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Abstract	
  

The	
  main	
   scope	
  of	
   the	
   InterPACIFIC	
   (Intercomparison	
  of	
  methods	
   for	
   site	
   parameter	
   and	
   velocity	
   profile	
  
characterization)	
   project	
   is	
   to	
   assess	
   the	
   reliability	
   of	
   in-­‐hole	
   and	
   surface-­‐wave	
   methods,	
   used	
   for	
  
estimating	
   shear	
  wave	
  velocity.	
   Three	
   test-­‐sites	
  with	
  different	
   subsurface	
   conditions	
  were	
   chosen:	
   a	
   soft	
  
soil,	
   a	
   stiff	
   soil	
   and	
   a	
   rock	
   outcrop.	
   This	
   paper	
   reports	
   the	
   surface-­‐wave	
  methods	
   results.	
   Specifically	
   14	
  
teams	
  of	
  expert	
  users	
  analysed	
   the	
   same	
  experimental	
   surface-­‐wave	
  datasets,	
   consisting	
  of	
  both	
  passive	
  
and	
  active	
  data.	
  Each	
  team	
  adopted	
  their	
  own	
  strategy	
  to	
  retrieve	
  the	
  dispersion	
  curve	
  and	
  the	
  shear-­‐wave	
  
velocity	
   profile	
   at	
   each	
   site.	
   Despite	
   different	
   approaches,	
   the	
   dispersion	
   curves	
   are	
   quite	
   in	
   agreement	
  
with	
   each	
   other.	
   Conversely,	
   the	
   shear-­‐wave	
   velocity	
   profiles	
   show	
   a	
   certain	
   variability	
   that	
   increases	
   in	
  
correspondence	
  of	
  major	
  stratigraphic	
  interfaces.	
  This	
  larger	
  variability	
  is	
  mainly	
  due	
  to	
  non-­‐uniqueness	
  of	
  
the	
   solution	
   and	
   lateral	
   variability.	
   As	
   expected,	
   the	
   observed	
   variability	
   in	
   VS,30	
   estimates	
   is	
   small,	
   as	
  
solution	
  non-­‐uniqueness	
  plays	
  a	
  limited	
  role.	
  

1 Introduction	
  

The	
   shear	
   wave	
   velocity	
   (VS)	
  model	
   plays	
   a	
   key	
   role	
   in	
   seismic	
   site	
   response	
   analysis,	
   since	
   shear	
   wave	
  
propagation	
  controls	
  ground	
  motion	
  amplification	
  [1-­‐2].	
  Seismic	
  building	
  codes,	
  such	
  as	
  Eurocode	
  8	
  [3]	
  and	
  
NERHP	
  Provisions	
  [4],	
  use	
  VS,30	
  (i.e.	
  the	
  time-­‐averaged	
  velocity	
   in	
  the	
  topmost	
  30	
  m)	
  to	
  define	
  soil	
  classes	
  
for	
  simplified	
  assessment	
  of	
  seismic	
  site	
  response.	
  Also,	
  most	
  modern	
  GMPEs	
  (Ground	
  Motion	
  Prediction	
  
Equations)	
   used	
   in	
   seismic	
   hazard	
   evaluation	
   consider	
   VS,30	
   as	
   a	
   parameter	
   to	
   bin	
   sites	
   on	
   the	
   basis	
   of	
  
expected	
  site	
  amplification	
  [5-­‐8].	
  An	
  accurate	
  study	
  of	
  the	
  seismic	
  response	
  can	
  be	
  derived	
  from	
  numerical	
  
methods,	
  and	
  in	
  this	
  case,	
  a	
  1D,	
  2D	
  or	
  3D	
  distribution	
  of	
  VS	
  is	
  required.	
  

The	
  VS	
  model	
   can	
  be	
   retrieved	
  either	
  with	
   invasive	
   tests,	
   such	
   as	
   cross-­‐hole	
  or	
   down-­‐hole	
   tests,	
   or	
   non-­‐
invasive	
   methods,	
   such	
   as	
   surface-­‐wave	
   methods	
   or	
   refraction	
   tests.	
   Invasive	
   methods	
   are	
   generally	
  
considered	
  more	
  reliable	
  than	
  non-­‐invasive	
  methods	
  because	
  they	
  are	
  based	
  on	
  the	
  interpretation	
  of	
  local	
  
measurements	
   of	
   shear-­‐wave	
   traveltimes,	
   providing	
   generally	
   a	
   good	
   resolution	
   as	
   a	
   function	
   of	
   depth.	
  
However,	
  invasive	
  methods	
  require	
  the	
  drilling	
  of	
  at	
  least	
  one	
  borehole,	
  making	
  them	
  quite	
  expensive	
  for	
  
obtaining	
  deep	
  information.	
  Hence,	
  they	
  are	
  usually	
  adopted	
  only	
  in	
  projects	
  of	
  relevant	
  importance.	
  Non-­‐
invasive	
   techniques	
   provide	
   cost	
   efficient	
   alternatives.	
   Specifically,	
   methods	
   based	
   on	
   the	
   analysis	
   of	
  
surface	
  wave	
  propagation	
  are	
   increasingly	
  more	
  and	
  more	
  popular	
   [9-­‐14].	
  Surface-­‐wave	
  methods	
  require	
  
usually	
   little	
   efforts	
   for	
   field	
   acquisition.	
   However,	
   they	
   require	
   processing	
   and	
   inversion	
   of	
   the	
  
experimental	
   data	
   that	
   are	
   much	
   more	
   computationally	
   intensive	
   than	
   those	
   required	
   for	
   invasive	
  
methods.	
  While	
  the	
  processing	
  of	
  the	
  dispersion	
  curve	
  is	
  quite	
  robust	
  as	
  discussed	
  by	
  Cornou	
  et	
  al.	
  [15]	
  and	
  
Cox	
   et	
   al.	
   [16],	
   the	
   surface-­‐wave	
   inversion	
   problem,	
   used	
   to	
   obtain	
   a	
  VS	
   profile,	
   is	
   highly	
   non-­‐linear	
   and	
  
affected	
  by	
   solution	
  non-­‐uniqueness.	
   These	
   factors	
   can	
   induce	
   interpretation	
   ambiguities	
   on	
   the	
   final	
   VS	
  
model	
   [17-­‐25].	
   In	
   literature,	
   different	
   techniques	
   for	
   both	
   dispersion	
   processing,	
   (e.g.,	
   [26-­‐31])	
   and	
  
inversion	
   (e.g.,	
   [21,	
   32-­‐39])	
   of	
   the	
   experimental	
   data	
   have	
   been	
   proposed.	
   These	
   techniques	
   can	
   be	
  
considered	
  reliable	
  if	
  expert	
  users	
  apply	
  them.	
  However,	
  because	
  of	
  the	
  low	
  cost	
  and	
  time	
  effectiveness	
  of	
  
surface	
   wave	
   methods	
   and	
   the	
   availability	
   of	
   “black-­‐box”	
   software,	
   non-­‐expert	
   users	
   are	
   increasingly	
  
adopting	
  these	
  methods.	
  Uncorrected	
  interpretation	
  of	
  the	
  surface-­‐wave	
  data	
  may	
  lead	
  to	
   large	
  errors	
   in	
  
the	
  resulting	
  VS	
  profile,	
  generating	
  sometimes	
  a	
  lack	
  of	
  confidence	
  in	
  non-­‐invasive	
  methods.	
  
In	
   the	
   past,	
   several	
   projects	
   were	
   carried	
   out	
   to	
   improve	
   the	
   overall	
   state-­‐of-­‐practice	
   in	
   surface-­‐wave	
  
methods,	
   like	
   the	
   NERIES-­‐JRA4	
   European	
   project	
   (NEtwork	
   of	
   Research	
   Infrastructures	
   for	
   European	
  
Seismology)	
   [9].	
   In	
  2006,	
   an	
   international	
  blind	
   test	
   [15]	
  was	
   conducted,	
  but	
   this	
  was	
  mainly	
   focused	
  on	
  
ambient	
   vibration	
   array	
   recordings.	
   Asten	
   et	
   al.	
   [40]	
   report	
   a	
   blind	
   comparison	
   of	
   five	
   independent	
  
interpretations	
  of	
  ambient	
  vibrations,	
  at	
  two	
  sites	
  in	
  basins	
  on	
  the	
  North	
  Anatolian	
  Fault,	
  Turkey.	
  Tran	
  and	
  
Hiltunen	
   [41]	
  compared	
  results	
  obtained	
  by	
  10	
   independent	
   teams	
  who	
  analysed	
   the	
  same	
  experimental	
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dataset	
   collected	
  with	
   linear	
   arrays	
   recording	
   active-­‐source	
   data	
   and	
   ambient	
   vibrations.	
   Kim	
   et	
   al.	
   [42]	
  
report	
  on	
  a	
  local	
  blind	
  test	
  with	
  independent	
  measurements	
  and	
  analysis	
  of	
  surface	
  wave	
  data	
  at	
  a	
  site	
  with	
  
shallow	
  bedrock	
  in	
  which	
  variability	
  of	
  borehole	
  methods	
  was	
  also	
  investigated.	
  Cox	
  et	
  al.	
  [16]	
  proposed	
  a	
  
blind	
   test,	
   in	
  which	
   the	
   participants	
   analysed	
   the	
   same	
   dataset	
   of	
   both	
   passive	
   and	
   active	
   surface-­‐wave	
  
records,	
  aimed	
  at	
  assessing	
  the	
  uncertainty/variability	
  in	
  both	
  dispersion	
  and	
  VS	
  estimations.	
  Unfortunately,	
  
the	
  lack	
  of	
  in-­‐hole	
  tests	
  did	
  not	
  allow	
  an	
  independent	
  assessment	
  of	
  accuracy	
  of	
  the	
  prediction	
  at	
  the	
  site	
  
considered	
  in	
  this	
  blind	
  test.	
  

In	
   this	
   context,	
   the	
   InterPACIFIC	
   (Intercomparison	
   of	
   methods	
   for	
   site	
   parameter	
   and	
   velocity	
   profile	
  
characterization)	
   project	
   is	
   aimed	
   at	
   comparing	
   the	
   main	
   techniques	
   for	
   surface-­‐wave	
   methods	
   (intra-­‐
method	
   comparisons),	
   as	
   well	
   as	
   comparing	
   non-­‐invasive	
   techniques	
   with	
   invasive	
   ones	
   (inter-­‐method	
  
comparisons)	
  at	
  three	
  European	
  sites	
  with	
  different	
  subsurface	
  conditions.	
  In	
  this	
  paper	
  we	
  report	
  only	
  the	
  
intra-­‐method	
   comparison	
   among	
   the	
   surface-­‐wave	
   results	
   in	
   order	
   to	
   evaluate	
   the	
   reliability	
   of	
   surface-­‐
wave	
  methods.	
  The	
  inter-­‐methods	
  comparison	
  between	
  surface-­‐wave	
  methods	
  and	
  borehole	
  techniques	
  is	
  
discussed	
  in	
  a	
  companion	
  paper	
  [43].	
  This	
  intra-­‐method	
  comparison	
  of	
  surface-­‐wave	
  results	
  will	
  help	
  us	
  to	
  
improve	
  the	
  understanding	
  of	
  those	
  issues	
  that	
  could	
  impact	
  the	
  reliability	
  of	
  site	
  characterization	
  results.	
  

The	
   three	
   test-­‐sites	
   selected	
   within	
   the	
   interPACIFIC	
   project	
   (Figure	
   1)	
   are	
   characterized	
   by	
   different	
  
subsurface	
   conditions:	
   a	
   site	
   with	
   soft	
   soil	
   overlying	
   rock	
   (Mirandola);	
   a	
   site	
   with	
   stiff	
   soil	
   extending	
   to	
  
significant	
  depths	
  (Grenoble);	
  a	
  rock	
  outcrop	
  site	
  (Cadarache).	
  The	
  Mirandola	
  site	
  is	
  located	
  in	
  Italy	
  near	
  the	
  
epicentral	
   area	
   of	
   the	
   2012	
   Emilia	
   seismic	
   sequence	
   [44],	
   and	
   consists	
   of	
   approximately	
   100	
   m	
   of	
   soft	
  
alluvial	
  soil	
  overlying	
  rock.	
  The	
  Grenoble	
  site	
  is	
  situated	
  in	
  an	
  Alpine	
  valley	
  in	
  France,	
  and	
  consists	
  of	
  very	
  
deep,	
  stiff	
  alluvial	
  deposits	
  from	
  about	
  500	
  to	
  800	
  meters	
  [45].	
  The	
  Cadarache	
  site,	
  also	
  in	
  France,	
  is	
  a	
  rock	
  
outcrop	
  site.	
  At	
  all	
  of	
   the	
  sites,	
   invasive	
   (in-­‐hole)	
  measurements	
  were	
  performed	
  (at	
   least	
   two	
  boreholes	
  
were	
  available)	
  while	
  surface-­‐wave	
  data	
  were	
  acquired	
  in	
  the	
  vicinity	
  of	
  the	
  boreholes.	
  

	
  

Figure	
  1	
  -­‐	
  Localization	
  of	
  the	
  three	
  sites:	
  Mirandola	
  in	
  Italy,	
  Grenoble	
  and	
  Cadarache	
  in	
  France	
  

Fourteen	
  expert	
  teams	
  (engineers,	
  geologists	
  and	
  seismologists)	
  from	
  different	
  institutions/companies	
  (see	
  
Table	
   1),	
  were	
   invited	
   to	
   take	
  part	
   at	
   a	
   blind	
   test	
   in	
   surface	
  wave	
   analysis.	
   The	
   same	
  experimental	
   non-­‐
invasive	
  datasets	
  were	
  provided	
  to	
  all	
  of	
  the	
  teams.	
  Each	
  team	
  was	
  allowed	
  to	
  use	
  all	
  or	
  part	
  of	
  the	
  data	
  
provided.	
  Very	
  little	
  supplemental	
  information	
  was	
  provided	
  about	
  the	
  sites.	
  

Each	
   team	
  was	
   free	
   to	
   adopt	
   the	
   strategy	
   and	
   the	
   procedure	
   they	
   considered	
   the	
   best	
   to	
   estimate	
   a	
   VS	
  
profile	
   for	
   the	
  site,	
  with	
  no	
  specific	
   requirements	
  on	
   investigation	
  depth	
  and	
   resolution.	
   In	
  order	
   to	
   take	
  
into	
  account	
   the	
   issue	
  of	
  non-­‐uniqueness	
  of	
   the	
  solution,	
   the	
   teams	
  were	
   required	
   to	
  provide	
  both	
   their	
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best	
   estimate	
   of	
   the	
   VS	
   profile	
   and	
   an	
   associated	
   uncertainty	
   bound	
   (or	
   a	
   range	
   of	
   possible	
   solutions).	
  
Nevertheless,	
   a	
   comparison	
   of	
   the	
   uncertainty	
   bounds	
   is	
   not	
   straightforward,	
   as	
   the	
   non-­‐uniqueness	
   is	
  
quantified	
  with	
   several	
   different	
   strategies	
   by	
   the	
   analysts.	
   Hence,	
   the	
   present	
   paper	
   is	
   focused	
   on	
   the	
  
comparison	
  of	
   the	
  best	
  estimates	
  only.	
  There	
   is	
  not	
  a	
  unique	
  definition	
  of	
  best	
  estimate,	
  and	
  each	
   team	
  
decided	
  their	
  preferred	
  strategy	
  (lowest	
  misfit,	
  by	
  eye,	
  statistics	
  on	
  solutions,	
  …)	
  for	
  providing	
  their	
  profile.	
  

