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FRACTURING TECHNIQUES AND SOME 
APPLICATIONS IN ITALY 

P.BERRY C.CATALD1 E.tI.DANTIN1 

ABS 

A.oblems connected t o  sthuZation processes are muxl4#sed as cg- 
tical parameters that'must be taken into account from the research 
stage through to  exploitation. 

Such an approach i s  of prime importance for the optimization of 
the project, for achieving more efficient results during the hpZe- 
mentation stage, and finally, for,making the best choice of the s t i -  
mulation technique t o  be adopted. 

structural and geomechanicat characteristics of the reservoir have 
been ccnalgsed also in the light of some recent experiences i n  Italy. 

The relationship between the s t  ation treatments and the geo- 

1 - INTRODUCTION 
For many years now the Oil Industry has been implementing tech- 

nological operations (stimulation processes) that make it possible 
to intensify production and to control the exploitation of reservoirs. 
The way to proceed is decided individually for each case at the end 
of a drilling program and on the basis of the ensuing results. 

The design criteria of the stimulation processes are therefore 
based on the experience acquired through drillings that do not always 
turn out to be relevant to the particular case being dealt with. 
Since, within this context it is not possible to quantify most of the 
numerous parameters that condition the outcome of the stimulation 
treatment, the ensuing effects are often disappointing. 

results obtained through stimulation can provide the means for a 
A statistical analysis 111 correlating the design data with the 

University of Rome 

ENEL, National Geothermal Unit 

t 



117 , 

* i  

better choice of the method, of the relevant parameters, and further- 
more; it can offer a more accurate 
be obtained through stimulation. 

ploitation of geothermal fields demands an ,approach making the most 
of the geostructural characteristics, of the physical and mechanical 
parameters of the reservoir, and of the complex laws governing its 
behaviour as concerns the mass and heat flow problems. An appro- 
priate approach should make use of all of these data to solve all 
the planning and design-related problems. 

the mechanical and hydraulic characteristics of t rrounding rock x 

mass following an input of energy, ei ther in st 
di tions. 

Such processes are wever, initially con by the geome- 
try of the hole and by the characteristics of the formation. 

AS the process gradually spreads out, there are close inte 
ions between the effects of the energy introduce (fractures) and 
the characteristics of the rock mass, that affect the final outcome 
of the operation. Keeping account of . .  this clos nterdependence , the 
investigation programs for the research and st of geothermal fie1 
should be worked out on the basis of criteria that consider the sti- 

techniques as a means of investigation capable of pGoviding 
formation on the most important parameters that character- 

cast of the results that can 

The analysis of problems related to the investigation and ex- 

Indeed, each stimulation generally produ p variation in 

in dynamic con- 

~ 

ize ,the reservoir. ~ 

Furthermore, the exploi 
various solutions provided .by th 
to the geostructural and geomechanical characteristics of the rock 
mass. 

determination of some of the fundame 
chanical behaviour of the reservoir 
tions usually adopted,will beana 
most widespread stilumation tech 
ing and explosive fracturing. 

This, paper , brief1 

2 -  

timite any type of intervention ,in .a reservoir it 
is necessary to have an exhaustive knowledge of the parameters and 
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b 
laws tha t  govern i t s  behaviour i n  a l l  the possible s i tua t ions  t h a t  
could occur. 

when analysing the resu l ts  obtained a f t e r  st imulat ion,  i t  i s  necessa 
ry t o  keep account o f  the fo l lowing fundamental parameters. 

2.1 Original  and induced state o f  stress 

three pr inc ipa l  stresses are determined by means of wel l  -founded 
methods tha t  provide both s u f f i c i e n t l y  accurate data and a r e l i a b l e  
in te rpre ta t ion  o f  the resul ts .  

cannot be made due t o  the great depths and h igh temperatures invo lv -  
ed. This drawback i s  usual ly  overcome by assuming t h a t  one o f  t h  
components i s  v e r t i c a l  and i t s  value i s  in fe r red  from the densi ty  o f  
the formation (y - logs). Since a lso t h i s  measurement i s  hampered by 
the high temperatures o f  the well ,  t h e  t rend o f  the values must be 
extrapolated down t o  the required depth. 

Furthermore, i t  i s  v i r t u a l l y  impossible t o  p red ic t  the hor izont-  
a l  s ta te o f  stress merely on the basis o f  the theoret ica l  consider- 
at ions. I n  large areas, experimental measurements have pointed out 
the presence o f  higher hor izontal  stresses than the v e r t i c a l  ones, 
t h i s  being probably due t o  the tecton ic  events. 

mental technique based on "hydraul ic f rac tu r ing"  provides useful i n -  
d icat ions as t o  the minimal p r inc ipa l  stress f o r  wel ls  t h a t  are even 
very deep 121. The obstacle set  up by the high temperatures can be 
avoided by in te r rup t ing  the measurements where the temperature s t a r t s  
t o  be too high, and then the values can be extrapolated down t o  the 
required depth. 

l i m i t s  w i l l  be analysed i n  one o f  the next paragraphs; sudh resu l t s  
must, however, be in ter rupted w i th  caution and account must be kept 
o f  the mechanical behaviour o f  the formation. 

The o r ig ina l  s ta te  o f  stress i s  deeply modif ied near the wal ls  
o f  the w e l l .  Further var ia t ions are due t o  the s t a t i c  o r  dynamic 
pressur izat ion o f  the borehole (hydraul ic o r  explosive f rac tu r ing) ,  
o r  t o  the mass and heat f low ( i n j e c t i o n  and production). 

since i t  i s  general ly characterized by a po in t  d i s t r i b u t i o n  o f  the 

I n  par t i cu la r ,  dur in  i gn  and implementation stages, an 

s 

I n  engineering practice, the values and the d i rec t ions  o f  the 

i As regards Geothermy, attempts t o  make i n  s i t u  measurements 

I n  areas where high temperatures are not  involved, the exper i -  

The resu l t s  obtained through t h i s  technique together w i t h  i t s  

An analysis o f  the induced state o f  stress i s  ra ther  complex 
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pr inc ipa l  V a l  ues and o f  the p r i  nc i  pal d i  rect ions . Furthermore ,vari a t ions 
i n  thehydrostat ic  s t ressesexer tedby the f l u id in thepores  ( i .e .  a f t e r  
an explosion i n  the blasthole) ,or the f low t h a t  gives r i s e  t o  hydrodinam 
i c  act ions i n  correspondence to'the w a l l s  o f  the f ractures ( i  .e. a f t e r  in 
jec t ions  ,production o r  hydraul i c  f rac tu r ing)  ,modify the s ta te  o f  stress.  

Experimental resu l t s  have provided the possi b i  1 i ty t o  check the 
v a l i d i t y  o f  the law o f  e f f e c t i v e  stresses, as f a r  as rocks are con- 
cerned, by using the same expression which appl ies t o  s o f t  soils.The 
s ta te  o f  t o t a l  stress ac t ing  simultaneously w i th  the pore pressure 
P can be broken down i n t o  an e f f e c t i v e  s ta te  o f  stress and a hydro- 
seat ic  s ta te  o f  stress, and therefore, the fo l low ing  equation can be 
w r i t t e n  131 : 

2.2 Deformabi l i ty  and strength 

2.2.1 Deformabi l i ty  

The assumption general l y  made f o r  so lv ing ' rese rvo i r  engineer- 
ing" problems (i.e. t h a t  rocks are characterized by an iso t rop ic ,  
homogeneous, l i n e a r  and e l a s t i c  behaviour) i s  no t  t rue  i n  pract ice.  

