  stress.	
  950	
  

	
  951	
  

Figure	
  12:	
  952	
  

Fracture	
   compaction	
   and	
   permeability	
   decrease	
   at	
   the	
   end	
   of	
   the	
   dynamic	
  953	
  

solid-­‐stresses	
  oscillations.	
  (a	
  and	
  b)	
  The	
  magnitudes	
  of	
  the	
  permeability	
  decrease	
  954	
  

and	
  sample	
  compaction	
  are	
  positively	
  correlated	
  with	
  the	
  amplitude	
  of	
  the	
  normal-­‐955	
  

stress	
   oscillations.	
   Note	
   that	
   for	
   two	
   successive	
   sets	
   of	
   identical	
   normal-­‐stress	
  956	
  

amplitudes	
  (t1-­‐t2	
  or	
  t3-­‐t4),	
  the	
  magnitude	
  of	
  the	
  sample	
  compaction	
  and	
  therefore	
  957	
  

the	
   permeability	
   decrease	
   are	
   relatively	
   higher	
   for	
   the	
   first	
   set	
   (t1	
   or	
   t3).	
   (c)	
  958	
  

Comparison	
   between	
   the	
   measured	
   permeability	
   decreases	
   (data)	
   and	
   those	
  959	
  

predicted	
  by	
  the	
  parallel-­‐sided	
  model	
  and	
  the	
  flow-­‐pipe	
  model.	
  960	
  

	
  961	
  

	
  962	
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Table	
  1.	
  Parameters	
  of	
  the	
  experiments	
  963	
  

	
  964	
  

	
  965	
  

	
  966	
  

	
  967	
  

	
  968	
  

	
  969	
  

	
  970	
  

	
  971	
  

Type	
  of	
  
experiment	
  

Fluid-­‐stresses	
   Solid-­‐stresses	
  
amplitude	
  
experiments	
   frequency	
  experiments	
   	
  

Exp.	
  #	
   p4092	
   p4146	
   p4167	
   p4197	
   p4145	
  
Eff.	
  normal	
  
stress	
  (MPa)	
   20	
   20	
   20	
   21	
   20.5	
  

Failure	
  shear	
  
stress	
  (MPa)	
   37	
   31	
   27	
   40	
   34	
  

Residual	
  shear	
  
stress	
  (MPa)	
   20	
   22	
   19	
   23	
   20	
  

Shear	
  offset	
  
(mm)	
   1	
   1.1	
   2	
   0.5	
   0.5	
  

Confining	
  
Pressure	
  (MPa)	
   9	
   9	
   9	
   9	
   9	
  

Inlet	
  pore	
  
pressure	
  (MPa)	
   3.1	
   3.02	
   3.02	
   3.02	
   3.03	
  

Outlet	
  pore	
  
pressure	
  (MPa)	
   2.5	
   2.85	
   2.85	
   2.85	
   2.81	
  

Pore	
  pressure	
  
amplitude	
  
(MPa)	
  

0.18-­‐0.5	
   0.14	
   0.14	
   0.14	
   	
  

Period	
  (s)	
   20	
   1;5;20	
   1;5;20	
   1;5;20	
   20	
  
Normal-­‐stress	
  
amplitude	
  
(MPa)	
  

	
   	
   	
   	
   0.8-­‐4.2	
  

k0	
  (m2)	
   1.6x10-­‐15	
   3.2x10-­‐15	
   1.2x10-­‐14	
   6.1x10-­‐15	
   4.3x10-­‐15	
  
ν0	
  (m2/s)	
   2.03x10-­‐4	
   4x10-­‐4	
   2.6x10-­‐3	
   1.4x10-­‐3	
   	
  
Ss	
  (Pa-­‐1)	
   0.9x10-­‐8	
   0.9x10-­‐8	
   0.5x10-­‐8	
   0.5x10-­‐8	
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Figure	
  1:	
  972	
  
	
  973	
  

974	
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Figure	
  2:	
  975	
  
	
  976	
  
	
  977	
  

	
  978	
  
	
  979	
  
	
  980	
  
	
  981	
  
	
  982	
  
	
  983	
  
	
  984	
  
	
  985	
  
	
   	