Table	
  1	
  -­‐	
  List	
  of	
  teams	
  participating	
  in	
  the	
  surface-­‐wave	
  analysis	
  blind	
  exercise	
  

ID	
   Label	
   Participants	
   Country	
  

1	
   MU	
   Michael	
  Asten,	
  Monash	
  University	
   Australia	
  

2	
   CE	
   Diego	
  Mercerat,	
  CEREMA	
   France	
  

3	
   IST1	
   Cécile	
  Cornou,	
  ISTerre	
   France	
  

4	
   UT	
   Brady	
  Cox,	
  University	
  of	
  Texas	
   USA	
  

5	
   INGV	
   Giuseppe	
  Di	
  Giulio,	
  INGV	
   Italy	
  

6	
   BFO	
   Thomas	
  Forbriger,	
  Black	
  Forest	
  Observatory	
   Germany	
  

7	
   Geom	
   Koichi	
  Hayashi,	
  Geometrics	
   USA	
  

8	
   IST2	
   Bertrand	
  Guillier,	
  ISTerre	
   France	
  

9	
   KU	
   Shinichi	
  Matsushima,	
  Kyoto	
  University	
   Japan	
  

10	
   TT	
   Hiroaki	
  Yamanaka,	
  Tokyo	
  Institute	
  of	
  Technology	
   Japan	
  

11	
   GV	
   Antony	
  Martin,	
  Geovision	
   USA	
  

12	
   SED	
   Valerio	
  Poggi,	
  Stefano	
  Maranò,	
  Jan	
  Burjanek,	
  
Clotaire	
  Michel,	
  SED-­‐ETHZ	
  

Switzerland	
  

13	
   PU	
   Matthias	
  Ohrnberger,	
  Potsdam	
  University	
   Germany	
  

14	
   PT	
   S.	
  Foti	
  and	
  F.	
  Garofalo,	
  Politecnico	
  di	
  Torino	
   Italy	
  

	
  

The	
  paper	
   is	
  organised	
  as	
  follows.	
  After	
  a	
  brief	
   introduction	
  on	
  the	
  surface-­‐wave	
  techniques,	
  we	
  describe	
  
the	
  acquisition	
  of	
  the	
  experimental	
  data	
  (common	
  to	
  the	
  teams	
  within	
  the	
  blind	
  test)	
  and	
  the	
  approaches	
  
for	
   their	
   interpretation	
  as	
   adopted	
  by	
   the	
  different	
   teams.	
   Then,	
   for	
  each	
   site,	
   a	
  brief	
  description	
  of	
   the	
  
subsurface	
  conditions	
  and	
  the	
  comparison	
  of	
  the	
  results	
  are	
  reported.	
  Finally,	
  the	
  results	
  are	
  discussed	
  to	
  
summarize	
  the	
  important	
  lessons	
  learned.	
  	
  

2 Surface	
  Wave	
  Methods	
  

Surface-­‐wave	
  methods	
   are	
   based	
   on	
   the	
   estimation	
   and	
   inversion	
   of	
   the	
   dispersive	
   characteristic	
   of	
   the	
  
site.	
  Surface	
  wave	
  propagation	
   is	
  a	
  phenomenon	
   that	
  occurs	
   in	
   the	
  case	
  of	
  a	
   free	
  boundary,	
   such	
  as	
   the	
  
surface	
   of	
   the	
   earth.	
   In	
   a	
   homogeneous	
   medium,	
   the	
   amplitude	
   of	
   induced	
   particle	
   motion	
   decays	
  
exponentially	
  with	
  depth,	
  becoming	
  negligible	
  within	
  about	
  one	
  wavelength.	
  In	
  a	
  layered	
  medium,	
  surface-­‐
wave	
  propagation	
  is	
  governed	
  by	
  geometric	
  dispersion:	
  different	
  wavelengths	
  investigate	
  different	
  depths	
  
and,	
  hence,	
  at	
  each	
  frequency	
  the	
  phase	
  velocity	
  depends	
  on	
  the	
  properties	
  of	
  the	
  investigated	
  portion	
  of	
  
the	
  subsurface.	
  The	
  phase	
  velocity	
  as	
  a	
   function	
  of	
   frequency	
  or	
  wavelength	
   is	
   called	
  a	
  dispersion	
  curve.	
  
Moreover,	
   in	
   a	
   layered	
   medium,	
   the	
   surface-­‐wave	
   propagation	
   is	
   a	
   multimodal	
   phenomenon,	
   wherein	
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different	
   modes	
   of	
   vibration	
   can	
   exist	
   at	
   each	
   frequency,	
   and	
   each	
   mode	
   is	
   characterized	
   by	
   its	
   own	
  
propagation	
   velocity	
   [44].	
  However,	
   in	
   a	
  normally	
  dispersive	
  profile	
   (velocity	
   consistently	
   increasing	
  with	
  
depth)	
   with	
   no	
   strong	
   impedance	
   contrasts,	
   the	
   energy	
   tends	
   to	
   propagate	
   primarily	
   according	
   to	
   the	
  
fundamental	
  mode	
   [46,	
   47,	
   48].	
   The	
  dispersion	
   curve	
  of	
   the	
   fundamental	
  mode	
   is	
   usually	
   estimated	
  but	
  
also	
   higher	
   modes	
   can	
   be	
   identified.	
   Others	
   prefer	
   to	
   estimate	
   the	
   effective	
   mode,	
   that	
   utilizes	
   the	
  
theoretical	
  energy	
  partition	
  between	
  modes	
  for	
  a	
  given	
  model,	
  assuming	
  sources	
  are	
  vertical-­‐impact	
  point	
  
sources	
  [49,	
  50].	
  

In	
  practice,	
  most	
  surface-­‐wave	
  methods	
  are	
  based	
  on	
  three	
  main	
  steps:	
  the	
  data	
  acquisition,	
  the	
  processing	
  
to	
  extract	
  the	
  dispersion	
  curve	
  and	
  finally	
  the	
  inversion	
  [49,	
  50,	
  51,	
  13].	
  

2.1 Acquisition	
  
Surface-­‐wave	
  analysis	
   can	
  be	
   implemented	
  on	
  active-­‐source	
  and/or	
  passive-­‐source	
   tests.	
   For	
   the	
   former,	
  
the	
   wave	
   is	
   specifically	
   generated	
   for	
   the	
   experiment,	
   whereas	
   for	
   the	
   latter	
   ambient	
   noise	
   vibrations	
  
(microtremors)	
   are	
   recorded.	
   It	
   is	
   important	
   to	
   highlight	
   that	
   the	
   signals	
   related	
   to	
   active	
   and	
   passive	
  
sources	
   are	
   typically	
   rich	
   in	
   energy	
   over	
   different	
   frequency	
   bands,	
   with	
   the	
   passive	
   sources	
   providing	
  
usually	
  more	
  information	
  in	
  the	
  low-­‐frequency	
  range.	
  In	
  the	
  InterPACIFIC	
  project,	
  both	
  active	
  and	
  passive	
  
surface	
  wave	
  data	
  were	
  collected	
  by	
  adopting	
  different	
  arrays,	
  all	
  of	
  them	
  located	
  in	
  the	
  vicinity	
  of	
  existing	
  
boreholes,	
  which	
  were	
  subsequently	
  used	
   for	
   in-­‐hole	
   seismic	
  measurements	
   [41].	
  The	
  active	
  and	
  passive	
  
array	
  geometries	
  and	
  acquisition	
  parameters	
  utilized	
  at	
  Mirandola,	
  Grenoble	
  and	
  Cadarache	
  are	
  provided	
  
in	
   Table	
   4,	
   Table	
   6	
   and	
   Table	
   8,	
   respectively.	
   Brief	
   descriptions	
   of	
   the	
   experimental	
   data	
   acquisition	
   are	
  
provided	
  below.	
  

For	
  active	
  source	
  data,	
  we	
  adopted	
  at	
  the	
  three	
  sites	
  	
  the	
  linear	
  scheme	
  of	
  MASW,	
  as	
  proposed	
  by	
  Park	
  et	
  
al.	
  [31].	
  The	
  geophones	
  are	
  placed	
  along	
  a	
  linear	
  array	
  and	
  the	
  source	
  is	
  in-­‐line	
  with	
  them.	
  The	
  geophone	
  
spacing	
   is	
   typically	
  a	
   few	
  meters	
  or	
   less,	
  according	
  to	
  the	
  expected	
  VS	
  of	
  the	
  site,	
   the	
  required	
  resolution	
  
and	
   the	
   desired	
   investigation	
   depth	
   [52].	
   A	
   Geode	
   seismograph	
   (Geometrics)	
   and	
   a	
   linear	
   array	
   with	
  
different	
  receiver	
  spacing’s,	
  varying	
  from	
  0.5	
  to	
  2	
  m	
  according	
  to	
  site	
  conditions	
  and	
  available	
  space,	
  was	
  
used	
   for	
   the	
   acquisition	
   of	
   the	
   datasets.	
   Low	
   natural	
   frequency	
   geophones	
   are	
   used	
   to	
   avoid	
   phase	
  
distortions	
  over	
  the	
  frequency	
  range	
  of	
   interest.	
  MASW	
  surveys	
  were	
  designed	
  and	
  performed	
  to	
  acquire	
  
both	
   Rayleigh	
   and	
   Love	
   wave	
   data.	
   Rayleigh	
   and	
   Love	
   waves	
   data	
   were	
   recorded	
   by	
   using	
   vertical	
  
geophones	
  (4.5	
  Hz	
  natural	
  frequency)	
  and	
  Swyphone	
  horizontal	
  geophones	
  (20	
  Hz	
  natural	
  frequency)	
  [53],	
  
respectively.	
  An	
  8	
  Kg	
  sledgehammer	
  was	
  used	
  as	
  the	
  seismic	
  source,	
  striking	
  vertically	
  on	
  an	
  iron	
  plate	
  for	
  
the	
  generation	
  of	
  Rayleigh	
  wave	
  data	
  and	
  horizontally	
  on	
  an	
  iron	
  beam	
  for	
  Love	
  wave	
  data.	
  The	
  acquisition	
  
parameters	
   were	
   defined	
   to	
   allow	
   seismic	
   refraction	
   data,	
   both	
   in	
   terms	
   of	
   P-­‐	
   and	
   SH-­‐	
   waves,	
   to	
   be	
  
simultaneously	
   acquired	
   with	
   surface	
   wave	
   data	
   [54]	
   and,	
   hence,	
   it	
   was	
   also	
   possible	
   for	
   the	
   teams	
   to	
  
retrieve	
  additional	
  information	
  on	
  the	
  site.	
  

In	
   the	
   case	
  of	
  Microtremor	
  Array	
  Measurements	
   (MAM)	
  or	
  Ambient	
  Vibration	
  Array	
   (AVA),	
  noise	
   source	
  
locations	
   are	
   unknown	
   and	
   2D	
   array	
   layouts	
   are	
   used	
   to	
   extract	
   the	
   seismic	
   wave	
   propagation	
  
characteristics	
  (phase	
  velocity	
  and	
  direction	
  of	
  propagation)	
  [55-­‐57].	
  2D	
  arrays	
  with	
  3-­‐component	
  sensors	
  
are	
  adopted	
  in	
  this	
  study.	
  In	
  addition,	
  since	
  the	
  involved	
  frequencies	
  are	
  quite	
  low,	
  the	
  sensors	
  are	
  required	
  
to	
   have	
   high	
   sensitivity.	
   For	
   sake	
   of	
   simplicity	
   in	
   setting	
   up	
   arrays	
   in	
   the	
   field,	
   the	
  most	
   common	
   array	
  
geometries	
  are	
  triangular	
  and	
  circular	
  [57].	
  The	
  L-­‐shape	
  geometry	
  is	
  often	
  adopted	
  because	
  of	
  its	
  simplicity	
  
and	
   the	
   possibility	
   to	
   collect	
   data	
   in	
   the	
   presence	
   of	
   obstacles	
   (e.g.,	
   a	
   building).	
   It	
   consists	
   of	
   two	
  
perpendicular	
   lines	
  and	
  the	
  geophones	
  are	
  typically	
  placed	
  along	
  them	
  with	
   increasing	
  distance	
   from	
  the	
  
crossing	
  point.	
  Also	
  spare	
  and	
  irregular	
  geometries	
  are	
  often	
  implemented	
  [58],	
  due	
  to	
  practical	
  limitations	
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and	
  presence	
  of	
  obstacles	
   in	
  the	
  measuring	
  area.	
  Asten	
  et	
  al.	
   [40]	
  also	
  demonstrate	
  the	
  use	
  of	
  triangular	
  
arrays	
  where	
  only	
  two	
  perpendicular	
  lines	
  are	
  available	
  such	
  as	
  at	
  a	
  road	
  T-­‐junction.	
  

Within	
   this	
  project,	
  passive	
  measurements	
  collected	
  by	
   linear	
  deployment	
  of	
  geophones	
   (e.g.,	
  Refraction	
  
Microtremors	
  known	
  also	
  as	
  ReMi,	
  [59])	
  have	
  not	
  been	
  used.	
  As	
  thoroughly	
  discussed	
  by	
  Cox	
  and	
  Beekman	
  
[60]	
  and	
  Strobbia	
  and	
  Cassiani	
  [61],	
  this	
  passive	
  method	
  is	
  based	
  on	
  the	
  assumption	
  that	
  ambient	
  noise	
  is	
  
generated	
  by	
  unknown	
  sources	
  perfectly	
  aligned	
  with	
  the	
  array	
  or	
  isotropically	
  distributed	
  around	
  the	
  site,	
  
but	
  these	
  conditions	
  are	
  often	
  violated.	
  Therefore,	
  there	
  is	
  a	
  potential	
  for	
  significant	
  errors	
  to	
  arise	
  when	
  
processing	
  passive	
  surface	
  wave	
  data	
  collected	
  with	
  a	
   linear	
  array.	
  As	
  such,	
  we	
  believe	
  2D	
  passive	
  arrays	
  
should	
   be	
   used	
   whenever	
   possible	
   and	
   that	
   extreme	
   caution	
   should	
   be	
   used	
   when	
   only	
   utilizing	
   linear	
  
passive	
  arrays.	
  	
  	
  

Passive	
   data	
   have	
   been	
   collected	
   at	
   the	
   three	
   sites	
   with	
   15	
   three-­‐component	
   seismometers	
   (Güralp	
  	
  
broadband	
  	
  CMG-­‐6TD	
  with	
  integrated	
  digitizers),	
  which	
  provide	
  a	
  linear	
  response	
  between	
  30	
  s	
  and	
  100	
  Hz.	
  
The	
  signals	
  were	
  sampled	
  at	
  a	
  200	
  Hz	
  sampling	
   frequency	
  with	
  continuous	
  GPS	
  synchronization.	
  Circular,	
  
triangular	
  and	
  L-­‐shape	
  arrays	
  were	
  adopted.	
   In	
  all	
   the	
  acquisitions,	
  a	
   sensor	
  was	
  placed	
   in	
   the	
   reference	
  
point	
   located	
   close	
   to	
   the	
   existing	
   boreholes.	
   For	
   each	
   circular-­‐array	
   acquisition,	
   two	
   concentric	
   circles,	
  
centred	
  on	
  the	
  reference	
  point,	
  were	
  simultaneously	
  acquired	
  using	
  7	
  equally-­‐spaced	
  sensors	
  in	
  each	
  circle.	
  
Circular-­‐array	
   diameters	
   ranged	
   from	
   5	
   to	
   405	
   m	
   at	
  Mirandola	
   and	
   Grenoble,	
   and	
   from	
   5	
   to	
   135	
   m	
   at	
  
Cadarache,	
  where	
  space	
   for	
   larger	
  arrays	
  was	
  not	
  available.	
  The	
  triangular	
  arrays	
  were	
  performed	
  with	
  5	
  
nested	
  triangles,	
  whose	
  centroid	
  corresponds	
  to	
  the	
  reference	
  point.	
  The	
  side	
  of	
  each	
  triangle	
  varies	
  from	
  
12.5	
  m	
  to	
  300	
  m.	
  Also	
  a	
  L-­‐shape	
  geometry	
  dataset	
  was	
  collected	
  with	
  two	
  perpendicular	
  lines	
  crossing	
  each	
  
other	
  in	
  the	
  reference	
  point	
  and	
  the	
  sensors	
  having	
  different	
  distances	
  (varying	
  from	
  5	
  to	
  150	
  m)	
  from	
  this	
  
point.	
   Even	
   if	
   very	
   large	
   arrays	
   are	
   not	
   common	
   for	
   seismic	
   characterization	
   at	
   the	
   depth	
   of	
   interest	
   in	
  
geotechnical	
  engineering	
  applications,	
  additional	
  arrays	
  were	
  acquired	
  with	
  large	
  geometries	
  to	
  investigate	
  
the	
  possibility	
  of	
  deep	
  profiling.	
  Details	
  on	
  the	
  available	
  datasets	
  for	
  each	
  site	
  are	
  provided	
  in	
  the	
  specific	
  
sections	
  below.	
  