Indeed, the mere presence o f  or iented microf issures causes the 
rock t o  show a decidedly anisotropic behaviour. Even f o r  the rocks 
consis t ing o f  minerals having a marked or ientat ion,  the anisot rop ic  
behaviour i s  p a r t i a l l y  t o  be a t t r i bu ted  t o  the l a t t e r ,  whereas the 
in f luence o f  the microf issures appears t o  prevai l .  

dent changes i n  the l i n e a r  behaviour (Fig.1) and i n  the e l a s t i c  be- 
haviour, and as the stress increases, the deformabi l i ty  tends towards 
t h a t  o f  the rock matr ix,  thus e n t a i l i n g  a ase i n  the anisot rop ic  
degree (Fig.2). 

When the rock matr ix  i s  assumed as b omogeneous and i so t ro -  
p i c  w i th in  the range o f  invest igated pressures, and neglect ing the 
i n f  1 uence o f  the temperature, the compressi b i  1 i ty o f  the rock mat r ix  
C,canbetakenasconstant.Thecompressibility o f t h e r o c k  Cb dependsnot 
on ly  on the overa l l  volume o f  the voids but a o on the form of the pores 
(Fig.3) 15,5,71 and i t  var ies w i th  the e f  t i v e  stress 18,9,101. 

can be noted both wi th  the d i rec t ion  and w i th  the level  o f  the 
appl ied s t ress 151 t h a t  can be ascribed t o  the c los ing  o f  the micro- 
f issures.  A t  low loads,for rocks such as grani te,  gneiss, quar tz i te ,  

The progressive c los ing o f  the microfractures br ings about ev i -  

I n  pa r t i cu la r  f o r  some types o f  rock ,a  va r ia t i on  o f  the Cb value 

U 
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(phyllites from the Larderello field) 

Major principal stress 61 (MI%) 

Secant Young Modulus versus the major principal stress 

16 

12 

8 

Major principal stress, GI , MPa 

Fig.2 - Tangent Young Modulus versus the major principal stress. At 
high stresses the deformability of the rock tends t o  be simi- 
lar to that of the rock matrix with ensuing decrease in the 
anisotropy degree I 4 I 
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c 
and marbles, values o f  the cb/cr ratio included between 7 and 3 were 
measured, whereas, by increasing the mean effective stress, such va- 
lues all  tend more or  less rapidly t o  one. 

ions upon the in i t i a t ion  of new fractures or on the extension of pre- , 

existing discontinuities or on the structure o f  the composing miner- 
als is changed, the causes are t o  be ascribed essentially t o  the type 
o f  rock involved and t o  the way i n  which the temperature variations 
are produced. 

i n  the values of the elastic characteristics and a variat ion of the 

If the extent o f  the effects caused by the temperature variat- 

Laboratory tests 1111 have pointed out  a progressive increase 

% (  TUFF 
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2 DYNAMIC 

3 SHOCK l ! ! 4 L  20 0 5 1 0  15 

0 
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Fig.5-Stress-strain curves lating to some samples of granite, basalt 
and tuff for uniaxial compression tests. Notice the variation 
in the mechanical behaviour of the rock materials (deformabili- 
ty and strength) when they are submitted to different load 
rates (static, dynamic, shock) I 14 I 
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st ress-st ra in  curves as the temperature s lowly increases (Fi9.4 
Also the temperature decrease (due t o  the i n jec t i ons  i n  geot 

mal wel ls)  br ings .about a .concentration o f  stresses caused by the  
d i f f e r e n t i a l  deformations o f  the minerals forming the rock and there- 
fore, a progressive decrease of the s t i f f ness  due t o  thermal cycles 
i s  t o  be expected. 

se w i t h  the load r a t e  depending upon the type o f  imposed stress and 
on the charac ter is t i cs  o f  the rock 112,131 . As regards problems r e  
l a ted  t o  explosive stimulations,some laboratory tes ts  'provide i,nte- . 
res t i ng  ind icat ions 1141 which compare the e l a s t i c  charac ter is t i c  o f  
the mater ia ls  w i th  s t a t i c  and dynamic loads and w i t h  shocks 

2.2.2 Strength 

As previously mentioned even the strength o f  rocks having b r i t t l e  
behaviour i s  a funct ion o f  the e f fec t i ve  stresses 1151 and'in general 
the strength values grow smaller is the f l u i d  pressure i n  the micro- 
f i ssures  increases. 

Generally the ax ia l  and transversal deforma 

Even though an adequate number o f  exper 
le ,  i t  may however be assumed t h a t  the 

pores does inf luence the strength o f  mater 
stresses produced by explosives. A greater 
zone and o f  the rad ia l  f ractures produced 
i s  therefore t o  be expected. 

The i n f  1 uence o f  temperature ' has been t 
theore t ica l  and experimental research and 
f o r  s t imulat ion treatments i n  o i l  wel ls  117,18 

decrease i n  the strength value re la ted  t o  the appl ied stress can be 
not iced (Fig.4), and general ly the behaviour o f  the mater ia l  deeply 

1 I tes ts  are no t .  avai- 

With the gradual increase o f  the temper 

erms o f  f a i l u r e ,  pas 

The e f f e c t  o f  temperature decreases on s t r  
out  t o  be the same as t h a t  n 
i n  t h i s  case rock f rac tu r ing  

i n  which the rock 
he strength values load r a t e  i s  
ha t  obtained by t h  

uced stresses in  the rock. 
es considerable var ia-  

n a blast-hole, 
a considerable strength increase i s  t o  be expected (Fig.5). 
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2.3. Flow . in continuous porous media 

I n  poor ly fractured rock masses having a b r i t t l e  behaviour and 
i n  fractured rock masses ( i n  t rans i to ry  f low condi t ions) , the motion 
o f  the f l u i d  i n  the matr ix which i s  v i r t u a l l y  made possible by the 
presence> of communicating microf issures and pores, becomes consider- 
ably important. 

The experimental re la t ionships t h a t  l i n k  the poros i ty  values t o  
the permeabil i ty values, as suggested by some authors 1191, cannot 
be applied on a general basis since permeabi l i ty  i s  a funct ion o f  
many other factors.  

Extensive laboratory invest igat ions have pointed out  t h a t  the 
pore s t ructure can condi t ion the d i s t r i b u t i o n  o f  the permeabi 1 i ty 
valuesl201. 

Variat ions i n  the e f f e c t i v e  s tate o f  stress o r  i n  the pore pres- 
sure o r  i n  the temperature, e n t a i l  changes i n  the poros i ty  values. 

Fig. 6 shows t h a t  poros i ty  decreases as the e f f e c t i v e  hydrosta- 
t i c  stresses. increase for some t yp i ca l  rocks o f  the Larderel l o  f i e l d .  

High temperature values cause an extension o f  the d iscont inu i ty  
network probably because o f  the d i f f e ren t i a l  d i l a t a t i o n  o f  the sol  i d  
matr ix  t h a t  brings about a concentration o f  stresses. 

For some types o f  rocks, as temperature increases i n i t i a l l y  
there i s  a decrease i n  the porosity, problably caused by the d i l a t a -  
t i o n  o f  the minerals forming the rock. Beyond a ce r ta in  temperature 
value, a t  which new f ractures are i n i t i a t e d  1121 , the poros i ty  gra- 
dual l y  increases. 

