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" FRACTURING TECHNIQUES AND SOME
- APPLICATIONS IN ITALY

P.BERRY ! C.CATALDI 2  E.M.DANTINI !

ABSTRACT

Problems connected to sttmulatzon processes are analysed as cri-
tical parameters that ‘must be taken into account from the research
stage through to epoOttatzon.

Such an approach is of. prime tmportance for the optzmwzatzon of
the project,: for achieving more efficient results during the imple-
mentation stage, and finally, for making the best choice of the sti-
mulation technique to be adopted.

The relationship between.the stzmulatton treatments and the geo-
structural and geomechanical characteristics of. the reservoir have
been analysed also in the light of some recent experiences in Italy.

1 - INTRODUCTION

For many years now the 011 Industry has been implementing‘fech-
nological operations (stimulation processes) that make it possible

to intensify production and to contro] 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.
A-statistical analysis |1| correlating the design data with the

results obtained through stimulation can provide the means for a
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better choice of the method, of the relevant parameters, and further-
more, it can offer a more accurate: forecast of the results that can
be obtained through stimulation.

The analysis of problems related to the 1nvestigation and ex-
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 de51gn-related problems. ' ‘

Indeed, each stimulation generally produces a deep variation in
the mechanical and hydraulic characteristics of the surrounding.rock ..
mass following an input of energy. either in static or in dynamic con- N
ditions. . :

Such processes are however, initially conditioned by the geome- s
try of . the .hole and by the characteristics of the formation. U

As the process’ gradually” spreads out, there are close interact-
~ ions between the effects of the energy introduced (fractures) and -
the characteristics of the rock mass, that affect the final. outcome s
~ of the operation. Keeping account of - this close" 1nterdependence, the
investigation programs for the research and study of geothermal. fields
should be worked out on the basis of criteria that. consider the sti-
mulation techniques as a means of . 1nvestigation capable of prov1ding
useful information on the most important parameters that. character-.
ize the reservoir. - : SR

Furthermore, the exploitation program should also consider the v
various solutions provided by. the stimulation techniques in relation
to the geostructural and geomechanical characteristics of the rock
mass.

This paper briefly discusses the problems relating to the correct
determination of some of the. fundamental parameters that govern the me- =
chanical behaviour of the reservoir rock;the Timits of the simplifica-h,_
tions. usually adooted,mll be analysed for the cases. in which two of the -
most widespread stilumation techniquesareadopted hydraulic fractur7<
: 1ng and explosive fracturing Sy TN : -

2 T BASIC. CHARACTERISTICS OF THE ROCK MASS THAT INFLUENCE
~ STIMULATION.

In order to optimiZe any type of 1ntervention in a reserv01r it: '
is necessary to have an exhaustive knowledge of the parameters and
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“laws that govern its behav1our in all the possible situations that
could occur.

In part1cu1ar, dur1ng the des1gn and 1mp1ementat1on stages, and e
when analysing the results obtained after stimulation, it is necessa-
ry to keep account of the fol]owing~fundamental parameters. :

2.1 Original and 1nduced state of stress o

In engineering practice, the values and the d1rect1ons of the
three principal stresses are determined by means of well-founded
methods that provide both sufficiently accurate data and a rel1ab1e
interpretation of the results.

As regards Geothermy, attempts to make in situ measurements
cannot be made due to the great depths and high temperatures involv-
ed. This drawback is usually overcome by assuming that one of the
components is vertical and its value is inferred from the density of
the formation (y - logs). Since also this measurement is hampered by
the high temperatures of the well, :the trend of the values must be
extrapolated down to the required depth.

Furthermore, it is virtually impossible to pred1ct the horizont-
al state of stress merely on the basis of the theoretical consider-

ations. In large areas, experiméntal measurements have pointed out
~ the presence of higher horizontal stresses than the vert1ca1 ones,
this being probably due to the tectonic events.