The	
  whole	
   set	
  of	
  experimental	
  data	
  was	
  made	
  available	
   to	
   the	
   teams	
   for	
  processing	
  and	
   inversion.	
  Each	
  
team	
  was	
  free	
  to	
  choose	
  which	
  subset	
  of	
  data	
  to	
  analyse.	
  

2.2 Processing	
  
The	
  surface	
  wave	
  analysis	
  typically	
  derives	
  the	
  experimental	
  dispersion	
  curve,	
  which	
  is	
  subsequently	
  used	
  
for	
  the	
  inversion	
  process.	
  Most	
  processing	
  techniques	
  are	
  based	
  on	
  the	
  transformation	
  of	
  the	
  experimental	
  
gather	
   from	
   time-­‐space	
   domain	
   to	
   other	
   domains,	
   where	
   surface-­‐wave	
   propagation	
   characteristics	
   are	
  
associated	
   to	
   spectral	
   maxima	
   (e.g.,	
   the	
   frequency-­‐wavenumber	
   domain	
   or	
   the	
   frequency-­‐slowness	
  
domain).	
   For	
  microtremors,	
   alternative	
  methods	
   are	
   based	
   on	
   the	
   spatial	
   autocorrelation	
   (SPAC)	
   of	
   the	
  
data	
  under	
  the	
  assumption	
  that	
  the	
  signal	
  of	
  interest	
  is	
  stochastic,	
  stationary	
  in	
  time	
  and	
  space	
  [26].	
  

Rather	
   than	
   explicitly	
   estimating	
   an	
   experimental	
   dispersion	
   curve,	
   some	
   methods	
   adopt	
   alternative	
  
processing	
   procedures	
   to	
   invert	
   propagation	
   characteristics	
   of	
   surface	
   waves.	
   For	
   example,	
   Asten	
   [62]	
  
makes	
  direct	
  use	
  of	
  SPAC	
  spectra	
  computed	
   from	
  smoothed	
  coherency-­‐frequency	
   spectra.	
  Forbriger	
   [63]	
  
interprets	
  the	
  wavefield	
  in	
  terms	
  of	
  Fourier-­‐Bessel	
  expansion	
  coefficients:	
  surface	
  waves	
  appear	
  as	
  signals	
  
with	
  large	
  amplitude	
  in	
  the	
  latter	
  and	
  the	
  dispersion	
  relation	
  becomes	
  apparent	
  in	
  plots	
  of	
  the	
  expansion	
  
coefficients.	
  

Alternative	
  approaches	
  are	
  based	
  on	
  extraction	
  of	
  ellipticity	
  of	
  Rayleigh	
  waves	
  from	
  single	
  station	
  and	
  array	
  
processing	
  of	
  	
  noise	
  recordings	
  (e.g.	
  [62-­‐65]).	
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A	
  list	
  of	
  processing	
  methods	
  adopted	
  by	
  the	
  different	
  teams	
  within	
  this	
  project,	
  with	
  the	
  relevant	
  literature	
  
references,	
  is	
  reported	
  in	
  Table	
  2.	
  

Table	
  2	
  -­‐	
  List	
  of	
  methods	
  adopted	
  for	
  the	
  processing	
  of	
  surface	
  wave	
  data	
  

Label	
   Method	
   Data	
   References	
  
FK	
   frequency-­‐wavenumber	
  transform	
   active	
   [29]	
  

PF	
  
slowness-­‐frequency	
  transformation	
  

method	
  
active	
   [30]	
  

PS	
  
Phase-­‐shift	
  transform,	
  a	
  special	
  case	
  of	
  

PF	
  transform	
  
active	
   [31]	
  

FDBF	
   frequency	
  domain	
  beamformer	
   passive	
   [29,	
  68]	
  

HFK	
  
high	
  resolution	
  frequency-­‐wavenumber	
  

transform	
  
passive	
   [27]	
  

SPAC	
  
Spatial	
  Autocorrelation	
  Coefficient	
  

method	
  
passive	
   [26]	
  

MSPAC	
   Modified	
  SPAC	
   passive	
   [69]	
  

3C+WD	
  
three	
  component	
  high-­‐resolution	
  f-­‐k	
  
analysis	
  and	
  wave	
  field	
  decomposition	
  

passive	
   [66,	
  70]	
  

SPAC_directFit*	
   SPAC	
  spectra	
  computed	
  from	
  smoothed	
  
coherency-­‐frequency	
  spectra	
   passive	
   [62]	
  

FB*	
   Fourier-­‐Bessel	
  expansion	
  coefficients	
   active	
   [63]	
  

Ellipticity*	
   ellipiticity	
  of	
  Rayleigh	
  waves	
  from	
  the	
  
noise	
  recordings	
   passive	
   [65]	
  

*	
  The	
  experimental	
  dispersion	
  curve	
  is	
  not	
  explicitly	
  considered	
  in	
  the	
  approach	
  

Since	
  active	
  and	
  passive	
  data	
  provide	
   information	
   regarding	
   the	
   surface-­‐wave	
  propagation	
  over	
  different	
  
frequency	
  bands,	
  it	
  is	
  possible	
  to	
  combine	
  the	
  branches	
  of	
  the	
  dispersion	
  curve	
  to	
  better	
  constrain	
  the	
  final	
  
result.	
  

2.3 Inversion	
  
The	
  VS	
  profile	
  is	
  obtained	
  by	
  solving	
  an	
  inverse	
  problem.	
  The	
  parameterization	
  is	
  based	
  on	
  the	
  assumption	
  
of	
   a	
   local	
   1D	
   layered	
  model	
   consisting	
  of	
   a	
   stack	
  of	
  homogeneous	
   linear	
  elastic	
   layers	
  over	
   a	
  half-­‐space.	
  
Each	
   layer	
   is	
  characterized	
  by	
   its	
  thickness	
  (except	
  for	
  the	
  half-­‐space),	
  density	
  and	
  two	
  elastic	
  properties:	
  
the	
  S-­‐wave	
  velocity	
  and	
  one	
  parameter	
  that	
  must	
  be	
  chosen	
  between	
  P-­‐wave	
  velocity	
  and	
  Poisson’s	
  ratio.	
  
Surface-­‐wave	
  dispersion	
   strongly	
  depends	
  on	
   the	
   shear	
   stiffness	
  of	
   the	
   subsoil,	
   less	
  on	
   the	
  bulk	
   stiffness	
  
and	
  negligibly	
  on	
  density.	
   Thus,	
   P-­‐wave	
  velocity	
   (or	
  Poisson’s	
   ratio)	
   and	
  density	
   are	
  often	
  assumed	
  as	
   a-­‐
priori	
  known	
  parameters,	
  which	
  are	
  selected	
  on	
  the	
  basis	
  of	
  available	
   information	
  on	
  the	
  site	
   [71,	
  36]	
  or	
  
they	
   can	
  be	
   retrieved	
   from	
   the	
  available	
   experimental	
   data	
   if	
   opportunely	
   acquired.	
   For	
   example,	
   in	
   the	
  
InterPACIFC	
   project	
   the	
   active	
   data	
   were	
   acquired	
   to	
   allow	
   refraction	
   analysis	
   (see	
   paragraph	
   2.1).	
   This	
  
issue	
  was	
  deemed	
  particularly	
  important	
  for	
  allowing	
  the	
  teams	
  to	
  estimate	
  the	
  water	
  table	
  position	
  from	
  
the	
  refraction	
  of	
  P-­‐waves,	
  as	
  this	
   information	
   is	
  of	
  paramount	
   importance	
  to	
  set	
  a-­‐priori	
  values	
  of	
  model	
  
parameter	
   which	
   are	
   not	
   considered	
   as	
   unknowns	
   in	
   the	
   inversion	
   (density	
   and	
   Poisson’s	
   ratio	
   of	
   each	
  
layer)	
  [72].	
  Thus,	
  the	
  unknown	
  model	
  parameters	
  of	
  primary	
  interest	
  are	
  the	
  thickness	
  and	
  VS	
  of	
  each	
  layer.	
  
Once	
  an	
   initial	
  model	
  has	
  been	
  parameterized,	
   the	
   inversion	
  consists	
   in	
   finding	
   the	
   final	
  model(s)	
  whose	
  
theoretical	
  dispersion	
  curve	
  fit	
  the	
  experimental	
  one.	
  

The	
  surface	
  wave	
  inverse	
  problem	
  is	
  mathematically	
  ill-­‐posed,	
  and	
  it	
  is	
  affected	
  by	
  solution	
  non-­‐uniqueness	
  
[73].	
  Indeed,	
  several	
  profiles	
  which	
  give	
  theoretical	
  dispersion	
  curves	
  that	
  fit	
  the	
  experimental	
  data	
  can	
  be	
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identified	
  [74,	
  21,	
  75,	
  25].	
  Apart	
  from	
  this	
   issue	
  of	
  non-­‐uniqueness,	
  misinterpretation	
  in	
  the	
  identification	
  
of	
   dispersion	
   curve	
  modes	
   (fundamental	
  mode	
   or	
   higher	
  modes)	
   can	
   bias	
   the	
   results	
   (e.g.	
   [76,	
   77,	
   15]).	
  
Non-­‐uniqueness	
   and	
   errors	
   in	
   the	
   identification	
   of	
   propagation	
  modes	
   are	
   probably	
   the	
  main	
   cause	
   for	
  
doubts	
   in	
   the	
   ability	
   of	
   surface-­‐wave	
  methods	
   to	
   recover	
   a	
   realistic	
  model	
   of	
   the	
   site	
   [9].	
  Many	
   authors	
  
have	
  suggested	
  different	
  strategies	
  for	
  the	
  inversion	
  of	
  surface-­‐wave	
  data.	
  Some	
  authors	
  applied	
  stochastic	
  
methods	
  (e.g.,	
  [78-­‐80,	
  37]	
  among	
  the	
  others),	
  some	
  adopted	
  deterministic	
  methods	
  like	
  the	
  least-­‐squares	
  
algorithm	
   (e.g.,	
   [35,	
   36,	
   81]),	
   while	
   others	
   focused	
   on	
  multi-­‐mode,	
   effective	
   mode	
   or	
   joint	
   inversion	
   of	
  
Rayleigh	
  and	
  Love	
  wave	
  dispersion	
  curves	
  for	
  better	
  constraining	
  the	
  solution	
  (e.g.	
  [82,	
  49,	
  83,	
  20,	
  84,	
  67,	
  
85]).	
  

Other	
  approaches	
  have	
  been	
  proposed	
  to	
  retrieve	
  S-­‐wave	
  velocity	
  from	
  surface-­‐wave	
  analysis	
  that	
  do	
  not	
  
require	
   an	
   experimental	
   dispersion	
   curve.	
   Forbriger	
   [63,	
   76]	
   proposed	
   a	
  method	
   based	
   on	
   a	
   wave	
   field	
  
transformation.	
  In	
  this	
  method,	
  Fourier–Bessel	
  expansion	
  coefficients	
  are	
  calculated	
  for	
  the	
  recorded	
  data	
  
and	
   then	
   these	
   coefficients	
   are	
   jointly	
   inverted	
  with	
   P-­‐wave	
   arrival	
   times	
   to	
   retrieve	
   the	
   S-­‐	
   and	
  P-­‐	
  wave	
  
velocity	
  distribution	
  of	
  the	
  subsoil.	
  

The	
  SPAC	
  direct	
  fitting	
  method	
  [86,	
  87,	
  62]	
  also	
  does	
  not	
  require	
  the	
  dispersion	
  curve.	
  This	
  method	
  relies	
  
on	
   SPAC	
   spectra	
   computed	
   from	
   smoothed	
   coherency-­‐frequency	
   spectra.	
   The	
   model	
   parameters	
   are	
  
retrieved	
   by	
  minimizing	
   the	
   error	
   between	
   the	
   experimental	
   and	
  model	
   coherency-­‐frequency	
   curves	
   by	
  
adopting	
  a	
  L2	
  norm.	
  

Passive	
  data	
  collected	
  with	
  3-­‐component	
  receivers	
  can	
  also	
  be	
  used	
  to	
  obtain	
  an	
  estimate	
  for	
  the	
  natural	
  
frequency	
   of	
   the	
   site.	
   In	
   particular,	
   frequency	
   of	
   the	
  maxima	
  of	
   the	
  Horizontal-­‐to-­‐Vertical	
   Spectral	
   Ratio	
  
(HVSR)	
  can	
  provide	
  a	
   fast	
  and	
  reliable	
   interpretation	
   in	
  this	
  respect	
   [88,	
  89].	
  The	
  frequency	
  associated	
  to	
  
the	
  peak	
  of	
  the	
  HVSR	
  curves	
  can	
  indicate	
  the	
  resonance	
  of	
  the	
  subsoil	
  model,	
  and	
  many	
  authors	
  related	
  the	
  
HVSR	
  curve	
  to	
  the	
  ellipticity	
  of	
  Rayleigh	
  waves	
  [64-­‐67,	
  85].	
  Consistency	
  between	
  the	
  natural	
  frequency	
  as	
  
estimated	
   from	
   the	
  HVSR	
  and	
   the	
   shear-­‐wave	
  velocity	
  profile	
   can	
  be	
   considered	
  valuable	
   information	
   to	
  
improve	
   the	
   reliability	
   of	
   the	
   model.	
   Joint	
   inversions	
   of	
   Rayleigh	
   wave	
   dispersion	
   curve	
   and	
   HVSR	
   are	
  
reported	
   in	
   the	
   literature	
   and	
   provide	
   better	
   constrains	
   on	
   the	
   VS	
   profile,	
   especially	
   for	
   the	
   position	
   of	
  
major	
  stratigraphic	
  interfaces	
  like	
  depth	
  to	
  bedrock	
  [49,	
  81].	
  	
  

In	
  particular,	
  in	
  this	
  project	
  several	
  algorithms,	
  both	
  stochastic	
  and	
  deterministic,	
  were	
  adopted	
  to	
  build	
  the	
  
VS	
  profile.	
  A	
  list	
  of	
  the	
  methods	
  and	
  the	
  relative	
  references	
  is	
  reported	
  in	
  Table	
  3.	
  

Table	
  3	
  -­‐	
  List	
  of	
  algorithm	
  adopted	
  to	
  solve	
  the	
  inverse	
  problem.	
  

Label	
   Algorithm	
  	
   References	
  
NA	
   Neighborhood	
  Algorithm	
  	
   [38]	
  
MC	
   Monte	
  Carlo	
  method	
   [37,	
  39]	
  
GA	
   Genetic	
  Algorithm	
   [90,	
  34]	
  

SA-­‐GA	
  
Simulated	
  Annealing	
  and	
  

genetic	
  algorithm	
  in	
  an	
  hybrid	
  
heuristic	
  search	
  method	
  

[91]	
  

NLS	
  
non-­‐linearized	
  least-­‐squares	
  

algorithm	
  
[92]	
  

LLS_EYE	
  
Linearized	
  Least	
  Square	
  and	
  	
  
trial	
  and	
  error	
  procedure	
  

[62,	
  40,	
  76]	
  

EYE	
   Trial	
  and	
  error	
  procedure	
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3 Results	
  

The	
   “best	
   estimates”	
   in	
   terms	
   of	
   dispersion	
   curves	
   and	
   VS	
   results	
   provided	
   by	
   all	
   teams	
   are	
   compared,	
  
taking	
   into	
   account	
   the	
   different	
   dataset	
   and	
   analysis	
   choices.	
   It	
   is	
   worth	
   mentioning	
   that	
   no	
   a-­‐priori	
  
information	
  about	
  subsurface	
  layering	
  or	
  water	
  table	
  was	
  provided	
  to	
  the	
  teams.	
  	