The increase o f  e f fec t i ve  stresses causes the c los ing o f  the 
microfissures and as a consequence a decrease i n  the permeabi l i ty  
values. The extent o f  such var ia t ions depends merely on the form and 
on the or ien ta t ion  o f  the pores-and microf issures w i th  respect t o  
the applied s tate o f  stress and i t  var ies as the l a t t e r  varies. 

For the case o f  some sedimentary rocks (Fig.7) t h a t  are homo- 
geneous, no t  f ractured and compact w i th  equidimensional pores, perme- 
a b i l i t y  general ly var ies only s l i g h t l y  w i th  the d i rec t i on  and w i th  
the i n t e n s i t y  of, the s tate o f  stress 1221. 

On the other hand f o r  f issured rocks having a. r i g i d  behaviour 
there i s  a considerable decrease of permeabi l i ty  as the e f f e c t i v e  
stress increases123 , 241 and qu i te  often an anisotropic f low develops. 

Fig.8 shows the resu l t s  o f  permeabi l i ty  t es ts  performed on 



125 

samples of phyllites, -recrystallized micaschists and gneiss in the 
Lardarell o reservoi r. I 

I 

i 
Fig. 9 shows the permeability values df the'four samples in 

Fig.8, obtained for different values of the effective hydrostatic 
stress versus the corresponding'differing porosity values. A first 
analysis has shoNn that the two parameters ppear to be correlated 
by an exponential law. 
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Fig.7 - Experimental trend of the permeability versus the imposed state 
of stress: 1) non-fractured sandstone (ko= 60 ma); 2) compact 
sandstone (ko = 25 md) ; 3) highly fractured sandstone 1221 
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Fig.8 - Experimental trendjf the permeability for specimens submit- 
ted to hydrosta3Cc effective stresses varying from 2 to 100 
MPa (Larderello field) 
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However , further data are required in order to make a final eva- 
luation as to the general validity of the law. 

viour,when they are hydrostatically stressed and by assuming that 
the permeabil i ty values depend exclusively on t acting mean effec- 
tive stress, Morgenstern 1261 suggested the fol1 ing empirical rela- 
tionship between the permeability and the mean effective stress: 

For rocks having a homogeneous and isotro hydraulic beha- 
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By p l o t t i n g  the permeabil ity values obtained f o r  the 'samples o f  
theLarderel lo reservoir  i n  a log-log diagram the curves shown i 
Fig. 10 are obtained. The trend i s  a t y p i c a l l y  curv i l inear  trend 
tha t  has been noticed also f o r  other types o f  rocks having microf is- 
sures and a b r i t t l e  behaviour[23,24,261 , and i t  points out t ha t  the 
values o f  the coef f ic ients  o f  the empirical re la t ionship depend also 
on the range o f  the imposed e f fec t i ve  stresses. 

Loading and unloading cycles emphasize the i r reve rs ib le  beha- 
v iour o f  the f low 127,281 and t h i s - i s  probably due t o  the i r reve rs i -  
b l e  c losing o f  a par t  o f  the microfissures present i n  the samples. 

For very high stress values i t  i s  possible t o  determine the 
propagation and the coalescence o f  the microfractures which are em- 
phasizedl12) by the rapid increase o f  the permeabil i ty values129,301. 

The dependency re la t ionship o f  permeabil i ty on temperature i s  
rather complex. There i s  an increase i n  the permeabil i ty w i th  the 
temperature probably because there i s  a progressive change i n  the 
s t ructura l  character ist ics o f  the rock. 

through var iat ions o f  the values o f  the physical parameters o f  the 
f l u i d  (v iscos i ty)  and o f  the s tate o f  stress. The degree o f  the 
inf luence i s  mostly determinated even i n  t h i s  case by the physical 
and mechanical character ist ics o f  the rock, by the character is t ics  
o f  the f lu id,  by the way'in which the temperature changes occur, and 
by the s tate o f  stress. 

For some cases the trend o f  the permeabil i ty values versus tem- 
perature (Fig.11) proved t o  be s imi la r  t o  tha t  previously described 
f o r  porosi ty 121,311. By heating the rock a t  the beginning, there 
appears t o  be a decrease i n  the permeabil ity values. Later, f o r  
higher temperature values permeabil ity increases more o r  less rapid- 
ly. This f a c t  can probably be ascribed t o  an i n i t i a l  c los ing o f  the 
microfissures due t o  the expansion o f  the minerals forming the rock; 
c r i t i c a l  stress values i n i t i a t e  new fractures o r  they propagate the 
ex is t ing ones thus causing an increase i n  permeabil ity. 

Hot and cold cycles have pointed out a hysteresis i n  the permea- 
b i l i t y  values (Fig.11). This can probably be a t t r ibu ted  t o  the propa- 
gation o f  the microfractures produced by the temperature increase 
and by the contraction o f  the rock minerals causing a var ia t ion  i n  
the s tate o f  stress and the - i n i t i a t i o n  o f  new microfissures. 

i n  s i t u  because a l l  the var io  e f fec ts  tha t  have been a 

The temperature var ia t ion  a f fec ts  permeabil i ty even i n d i r e c t l y  

A l l  the aspects tha t  hav een i l l u s t r a t e d  are made more complex 
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Fig.12-Permeability variation versus the uniaxial state of stress and 
the temperature variations. The typical trend is caused by the 
initial closing of the microfractures and the increase in po- 
rosity brought about by the induced stresses 1211 
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Fig.11-Permeability variation for growing temperature values and for 
cooling. Notice the typical trend of the heating curve which 
is similar to that of porosity versus temperature and the in- 
crease in porosity caused in the samples by the thermal 
stress 1261 
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rately obviously overlap. 

of the pressure perature variations. The curves prove t h a t  i t  
i s  not possibl ect the phenomenon univocally. Indeed, i n  some 
cases, temperature -appears t o  play a marginal role as compared w i t h  
the imposed stress, i n  other cases thermal stresses have a greater 
influence. T h i s  difference is probably due t o  the differen 
rock and t o  the type o f  imposed stress. 

2.2. Mass flow i n  fractured rocks 

As an example, Fig.  1'2 shows the effects on-permeability both 

In most geothermal wells the flow under standard conditions 

rock mass and of  t 

Experience has shown t h a t  i n  geothermal fields conditions of flow 
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Table 2 - Italian Geothermal Reservoirs 
FIELDS RESERVOIR FORMATION 

Larderel 1 o 
Travale ” 

Monte Amiata 
Piancastagnaio . I1 

Torre Alfina Limestone 
Latera 
Cesano 
Lago Patria Tuffs 

Quartzites , Phyll 9 tes 
I1 II 

II I1 

I1 

I1 ’ 

0 

anisotropy, d 
characteristics o$ the fractures (spacing, opening, s t  
to their orientation and distribution, to the extent to which they 
are filledas brought about by the settling of salts, to the state. of 
stress. 

A typical example 1321 of dishomogeneous distribution of the flow 
is found in the Larderello reservoir that represents a reliable means 
for exploring the details of this problem due to the high number of 
wells that have been driven. 

ation of the fractures, that are mainly sub-vertical, plays an import- 
ant role. In the upper part of the reservoir, these fractures are 
partially closed due to the settling of salts, and besides, intense 
recrystallization occurs due to the high temperatures. Furthermore, 
in these reservoirs the inter-section of a high number of discontinui- 
ties and their dihomogeneous filling originates canals where the flow 
runs; these canals could even have led to surface manifestations (vol -  
canic chimneys). 