-In areas where high temperatures are not involved, the experi-
mental technique based on "hydraulic fracturing" provides useful in-
dications as to the minimal principal stress for wells that are even
very deep |2|. The obstacle set up by the high temperatures can be
avoided by interrupting the measurements where the temperature starts
to be too high, and then the values can be extrapolated down to the
required depth.

~ The results obtained through this technique together with its
limits will be analysed in one of the next paragraphs; such results
must, however, be interrupted with caution and account must be kept
of the mechanical behaviour of the formation. '

The original state of stress is deeply modified near the walls
of the well. Further variations are due to the static or dynamic
pressurization of the borehole (hydraulic or explosive fracturing),
or to the mass and heat flow (injection and production).

An analysis of the induced state of stress is rather complex
since it is generally characterized. by a point distribution of the
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principal values and of the principal directions.Furthermore,variations
in the hydrostatic stresses exerted by the fluid in the pores (i.e. after
an explosion in the blasthole) or the flow that gives rise to hydrodinam_
ic actions in correspondence tothe walls of the fractures (i.e. after in
Jections,production or hydraulic fracturing) ,modify the ~state of stress.

Experimental results have provided the possibility to check the
validity of the law of effective stresses, as far as rocks are con-
cerned, by using the same expression which applies to soft soils.The
state of total stiess o ‘acting simu]téneously with the pore pressure
P can be broken down into an effective state of stress and a hydro-
sgat1c state of stress, and therefore, the fo]]ow1ng equation can be
written |3] : L

| a-‘:;\‘o -P (1

2.2 Deformability and strength
2.2.1 Deformability

The assumption generally made for solving "reservoir engineer-
ing" problems (i.e. that rocks are characterized by an isotropic,
homogeneous, linear and elastic behaviour). is not true in practice.

Indeed, the mere presence of oriented microfissures causes the
rock to show a decidedly anisotropic behaviour. Even for the rocks
consisting of minerals having a marked orientation, the anisotropic
behaviour is partially to be attributed to the latter, whereas the
influence of the microfissures appears to prevail.

The progressive closing of the m1crofractures}brings about evi-
dent changes in the linear behaviour (Fig.1) and in the elastic be-
haviour, and as the stress increases, the deformability tends towards
that of the rock matrix, thus ‘entailing a decrease in the anisotropic
degree (Fig.2). | -

v When the rock matr1x is assumed as belng homogeneous and isotro-
pic within the range of 1nvest1gated pressures, and neglecting the
influence of the temperature, the compressibility of the rock matrix
C, can be taken as constant. The compressibility of the rock Cp depends not
only on the overall volume of the voids but also on the form of the pores

(Fig.3) |5,5,7| and it varies with the effective stress |8, 9,10].

- In particular for some types of rocks,a variation of the C_ value
can be noted both with the direction and with the level of the =~
applied stress |5]| that can be ascribed to the closing of the micro-
fissures. At low loads,for rocks such as granite, gneiss, quartzite,
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and marbles, values of the Cb/Cr ratio included between 7 and 3 were
measured, whereas, by increasing the mean effect1ve stress, such va-
lues all tend more or less rapidly to one.

If the extent of the effects caused by the temperature variat-
ions upon the initiation of new fractures or on the extension of pre- -
existing discontinuities or on the structure of the composing miner-
als is changed, the causes are to be ascribed essentially to the type
of rock involved and to the way: in.which the temperature variations -
are produced.

Laboratory tests. 11} have pointed out a progre551ve 1ncrease
in the values of the elast1c characteristics and a var1ation of the
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F1g 5 - Stress-strain curves . relatlng to some samples of granite, basalt
and tuff for uniaxial compress1on tests. Notice the variation"
-in the mechanical behaviour of the rock materials. (deformablll—

ty and strength) when they are submitted to different load
rates (static, dynamic, shock) |14]
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stress-strain curves as the temperature slowly increases (Fig.4).
Also the temperature decrease (due to the injections in geother- .
mal wells) brings .about a-concentration of stresses caused.by : the"
differential deformations of the minerals forming the rock and there-
fore, a progressive decrease of the st1ffness due to therma] cycles
is to -be expected. - -
Generally the axial and transversa1 deformab111ty tends to 1ncrea—
se with the load rate depending upon the type of imposed stress and
on the characteristics of ‘the rock |12,13] . As regards problems-re-:-
lated to explosive stimulations,some laboratory tests prov1dé tnte-,-
resting indications |14| which compare the elastic characteristic of
‘the materials with stat1c and dynam1c 1oads and with shocks (F1g 5)