  

Below,	
  a	
  brief	
  description	
  of	
  the	
  geology	
  at	
  each	
  site	
  is	
  provided	
  together	
  with	
  the	
  main	
  results	
  and	
  some	
  
relevant	
   comparisons.	
   The	
   comparisons	
   of	
   the	
   results	
   take	
   into	
   account:	
   the	
   seismic	
   dataset	
   that	
   was	
  
processed;	
   the	
   kind	
   of	
   surface	
   wave	
   (Rayleigh	
   and/or	
   Love,	
   indicated	
   as	
   R	
   and	
   L,	
   respectively)	
   and	
   the	
  
propagation	
  mode	
  (indicated	
  as	
  0	
  for	
  fundamental	
  mode	
  and	
  increasing	
  number	
  for	
  higher	
  modes,	
  and	
  E	
  
for	
  effective/apparent	
  mode);	
  the	
  method	
  that	
  was	
  adopted	
  to	
  retrieve	
  the	
  dispersion	
  curve	
  (according	
  to	
  
Table	
  2);	
  the	
  search/optimization	
  method	
  adopted	
  in	
  the	
  inversion	
  (according	
  to	
  Table	
  3);	
  and	
  if	
  additional	
  
information	
  that	
  can	
  be	
  retrieved	
  by	
  the	
  data	
  (e.g.	
  water	
  table,	
  ellepticity,	
  etc.)	
  was	
  introduced.	
  

We	
  investigate	
  in	
  this	
  paper	
  also	
  the	
  relationship	
  between	
  the	
  retrieved	
  wavelength	
  (λ) and	
  the	
  estimated	
  
VS	
  profile.	
  The	
  λ band	
  provides	
  information	
  on	
  the	
  investigation	
  depth	
  range.	
  In	
  particular,	
  the	
  investigated	
  
depth	
   is	
   often	
   assumed	
   roughly	
   equal	
   to	
   λ/3−λ/2 when	
   the	
   fundamental	
   mode	
   of	
   Rayleigh	
   wave	
   is	
  
considered	
   dominant	
   in	
   the	
   inversion	
   [93].	
   Good	
   practice	
   when	
   interpreting	
   dispersion-­‐curve	
   data	
  
recommends	
  the	
  maximum	
  investigated	
  depth	
  (dmax)	
  should	
  not	
  be	
  greater	
  than	
  approximately	
  half	
  of	
  the	
  
maximum	
  retrieved	
  wavelength	
  (i.e.,	
  dmax	
  <	
  λmax/2),	
  as	
  dictated	
  by	
  the	
  necessity	
  of	
  sufficient	
  information	
  to	
  
constrain	
  the	
  solution.	
  A	
  more	
  conservative	
  approach,	
  and	
  possibly	
  better	
  practice,	
  would	
  be	
  to	
   limit	
  the	
  
max	
  depth	
  of	
  the	
  Vs	
  profile	
  to	
  λmax/3.	
  Conversely,	
  at	
  a	
  very	
  shallow	
  depths,	
  the	
  minimum	
  thickness	
  of	
  the	
  
first	
  layer	
  (hmin)	
  that	
  can	
  be	
  defined	
  should	
  ideally	
  not	
  be	
  less	
  than	
  1/3	
  the	
  minimum	
  retrieved	
  wavelength	
  
(i.e.,	
   hmin	
   >	
   λmin/3),	
   if	
   only	
   the	
   fundamental	
   mode	
   of	
   Rayleigh	
   waves	
   is	
   used	
   in	
   the	
   inversion.	
   A	
   more	
  
conservative	
  approach,	
  and	
  possibly	
  better	
  practice,	
  would	
  be	
  hmin	
  >	
  λmin/2.	
  	
  

The	
  use	
  of	
  higher	
  modes	
  of	
  Rayleigh	
  and	
  Love	
  waves	
  and	
  Rayleigh	
  wave	
  ellipticity	
  may	
  help	
   in	
  mitigating	
  
these	
  limitations.	
  In	
  the	
  presence	
  of	
  a	
  large	
  impedance	
  contrast,	
  the	
  maximum	
  investigation	
  depth	
  can	
  be	
  
significantly	
   poor,	
   if	
   no	
   additional	
   constraint	
   is	
   used	
   for	
   the	
   inversion,	
   such	
   as	
   the	
   HVSR	
   polarization	
  
function.	
  Where	
  dispersion	
  curve	
  is	
  supplemented	
  by	
  interpretation	
  of	
  HVSR	
  data,	
  then	
  the	
  frequencies	
  of	
  
maxima	
  in	
  the	
  HVSR	
  may	
  allow	
  use	
  of	
  longer	
  wavelengths	
  and	
  estimation	
  of	
  the	
  VS	
  profile	
  to	
  depths	
  greater	
  
than	
  those	
  defined	
  by	
  the	
  rules	
  above	
  (see	
  examples	
  in	
  [40,	
  92]).	
  

Each	
   team	
   indicated	
   the	
   investigated	
   depth	
   with	
   the	
   submission	
   of	
   its	
   own	
   results.	
   This	
   is	
   a	
   subjective	
  
choice	
  of	
  each	
  analyst	
  on	
  the	
  basis	
  of	
  the	
  available	
   information,	
   inversion	
  strategies,	
  previous	
  experience	
  
and	
  so	
  on.	
  

The	
   results	
   provided	
   by	
   the	
   teams	
   were	
   compared	
   also	
   in	
   terms	
   of	
   VS,Z	
   i.e.	
   time-­‐average	
   shear-­‐wave	
  
velocity	
  in	
  the	
  topmost	
  z	
  meters	
  according	
  to:	
  

𝑉!,! =
!
!!
!!,!

!
!!!

	
   (1)	
  

in	
  which	
  N	
  is	
  the	
  number	
  of	
  layers	
  used	
  for	
  the	
  discretization	
  of	
  the	
  model	
  from	
  the	
  surface	
  to	
  z	
  and	
  Hi	
  and	
  
VS,i	
  are	
  the	
  thickness	
  and	
  shear-­‐wave	
  velocity	
  for	
  each	
  layer	
  i,	
  respectively.	
  The	
  value	
  for	
  z=30m	
  is	
  the	
  VS,30.	
  
Moreover	
  VS,Z	
  can	
  be	
  used	
  to	
  compare	
  the	
  expected	
  site	
  amplification	
  for	
  two	
  different	
  shear	
  wave	
  velocity	
  
profiles	
  [95].	
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In	
  addition,	
  the	
  variability	
  of	
  the	
  results	
  is	
  evaluated	
  through	
  the	
  estimation	
  of	
  the	
  Coefficient	
  of	
  Variation	
  
(CoV)	
  of	
  the	
  phase	
  velocity	
  as	
  function	
  of	
  depth.	
  This	
  parameter	
  is	
  computed	
  as	
  the	
  ratio	
  between	
  standard	
  
deviation	
  over	
  the	
  mean	
  value	
  of	
  the	
  population	
  of	
  results.	
  

3.1 Mirandola	
  
The	
  geology	
  of	
   the	
  Mirandola	
   site	
   (MIR)	
   consists	
  of	
   alluvial	
  deposits	
  with	
   sandy	
  horizons	
  and	
   silty-­‐clayey	
  
layers,	
  overlying	
  a	
  stiffer	
  layer	
  of	
  marine	
  and	
  transitional	
  rock-­‐like	
  deposits	
  of	
  lower-­‐middle	
  Pleistocene	
  age	
  
at	
  a	
  depth	
  between	
  50	
  and	
  150	
  m	
  from	
  the	
  ground.	
  The	
  site	
  is	
  flat	
  and	
  it	
  is	
  rather	
  quiet,	
  being	
  at	
  the	
  border	
  
of	
  a	
  residential	
  area,	
  without	
  noisy	
  facilities.	
  The	
  seismic	
  datasets,	
  acquired	
  according	
  to	
  the	
  arrays	
  showed	
  
in	
  Figure	
  2,	
  are	
  detailed	
  in	
  Table	
  4.	
  

	
  

	
  

Figure	
  2	
  –	
  Mirandola:	
  maps	
  of	
  the	
  arrays.	
  Left)	
  whole	
  area	
  interested	
  by	
  the	
  acquisition.	
  Right)	
  close-­‐up	
  view	
  of	
  the	
  
area.	
  The	
  largest	
  triangular	
  array	
  is	
  not	
  shown.	
  

Table	
  4	
  -­‐	
  Mirandola:	
  datasets.	
  T=	
  time	
  window,	
  ΔT	
  =	
  time	
  sampling	
  

label	
   Dataset	
   Num.	
  
Channels	
   Time	
  sampling	
   Space	
  sampling	
  

AV1	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  1	
  m	
  

AV2	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  2	
  m	
  

AH	
   Active	
  (horizontal)	
   24	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  2	
  m	
  

PC1	
   Passive	
  Circular	
   15	
   T	
  =	
  01:00:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  	
  5	
  and	
  15	
  m	
  

PC2	
   Passive	
  Circular	
   15	
   T	
  =	
  01:15:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  15	
  and	
  45	
  m	
  

PC3	
   Passive	
  Circular	
   15	
   T	
  =	
  01:13:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  45	
  and	
  135	
  m	
  

PC4	
   Passive	
  Circular	
   15	
   T	
  =	
  01:58:30	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  135	
  and	
  405	
  m	
  

PC5	
   Passive	
  Circular	
   15	
   T	
  =	
  01:20:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  26	
  and	
  78	
  m	
  

PT	
   Passive	
  Triangular	
   16	
   T	
  =	
  01:29:00	
  ΔT=	
  5	
  ms	
   Sides	
  =	
  12.5,	
  25,	
  50,	
  100,	
  and	
  200	
  m	
  

PT2	
   Passive	
  Large	
  
Triangular	
   10	
   T	
  =	
  03:24:30	
  ΔT=	
  5	
  ms	
   Sides	
  =	
  4000,	
  2000,	
  1000	
  m	
  

PL	
   Passive	
  L-­‐Shape	
   13	
   T	
  =	
  00:59:30	
  ΔT=	
  5	
  ms	
   Distances	
  =	
  5,	
  10,	
  30,	
  60,	
  100,	
  and	
  150	
  m	
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All	
   the	
   teams	
   analysed	
   the	
   fundamental	
   mode	
   of	
   Rayleigh	
   wave,	
   some	
   teams	
   also	
   analysed	
   the	
   higher	
  
modes	
  or	
  effective	
  mode,	
  while	
  others	
  included	
  Love	
  wave	
  analysis	
  (Table	
  5).	
  Another	
  popular	
  choice	
  was	
  
the	
  combination	
  of	
  the	
  information	
  retrieved	
  from	
  both	
  active	
  and	
  passive	
  seismic	
  datasets,	
  as	
  reported	
  in	
  
Table	
  5.	
  The	
   lowest	
  mode	
  Rayleigh	
  wave	
  dispersion	
  data	
  obtained	
  by	
  each	
   team	
   (presumed	
   to	
  be	
  either	
  
fundamental	
  mode	
  or	
  an	
  effective	
  mode)	
  are	
  compared	
  in	
  Figure	
  3	
  (top).	
  Most	
  analysts	
  obtained	
  Rayleigh	
  
wave	
  dispersion	
  estimates	
  within	
  a	
  frequency	
  band	
  of	
  approximately	
  1	
  –	
  20	
  Hz	
  (Figure	
  4).	
  The	
  dispersion	
  
estimates	
  within	
  this	
  bandwidth	
  generally	
  agree	
  very	
  well,	
  being	
  characterized	
  by	
  a	
  coefficient	
  of	
  variation	
  
(CoV)	
  typically	
  between	
  5%	
  –	
  10%	
  (Figure	
  3,	
  bottom).	
  The	
  CoV	
  values	
  begin	
  to	
  climb	
  rapidly	
  at	
  higher	
  and	
  
lower	
  frequencies.	
  For	
  the	
  high-­‐frequency	
  band,	
  this	
  observation	
  is	
  likely	
  associated	
  to	
  lateral	
  variability	
  in	
  
the	
  very	
  shallow	
  part	
  of	
  the	
  deposit,	
  whereas	
  in	
  the	
  low-­‐frequency	
  band	
  the	
  estimates	
  are	
  approaching	
  the	
  
limit	
   of	
   resolvable	
   frequency	
   accounting	
   for	
   array	
   geometry	
   and	
   data	
   quality.	
   CoV	
   values	
   were	
   not	
  
estimated	
  for	
  frequencies	
  with	
  results	
  from	
  less	
  than	
  5	
  analysts.	
  

	
  

Table	
  5	
  -­‐	
  Mirandola:	
  processing	
  and	
  inversion	
  strategy	
  for	
  each	
  team	
  

ID	
   Team	
   dataset	
  
Surface	
  
wave	
  
mode	
  

Additional	
  
information	
  

Dispersion	
  
Analysis	
  

processing	
  

Inversion	
  
algorithm	
   Software	
  

1	
   MU	
   PC1,	
  PC3,	
  PT,	
  PT2	
   RE	
   HVSR	
   SPAC_directFit	
   LLS_EYE	
   Mmspacfit	
  
2	
   CE	
   PT	
   R0	
   HVSR	
   SPAC+FK	
   NA	
   Geopsy	
  

3	
   IST1	
   PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PC5	
   R0	
  R1,	
  L0	
   ellipticity	
   FK	
   NA	
   Geopsy	
  

4	
   UT	
  
AV1,	
  AV2,	
  AH,	
  
PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PC5,	
  PT,	
  PL	
  

R0,	
  R1,	
  L0	
   	
   SPAC	
  +	
  FDBF	
   NA	
   Geopsy	
  

5	
   INGV	
  

AV1,	
  AV2,	
  AH,	
  
PC1,	
  PC2,	
  PC3,	
  

PC4,	
  PC5,	
  PT,	
  PT2,	
  
PL	
  

R0,	
  L0,	
  L1	
   HVSR	
   FK	
   NA	
   Geopsy	
  

6	
   BFO	
   AV1,	
  AV2,	
  AH	
   R0,	
  R1,	
  R2	
   	
   FB	
   LLS_EYE	
   Germlin	
  
(In-­‐house)	
  

7	
   Geom	
   AV2,	
  PC1,	
  PC5,	
  
PT2	
   RE	
   HVSR	
   PS	
   GA	
   Seisimager	
  

8	
   IST2	
   PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PC5	
  

R0	
   HVSR	
   FK	
   NA	
   Geopsy	
  

9	
   KU	
   PC1,	
  PC2,	
  PC4,	
  
PC5,	
  PT,	
  PT2	
  

R0	
   	
   SPAC	
   EYE	
   In-­‐house	
  

10	
   TT	
   PT	
   R0	
   	
   SPAC	
   SA-­‐GA	
   In-­‐house	
  

11	
   GV	
  
AV1,	
  AV2,	
  PC1,	
  
PC2,	
  PC3,	
  PC4,	
  

PC5	
  
R0	
  

Water	
  table	
  
(refraction	
  
analysis)	
  

SPAC	
  +	
  PS	
   NLS	
   Seisimager;	
  
WinSASW	
  

12	
   SED	
   PC1,	
  PC2,	
  PC3,	
  
PC4	
  

R0,	
  R1,	
  R3,	
  
R4,	
  L0,	
  L1	
   ellipticity	
   3C+WD	
   NA	
   In-­‐house;	
  

Dinver	
  
13	
   PU	
   	
   R0	
   	
   SPAC	
   NA	
   Geopsy	
  

14	
   PT	
  
AV1,	
  AV2,	
  PC3,	
  

PC4	
   R0	
   	
   FK	
  +	
  FDBF	
   MC	
   in-­‐house	
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The	
  frequency	
  band	
  (Figure	
  4)	
  is	
  wider	
  for	
  those	
  who	
  combined	
  active	
  and	
  passive	
  data,	
  while	
  it	
  is	
  slightly	
  
narrower	
   for	
   those	
  who	
  relied	
  exclusively	
  on	
  either	
  active	
  or	
  passive	
  data.	
  The	
   frequency	
  band	
   retrieved	
  
with	
  passive	
  data	
  is	
  centred	
  at	
  lower	
  values.	
  	