In order to 
reservoir engineering problems, the rock mass can be schematized as 
a porous and continuous medium having an anisotropic permeability 
with,on average, the same characteristics as the real rock mass 1331 

In this manner, the value’of the average rate can be defined for 
each point and the proportionality relationship between the velocity 
vector and the potential gradient vector is defined by means of a 
symmetric matrix of the permeability 131 I. 

If the objective is that of studying the surrounding of a well in- 
side a reservoir (for example when the well crosses an important dish 

omogeneity may be found, according t 

Another example is the Cesano Reservoir (Fig. 13) where the orient- 

theoretically analyse in a straightforward way the 

C;T. 
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, .  

continuity surface or when dealing with. stimulation problems), it is’ 
preferable to assume a perfectly. impermeable continuum crossed by 
several systems o f  joints that, more or less, intercommunicate, In 
this case,-the solution to the flow problems can be found by studying 
in detail, the motion of the fluid through such discontinuities. 

Experimental tests 1341 carried out on a rough natural fissure in 
a porphyry specimen in which the joints had different opening condi- 
tions, have pointed to a clear non-linear relationship between the 
flow-rate and the hydraulic gradient. For very low hydraulic gradients 

, 
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wells; 2)dry we 
telluric discontinuities; 5) gravity anomalies; 6)main region- 
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there i s  a progression towards a' non-1 inear  laminar condi t ion and 
f i n a l l y  t o  a turbulent  f l ow  (which i s  t yp i ca l  i n  the case o f  a f rac -  
t u re  crossed by a wel l ) .  On the basis o f  these resu l t s  a power law 
was proposed between the e f f e c t i v e  mean f low r a t e  o f  the j o i n t  and 
the opening "e" w i t h  an exponent t h a t  var ies according t o  the f low 
r a t e  : 

The exponent i s  2 f o r  a l i n e a r  laminar flow; 1.2 f o r  a f u l l y  
turbulent  flow, and i t  ranges between these two values f o r  the non- 
l i n e a r  laminar flow. 

hydro-dynamic act ions t h a t  change the ex i s t i ng  s ta te  o f  stress ins ide  
the rock mass. It must be borne i n  mind though, t h a t  the permeabil i -  
ty  ins ide the f rac tu re  depends on the s ta te  o f  stress, since var ia-  
t i ons  i n  the l a t t e r  cause more o r  less considerable var ia t ions  i n  the 
opening of the j o i n t s .  It i s  obvious t h a t  the water f low problems 
and of the induced state of stress cannot be solved separately since 
they mutual ly inf luence each other, even i n  a ra ther  considerable 
manner a t  times. Since permeabi l i ty  var ia t ions  are l inked t o  va r ia t -  
t i ons  i n  the j o i n t  openings, i t  i s  i n te res t i ng  t o  take i n t o  consider- 
a t i o n  the deformabi l i ty  o f  the j o i n t s ,  together w i t h  the s ta te  o f  
stress. 

caceous sch is t  o r  on sandstone samples, have pointed ou t  t h a t  the 
f low through the. f ractures decreases as the normal e f f e c t i v e  s t ress 
value increases on the j o i n t  w i t h  a decidedly non-l inear trend. This 
decrease i s  very rap id  and i t  i s  i r r e v e r s i b l e  already dur ing the 
f i r s t  loading and unloading cycles, even a t  low e f f e c t i v e  stress 
values. The r a t e  a t  which the permeabi l i ty  decreases i s  l inked t o  
the opening o f  the f ractures.  For closed f ractures there i s  a rap id  
decrease a t  the low e f f e c t i v e  stress values, whereas as the s t ress 
increases, the permeabil i ty value remains constant. For f rac tu res  
having a la rger  opening, the constant permeabi l i ty  value i s  reached 
a t  higher imposed e f f e c t i v e  stress values. Permeabil i ty does no t  mark- 
ed ly  vary w i t h  pa ra l l e l  stresses a t  the j o i n t s  whereas, i t  decreases 
considerably and i r r e v e r s i b l y  w i t h  the shear stresses due t o  d i l a t a -  
t i o n  t h a t  occurs close t o  the l i m i t  s t rength condi t ions o f  the j o i n t .  

Theoretical analyses show t h a t  the permeabi 1 i ty o f  the j o i n t s  
var ies markedly w i th  the temperature 1351 It must be noted t h a t  pro- 
bably most o f  the permeabi l i ty  var ia t ions must be a t t r i b u t e d  t o  the 

Water f low ins ide ' the  f ractures,  as not iced previously, leads t o  

Laboratory tes ts  1271 ,carr ied out  on large-size samples o f  m i -  
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var ia t ions i n  the state of: stress induced by temperature var iat ions.  

i ng  'an evaluation o f  the hydraulic character is t ics  o f  f ractures on 
the basis o f  resu l ts  provided by the permeabil i ty -tests conducted on 
rock samples because, t h i s  evaluation can d i f f e r  from tha t  in fe r red  
on the basis o f  the i n  s i t u  measurements. This di f ference i s  greater 
the higher the f racture control on the f low inside the reservoir  (as 
general ly occurs i n  I t a l i a n  reservoirs). 

simulations o f  the pressure conditions o f  the f l u i d  and o f  the s tate 
o f  stress (when studying the permeabil ity) I t  i s  very d i f f i c u l t  t o  
obtain a meaningf 
smal 1 samples. 

t y  and s tate o f  stress are mutually interdependent. For the resero i rs  
where permeabil i ty depends almost exclusively on fractures, the de- 
crease i n  the production o f  the wel ls i s  t o  be a t t r ibu ted  t o  a decrease 
i n  the pressure o f  the f l u i d  (increase o f  the e f fec t i ve  stress). Con- 
versely, i n  the reservoirs where matrix permeabil ity prevai ls,  the 
effect ive stress appears t o  have less inf luence on the l a t t e r .  

The curves obtained f o r  production and in jec t i on  tests  do not 
d i f f e r  much f o r  the reservoirs where matrix permeabi 1 i ty prevai 1 s , 
whereas i t  was pointed out t ha t  the i n jec t i on  ra te  i s  much higher than 
the output ra te  f o r  reservoirs where permeabil ity i s  due t o  f ractures.  
Increasing flow values during production lead t o  an increase i n  
the e f fec t i ve  stress tha t  tends t o  close the fractures. Whereas, f o r  
the case of in ject ions,  as the f low ra te  increases the e f fec t i ve  
stress tha t  acts on the wal ls o f  the fractures decreases. 

It must be borne i n  mind tha t  much caution i s  necessary when mak- 

Indeed, while *it i s  possible t o  make s u f f i c i e n t l y  good laboratory 

esenta ti on he fractured medium by us in 

Observations made i n  some f i e l d s  i rm the fact  t ha t  permeabili- 

3 - HYDRAULIC FRACTURING 

As known t h i s  technique consists i n  using a f l u i d  t o  pressurize a 
hole section iso la ted by packers i n  order t o  lead t o  the f a i l u r e  

o f  the wal ls o f . the hole and t o  a propagation o f  the f racture.  The . 
f racture c lea r l y  en ta i l s  an increase i n  permeabil i ty due. t o  a decrease 
i n  the e f fec t i ve  stresses. 