2.2.2 Strength

As previously mentioned even the strength of rocks’ hav1ng brittle
behaviour is a function of the effective stresses |15|and in- general-
the strength values grow smal]er as. the fluid pressure 1n the m1cro-
fissures increases. : :

Even though an adequate number of exper1menta1 ‘tests are not.avai-
lable, it may however be assumed that: the presence of a fluid in the
pores does influence the strength of matéria]s‘submittedito dynamic.
stresses produced by explosives. A greater development of the crushed
zone and of the radial fractures produced by explos1ve st1mu1at10n o
is therefore to be expected. ,

" The influence of temperature has been the ‘object : of extensive: :
theoretical and experimental research and 1nvestlgat1on|11 16[ a1so a
for stimulation treatments inoil wells |17,18]." i

With the gradual increase of the temperature values,a cons1derab1e'
decrease in the strength value related to the applied stress can be
- noticed (Fig.4), and generally the behaviour of the material  ‘deeply
changes in’ terms of fa11ure, pass1ng from br1tt1e to perfect]y pla--'A
stic. '

'The ‘effect of temperature decreases on strength values can - turn
out to be the same as that noticed for temperature “increasés. Even
in this case rock fracturing is caused by induced stresseS'umtherock.

. The way in which the rock is: stressed causes considerable var1a-
tions in the strength values. In part1cu1ar -when the 1oad rate -

close to that obtained by the explosion of a charge in"a blast- ho]e,-
a considerable strength increase is to be expected (Fig.5).
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2.3. Flow.in continuous porous media

-In poorly fractured rock masses having a brittle behaviour and
in fractured rock masses (in transitory flow conditions), the motion
of the fluid in the matrix which is virtually made possible by the
presence. of communicating microfissures and pores, becomes cons1der— '
ably important.

The experimental relationsh1ps that link the poros1ty values to
the permeability values, as suggested by some authors |19|, cannot
be applied on a general basis since permeability 1s a function ~of
many other factors.

- Extensive laboratory investlgat1ons have pointed -out-that the
pore structure can condition the distribution of the permeab111ty
values|20|.

‘Variations in the effect1ve state of stress or in the pore pres-
sure or in the temperature, entail changes in the porosity values.

Fig. 6 shows that porosity decreases as the effective hydrosta-
tic stresses increase for some typical rocks of the Larderello field.

High temperature values cause an extension of the discontinuity
network probably because of the differential dilatation of the solid
matrix that brings about a concentration of stresses.

. For some types of rocks, as temperature increases initially .
there is a decrease in the porosity, problably caused by the dilata-
tion of the minerals forming the rock. Beyond a certain temperature
value, at which new fractures are initiated |12|, the porosity gra--
dually increases.

The increase of effective stresses causes the closing of the
microfissures and as a consequence a decrease in the permeability
values. The extent of such variations depends merely on the form and
on the orientation of the pores.and microfissures with respect to
the applied state of stress and it varies as the latter varies.

For the case of some sedimentary rocks (Fig.7) that are homo-
geneous, not fractured and compact with equidimensional pores, perme-
ability generally varies only slightly with the direction and with
the intensity of the state of stress |22|. ‘

~ On the other hand for fissured rocks having a rigid behav10ur
there is a considerable decrease of permeability as the effective
stress increases|23 , 24| and quite often an anisotropic flow develops.