  

	
   	
  

Figure	
  3	
  -­‐	
  Mirandola:	
  top)	
  fundamental	
  mode	
  of	
  Rayleigh	
  wave	
  dispersion	
  curves.	
  bottom)	
  number	
  of	
  analyst	
  and	
  
CoV.	
  

	
  

	
  

Figure	
  4	
  -­‐	
  Mirandola:	
  frequency	
  band	
  associated	
  with	
  the	
  retrieved	
  dispersive	
  curve	
  or	
  earth	
  model	
  interpretation	
  

Figure	
  5	
  (top	
  500	
  m)	
  and	
  Figure	
  6	
  (top	
  150	
  m)	
  show	
  the	
  VS	
  profiles	
  and	
  the	
  time-­‐averaged	
  VS	
  profiles	
  (VS,Z)	
  
obtained	
  by	
   the	
   teams	
  by	
  adopting	
   the	
  search/optimization	
  method	
   reported	
   in	
  Table	
  5.	
  The	
  CoV	
  values	
  
and	
  number	
  of	
  analysts	
  for	
  a	
  given	
  depth	
  are	
  also	
  provided.	
  Considering	
  the	
  first	
  90	
  m,	
  which	
  is	
  a	
  significant	
  
depth	
  for	
  most	
  site	
  characterization	
  projects,	
  the	
  agreement	
  is	
  very	
  good,	
  with	
  CoV	
  values	
  typically	
  around	
  
0.1.	
  	
  Considering	
  that	
  no	
  a-­‐priori	
  information	
  was	
  available	
  to	
  the	
  teams	
  to	
  further	
  constrain	
  the	
  inversion,	
  
these	
  results	
  are	
  quite	
  remarkable.	
  However,	
  the	
  agreement	
  between	
  analysts	
  is	
  not	
  very	
  good	
  at	
  depths	
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greater	
  than	
  about	
  100	
  m,	
  where	
  CoV	
  values	
  based	
  on	
  the	
  standard	
  layered	
  VS	
  profiles	
  consistently	
  exceed	
  
0.5.	
  Interestingly,	
  the	
  CoV	
  values	
  based	
  on	
  the	
  smooth	
  VS,Z	
  profiles	
  remain	
  less	
  than	
  0.2	
  clear	
  down	
  to	
  500	
  
m.	
   In	
  the	
  close-­‐up	
  view	
  figure	
  (Figure	
  6	
  a),	
   it	
   is	
  possible	
  to	
  notice	
  that	
  the	
  results	
  are	
   in	
  good	
  agreement	
  
with	
  each	
  other	
  until	
  roughly	
  between	
  85	
  and	
  140	
  m	
  depth,	
  where	
  a	
  strong	
  interface	
  is	
  expected,	
  but	
  this	
  
feature	
  was	
  not	
  uniquely	
  identified	
  by	
  all	
  teams.	
  This	
  is	
  the	
  reason	
  for	
  the	
  high	
  value	
  of	
  CoV	
  in	
  such	
  depth	
  
range	
   (Figure	
  6	
  c).	
  Deeper	
   than	
  this	
   interface,	
   the	
  results	
  show	
  mainly	
   two	
  trends:	
  one	
  at	
  700	
  m/s	
  and	
  a	
  
second	
  one	
  at	
  1250	
  m/s.	
  

	
  

Figure	
  5	
  –	
  Mirandola:	
  (a)	
  shear	
  wave	
  velocity	
  (VS)	
  profiles,	
  (b)	
  time-­‐averaged	
  VS,Z	
  profiles,	
  (c)	
  CoV(VS)	
  and	
  CoV(VS,Z)	
  
values,	
  and	
  (d)	
  number	
  of	
  profiles.	
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Figure	
  6	
  –	
  Mirandola:	
  close-­‐up	
  view	
  of	
  the	
  top	
  150	
  m	
  of	
  Figure	
  5.	
  

Figure	
  7	
   left	
   shows	
   the	
   relationship	
  between	
  λmin	
  and	
   the	
   thickness	
  of	
   the	
   first	
   layer	
  while	
  Figure	
  7	
   right	
  
shows	
   the	
   relationship	
   between	
   λmax	
   and	
   maximum	
   investigated	
   depth.	
   Most	
   of	
   the	
   results	
   are	
   in	
  
agreement	
  with	
  the	
  aforementioned	
  good-­‐practice	
  recommendations	
  and	
  very	
  few	
  points	
  fall	
  in	
  the	
  “not-­‐
recommended”	
  area.	
  It	
  is	
  important	
  to	
  highlight	
  that	
  here	
  we	
  analysed	
  only	
  the	
  wavelength	
  of	
  the	
  Rayleigh	
  
fundamental	
  mode	
  and	
   those	
  analysts	
  who	
  violated	
   the	
  criteria	
  have	
   supplied	
   information	
   in	
  depth	
  with	
  
other	
  kind	
  of	
  information	
  (i.e.	
  HVSR	
  frequency,	
  Rayleigh	
  wave	
  ellipticity).	
  

	
  

Figure	
   7	
   –	
   Mirandola:	
   left)	
   thickness	
   of	
   first	
   layer	
   as	
   function	
   of	
   the	
   minimum	
   retrieved	
   wavelength.	
   Right)	
  
maximum	
  investigated	
  depth	
  as	
  function	
  of	
  the	
  maximum	
  retrieved	
  wavelength.	
   In	
  grey	
  the	
  “not-­‐recommended”	
  
part	
  of	
  the	
  domain.	
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3.2 Grenoble	
  
Grenoble	
   site	
   (GRE)	
   was	
   chosen	
   as	
   representative	
   of	
   a	
   stiff-­‐soil	
   class	
   since	
   it	
   is	
   characterized	
   by	
   recent	
  
alluvial	
   materials	
   for	
   few	
   ten	
  meters	
   from	
   the	
   surface	
   overlaying	
   a	
   Quaternary	
   clayley-­‐marly	
   deposit.	
   A	
  
Mesozoic	
   bedrock	
   is	
   expected	
   at	
   several	
   hundred	
  meters	
   depth,	
   namely	
   between	
  500	
   and	
  800	
  m	
  depth	
  
[43].	
  In	
  this	
  site	
  no	
  topographic	
  variability	
  is	
  observed.	
  The	
  site	
  is	
  in	
  a	
  highly	
  industrialized	
  area	
  of	
  Grenoble	
  
(France).	
  In	
  addition,	
  two	
  highways	
  with	
  high	
  traffic	
  and	
  two	
  rivers	
  (Isere	
  and	
  Drac)	
  are	
  in	
  the	
  vicinity	
  of	
  the	
  
site.	
   In	
   this	
   site	
   a	
   low-­‐velocity	
   layer,	
   roughly	
   10-­‐m	
   thick,	
   is	
   expected	
   at	
   around	
   25	
   m	
   depth	
   but	
   such	
  
information	
  was	
  not	
  provided	
  to	
  the	
  teams.	
  

Here	
  the	
  datasets	
  reported	
  in	
  Table	
  6	
  and	
  according	
  to	
  the	
  array	
  showed	
  in	
  Figure	
  8,	
  were	
  acquired	
  and	
  the	
  
teams	
  processed	
  the	
  data	
  adopting	
  the	
  strategies	
  reported	
  in	
  Table	
  7.	
  

	
  

Figure	
  8	
  -­‐	
  Grenoble:	
  map	
  of	
  the	
  arrays.	
  Left)	
  whole	
  area	
  interested	
  by	
  the	
  acquisition.	
  Right)	
  close-­‐up	
  view	
  of	
  the	
  
area.	
  

	
  

Table	
  6	
  -­‐	
  Grenoble	
  –	
  datasets.	
  T=	
  time	
  window,	
  ΔT	
  =	
  time	
  sampling	
  

Label	
   Dataset	
   Num.	
  
Channels	
   Time	
  sampling	
   Space	
  sampling	
  

AV1	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  1	
  m	
  

AV2	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  1.5	
  m	
  

PC1	
   Passive	
  Circular	
   15	
   T=01:37:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  	
  5	
  and	
  15	
  m	
  

PC2	
   Passive	
  Circular	
   15	
   T=01:01:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  15	
  and	
  45	
  m	
  

PC3	
   Passive	
  Circular	
   15	
   T=01:35:30	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  45	
  and	
  135	
  m	
  

PC4	
   Passive	
  Circular	
   15	
   T=01:21:30	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  26	
  and	
  78	
  m	
  

PC5	
   Passive	
  Circular	
   16	
   T=02:00:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  78	
  and	
  405	
  m	
  

PT	
   Passive	
  Triangular	
   16	
   T=01:55:30	
  ΔT=	
  5	
  ms	
   Side	
  =	
  18.75,	
  37.5,	
  75,	
  150	
  and	
  300	
  m	
  

PL	
   Passive	
  L_Shape	
   13	
   T=01:07:00	
  ΔT=	
  5	
  ms	
   Distances	
  =	
  5,	
  10,	
  30,	
  60,	
  100,	
  and	
  150	
  m	
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Table	
  7	
  –	
  Grenoble:	
  processing	
  and	
  inversion	
  strategy	
  for	
  each	
  team	
  

ID	
   Team	
   dataset	
   Surface	
  
wave	
  mode	
  

Additional	
  
information	
  

Dispersion	
  curve	
  
processing	
  

Inversion	
  
algorithm	
   Software	
  

1	
   MU	
   PC4,	
  PT	
   RE	
   HVSR	
   SPAC_directFit	
   LLS_EYE	
   Mmspacfit	
  
2	
   CE	
   PC5	
   R0	
   HVSR	
   SPAC	
  +	
  FK	
   NA	
   Geopsy	
  

3	
   IST1	
   AV2,	
  PC1,	
  PC2,	
  
PC3,	
  PC4	
   R0	
   HVSR	
   SPAC	
  +	
  FK	
   NA	
   Geopsy	
  

4	
   UT	
  
AV1,	
  AV2,	
  PC1,	
  
PC2,	
  PC3,	
  PC4,	
  
PC5,	
  PT,	
  PL	
  

R0,	
  R1	
   	
   SPAC	
  +	
  FDBF	
   NA	
   Geopsy	
  

5	
   INGV	
  
AV1,	
  AV2,	
  PC1,	
  
PC2,	
  PC3,	
  PC4,	
  
PC5,	
  PT,	
  PL	
  

R0	
   HVSR	
   FK	
   NA	
   Geopsy	
  

7	
   Geom	
   AV2,	
  PC2,	
  PC4,	
  
PC5,	
  PT	
   RE	
   HVSR	
   SPAC	
  +	
  PS	
   GA	
   Seisimager	
  

8	
   IST2	
  
AV1,	
  AV2,	
  PC1,	
  
PC2,	
  PC3,	
  PC4,	
  

PC5	
  
R0	
   HVSR	
   SPAC	
  +	
  FK	
   NA	
   Geopsy	
  

9	
   KU	
   PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PC5,	
  PT	
  

R0	
   	
   SPAC	
   EYE	
   In-­‐house	
  

10	
   TT	
   PT	
   R0	
   	
   SPAC	
   SA-­‐GA	
   In-­‐house	
  

11	
   GV	
   AV2,	
  PC1,	
  PC2,	
  
PC3,	
  PC4,	
  PC5	
  

R0	
   	
   SPAC	
  +	
  PS	
   NLS	
   Seisimager;	
  
WinSASW	
  

12	
   SED	
   PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PC5	
  

R0,	
  R1,	
  L0,	
  
L1,	
  L2	
   ellipticity	
   3C+WD	
   NA	
   In-­‐house;	
  

Dinver	
  
14	
   PT	
   AV2,	
  PC2	
   R0	
   	
   FK	
  +	
  FDBF	
   MC	
   In-­‐house	
  

	
  

Figure	
  9	
  (top)	
  shows	
  the	
  lowest	
  mode	
  (presumed	
  to	
  be	
  either	
  fundamental	
  mode	
  or	
  an	
  effective	
  mode)	
  of	
  
Rayleigh	
  wave	
  dispersion	
  data	
  obtained	
  by	
   each	
   team.	
  Most	
   analysts	
   obtained	
  Rayleigh	
  wave	
  dispersion	
  
estimates	
   between	
   frequencies	
   of	
   approximately	
   0.7	
   –	
   50	
   Hz.	
   The	
   dispersion	
   estimates	
   within	
   this	
  
bandwidth	
   agree	
   very	
  well,	
   being	
   characterized	
   by	
   a	
   coefficient	
   of	
   variation	
   (CoV)	
   typically	
   less	
   than	
   5%	
  
(Figure	
  9,	
  bottom).	
  CoV	
  values	
  were	
  not	
  estimated	
  for	
   frequencies	
  with	
  results	
   from	
  less	
  than	
  5	
  analysts.	
  
The	
  CoV	
  values	
  begin	
  to	
  climb	
  rapidly	
  at	
  high	
  frequencies,	
  likely	
  because	
  of	
  lateral	
  variation.	
  Indeed	
  some	
  
near-­‐surface	
   lateral	
  variability	
  was	
  observed	
  at	
   the	
  site	
  when	
  processing	
   the	
  active	
  source	
  data	
   from	
  the	
  
two	
  different	
  close-­‐by	
  linear	
  arrays	
  (centre-­‐to-­‐centre	
  distance	
  equal	
  to	
  about	
  100m).	
  This	
  is	
  consistent	
  with	
  
the	
  local	
  geology	
  characterized	
  by	
  recent	
  alluvial	
  deposits	
  with	
  coarse	
  materials	
  in	
  the	
  top	
  meters.	
  

We	
  also	
  note	
  that	
  all	
  teams	
  provided	
  dispersion	
  curves	
  that	
  were	
  able	
  to	
  identify	
  an	
  inverse	
  trend	
  (localized	
  
low/flat	
   phase	
   velocity	
   zone)	
   in	
   the	
   2-­‐10	
  Hz	
   frequency	
   range	
   (Figure	
   9,	
   top).	
   This	
   inverse	
   trend	
   in	
   phase	
  
velocity	
  is	
  characteristic	
  of	
  a	
  low-­‐velocity	
  layer	
  beneath	
  a	
  stiffer	
  near-­‐surface	
  layer(s).	
  This	
  information	
  was	
  
not	
   communicated	
   to	
  participants,	
   but	
  most	
   analysts	
   recognized	
   the	
   appropriateness	
  of	
   including	
   a	
   low-­‐
velocity	
  layer	
  to	
  accurately	
  model	
  the	
  site.	
  

The	
  choice	
  of	
  analysing	
  both	
  active	
  and	
  passive	
  data	
  was	
  the	
  most	
  popular	
  at	
  this	
  site,	
  while	
  a	
  few	
  teams	
  
decided	
  for	
  analysing	
  only	
  the	
  passive	
  data	
  and	
  none	
  analysed	
  only	
  the	
  active	
  data	
  (Table	
  7).	
  The	
  analysis	
  of	
  
both	
  active	
  and	
  passive	
  data	
  allows	
  for	
  a	
  wider	
  frequency	
  band	
  (Figure	
  10)	
  than	
  the	
  ones	
  of	
  those	
  teams	
  
that	
   analysed	
   just	
   passive	
   data,	
   focusing	
  more	
   on	
   the	
   lower	
   frequency	
   and	
   hence	
   neglecting	
   the	
   higher	
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ones.	
   As	
   mentioned	
   above,	
   the	
   ability	
   to	
   retrieve	
   high	
   frequency/short	
   wavelength	
   dispersion	
   data	
   is	
  
important	
  for	
  resolving	
  near-­‐surface	
  layering	
  which	
  may	
  be	
  relevant	
  for	
  geotechnical	
  engineering	
  purposes.	
  	
  	
  

	
  
Figure	
  9	
  –	
  Grenoble:	
  top)	
  fundamental	
  mode	
  of	
  Rayleigh	
  wave	
  dispersion	
  curves.	
  bottom)	
  number	
  of	
  analysts	
  and	
  
COV.	
  