By analysing the resul 
sandstones and dolomites (Fig. 14) 12 essure curves 
are characterized by three more o r  less w e l l  defined curve port ions 
depending on the permeabil ity character ist ics,  on the v iscos i ty  o f  
the f l u i d  used,and on the i n jec t i on  conditions. The OA i n te rva l  repre- 
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sents the in i t ia l  pressurization of the hole; AB corresponds t o  the - 

opening of some fractures i n  the pressurized part of the hole which 
have a favourable orientation; BC corresponds to  the propagation of 
the preferenti a1 fracture . 
formations are involved (since the f l u i d  can be injected and i t  is  . 
not possible to  induce considerable permeability variations i n  the 
rock mass) and for formations having an impermeable matrix and scarce 
structural discontinuities and therefore, the flow is confined to  the 
fracture . 
the permeability of the reservoir versus the effective stresses both 
dur ing  the extraction of the f l u i d  (already discussed previously), and 
duringl'hydraulic fracturing" (Fig.15). Figure 15 points out t h a t  i n  

The curves show a marked lineartrend both when very permeable 

I t  is possible to make global analyses 1221 of the evolution of 

Fig.14-Hydraulic stimulation in reservoirs having different structural 
characteristics: 1)permeable sandstone(50-100 md); 2)medium 
permeability sandstone having slightly permeable fractures 
(10-50 md); 3) low permeability sandstone (10 md) having very 
permeable fractures; 4) dolomite reservoirs having very low 
permeability (<Clmd)- where a hydraulic fracturing treatment 
does not cause considerable effects 1221 -, 
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fractured reservoirs permeability depends gr 
ive stresses, both during the hydraulic frac 
production I 22 I 

, permeability reservoirs. It' must be pointed -out that in highly 
ly on the effect- 
ing and during 
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3. I Fracturing pressure 

The induced state o f  stress 
the f a i l u r e  phenomena have been deal t  w i th  by many authors I 
The ef fect  o f  the penetration o the pressurization f l u i d  i n  
rock has also been recent ly the b jec t  of invest igat ion 1381 by 
ing tha t  the rock i s  porous (wi th  f l u i d  i n  the pores a t  pressure Po), 
homogeneous and isot rop ic  and tha t  i t  has a l i n e a r l y  e l a s t i c  b r i t t l e  
behaviour. The f low o f  the f l u i d  caused by the pressurization 
o f  the hole a t  the pressure Pw fol lows Darcy's law. 

defined by a maximum o r  minimum pr inc ipa l  stress (os), i t s  d i rec t ion  
coinciding w i th  the axis o f  the w e l l ,  and by other two pr inc ipa l  
stresses having direct ions tha t  are orthogonal t o  ( T ~  and having such 
values tha t  C J H ~  > U H ~ .  

The or ig ina l  state o f  stress undergoes changes around the hole be- 
cause o f  the d r i l l i n g  o f  the well, the e f fec t  o f  pressurization and 
the temperature variat ions. For the excavation o f  the well ,  the o r i -  
g inal  stresses are red is t r ibuted according t o  Kirsch's relat ionships 
1401 . The state o f  stress induced by pressurization i s  a r e s u l t  o f  
the stresses deforming the rock around the hole i n  the assumption 
tha t  there i s  no flow, and o f  those tha t  are determined by the f low 
o f  the f ractur ing f l u i d  i n  the rock mass. The former are s imi la r  t o  
those represented by Lame's equations 1401 and are v a l i d  f o r  a hollow 
thick-walled cyl inder stressed by an in ternal  pressure Pw and by an 
external pressure Po tha t  ac t  a t  a cer ta in  distance. The l a t t e r  can 
be obtained f o r  an axi-symmetric f low and i f  a uniformly permeable 
formation i s  assumed,in qu i te  a s imi la r  way t o  the stresses induced by the 
heat f low through the wal ls o f  a hollow thick-walled cy l inder  1411. 
F ina l ly ,  the induced state o f  stress around the hole by temperature 
variat ions, can be in fe r red  by assuming a symmetric d i s t r i b u t i o n  o f  
the temperatures w i th  respect t o  the axes and i t  i s  independent from 
the depth 140, 421 . 

By overlapping a l l  o f  these effects; .the fo l lowing relat ionships 
are obtained tha t  give the e f fec t i ve  rad ia l ,  tangential and ax ia l  
stresses t o  the wal ls o f  the wel l  : 

und the well  and the analysis of 

The induced stresses were wr i t ten  f o r  an o r ig ina l  s ta te o f  stress 

u' = 0 (4) 

( 5 )  
1 - 2 ~  BEAT 

V 

0' (1-2cos20)+a' ~1+2cos20)-p (2 )+ - Hi H2 w -1-v 1-.v 
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1 - 2 ~  BEAT a' = a' - 2v (a; -a1  )cos28 - p,(l-a-) + z v I H2 1 - V  

I n  these re la t i onsh ips  the overpressure t h a t  determines the f l o w  
i s  provided by: 

(7) ' 

s t  cases takes on values 
keeps account o f  the mechani- 

. .  

e rock i n  r e l a t i o n  t o  the f l ow  18,41,421. It i s ,  

a = 1 -  - (8) 
C r  

cb 

and i t  can be determined by 
, On the basis o f  the foregoing i t  can be stated 

bout a c l e a r l y  non-l inear behavio 
he a values f o r  the most common r 

whereas, as th,? e f f e c t i v e  stresses increase, a tends t o  values rang- 
i n g  between 0.04 and 0.06. 

The re la t i onsh ips  p o i n t  ou t  t h a t  as overpressures Pw increase, 
t he  a x i a l  and tangent ia l  stresses tend t o  become t e n s i l e  stresses. 
The minimum value o f  a pressure necessary f o r  inducing t e n s i l e  stress- 
es along the wal ls  o f  the wel l  i s  obtained when 8 = 0 and so the r e -  
l a t i onsh ips  are as follows: 

a' = 3a;* - a' - P, (2 ( 9 )  

"L = a' V - 2v(a'  HI - UA2> 
e HI 

(10) 

So, one might conclude t h a t  i f ,  as o f t e n  occ 
i s  the maximum p r i n c i p a l  stress or,  i f  i t  i s  the minimum p r i n c i p a l  
stress, b u t  t he  d i f f e rence  (a;I, - a' ) i s  n o t  very high, a v e r t i c a l  
f r a c t u r e  w i l l  be induced along the 

The l i m i t  value o f  the pressure a t  which f a i l u r e  occurs i s  ex- 
pressed by the fo l l ow ing  r e l a t i o  

H2 w a l l  o f  the wel l .  

a + 3a' - 0' BEAT / ( V - V )  
t H2 HI 

(11) 
I 

C 

*w 2 - a (1 - 2 v /  I - v )  
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where 
nator general l y  ranges between the 1 i m i  t s  : 

'if thew and a values are as previously indicated, the denomi- 

1 - 2v 
1 - v  - 1.3 5 2 -  a- < 1.9 

and f o r  the same rock i t  varies as the pressure varies. The lower 
l i m i t  can be applied f o r  impermeable rocks, whereas the upper l i m i t  
can be applied f o r  permeable rocks. 

pressures, as determined by the in jected f l u i d ,  does'not inf luence 
the s tate o f  stress i n  correspondence t o  the wal ls o f  the wel l  , and 
therefore i t ' does  not a f f e c t  the value o f  the f rac tu r ing  pressure. 
Vice versa, the experimental resu l ts  (Fig.16) obtained i n  the labora- 
to ry  144,451 and i n  s i t u  1461, have pointed out  t ha t  the strength va- 
lues obtained by cont ro l l ing  the ra te  o f  pressurization, are d i f f e r -  
ent  from those obtained by cont ro l l ing  the value o f  the flow. tlhereas, 
by means of the l a t t e r  procedure, the increment ra te  o f  the load does 
not affect the strength,in the former case the strength increases as 

