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报 告 简 介  

Enhanced Geothermal  Systems  (EGS)  of fe r  poten t ia l  a s  a  renewable  
energy  resource .  However ,  there  a re  technolog ica l  cha l lenges  to  be  
addressed .  How to  s t imula te  f rac tures  in  c rys ta l l ine  rock e f fec t ive ly  
under  va r ious  in  s i tu  s t ress  condi t ions?  How to  capture  the  permeabi l i ty  
enhancement  p rocess?  How to  minimize  env i ronmenta l  impact s  l ike  
in jec t ion- induced se i smic  event s?  As f ie ld  te s t s  in  deep we l l s  a re  cos t ly ,  
we  see  cont ro l l ed  exper iments  in  underground resea rch  fac i l i t ies  
combined wi th  labora tory  te s t s  a s  a  va luab le  a l te rna t ive  fo r  opt imiz ing  
energy  ext rac t ion  methods  wi th  advanced f lu id- in jec t ion  schemes.  We 
repor t  on  underground in  s i tu  t e s t s  pe r formed a t  the  Äspö Hard  Rock 
Labora tory ,  Sweden,  wi th  d i f fe rent  water  in jec t ion  schemes and acoust ic  
emiss ion  measurements  to  quant i fy  the  se i smica l ly  rad ia ted  and 
hydraul i c  energy  budge t .   

An  a r ray  of  e leven  70 kHz  acous t ic  emiss ion  sensors ,  four  
acce lerometers  and two broadband  se ismomete rs  i s  used  to  quan t i fy  the  
extens ion  of  s ix  hydrau l ic  f rac tures  propagated  f rom in tac t  sec t ions  o f  a  
28  m long hor izon ta l  borehole  a t  410 m depth  dr i l led  f rom an ex i s t ing  
tunnel  in  the  d i rec t ion  of  min imum hor izon ta l  compress ive  s t ress .  
Addi t iona l ly ,  the  evo lu t ion  of  f rac tures  i s  mapped wi th  impress ion  
packers  a t  the  borehole  wa l l .  The  s t imula ted  rock vo lume 20 x  20  x  20  
mete rs  in  s ize  consi s t s  o f  g ranodior i te s ,  d io r i te  gabbro  and gran i te s .  
In jec t ion  protocol s  inc lude  convent iona l  monotonic ,  innova t ive  cyc l ic  
p rogress ive  and pul sed  hydraul i c  s t imula t ions  to  inc rease  f rac ture  
complex i ty  and  pe rmeabi l i ty  for  hea t  ex t rac t ion .   

Hydraul ic  t e s t s  in  na tura l ly  f rac tured  grani te  wi th  a  maximum of  30  
l i t re s  of  water  in jec ted  genera te  smal l  sca le  hydraul i c  f rac tures  up  to  40  
square  meters  in  s ize .  The  se i smic  response  of  the  hydraul i c  f rac ture  
s t rongly  depends  on  in jec t ion  s ty le  and  rock  type .  In  the  same  rock type ,  
the  cyc l i c  in jec t ion  produces  la rge r  se i smic  b -va lues  as  compared wi th  
the  monoton ic  in jec t ion .  Thi s  indica tes  a  sa fe r  t rea tment .  The  f rac ture  
pa t te rn  infer red  f rom impress ion  packer  resul t s  and  acoust ic  emiss ion  
hypocent re  so lu t ions  tu rn  ou t  to  be  more  complex  when  rep lac ing 
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convent iona l  by  fa t igue  hydraul ic  te s t ing .  In  labora tory  te s t s ,  we  cou ld  
conf i rm lower  b reakdown pressures ,  a  sh i f t  to  smal le r  AE ampl i tudes  and 
a  more  b ranch ing  f rac ture  pa t te rn  as  a  func t ion  of  fa t igue  cyc les .   

We in te rpre t  the  la rge r  f rac ture  p rocess  zone  evolving  dur ing  cyc l ic  
hydraul i c  f rac tur ing  as  a  resu l t  o f  depressur iza t ion  phases  and s t ress  
re laxa t ion  a t  the  f rac ture  t ip .  Evidence  comes f rom natura l  p roppants  
(debr i s  ma ter ia l )  obse rved  in  gran i te  f rac ture  wal l s  in  the  labora tory ,  
reac t iva t ion  of  na tura l  f rac tures ,  and l a rge r  se i smic  b -va lues  ind ica t ing  
a  replacement  o f  la rger  ampl i tude  AE event s  by  a  c loud of  smal le r  events  
in  the  labora tory  and  underground fa t igue  te s t s .  We admit  tha t  fu l l - sca le  
f ie ld  t e s t s  a re  requ i red  once  the  ta i lor -made  fa t igue  concept  of  the  t a rge t  
rock  has  been  de te rmined.  

报 告 人 介 绍  

Arno Zang i s  a  Professor  a t  the  GFZ German 
Research  Cente r  fo r  Geosc iences ,  which i s  loca ted  
in  Pot sdam,  Germany .  

Wi th  over  30  years  of  serv ice  a t  the  German 
Research  Cent re  fo r  Geosc iences  (GFZ) ,  my  work 
has  spanned two key  focus  a reas .  In  the  ear ly  s tage  
of  my  ca ree r ,  I  con t r ibuted  to  the  es tab l i shment  and 
opera t ion  of  a  rock de format ion  labora tory .  My  
responsib i l i t ie s  the re  inc luded  conduct ing  t r i -ax ia l  

t e s t ing  on  rock cores—coupled  wi th  acoust i c  emiss ion  measurements—
and performing pos t -mor tem f rac ture  ana lys i s .  Over  the  pas t  15  years ,  
my  resea rch  focus  has  sh i f t ed  to  the  des ign  and execu t ion  of  underground 
exper iments  a imed a t  enabl ing  e f f ic ient  geothe rmal  hea t  ext rac t ion .  
These  exper iments  leve rage  underground  resea rch  fac i l i t ie s  loca ted  in  
Germany ,  France ,  and  Sweden.  

In  addi t ion  to  my  resea rch  a t  GFZ,  I  ho ld  a  p rofessorship  in  Geophysics  
and Rock  Mechanics  a t  the  Univers i ty  o f  Potsdam,  where  I  teach 
mas te r ’ s - leve l  courses  on  Frac ture  Mechanics ,  Rock  Phys ics ,  and  Crusta l  
S t ress  Measurements .  

For  more  de ta i led  informat ion  about  my  work and a  comple te  l i s t
 o f  my  publ ica t ions ,  p lease  v i s i t  my  webpage:  h t tps : / /www.gfz-pot
sdam.de /en/ s ta f f /a rno .zang/ sec26 