	
  

Figure	
  10	
  -­‐	
  Grenoble:	
  frequency	
  band	
  associated	
  with	
  the	
  retrieved	
  dispersive	
  curve	
  or	
  earth	
  model	
  interpretation	
  

Figure	
  11	
   (top	
  800	
  m)	
  and	
  Figure	
  12	
   (top	
  150	
  m)	
   show	
  the	
  VS	
   (Figure	
  11	
  a,	
  and	
  Figure	
  12	
  a)	
  and	
   the	
  VS,Z	
  
(Figure	
  11	
  b,	
  and	
  Figure	
  12	
  b)	
  profiles	
  obtained	
  by	
  the	
  teams	
  by	
  adopting	
  the	
  inversion	
  method	
  reported	
  in	
  
Table	
  7.	
  The	
  CoV	
  values	
  and	
  number	
  of	
  analysts	
  for	
  a	
  given	
  depth	
  are	
  also	
  provided	
  (Figure	
  11	
  and	
  Figure	
  
12,	
  c	
  and	
  d	
  panels).	
  Considering	
  the	
  first	
  130	
  m,	
  which	
  is	
  a	
  significant	
  depth	
  for	
  most	
  site	
  characterization	
  
projects,	
   the	
   agreement	
   is	
   once	
   again	
   quite	
   good,	
   with	
   CoV	
   values	
   typically	
   around	
   0.15	
   or	
   less.	
  
Furthermore,	
  the	
  slightly	
  higher	
  CoV	
  values	
  over	
  the	
  top	
  20	
  m	
  are	
  primarily	
  driven	
  by	
  a	
  single	
  Vs	
  profile	
  that	
  
is	
   significantly	
   different	
   than	
   the	
   others.	
   The	
   agreement	
   between	
   analysts	
   is	
   lost	
   at	
   depths	
   greater	
   than	
  
about	
   200	
   m,	
   where	
   CoV	
   values	
   based	
   on	
   the	
   standard	
   layered	
   Vs	
   profiles	
   consistently	
   exceed	
   0.4.	
  
Interestingly,	
  the	
  CoV	
  values	
  based	
  on	
  the	
  smooth	
  VS,Z	
  profiles	
  rarely	
  exceed	
  0.1	
  clear	
  down	
  to	
  800	
  m.	
  	
  In	
  
the	
  close-­‐up	
  view	
  figure	
  (Figure	
  12a),	
  it	
  is	
  possible	
  to	
  notice	
  that	
  some	
  analysts	
  (approximately	
  50%)	
  tried	
  
to	
   resolve	
   a	
   low-­‐velocity	
   layer	
   somewhere	
   between	
   20	
   –	
   50	
  m	
  below	
   the	
   surface.	
   	
  While	
   a	
   low-­‐velocity	
  
layer	
  does	
  indeed	
  exist	
  in	
  the	
  soil	
  profile	
  (as	
  found	
  by	
  invasive	
  tests,	
  see	
  [41]),	
  the	
  analysts	
  were	
  not	
  able	
  to	
  
uniquely	
  resolve	
  its	
  depth	
  and	
  thickness.	
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Figure	
  11	
  -­‐	
  Grenoble:	
  -­‐	
  (a)	
  Shear	
  wave	
  velocity	
  profiles,	
  (b)	
  time-­‐averaged	
  VS	
  (VS,Z)	
  profiles,	
  (c)	
  CoV(Vs)	
  and	
  CoV(VS,Z)	
  
values,	
  and	
  (d)	
  number	
  of	
  profiles.	
  

	
  

Figure	
  12	
  Grenoble:	
  close-­‐up	
  view	
  of	
  the	
  topmost	
  150	
  m	
  of	
  Figure	
  11	
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The	
  relationships	
  between	
  the	
  minimum/maximum	
  experimental	
  wavelength	
  and	
  the	
  thickness	
  of	
  the	
  first	
  
layer/maximum	
  depth	
  are	
  reported	
   in	
  Figure	
  13.	
  As	
  observed	
   in	
  Mirandola,	
  some	
  results	
   fall	
   in	
   the	
  “not-­‐
recommended”	
   area	
   for	
   the	
   maximum	
   depth	
   (Figure	
   13,	
   right).	
   These	
   results	
   supplied	
   the	
   lack	
   of	
   low	
  
frequency	
  of	
  the	
  fundamental	
  mode	
  with	
  other	
  addition	
  information	
  as	
  HVSR	
  and	
  ellipticity.	
  As	
  far	
  as	
  the	
  
definition	
  of	
  the	
  thickness	
  of	
  the	
  first	
  layer	
  is	
  concerned	
  (Figure	
  13,	
  left),	
  the	
  25%	
  of	
  the	
  teams	
  retrieved	
  a	
  
thickness	
   much	
   smaller	
   than	
   the	
   minimum	
   experimental	
   wavelength,	
   resulting	
   in	
   lack	
   of	
   constraint	
   on	
  
parameters	
  for	
  the	
  first	
  layer.	
  

	
  

Figure	
   13	
   –	
   Grenoble:	
   left)	
   thickness	
   of	
   first	
   layer	
   as	
   function	
   of	
   the	
   minimum	
   retrieved	
   wavelength.	
   Right)	
  
maximum	
  investigated	
  depth	
  as	
  function	
  of	
  the	
  maximum	
  retrieved	
  wavelength.	
   In	
  grey	
  the	
  “not-­‐recommended”	
  
part	
  of	
  the	
  domain.	
  

	
  

3.3 Cadarache	
  
The	
   Cadarache	
   site	
   (CAD)	
   is	
   in	
   the	
   area	
   of	
   the	
   CEA	
   (Commissariat	
   à	
   l'Énergie	
   Atomique	
   et	
   aux	
   Énergies	
  
Alternatives)	
   Cadarache	
   research	
   centre	
   in	
   the	
   township	
   of	
   Saint-­‐Paul-­‐lez-­‐Durance,	
   in	
   the	
   south-­‐east	
   of	
  
France.	
   It	
   is	
   located	
  on	
  a	
  flat	
  zone	
  at	
  the	
  top	
  of	
  a	
  small	
  hill.	
  A	
  Cretaceous	
   limestone	
  is	
  outcropping	
   in	
  the	
  
surroundings	
  of	
  the	
  test	
  site.	
  Despite	
  being	
  in	
  an	
  industrial	
  area,	
  the	
  density	
  of	
  facilities	
  around	
  the	
  site	
  is	
  
quite	
  low.	
  	
  

The	
  datasets	
  reported	
  in	
  Table	
  8	
  were	
  acquired	
  according	
  to	
  the	
  arrays	
  showed	
  in	
  Figure	
  14,	
  and	
  the	
  teams	
  
processed	
  the	
  data	
  adopting	
  the	
  strategies	
  reported	
  in	
  Table	
  9.	
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Figure	
  14	
  -­‐	
  Cadarache:	
  map	
  of	
  the	
  arrays.	
  Left)	
  whole	
  area	
  interested	
  by	
  the	
  acquisition.	
  Right)	
  close-­‐up	
  view	
  of	
  the	
  
area.	
  The	
  largest	
  triangular	
  array	
  is	
  not	
  shown.	
  

	
  

	
  

Table	
  8	
  -­‐	
  Cadarache:	
  datasets.	
  T=	
  time	
  window,	
  ΔT	
  =	
  time	
  sampling	
  

Label	
   Dataset	
   Num.	
  
Channels	
   Time	
  sampling	
   Space	
  sampling	
  

AV1	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  1	
  ms	
   Receiver	
  spacing	
  =	
  0.5	
  m	
  

AV2	
   Active	
  (vertical)	
   48	
   T	
  =	
  2s,	
  ΔT=	
  1	
  ms	
   Receiver	
  spacing	
  =	
  1	
  m	
  

AH1	
   Active	
  (horizontal)	
   24	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  1	
  m	
  

AH2	
   Active	
  (horizontal)	
   24	
   T	
  =	
  2s,	
  ΔT=	
  0.25	
  ms	
   Receiver	
  spacing	
  =	
  2	
  m	
  

PC1	
   Passive	
  Circular	
   15	
   T	
  =00:54:30	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  	
  5	
  and	
  15	
  m	
  

PC2	
   Passive	
  Circular	
   15	
   T=00:43:30	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  15	
  and	
  45	
  m	
  

PC3	
   Passive	
  Circular	
   15	
   T=01:06:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  45	
  and	
  135	
  m	
  

PC4	
   Passive	
  Circular	
   15	
   T=01:15:00	
  ΔT=	
  5	
  ms	
   Radii	
  =	
  26	
  and	
  78	
  m	
  

PT	
   Passive	
  Triangular	
   16	
   T=01:53:00	
  ΔT=	
  5	
  ms	
   Side	
  =	
  18.75,	
  37.5,	
  75,	
  150	
  and	
  300	
  m	
  

PT2	
   Passive	
  Large	
  
Triangular	
   4	
   T=02:02:00	
  ΔT=	
  5	
  ms	
   Side	
  =	
  500	
  m	
  

PL	
   Passive	
  L_Shape	
   11	
   T=01:16:00	
  ΔT=	
  5	
  ms	
   Distances	
  =	
  5,	
  10,	
  30,	
  60	
  and	
  100	
  m	
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Table	
  9	
  -­‐	
  Cadarache:	
  processing	
  and	
  inversion	
  strategy	
  for	
  each	
  team	
  

ID	
   Team	
   dataset	
   Surface	
  
wave	
  mode	
  

Additional	
  
information	
   dc	
  processing	
   Inversion	
  

algorithm	
   Software	
  

1	
   MU	
   PT,	
  PT2	
   RE	
   HVSR	
   SPAC_directFit	
   LLS_EYE	
   mmspacfit	
  

3	
   IST1	
   AV1,	
  PC1,	
  PC2,	
  PC3,	
  
PC4	
   R0	
   HVSR	
   FK	
   NA_geopsy	
   Geopsy	
  

4	
   UT	
  
AV1,	
  AV2,	
  AH1,	
  

AH2,	
  PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PT,	
  PL	
  

R0,	
  L0	
   	
   SPAC	
  +	
  FDBF	
   NA_geopsy	
   Geopsy	
  

5	
   INGV	
  
AV1,	
  AV2,	
  AH1,	
  

AH2,	
  PC1,	
  PC2,	
  PC3,	
  
PC4,	
  PT,	
  PT2,	
  PL	
  

R0	
   HVSR	
   FK	
   NA_geopsy	
   Geopsy	
  

7	
   Geom	
   AV1,	
  PC1,	
  PC2,	
  PC4,	
  
PT,	
  PT2	
   RE	
   HVSR	
   SPAC	
  +	
  PS	
   GA	
   Seisimager	
  

10	
   TT	
   PT	
   R0	
   	
   SPAC	
   SA-­‐GA	
   	
  

11	
   GV	
   AV1,	
  AV2,	
  PC1,	
  PC2,	
  
PC3,	
  PC4,	
  PT,	
  PT2	
  

R0	
   HVSR	
   SPAC	
  +	
  PS	
   NLS	
   Seisimager;	
  
WinSASW	
  

12	
   SED	
   PC1,	
  PC2,	
  PC3,	
  PC4	
   R0,	
  L0	
   	
   3	
  CWD	
   NA_geopsy	
   Geopsy	
  
13	
   PU	
   PC1,	
  PC2,	
  PC3,	
  PC4	
   R0	
   	
   SPAC+	
  FK	
   NA_geopsy	
   Geopsy	
  
14	
   PT	
   AV1	
   R0,	
  R1	
   	
   FK	
  +	
  FDBF	
   MC	
   In-­‐house	
  
	
  

The	
   lowest	
   mode	
   Rayleigh	
   wave	
   dispersion	
   data	
   obtained	
   by	
   each	
   team	
   (presumed	
   to	
   be	
   either	
  
fundamental	
  mode	
  or	
  an	
  effective	
  mode)	
  are	
  shown	
  in	
  Figure	
  15	
  (top).	
   	
  Many	
  analysts	
  obtained	
  Rayleigh	
  
wave	
   dispersion	
   estimates	
   between	
   frequencies	
   of	
   approximately	
   0.7	
   –	
   100	
   Hz	
   (Figure	
   15,	
   bottom).	
  
However,	
   the	
   dispersion	
   estimates	
   only	
   agree	
   well	
   at	
   frequencies	
   less	
   than	
   approximately	
   30	
   Hz,	
   as	
  
characterized	
  by	
  CoV	
  values	
  less	
  than	
  about	
  10%.	
  The	
  CoV	
  values	
  at	
  frequencies	
  greater	
  than	
  30	
  Hz	
  climb	
  
rapidly,	
   reaching	
  30%.	
   It	
   is	
  clear	
   that	
   the	
  high	
   frequency/short	
  wavelength	
  data	
  was	
  of	
  poor	
  quality.	
  This	
  
was	
  most	
   certainly	
   the	
   result	
   of	
   lateral	
   variability/local	
   fracturing	
   and	
   weathering	
   patterns	
   in	
   the	
   near-­‐
surface	
   rock	
   mass.	
   While	
   CoV	
   values	
   were	
   not	
   estimated	
   for	
   frequencies	
   with	
   results	
   from	
   less	
   than	
   5	
  
analysts,	
  the	
  low	
  frequency	
  dispersion	
  estimates	
  are	
  still	
  in	
  remarkable	
  agreement	
  from	
  0.3	
  –	
  0.7	
  Hz.	
  	
  This	
  
flattening	
  of	
  the	
  dispersion	
  trend	
  at	
  low	
  frequencies	
  is	
  rarely	
  observed,	
  but	
  allows	
  the	
  analyst	
  a	
  much	
  more	
  
confident	
  estimate	
  of	
  the	
  half-­‐space/basement	
  rock	
  velocity	
  (i.e.,	
  approximately	
  2500	
  m/s).	
  

Some	
   teams	
   were	
   able	
   to	
   identify	
   higher	
   modes,	
   while	
   other	
   were	
   not.	
   Also	
   in	
   this	
   site,	
   the	
   choice	
   of	
  
analysing	
  both	
  active	
  and	
  passive	
  data	
  was	
  the	
  most	
  popular,	
   few	
  teams	
  used	
  only	
  passive	
  data	
  and	
  only	
  
one	
  team	
  (14-­‐PT)	
  decided	
  to	
  analyse	
  only	
  active	
  data.	
  The	
  analysis	
  of	
  both	
  active	
  and	
  passive	
  data	
  allows	
  
for	
   a	
  wider	
   frequency	
   band	
   (Figure	
   16),	
  which	
   is	
   beneficial	
   in	
   terms	
  of	
   both	
   near-­‐surface	
   resolution	
   and	
  
maximum	
  depth	
  of	
  investigation.	
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Figure	
  15	
  -­‐	
  Cadarache:	
  top)	
  fundamental	
  mode	
  of	
  Rayleigh	
  wave	
  dispersion	
  curves.	
  bottom)	
  number	
  of	
  analyst	
  and	
  
COV.	
  