Relatfonship'(11) points out t ha t  the d i s t r i bu t i on  law o f  the 

, 

Pressurization rate ( MPa /s 1 
Fig.16-Hydraulic fracturing: influence of the pressurization rate on 

the strength of the rock samples 1441 
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b 

might expect. Thi 
robabi 1 i ty  o f  f a i  1 ure 

s t  probably be a t t r i -  
r r i n g  as the rock 

volume increases around the 'pressurized hole in terva l .  Indeed, expe 
r imental meas 
diameter o f  t 

Laboratory r 
the value o f  the 
pressure d i f f e r s  considerably' from the 
pression (11). I n  par t icu lar ,  f o r  i n c r  
o f  pb tend t o  de 
tained f o r  permeable rocks 
trend could correspond t o  

ments have shown tha t  strength decreases even as the 

i ning hor izontal  

ginning, the denominator of the re la t ionship assumes a value tha t  i s  
close t o  one when the load values are zero, whereas, i t  tends t o  the 
typ ica l  maximum l i m i t  o f  scarcely permeable rocks as the stresses in- 
crease. 

The experimental analysis has pointed out  t ha t  anisotropy. has a 
high inf luence 1481 on the pfi values. Under the same conf in ing stresses 
where'a, > uH and ndependently from the a, /'aH ra t i o ,  the p i  va- 
lues are higher when the i n jec t i on  hole i s  orthogonal t o  the schisto- 
s i t y  planes and i t  gradually decreases down t o  the minimum value when 
schis tos i ty  i s  para l le l  t o  the axis o f  the well. 

I f  the hole i s  crossed by jo in ts ,  the values o f  the breakdown 
pressures can prove t o  be independent from the t e n s i l e  strength o f  
the rock crtJhisindependence i s  a funct ion o f  the  geometrical and 
hydraul ic character is t ics  o f  * the fracture, o f  the s tate o f  stress and 
o f  the pressurization methods, as already described. According t o  the 
foregoing paragraph,in these cases, the f l u i d  r e l y  flows through 
pre-exist ing fractures, and i t  enlarges them. 

A typ ica l  example i s  provided by Fig. 17, i c h  re la tes t o  an ac i -  
d i f y i n g  process carr ied out i n - t h e  Torre A l f l na  Reservoir 1491. It 
can be noticed tha t  du pressure increases 

he flow ( i n  order f about 16 MPa, a 
the pressure i n -  
onstant flow; the 

c ien t  t o . ra i se  the 
n though the f low maximum values b 
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i s  maintained around this value, there i s  a corresponding pro 
and irregular decrease of the pressure. The latter pressure decrease 
is probably related t o  t h  increase measu 
annulus between the casin r i l l  pipes, d e t  
tension of the rock volume,involved i n  the fractur ing treatment, In- 
deed, i t  i s  quite probable t h a t  treatment has also af ted the walls 
of the open hole beyond the packers. 

The volume of the rock mass affected by the fracturing processes' 
increases during the second phase of the stimulation treatment. In 
fact ,  from the very f i r s t  instant, the pressure. i n  the annulus i n -  
creases regularly wi th  t h  low. Subsequently, w i t h  a considerable 
flow increase the annulus essure decreases down t o  value 
zero and this seems t o  indicate t h a t  the open hole i s  con 
a wider zone o f  the rock mass. 

U? 
3m 
9 

In !?  
! 

200 

20 
Pw 

MPa) 

10 

0 

Fig.17 -Hydraulic stimulation at the Torre Alfina well: a) flow versus 
rized interval measured at well time; b) pressure in the pre 

head versus tim 
rsus time. The three diagrams relate to the phas 

m3 of water solution containing a 
4% HC1; 2) inj of 40 m3 of the wa 

jections of 12 m3 
solution containing 
water each 



143 

a wider zone of the rock mass. 

pressure i s  noticed inside the open hole. 

because of the inevitable irregularities tha t  are present i n  the walls 
of theppressurized interval 1461. The probabili ty o f  obta in ing  hori- 
zontal fractures increases when one of ,the ends of the pressurized 
interval i s  the bottom of t 
tures are helped by the concentration of'stresses linked t o  the geo- 
metry of the well bottom. S 
can be initiated near r i g i d  
tical tensi 1 e stresses I 37 I 
the tangential stresses, whereas, the u t i1  ization of rubber  packers 
maintains higher tangential stress values tha  
the entire length of the pressurized interval 

Fractures having an anomalous directi 
be expected on the basis of the foregoing 
should generally deviate a t  a distance.from t h  
down t o  the vertical direction. In particular 
a pre-existing fracture were t o  cross the well 
theory based on the concepts "Fracture Mechanics", f o r  a non hydro- 
static principal state of s t r  , the propagation o f  a fracture i n -  
si.de a medium having a linear elastic behaviour follows a route i n  
which the deformation energy density assumes nimum value. There- 
fore as i t  lengthens, the pre-existing fractu ends t o  assume an 
orientation t h a t  i s  perpendi a r  t o  the mini principal stress 
1501. I t  m u s t  be pointed out  a t  the state o ress induced around 
the edges of the fractures produces a concentration o f  stresses t h a t  
aim a t  plasticizing a par t  of the rock. Furthermore, the fractures 
t h a t  are present at a distance from the having appropriate geo- 
metric characteristics c 
fracture (Fig.18), t h a t  

not be predicted. 
alculation me 

e l l .  In this case the horizontal frac- 

arly,  horizontal or inclined fractures 
kers due t o  the h i g h  value of the ver- 
ch is clearly greater t h a n  t h a t  of 

e vertical ones along 

mpared w i t h  those t o  
r ideal material, 
1s of the hole, 
e case i n  which 
rding t o  the 

iate the propagating 
me a configuration tha t  virtual- 

the fractures induced re a l l  based on the 
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assumption that the rock is homogeneous, isotropic and characterized I 

by an elastic behaviour. 
Two fundamental calculation techniques were developed: one keeps 

account of the mechanical characteristics o f  the rock that is assumed 
to be impermeable 1511 , the other method keeps account o f  the flow 
through the walls 1521, An overall analysis of the various methods 
allows an evaluation o f  the geometrical parameters o f  the frac 
as the various fundamental parameters involved vary 15 

According to such theories, an induced vertical fr 
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Fig.18-Hydraulic stimulation at the Torre Alfina well. The Figure 
points out the height of the formation near the well involved 
in the stimulatio 
ing fractures 

1 .  

d the opening and connection of pre-exist- 
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tical models that do not keep account of the actual'geological and ' 

state of stress. 

sive and by the decoupling. 
The maximum extension of the crushed zone and of the radial crack- 

ing zone that can be obtained in homogeneous and isotropic rock masses 
can be calculated by 1541 : 

sp heri ca 1 $cr = A2 w v 3  (13) 
crushed zone 

cylindrical $cr = A3 Q ( 1 4 )  

spherical (br = 1.6 AI, W 'I3 (0 .48  Bca5+ 1) * 

zone cal .$r  = 2.5 A~ Q Q5 .32 B c a Q + l )  (16) 

The coefficie nd A, can be estimat on the basis of the 
relationship between the extension of the crushed zone versus the 
characteristic impedence of the rock (Fig.19). The coefficient A, and 
AS are respectively equal to 0.24 and 0.11 for rocks having the same 
characteristics as the Lithonia Granite and for an explosive having 
a mean detonation velocity. 