  986	
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Figure	
  3:	
  987	
  
	
  988	
  
	
  989	
  

	
  990	
  
	
  991	
  
	
  992	
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Figure	
  4:	
  993	
  
	
  994	
  
	
  995	
  
	
  996	
  

	
  997	
  
	
  998	
  
	
  999	
  
	
  1000	
  
	
  1001	
  
	
  1002	
  
	
  1003	
  
	
  1004	
  
	
  1005	
  
	
  1006	
  
	
  1007	
  
	
  1008	
  
	
  1009	
  
	
  1010	
  
	
  1011	
  
	
  1012	
  
	
  1013	
  
	
  1014	
  
	
  1015	
  
	
  1016	
  
	
  1017	
  
	
   	
  1018	
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Figure	
  5:	
  1019	
  
	
  1020	
  
	
  1021	
  
	
  1022	
  

	
  1023	
  
	
  1024	
  
	
  1025	
  
	
  1026	
  
	
  1027	
  
	
  1028	
  
	
  1029	
  
	
  1030	
  
	
  1031	
  
	
  1032	
  
	
  1033	
  
	
  1034	
  
	
  1035	
  
	
  1036	
  
	
  1037	
  
	
  1038	
  
	
  1039	
  
	
  1040	
  
	
  1041	
  
	
  1042	
  
	
  1043	
  
	
  1044	
  
	
  1045	
  
	
  1046	
  
	
  1047	
  
	
  1048	
  
	
  1049	
  
	
  1050	
  
	
  1051	
  
	
  1052	
  
	
  1053	
  
	
  1054	
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Figure	
  6:	
  1055	
  
	
  1056	
  
	
  1057	
  
	
  1058	
  

	
  1059	
  
	
  1060	
  
	
  1061	
  
	
  1062	
  
	
  1063	
  
	
  1064	
  
	
  1065	
  
	
  1066	
  
	
  1067	
  
	
  1068	
  
	
  1069	
  
	
  1070	
  
	
  1071	
  
	
  1072	
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Figure	
  7:	
  1073	
  
	
  1074	
  
	
  1075	
  

	
  1076	
  
	
  1077	
  
	
  1078	
  
	
  1079	
  
	
  1080	
  
	
  1081	
  
	
  1082	
  
	
   	
  1083	
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Figure	
  8:	
  1084	
  
	
  1085	
  

	
  1086	
  
	
  1087	
  
	
  1088	
  
	
  1089	
  
	
  1090	
  
	
  1091	
  
	
  1092	
  
	
  1093	
  
	
  1094	
  
	
  1095	
  
	
  1096	
  
	
  1097	
  
	
  1098	
  
	
   	
  1099	
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Figure	
  9:	
  1100	
  
	
  1101	
  
	
  1102	
  

	
  1103	
  
	
  1104	
  
	
  1105	
  
	
  1106	
  
	
  1107	
  
	
  1108	
  
	
  1109	
  
	
  1110	
  
	
  1111	
  
	
  1112	
  
	
  1113	
  
	
  1114	
  
	
  1115	
  
	
  1116	
  
	
  1117	
  
	
   	
  1118	
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Figure	
  10:	
  1119	
  
	
  1120	
  
	
  1121	
  
	
  1122	
  

	
  1123	
  
	
  1124	
  
	
  1125	
  
	
  1126	
  
	
  1127	
  
	
  1128	
  
	
  1129	
  
	
  1130	
  
	
  1131	
  
	
  1132	
  
	
  1133	
  
	
  1134	
  
	
  1135	
  
	
  1136	
  
	
  1137	
  
	
  1138	
  
	
  1139	
  
	
  1140	
  
	
  1141	
  
	
  1142	
  
	
  1143	
  
	
  1144	
  
	
  1145	
  
	
  1146	
  
	
  1147	
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Figure	
  11:	
  1148	
  
	
  1149	
  

	
  1150	
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Figure	
  12:	
  1151	
  
	
  1152	
  
	
  1153	
  

	
  1154	
  