	
  

Figure	
  16	
  -­‐	
  Cadarache:	
  frequency	
  band	
  associated	
  with	
  the	
  retrieved	
  dispersive	
  curve	
  or	
  earth	
  model	
  interpretation	
  

Figure	
   17	
   (top	
   500	
  m)	
   and	
   Figure	
   18	
   (top	
   100	
  m)	
   show	
   the	
  VS	
   (a	
   panels)	
   and	
   the	
  VS,Z	
   profiles	
   (b	
   panels)	
  
obtained	
  by	
   the	
   teams	
  by	
  adopting	
   the	
  search/optimization	
  method	
   reported	
   in	
  Table	
  9.	
  The	
  CoV	
  values	
  
and	
  number	
  of	
  analysts	
  for	
  a	
  given	
  depth	
  are	
  also	
  provided	
  (c	
  and	
  d	
  panels,	
  respectively	
  ).	
  As	
  far	
  as	
  the	
  CoV	
  
of	
  VS	
  is	
  concerned,	
  these	
  values	
  over	
  the	
  top	
  20	
  m	
  are	
  considerably	
  larger,	
  while	
  they	
  ultimately	
  stabilize	
  at	
  
a	
  value	
  of	
  0.1	
  or	
  less	
  for	
  most	
  of	
  the	
  500	
  m	
  profile.	
  Indeed,	
  the	
  CoV	
  values	
  near	
  the	
  surface	
  are	
  as	
  high	
  as	
  
0.5.	
  This	
  is	
  a	
  direct	
  consequence	
  of	
  the	
  significant	
  uncertainty	
  in	
  the	
  high-­‐frequency	
  dispersion	
  data	
  shown	
  
in	
  Figure	
  15,	
  which	
  was	
  most	
  likely	
  the	
  result	
  of	
  lateral	
  variability/local	
  fracturing	
  and	
  weathering	
  patterns	
  
in	
  the	
  near-­‐surface	
  rock	
  mass.	
  Conversely	
  from	
  the	
  other	
  two	
  sites,	
  it	
  is	
  interesting	
  to	
  observe	
  that	
  the	
  CoV	
  
of	
  VS,Z	
  has	
  the	
  same	
  trend	
  of	
  VS.	
  Therefore,	
  teams	
  were	
  not	
  able	
  to	
  identify	
  a	
  unique	
  depth	
  to	
  the	
  shallow,	
  
hard	
  bedrock	
  (i.e.,	
  VS	
  >	
  2000	
  m/s).	
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Figure	
  17	
  -­‐	
  Cadarache:	
  (a)	
  Shear	
  wave	
  velocity	
  profiles,	
  (b)	
  time-­‐averaged	
  VS	
  (VS,Z)	
  profiles,	
  (c)	
  CoV(Vs)	
  and	
  CoV(VS,Z)	
  
values,	
  and	
  (d)	
  number	
  of	
  profiles.	
  

	
  

Figure	
  18	
  -­‐	
  Cadarache:	
  close-­‐up	
  view	
  of	
  Figure	
  17.	
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As	
  far	
  as	
  the	
  analysis	
  of	
  the	
  retrieved	
  wavelength	
  is	
  concerned	
  (Figure	
  19),	
  similar	
  comments	
  of	
  the	
  ones	
  
reported	
   for	
   the	
   other	
   two	
   sites	
   can	
   be	
   drawn.	
  Most	
   of	
   the	
   teams	
   defined	
   the	
   VS	
  model	
   until	
   a	
   depth	
  
consistent	
  with	
  the	
  most	
  restrictive	
  criterion	
  with	
  respect	
  to	
  maximum	
  wavelength	
  (Figure	
  19,	
  right).	
  Also	
  
the	
   thickness	
   of	
   the	
   first	
   layer	
   is	
   typically	
   consistent	
  with	
   good	
  practice	
   recommendations,	
   even	
   if	
   some	
  
teams	
  are	
  slightly	
  out	
  of	
  the	
  recommended	
  threshold	
  (Figure	
  19,	
  left).	
  	
  

	
  

Figure	
   19	
   -­‐	
   Cadarache:	
   left)	
   thickness	
   of	
   first	
   layer	
   as	
   function	
   of	
   the	
   minimum	
   retrieved	
   wavelength.	
   Right)	
  
maximum	
  investigated	
  depth	
  as	
  function	
  of	
  the	
  maximum	
  retrieved	
  wavelength.	
   In	
  grey	
  the	
  “not-­‐recommended”	
  
part	
  of	
  the	
  domain.	
  

	
  

3.4 Variability	
  of	
  the	
  results	
  
The	
  variability	
  of	
  best	
  estimates	
  observed	
  among	
  participants	
  is	
  most	
  probably	
  caused	
  by	
  one	
  (or	
  many)	
  of	
  
the	
  following	
  reasons:	
  	
  

• difference	
   in	
   interpreted	
   experimental	
   data	
   (frequency	
   range,	
   Rayleigh/Love	
   waves,	
  
fundamental/higher	
  modes),	
  	
  

• non-­‐uniqueness	
  of	
  the	
   inversion	
  that	
  can	
   lead	
  to	
  several	
  different	
  best	
  estimates	
  of	
  VS	
  (here	
  only	
  
one	
  of	
  the	
  best	
  estimates	
  for	
  each	
  participant	
  is	
  taken	
  into	
  account	
  in	
  the	
  comparison),	
  	
  

• different	
  choices	
  for	
  the	
  parameterization	
  of	
  the	
  inversion	
  (i.e.	
  number	
  of	
  layers),	
  
• use	
   of	
   extra	
   information/data	
   (water	
   table	
   depth,	
  HVSR	
   resonance	
   frequency,	
   Fourier	
   amplitude	
  

spectra,	
  ellipticity,	
  etc	
  …)	
  

In	
   order	
   to	
   quantify	
   the	
   variability	
   of	
   the	
   obtained	
   results	
   in	
   three	
   different	
   subsoil	
   conditions,	
   we	
  
compared	
  the	
  CoV	
  of	
  VS	
  obtained	
  in	
  all	
  the	
  three	
  sites	
  as	
  shown	
  in	
  Figure	
  20.	
  For	
  all	
  the	
  three	
  sites,	
  the	
  CoV	
  
is	
   higher	
   in	
   those	
   parts	
   of	
   the	
  models	
   in	
  which	
   it	
  was	
   difficult	
   to	
   recognize	
   some	
   specific	
   features	
   (e.g.,	
  
interfaces	
   between	
   layers).	
   In	
   the	
   shallow	
   part,	
   Cadarache	
   shows	
   a	
   greater	
   value	
   of	
   the	
   ratio	
   than	
   the	
  
others	
   sites	
   but	
   then	
   the	
   value	
   settles	
   around	
   0.06	
   and	
   remains	
   constant.	
   This	
   observation	
   reflects	
   the	
  
variability	
  that	
  we	
  observed	
  in	
  the	
  results	
  related	
  to	
  the	
  identification	
  of	
  the	
  shallow	
  zone	
  in	
  which	
  there	
  is	
  
a	
  transition	
  between	
  altered	
  and	
  competent	
  rock.	
  This	
  variability	
  is	
  also	
  likely	
  associated	
  to	
  possible	
  lateral	
  
variations	
   in	
   the	
   alteration	
   zone	
   and	
   to	
   the	
   use	
   of	
   different	
   subset	
   of	
   available	
   experimental	
   data	
   to	
  
estimate	
   the	
  dispersion	
  curve.	
   In	
  Grenoble,	
   the	
  velocity	
   ratio	
   remains	
  on	
  average	
  constant	
   for	
   the	
  whole	
  
investigated	
  depth,	
  with	
  some	
  local	
  differences	
  associated	
  to	
  the	
  transition	
  between	
  different	
  materials.	
  In	
  
Mirandola	
   the	
   CoV	
   assumes	
   a	
   high	
   value	
   (about	
   0.3)	
   close	
   to	
   the	
   ground	
   surface,	
   reflecting	
   the	
   lack	
   of	
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resolution	
   due	
   to	
   the	
   adopted	
   parameterization	
   and/or	
   to	
   the	
   limited	
   frequency	
   band	
   of	
   the	
   dispersion	
  
curve	
  for	
  some	
  teams.	
  Low	
  values	
  of	
  the	
  velocity	
  ratio	
  are	
  obtained	
  for	
   intermediate	
  depths,	
  with	
  a	
   local	
  
increase	
  at	
  around	
  25	
  m	
  where	
  a	
  stratigraphic	
  interface	
  is	
  located	
  according	
  to	
  evidences	
  in	
  borehole	
  logs	
  
at	
   the	
   site.	
   The	
   variability	
   then	
   increases	
   abruptly	
   when	
   approaching	
   to	
   the	
   bedrock	
   position	
   which,	
  
according	
  to	
  borehole	
  logs	
  (see	
  the	
  companion	
  paper	
  [41]),	
  is	
  to	
  be	
  found	
  around	
  110	
  m	
  depth.	
  

Some	
  teams	
  used	
  information	
  from	
  the	
  HVSR	
  to	
  check	
  or	
  constrain	
  the	
  bedrock	
  position.	
  Figure	
  21	
  reports	
  
a	
  comparison	
  between	
  their	
  best	
  VS	
  estimates	
  and	
  the	
  ones	
  by	
  teams	
  which	
  did	
  not	
  account	
  for	
  HVSR	
  for	
  
Mirandola	
  site.	
  Apparently,	
  a	
  better	
  definition	
  of	
  the	
  bedrock	
  position	
  at	
  approximately	
  110	
  m	
  is	
  achieved	
  
when	
  HVSR	
  information	
  is	
  taken	
  into	
  account,	
  even	
  if	
  this	
  advantage	
  is	
  not	
  reflected	
  in	
  a	
  reduced	
  variability	
  
on	
  VS	
  values	
  of	
  the	
  bedrock.	
  

	
  

Figure	
  20	
  –	
  CoV	
  (left)	
  and	
  the	
  number	
  of	
  analysts	
  (right)	
  related	
  to	
  the	
  results	
  in	
  the	
  three	
  sites.	
  

	
  

Figure	
  21	
  –	
  Comparison	
  between	
  shear	
  wave	
  velocity	
  profiles	
  for	
  Mirandola	
  site	
  (MIR)	
  obtained	
  accounting	
  for	
  the	
  
information	
  retrieved	
  from	
  the	
  HVSR	
  (in	
  red)	
  and	
  other	
  profiles	
  (in	
  grey).	
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As	
   the	
   VS,30	
   is	
   adopted	
   as	
   a	
   reference	
   parameter	
   for	
   soil	
   classification	
   in	
   building	
   codes	
   and	
   for	
   the	
  
development	
   of	
   empirical	
   Ground	
   Motion	
   Prediction	
   Equations	
   (GMPEs),	
   it	
   is	
   relevant	
   to	
   assess	
   its	
  
observed	
  variability	
  in	
  the	
  ensemble	
  of	
  available	
  results	
  for	
  the	
  three	
  sites.	
  No	
  specific	
  request	
  to	
  estimate	
  
VS,30	
  was	
  posed	
  to	
  the	
  participants,	
  hence	
  their	
  analyses	
  might	
  not	
  have	
  been	
  tailored	
  to	
  get	
  an	
  accurate	
  
estimate	
  (e.g.,	
  by	
  paying	
  special	
  attention	
  to	
  the	
  resolution	
  in	
  the	
  zone	
  close	
  to	
  ground	
  surface).	
  	
  

In	
  addition	
  to	
  the	
  formal	
  evaluation	
  for	
  any	
  given	
  VS	
  profile	
  according	
  to	
  equation	
  1	
  for	
  z	
  =	
  30	
  m,	
  VS,30	
  can	
  
be	
   also	
   estimated	
   directly	
   from	
   the	
   dispersion	
   curve	
   as	
   proposed	
   by	
   Brown	
   et	
   al.	
   [96]	
   according	
   to	
   the	
  
equation:	
  

𝑉!,!" = 1.076 ∙ 𝑉!,!"	
  	
   (2)	
  

in	
  which	
  VR,36	
  is	
  the	
  experimental	
  phase	
  velocity	
  of	
  Rayleigh	
  wave	
  fundamental	
  mode	
  for	
  λ	
  =	
  36	
  m.	
  

In	
  Table	
  10	
  we	
  compare	
  the	
  VS,30	
  computed	
   from	
  the	
  VS	
  profiles	
   (Inv)	
  according	
  to	
  equation	
  1	
   for	
  z	
  =	
  30,	
  
with	
  the	
  VS,30	
  computed	
  directly	
  from	
  the	
  dispersion	
  curves	
  (dc)	
  according	
  to	
  equation	
  2.	
  Such	
  results	
  are	
  
reported	
   in	
   terms	
   of	
  mean	
   value,	
   standard	
   deviation	
   (std),	
   coefficient	
   of	
   variation	
   (CoV).	
   The	
   results	
   of	
  
Cadarache	
   show	
   a	
   larger	
   variability,	
   but	
   at	
   this	
   site	
   the	
   population	
   of	
   results	
   is	
   limited	
   (no	
  more	
   than	
   9	
  
samples).	
   Thus,	
   we	
   report	
   also	
   the	
   ratio	
   between	
   the	
   maximum	
   and	
   the	
   minimum	
   values	
   of	
   each	
  
population	
  of	
   results.	
   For	
   the	
   three	
   sites,	
   and	
  hence	
   three	
  different	
   subsoil	
   conditions,	
   almost	
   the	
   same	
  
variability	
  of	
  the	
  results	
  is	
  observed.	
  It	
   is	
  also	
  interesting	
  to	
  observe	
  that	
  the	
  VS,30	
  computed	
  directly	
  from	
  
the	
  dispersion	
  curve	
  is	
  very	
  close	
  to	
  the	
  one	
  computed	
  from	
  the	
  inverted	
  VS	
  profile	
  and	
  it	
  shows	
  a	
  very	
  low	
  
variability	
  as	
  we	
  observed	
  in	
  the	
  dispersion	
  curves.	
  

Table	
   10	
   –	
   Some	
   statistics	
   about	
   VS,30:	
   the	
  mean	
   value,	
   the	
   standard	
   deviation	
   (std),	
   the	
   coefficient	
   of	
   variation	
  
(CoV)	
   and	
   the	
   ratio	
   between	
   the	
  maximum	
   and	
   the	
  minimum	
   values	
   of	
   each	
   group	
   of	
   results.	
   Both	
   the	
   results	
  
calculated	
  from	
  the	
  Vs	
  profile	
  (Inv)	
  and	
  from	
  a	
  direct	
  estimate	
  from	
  the	
  dispersion	
  curve	
  (dc)	
  according	
  to	
  Brown	
  et	
  
al.	
  (2000)	
  are	
  reported	
  

	
  

	
  

	
  

	
  

	
  

4 Discussion	
  

Most	
  of	
   the	
  teams,	
   in	
  all	
   the	
  three	
  sites,	
  analysed	
  the	
  fundamental	
  Rayleigh	
  mode	
  and	
  the	
  most	
  popular	
  
processing	
   methods	
   were	
   SPAC-­‐based	
   (preferred	
   for	
   the	
   passive	
   data)	
   and	
   f-­‐k	
   analysis.	
   Despite	
   the	
  
different	
  strategies,	
  the	
  dispersion	
  curves	
  are	
  in	
  very	
  good	
  agreement	
  with	
  each	
  other	
  in	
  all	
  the	
  three	
  sites,	
  
which	
   means	
   in	
   three	
   very	
   different	
   subsoil	
   conditions.	
   This	
   observation	
   confirms	
   the	
   robustness	
   and	
  
precision	
   in	
   the	
   estimate	
   of	
   the	
   experimental	
   dispersion	
   curve,	
   which	
   was	
   observed	
   also	
   in	
   previous	
  
comparative	
  analyses	
  (e.g.,	
  [15,	
  16]).	
  Higher	
  values	
  of	
  the	
  coefficient	
  of	
  variation	
  of	
  the	
  dispersion	
  curves	
  at	
  
high	
  frequencies	
  reflect	
  lateral	
  variability	
  that	
  is	
  often	
  observed	
  in	
  different	
  geological	
  environment	
  in	
  the	
  
shallow	
  layers.	
  	