Relationships have been worked out 1551 on the basis of the re- 
sul ts obtained with nuclear explosives: 

'13 crushed zone = 0.20 w 
1. 

I ~ radial zone (br 52 W ''3 ( 1 8 )  - 

It must be pointed out that 'the coefficients are constant under 

1 
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the simplified assumption that the result of the explosion is inde- 
pendent from the mechanical characteristics of the rock mass. Further- 
more, i t  m u s t  be pointed out  that there is  only a sl ight difference 
between these coefficients and those obtained w i t h  the results of con- 
ventional explosions i n  spite of the fact  that the quantity used i s  
many orders of magnitude smaller than the nuclear explosives, 

basis of the experimental results provided by explosions of conven- 
tional spherical charges:However, the trend proposed, appears t o  
disagree w i t h  the physical and mechanical phenomena that govern the 
fracturing processes. With  reference t o  the maximum experimental va- 
lues,the coefficients of the relationships indicating the extension 
o f  the crushed zone are obtained: 

Figure 20 shows the empirical relationships proposed 1561 on the 

* @ LITHONIA GRANITE GNEISS 

A LIMESTONE 
@ SALT 

. .  
= 0.47 W v 3  

'cr 

I I 

1 0.20 0.20 r 

@Cr 
w0.33 

0.10 

0.05 

0.00 

( v r  (g/cm3xkm/s) 

Fig.19-Influence of the mechanical characteristics of the rock on the 
extension of the crushed zone. The analysis was carried out 
for spherical and cylindrical charges. The values shown repre- 
sent the average of the results obtained by using various 
types of explosive 1541 
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c 

( 20)  0, = 1.36 W ' I3 

As a comparison, Bc = 20 can be fixed and by using explosive hav- 
ing a high detonation velocity, the coefficient values o f  the relation- 
ships (13) and (15) are: 

$cr= 0.28 W1I3 (13') 

(15') 0, = 1.20 w '1. 

The experimental values of the crushed zone 1571 , relating to 
cylindrical explosive charges (length-diameter ratio equal to 2) 
appear to be well correlated to the quantity of explosive by a law 
of the bilinear type (Fig.21). This result appears to suggest the 
variability of the coefficients and of the exponents of the relation- 
ships used to evaluate the extension of the crushed zone. 

imposing that 
rical, the value of the coefficient is: 

By carrying out a correlation analysis of the linear type and by 
the geometry of the explosive charge must be sphe- 

(21) 4cr= 0 .24  W '13 

therefore, it is very close to that obtained for the nuclear charges. 

4.2 Influence o f  the diameter o f  the charge cavity 
So far, direct experimental measurements of the extension of the 

radial fractures, are rather scarce. Some indirect measurements made 
in the Lithonia Granite, relating to cylindrical charges, 1581 pro- 
vide the following relationship: 

(22) 

As a comparison, if the mean values of the coefficient A, and a 

Or = 0.37 Q '' 

@r = 1.0 Q **' (16') 

value of Bc = 20 are adopted, expression (16) will be as follows: 

On the basis o f  (16'), in wells having a 0.2 metre-diameter and 

The development of the radial cracks and 

I by assuming a charge density of 1.4 kg/dm3, the radial cracking zone 
would extend to a diameter o f  7 metres. 

the crushed zone in- 
creases linearly, the charges being the same, as the diameter of the 

I 

1 
G I  



hole increases. A calculat'ion example i s  given i n  Fig. 22 where (14) 
and (16') were used and a charge density o f  1.4 kg/dm3 and a mean 
value o f  coe f f i c ien t  AS were considered. This example suggests tha t  

material having prbpr i ate mec hani cal character- 
i b l e  t o  obtain a reater extens i o f  the crushed 

zone by means o f  a succession o f  explosions i n  t h  ame wel l  , each 
' 

u t i l i z i n g  the crushed zone o f  the previous explosion as charge cavi ty.  
The upper l i m i t  o f  the extension i s  obviously conditioned by the tech- 
n ica l  problems involved i n  removing the rubble tha t  obstructs the new 
charge cavi ty.  

Figs. 23, 24 and 25 w an example o f  the size o f  the new volumes 
cav i t ies.  The calc 

used and ihe  charges were's 
The d i f f e r e n t  i n f  1 uence 

explosive on the extension o f  the crushed fone em 
deed, while i n  the s a l t  and limestone the extension o f  the'crushed 
zone does not depend on the type o f  explosive used, i n  grani te l the 
l a t t e r  i s  c r i t i c a l  1541 . However, as t o  granite, t h i s  dependence 
tends t o  decrease i n  the explosions fol lowing the f i r s t  one; t h i s  
might probably be due t o  the drop i n  the peak and residual values 
o f  the mechanical character ist ics o f  the medium, a t  the rad ia l  crack- 
i ng  zone. 

As a pcel imfnary i n d i  
carr ted out ' in the.same r 
character is t ics  and decou 
show tha t  the extension o 
type of explosive used i 

Expression (16) provides an evaluation o f  the extension o f  the 
rad ia l  cracking brought about by a succession of explosions i n  the 
same hole, but the volume o f  the charge 
ly. Under the assumptio hat the sequen 
i n i t i a t e  new fractures 
by the previous explosions, expressjon (16) w i l  

out  t ha t  the tes ts  
61 1 wi th  explosives. having .d i f fe ren t  

up l ing i s  kept greater than one (Fig.26). 

varying between 1.2 and 1;26, seem t o  
crushed zone i s  independent from the 

i ty increases progressive- 
o f  explosions does not 

mere?y propagates the ex is t ing  ones induced 
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Fig.22-Extension of the crushed zone (curve 3) and of the radial 
cracks (curve 2) in the rock mass which is similar to the Li- 
thonia Granite, versus the diam. of the hole. The values are 
based on explosions where decoupling was equal to 1. Curve 1 
provides the extension of the radial fractures in the presence 
of discontinuities. 

Fig. 23 - 

1 

Corre la t i 
zone and 
based on 

8 SG-30 ( 4 l k r n / s l  * AD-20 (4 Okrn/sl 

of the crushed 
the quantity of explosive. The values analysed are 
multiple successive explosions performed in the same 

blasthole. As regards the first explosions the marked influence 
of the type of explosive on the extension of the crushed zone 
must be noticed. This influence appears to decrease for the 
explosions following the first one 1601 I L 



151 

i 

1000 

500 

roo 

?; 50 

% 
L 

s!! 10 

5 

1 

e TNT (1.6km/s 

0.1 0.5 10 5.0 10 W (kgl 50 100 

Fig.24-Correlation analysis between the extension of the crushed zone 
and the quantity of explosive. The values are based on multiple 
successive explosions performed in the same borehole. In this 

ntity of explosive 
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in.granite rocks and limestone I 6 2  1 is shown in Fig. 27 versus the 
number N of explosions. The lengthening of radial fractures in the 
granite is greater than In the limestone due t o  the larger vdlumes 
of the charge cavity that can be obtained through the sequence of ex- 
plosions. In the range of,examined values of N, the propagation that 
can be obtained in the granite is about: 

/ 9, = 5 

whereas for the limestone it is: 
( 2 4 )  

A different method that can help develop radial fractures and 
guarantee the connection between the radial cracking systems 163, 64, 
65, 661 is based on the phenomena related to the superimposition o f  
the stress waves induced in the medium by a number of simultaneous 
or nearly simultaneous explosions. 