  

VS,30	
  
MIR	
   GRE	
   CAD	
  

Inv	
   dc	
   inv	
   dc	
   inv	
   dc	
  

mean	
  [m/s]	
   219	
   227	
   364	
   381	
   1591	
   1561	
  

std	
  [m/s]	
   16.4	
   7.55	
   14.7	
   7.71	
   168.5	
   142	
  

CoV	
  [-­‐]	
   0.075	
   0.033	
   0.040	
   0.020	
   0.106	
   0.091	
  

max/min	
  [-­‐]	
   1.31	
   1.12	
   1.17	
   1.08	
   1.31	
   1.40	
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The	
  frequency	
  band	
  retrieved	
  by	
  each	
  group	
  differs	
  from	
  each	
  other	
  and	
  it	
  depends	
  on	
  the	
  seismic	
  dataset	
  
they	
  analysed.	
  As	
  one	
  expects,	
  the	
  active	
  data	
  provide	
  more	
  information	
  at	
  high	
  frequency	
  and	
  hence	
  they	
  
are	
  more	
  suitable	
  for	
  the	
  characterization	
  of	
  the	
  very	
  shallow	
  layer,	
  while	
  the	
  passive	
  ones	
  are	
  more	
  at	
  low	
  
frequency	
  and	
  hence	
  better	
  for	
  deep	
  characterization.	
  However,	
  the	
  combination	
  of	
  the	
  information	
  from	
  
both	
  active	
  and	
  passive	
  data	
  allows	
  retrieving	
  the	
  dispersion	
  curve	
  over	
  a	
  wider	
  frequency	
  band,	
  providing	
  
a	
  better	
  constrain	
  to	
  the	
  model	
  both	
  in	
  the	
  shallow	
  and	
  in	
  the	
  deep	
  portions.	
  Also	
  the	
  information	
  about	
  
the	
  retrieved	
  wavelength	
  gives	
  us	
  a	
  rough	
   idea	
  of	
  the	
  consistency	
  of	
  the	
  final	
  model.	
   If	
  only	
  the	
  Rayleigh	
  
wave	
   fundamental	
  mode,	
   the	
  maximum	
  wavelength	
   provides	
   us	
   the	
  maximum	
  depth	
   to	
  which	
   consider	
  
reliable	
  the	
  final	
  model	
  while	
  the	
  minimum	
  wavelength	
  the	
  maximum	
  resolution	
  able	
  to	
  retrieve.	
  The	
  near-­‐
surface	
  layer	
  thickness	
  should	
  also	
  comply	
  with	
  typical	
  site	
  conditions.	
  Indeed,	
  thick,	
  uniform	
  near-­‐surface	
  
layers	
  rarely	
  exist	
  in	
  nature.	
  A	
  greater	
  resolution	
  of	
  the	
  shallow	
  part	
  of	
  the	
  model	
  is	
  need	
  for	
  geotechnical	
  
engineering	
  purposes	
  (e.g.,	
  site	
  response	
  or	
  soil	
  liquefaction	
  evaluation).	
  Such	
  resolution	
  is	
  achieved	
  usually	
  
when	
  active	
  data	
  are	
  analysed.	
  When	
  using	
  only	
  passive	
  data,	
  usually	
  a	
  lack	
  of	
  high	
  frequency	
  information	
  
is	
  observed,	
  thus	
  the	
  use	
  of	
  a	
  large	
  surface	
  layer	
  (unrealistic	
  but	
  representative	
  of	
  average	
  conditions)	
  is	
  a	
  
necessity.	
   In	
   case	
   of	
   lack	
   of	
   direct	
   constraints,	
   introducing	
   too	
   small	
   layers	
   would	
   only	
   bring	
   to	
   biased	
  
results.	
  Most	
  teams	
  followed	
  the	
  typical	
  good	
  practice	
  recommendations,	
  which	
  relate	
  thickness	
  of	
  shallow	
  
layers	
   and	
   investigation	
   depth	
   to	
   retrieved	
   wavelengths	
   in	
   the	
   experimental	
   dispersion	
   curve.	
   Some	
  
analysts	
  were	
  able	
  to	
  reach	
  frequency	
   lower	
  than	
  the	
  minimum	
  frequency	
  of	
  Rayleigh	
  wave	
  fundamental	
  
mode	
   thanks	
   to	
   the	
   introduction	
   of	
   additional	
   information	
   such	
   as	
   the	
   ellipticity	
   and	
  HVSR.	
   Consistency	
  
between	
   the	
   natural	
   frequency	
   as	
   estimated	
   from	
   the	
  HVSR	
   and	
   the	
   shear	
  wave	
   velocity	
   profile	
   can	
   be	
  
considered	
  valuable	
   information	
   to	
   improve	
   the	
   reliability	
  of	
   the	
  model,	
   a	
   result	
  which	
   reinforces	
  earlier	
  
findings	
  by	
  Arai	
  and	
  Tokimatsu	
  [49],	
  Hayashi	
  et	
  al.	
  [94],	
  Ikeda	
  et	
  al.	
  [97]	
  and	
  Asten	
  et	
  al.	
  [40].	
  

Some	
  teams	
  constrained	
  the	
  inversions	
  by	
  exploiting	
  as	
  much	
  as	
  possible	
  the	
  information	
  contained	
  in	
  the	
  
experimental	
   data.	
   In	
   addition	
   to	
   HVSR	
   and	
   ellipticty,	
   some	
   teams	
   estimated	
   the	
   P-­‐wave	
   velocity	
  
distribution	
   by	
   analysing	
   the	
   seismic	
   refraction	
   information	
   contained	
   in	
   the	
   active	
   seismic	
   datasets	
   and	
  
from	
   this	
   result,	
   it	
  was	
  possible	
   to	
  deduce	
   the	
  water	
   table	
  position	
  and	
   it	
  helped	
   to	
  make	
  more	
   realistic	
  
assumptions	
  on	
  the	
  Poisson’s	
  ratio.	
  	
  

The	
  VS	
  profiles	
  obtained	
  at	
  the	
  three	
  sites	
  show	
  some	
  variability,	
  but	
  the	
  consistency	
  of	
  the	
  results	
  is	
  quite	
  
good	
  with	
   coefficient	
   of	
   variations	
   among	
   the	
   provided	
   solutions	
   that	
   are	
   relatively	
   low	
   for	
   a	
   significant	
  
depth.	
  Larger	
  variability	
  is	
  observed	
  at	
  great	
  depth,	
  where	
  the	
  solutions	
  approach	
  the	
  limits	
  of	
  applicability	
  
of	
  the	
  techniques	
  because	
  of	
  the	
  lack	
  of	
  constraint	
  for	
  the	
  inverse	
  problem.	
  

Several	
  teams	
  adopted	
  the	
  same	
  code	
  for	
  the	
  inversion,	
  i.e.	
  the	
  Neighbourhood	
  Algorithm	
  implemented	
  in	
  
Geopsy	
   software	
   package	
   [38].	
   The	
   variability	
   of	
   their	
   results	
   clearly	
   shows	
   the	
   importance	
   of	
   some	
  
subjective	
   choices	
   (e.g.,	
   parameterization),	
   and	
  of	
   the	
   strategies	
   (e.g.,	
   only	
   fundamental	
  Rayleigh	
  waves)	
  
adopted	
  by	
  each	
  analyst	
  and	
  the	
  associated	
  non-­‐uniqueness	
  issues.	
  

Some	
   features	
   of	
   the	
   sites,	
   like	
   the	
   bedrock	
   interfaces	
   in	
   Mirandola	
   and	
   Cadarache,	
   are	
   not	
   uniquely	
  
identified	
  or	
  not	
  identified	
  at	
  all.	
  For	
  example	
  the	
  low-­‐velocity	
  layer	
  in	
  the	
  upper	
  50	
  m	
  of	
  the	
  Grenoble	
  VS	
  
profile	
   is	
  not	
  detected	
  by	
   several	
   teams	
   (only	
  5	
  over	
  12	
  did).	
   Larger	
   variability	
   is	
  obtained	
  at	
   the	
  depths	
  
where	
  major	
  interfaces	
  are	
  present	
  (e.g.	
  in	
  Mirandola	
  at	
  a	
  depth	
  of	
  about	
  25	
  m	
  and	
  a	
  depth	
  of	
  about	
  100	
  
m).	
  This	
  is	
  a	
  further	
  demonstration	
  of	
  how	
  much	
  the	
  non-­‐uniqueness	
  of	
  the	
  solution	
  affects	
  the	
  reliability	
  of	
  
the	
  method.	
  However,	
  it	
  is	
  important	
  to	
  remark	
  that,	
  since	
  it	
  was	
  a	
  fully	
  blind	
  test,	
  no	
  a-­‐priori	
  information	
  
was	
   provided	
   to	
   the	
   teams.	
   If	
   we	
   restrict	
   the	
   depth	
   of	
   interest	
   for	
   the	
   comparisons,	
   the	
   accordance	
  
between	
  results	
  is	
  indeed	
  very	
  encouraging.	
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In	
   the	
   Cadarache	
   site,	
   the	
   differences	
   among	
   different	
   results	
   in	
   terms	
   of	
   VS	
   profiles	
   are	
   larger	
   than	
   for	
  
Grenoble	
   and	
   Mirandola,	
   at	
   least	
   within	
   the	
   first	
   20	
  m	
   (Figure	
   20).	
   On	
   the	
   other	
   side	
   the	
   observed	
  
variability	
   is	
   very	
   small	
   at	
   intermediate	
   depths.	
   These	
   trends	
   may	
   likely	
   be	
   justified	
   considering	
   that,	
  
because	
  of	
  weathering	
  and	
   fracturing,	
  a	
   significant	
   lateral	
  variability	
  has	
   to	
  be	
  expected	
   for	
  outcrop	
  rock	
  
conditions	
   as	
   those	
   of	
   Cadarache.	
   In	
   addition,	
   in	
   a	
   site	
   like	
   Cadarache,	
   the	
   variability	
   observed	
   in	
   the	
  
shallow	
  part	
   could	
  be	
  also	
   related	
   to	
   the	
   fact	
   that,	
   since	
  velocities	
  are	
  very	
  high,	
  a	
   small	
   variation	
   in	
   the	
  
wavenumber	
   lead	
  to	
   large	
  variation	
   in	
  estimated	
  velocity.	
   It	
   is	
   indeed	
   important	
   to	
   remark	
   that	
  different	
  
teams	
  used	
  different	
  subsets	
  of	
  experimental	
  data.	
  The	
  expected	
  lateral	
  variability	
  is	
  clearly	
  reflected	
  in	
  the	
  
experimental	
   dispersion	
   curves.	
   This	
   issue	
   of	
   spatial	
   variability	
   for	
   rock	
   outcrop	
   is	
   of	
   paramount	
  
importance,	
   because	
   very	
   often	
   the	
   reference	
   sites	
   of	
   accelerometric	
   networks	
   on	
   rock	
   outcrops	
   are	
  
characterized	
  with	
  surface-­‐wave	
  analysis.	
  This	
  inevitably	
  involves	
  a	
  large	
  volume	
  of	
  ground	
  around	
  the	
  site	
  
of	
  the	
  reference	
  station.	
  

As	
   far	
   as	
   the	
  VS,30	
   is	
   concerned,	
   in	
   all	
   the	
   sites	
  we	
  obtained	
  a	
   variability	
  quite	
   comparable	
   to	
  each	
  other	
  
independently	
  from	
  the	
  subsoil	
  conditions.	
  This	
   is	
  a	
  great	
  proof	
  of	
  the	
  reproducibility	
  and	
  repeatability	
  of	
  
the	
   surface-­‐wave	
  methods	
   at	
   least	
   for	
   the	
   computation	
   of	
   VS,30,	
   which	
   being	
   a	
   global	
   parameter	
   is	
   less	
  
affected	
   by	
   solution	
   non-­‐uniqueness	
   than	
   local	
   values	
   of	
   VS	
   at	
   different	
   depths	
   (see	
   also	
   the	
   examples	
  
reported	
  by	
  [98]).	
  

5 Conclusions	
  

The	
  study	
  was	
  conducted	
   in	
   three	
   sites	
  with	
  different	
   subsoil	
   conditions.	
   In	
   the	
  blind	
   test,	
   the	
   same	
   raw	
  
data	
  were	
  available	
  for	
  different	
  teams.	
  Each	
  team	
  was	
  free	
  to	
  adopt	
  the	
  strategy	
  they	
  considered	
  the	
  best	
  
to	
  analyse	
  surface-­‐wave	
  propagation.	
  Agreement	
  on	
  the	
  estimated	
  dispersion	
  curve	
  was	
  on	
  average	
  quite	
  
good	
  for	
  the	
  three	
  sites,	
  confirming	
  the	
  robustness	
  and	
  precision	
  of	
  processing	
  procedures.	
  In	
  all	
  the	
  three	
  
sites	
   some	
   features	
   of	
   subsoil	
   were	
   not	
   uniquely	
   identified	
   and	
   a	
   certain	
   variability	
   of	
   the	
   results	
   was	
  
observed	
  in	
  terms	
  of	
  VS	
  profiles.	
  The	
  variability	
  of	
  the	
  VS	
  profiles	
  was	
  on	
  average	
  limited,	
  with	
  larger	
  values	
  
in	
   correspondence	
   of	
   relevant	
   stratigraphic	
   features,	
   where	
   the	
   solution	
   non-­‐uniqueness	
   limits	
   the	
  
precision	
   in	
   identification	
  of	
   interface	
  positions	
  and	
  hence	
  a	
   large	
   variability	
   in	
   the	
   results.	
   The	
  obtained	
  
results	
   also	
   confirm:	
   the	
   limited	
   achievable	
   resolution	
   at	
   depth;	
   the	
   influence	
   of	
   plausible	
   lateral	
  
heterogeneities	
  on	
  the	
  variability	
  of	
  the	
  obtained	
  results,	
  as	
  in	
  the	
  case	
  of	
  the	
  rock	
  outcrop	
  site	
  (Cadarache)	
  
of	
  the	
  present	
  study.	
  However,	
  the	
  overall	
  variability	
  can	
  be	
  considered	
  quite	
  low,	
  provided	
  that	
  no	
  a	
  priori	
  
information	
  was	
  given	
  to	
  the	
  teams	
  to	
  better	
  constrain	
  the	
  inversion.	
  These	
  results	
  confirm	
  that	
  the	
  crucial	
  
aspect	
   for	
   uncertainties	
   related	
   to	
   surface-­‐wave	
   analyses	
   is	
   the	
   non-­‐uniqueness	
   of	
   the	
   solution	
   of	
   the	
  
inverse	
  problem.	
  	
  

A-­‐priori	
  information	
  (local	
  geology,	
  borehole	
  logs)	
  would	
  have	
  helped	
  in	
  better	
  constraining	
  the	
  results,	
  and	
  
in	
   routine	
  practice	
   stratigraphic	
   information	
   from	
  boreholes	
   should	
  be	
   incorporated	
   in	
   order	
   to	
   improve	
  
the	
   reliability.	
   In	
  addition,	
  useful	
   information	
   for	
  better	
   constraining	
   the	
   inversion	
   can	
  be	
   retrieved	
   from	
  
further	
   analysis	
   of	
   the	
   available	
   experimental	
   data	
   (e.g.	
   with	
   active-­‐source	
   data,	
   analysis	
   of	
   critically	
  
refracted	
  P-­‐waves	
  may	
  provide	
  an	
  estimate	
  of	
  the	
  water	
  table	
  and	
  of	
  the	
  Poisson’s	
  ratio,	
  while	
  with	
  passive	
  
data,	
   the	
   analysis	
   of	
   HVSR	
   and	
   Rayleigh	
   ellipticity	
   can	
   provide	
   useful	
   information	
   to	
   improve	
   the	
  
identification	
  of	
  the	
  bedrock	
  and/or	
  sharp	
  impedance	
  contrasts).	
  

Observed	
  variability	
   is	
  more	
   limited	
   in	
  the	
  estimation	
  of	
  VS,30,	
  since	
  this	
   is	
  an	
  average	
  parameter	
  which	
   is	
  
less	
   influenced	
   by	
   the	
   solution	
   non-­‐uniqueness	
   than	
   the	
   estimates	
   of	
   individual	
   layer	
   thickness	
   and	
   VS	
  
parameters.	
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Further	
   developments	
   of	
   the	
   InterPACIFIC	
   research	
   project	
   will	
   aim	
   at	
   identifying	
   the	
   role	
   of	
   different	
  
sources	
  of	
  variability,	
  providing	
  comprehensive	
  and	
  physics-­‐based	
  guidelines	
  for	
  surface-­‐wave	
  analysis.	
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Appendix	
  A.	
  Supporting	
  information	
  	
  

Supplementary	
   data	
   associated	
   with	
   this	
   article	
   can	
   be	
   found	
   in	
   the	
   on	
   line	
   version	
   at	
  
http://dx.doi.org/10.1016/j.soildyn.2015.12.010.	
   These	
   data	
   include	
   Google	
  maps	
   of	
   the	
  most	
   important	
  
areas	
   described	
   in	
   this	
   article.	
   All	
   the	
   experimental	
   data	
   collected	
   at	
   the	
   three	
   site	
   for	
   this	
   study	
   are	
  
available	
  online	
  at	
  	
  http://interpacific.geopsy.org	
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