4.3 Influence of natural discontinuities on the propagation of 
radial cracks 

The presence of natural discontinuities that cross the rock mass, 
and more generally, the dishomogeneity of the elastic characteristics 
of the medium influence the transmission of the stress wave induced 
in the rock mass by the explosion. The way in which the discontinui- 
ties influence the trasnmission of the stress wave is governed by 
the following relationship that relates the stresses to the elastic 
characteristics of the medium and by the continuity equation. This 
relationship applies to plane waves: 

‘T u + OR I 

For the most interesting case in terms of radial crack extension, 
in which ( P V r ) 2  is smaller than (m,)l(presence of fractures with or 
without fluid, or in two media where the modulus of elasticity E, is 
smaller than El), UT is smaller thanqand therefore for aaIof com- 
pression, a reflection stress wave in medium 1 is obtained. 

The reflection processes are furthermore conditioned, for the 
case of joints, by the characteristics of the fluid that fills them 6 I 

1 
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~ on explosions performed~with different types of explosive and 
with decoupling between 1,2 and 1.26. The analysis of the re- 

,be independent from the explosive used 

zone produced by each previous explosion 
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and by those of the joints themselves. 
The reflection stress wave can therefore bring about a further 

fracturing in the rock mass along the edges of the natural disconti- 
nuities; furthermore, since the reflection wave changes again the 
state of stress around the blasthole, it can further propagate the 
radial cracks in the direction o f  the joint. 

extension of the radial fractures (curve 1 in Fig.22) can be obtained 
through the following relationship which has been worked out from the 
one used for surface blasting: 

An evaluation I l l  I of the influence of the joints on the maximum 

(d)= 3-28 Q (27) @r 

The presence of structural discontinuities in the rock mass i s  
not always favourable to the propagation of the cracks. Indeed, if 
the total reflection of the radial component o f  the stress wave as 
tensile stress can be obtained, radial cracks can develop as indicat- 
ed in Fig. 28. 

The suggested trend points out that at "d" distances, between the 
blasthole and the discontinuities, that are smaller than the maximum 
radial extension o f  the cracks that can be obtained in a homogenous 
rock medium, the development of the fractures would be interrupted 
by the discontinuities. As the distance increases, the cracks propa- 
gate to a maximum value that can be approximately calculated by 
means of expression (27). For greater distances, the influence of the 
discontinuities decreases rapidly down to values where they are in- 
effective . 
4.4 Permeability induced by the explosion 

Experimental measurements have, only very seldom, been made of 

The qualitative trend of the permeability induced by the explosion 
the permeability induced in the rock mass by explosions. 

of cylindrical charges in a homogenqus rock mass i s  illustrated in 
Fig. 29. The diagram points out that induced permeability is lower in 
the crushed zone than at the beginning of the radial fractured zone 
where it reaches its maximum value. In that latter zone it decreases 
gradually until it reaches the permeability values of the rock mass 
166, 68, 691. 

pressed as a function of the distance from the axis of the blasthole 
The loss of permeability in the radial fracturing zone can be ex- 
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\ 

by the fo l lowing re la t ionship 1681 : 
-4 

k a d  (28) 

An increase i n  permeabil ity around the explosion cav i t y  could be 
obtained by decreasing the extension o f  the crushed zone. 

For rocks having a high character ist ic.  impedence i t  i s  possible 
t o  reduce the extension o f  the crushed zone by using low detonation- 
ra te  explosives 1541 ; they do however, a lso produce a smaller rad ia l  
cracking zone. I n  rocks having a less r i g i d  behaviour, the extension 
o f  the crushed zone does not appear t o  be influenced by the type o f  
explosive used 1541. 

I f  decoupling greater than one i s  used a t  a f i r s t  approach, i t  
car) be stated tha t  the development o f  the crushed zone does not  appear 
t o  be influenced by the explosive used (Fig.. 26) even i n  rocks having 
a high character is t ic  impedence. On the contrary, the stresses induc- 
ed i n  the medium scaled by the extension o f  the crushed z 
wi th  the explosive used. A deta i led and complete analysis appears t o  
be very complex f o r  the time being. It can, however, be pointed out 
t ha t  the l i m i t s  o f  the crushed zone are usual ly calculated by assum- 
i ng  tha t  the induced dynamic stresses are equal t o  the dynamic 
strength o f  the medium, On the other hand it has already 
sized tha t  the strength varies considerably w i th  the load 
5) and therefore also w i th  the type o f  explosive and w i th  the detona- 
t i o n  veloci ty.  An analysis o f  the f i a l u r e  phenomena t h a t  also keeps 
account o f  t h i s  dependence (between load r a t e  and strength) could 
lead t o  a more correct  in terpretat ion o f  the experimental data. From 
t h i s  standpoint, i t  would also be necessary t o  analyse the inf luence 
o f  the various energies introduced i n t o  the medium by the explosives 
and by the explosion geometry on the extension o f  the rad ia l  cracks 
tha t  lead t o  an ident ica l  development o f  the crushed zone. 

5 - CONCLUSIONS 

The analysis of the various parameters and o f  the laws tha t  govern 
the mechanical and hydraul ic behaviour o f  a geothermal reservo i r  i n  re-  
l a t i o n  t o  the mass f low and heat f low problems and t o  st imulat ion pro- 
cesses, po int  out the complex implications tha t  are involved when 
planning st imulat ion treatments and when dealing w i th  the resu l t s  ob- 
tained. . 

The models de ed so f a r  appear t o  be inadequate a t  large, 
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a1 ly for Ita1 ian geothermal 
urally complex. Such drawbac 

servoirs that, in most cases, are. 
come by introducing 
er o f  parameters keep- 

xities o f  the reservoirs. This must be match- 
into the mathematical model used, a greater 
ing account of the co 
ed with more thor extensive theoretical and experimental re- 
search providing greater understanding of the events that are involved 
in the stimulation processes and that make the interpretation o f  the 

ned more relia 
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NOPIENCLATURE 
A, = constants 
BC = blastability coefficient ufd 

Cr atrix compressi b 
d ce blasthole-di inuity , distance ' 

1 k compressi bi 1 i ty 

ESec = Young Modulus (secant) 
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= Young Modulus (tangent) 
= opening fissure 
= depth 
= permeabi 1 i ty  
= ini t ia l  permeability 
= exponents 
= number of explosions i n  the same hole 
= porosity 
= in i t ia l  porosity 
= in i t ia l  pore f l u i d  pressure 
= borehole pressure 
= Ph - Po cr i t ical  borehole (break down) pressure 
= explosive quantity contained i n  a 1 metre lenght of the hole 
= flow rate 
= +(r,  cr)/+c 
= time 
= temperature 
= crushed zone volume 
= seismic velocity 
= detonation velocity 
= explosive quantity 
= 1 - cr/cb porous - elastic parameter of the rock 
= 1 inear thermal expansion coefficient 
= charge density 
= axial strain 
= strain rate 
= crushed zone diameter 
= radial fracturing zone diameter 
= radial fracturing zone i n  a medium by structural discon- 

= radial fracturing zone diameter induced by a sequence of 
tinui t i e s  

explosions i n  the same hole 
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V 

QC 
Qh hole diameter 
Pr = rock density 

Pr 

= equivalent diameter of TN 

= mean density of the overlying rock massif 

= transmitted stress wa 

= minor principal stress (confiqjng) 