Fig.8 shows the results of permeability tests performed on
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samples of phy111tes, recrystal]ized micaschists and gneiss in the
Lardarello reservoir.
:Fig.. 9 shows the- permeabil1ty values of the four samples -
F1g 8, obtained for different values of the effective hydrostat1c
stress versus the corresponding’differing porosity values. A first
analysis has ‘shown that the two parameters appear to be corre]ated
by an exponent1al 1aw. ¥ -
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Fig.7 - Experimental trend of the permeability versus the imposed state
of stress: 1) non-fractured sandstone (k, = 60 md) ; 2) compact
sandstone (k, =25 md); 3) highly fractured sandstone |22|

S 126 -

0.50°

0.25

[

\:.;;

3

4

0

10

20

30 G'tMPa) 40

LARDEPELLO FIELD
1,2 PHYLLITES WITH QUARTZITIC LAYERS
3 MICASCHIST 4 GNEISS
Ko {md) at=2.0 MPa

1- 0.8! 3-122

2-6.26 4=-5.44
1.0
s
Ko
0.8
0.6 Q
0.4 \
0.2 \Q\

2 d —
0.0 - - -
0 20 40 — 60 80 100
G (MFa)

Fig.8 - Exper1mental trend £ the permeablllty for specimens submlt—
ted to hydrostat{t effectlve stresses varylng from 2 to 100

‘MPa (Larderello field)

C



127

However. , further data are required in order to make a f1na] eva-
Tuation. as to the general validity of the law. -

For rocks having a homogeneous .and 1sotrop1c hydrau11c beha- :
viour,when they are hydrostatlcally stressed and by assuming that
the permeab1]1ty values depend exc1us1ve1y on the acting mean effec-
tive stress, Morgenstern |26|suggested the following empirical rela-
t1onsh1p between the permeab1lity and the mean effect1ve stress:
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By plott1ng the permeability values obtained for the samp]es of
thelLarderello reservoir in a log- log diagram the curves shown in @~
Fig. 10 are obtained. The trend -is'a typically curvilinear trend ,
that has been noticed also for other types of rocks hav1ng microfis-
sures and a brittle behaviour|23,24,26|, and it points out that the -
values of the coefficients of the ‘empirical relat1onsh1p depend also
on the range of the imposed effective stresses.

Loading and unloading. cycles emphasize the irreversible beha-
viour of the flow |27,28| and this is probably due to the irreversi-
ble closing of a part of the:m1crof1ssures present in the samples.

For very high stress values it is possible to determine the
propagation and the coalescence of the microfractures which are em-
phas1zed|12| by the rapid increase of the permeability values|29,30].

The dependency relationship of permeability on temperature is
rather complex. There is an increase in the permeability with the
temperature probably because there is a progressive change in the
structural characteristics of the rock. ,

The temperature variation affects permeability even indirectly
through variations of the values of the physical parameters of the
fluid (viscosity) and of the state of stress. The degree of the
influence is mostly determinated even in this case by the physical
and mechanical characteristics of the rock, by the characteristics
of the fluid, by the way'in which the temperature changes occur, and
by the state of stress. ,

For some cases the trend of the permeab111ty values versus tem-
perature (Fig.11) proved to be similar to that previously described
for porosity {21,31]|. By heating the rock at the beginning, there
appears to be a decrease in the permeability values. Later, for
higher temperature values permeability increases more or less rapid-
ly. This fact can probably be ascribed to an initial closing of the
microfissures due to the expansion of the minerals forming the rock;
critical stress values 1n1t1ate new fractures or they propagate the
existing ones thus causing an increase in permeability.

Hot and cold cycles have pointed out a hysteresis in the permea-
bility values (Fig.11). This can probably be attributed to the propa-
gation of the microfractures produced by the temperature increase
and by the contraction of the rock minerals causing a variation in
the state of stress and the initiation of new microfissures.

A1l the aspects that have been illustrated are made more complex
in situ because all the various effects that have been ana]yzed sepa-
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rately obviously overlap.

" As an example, Fig.: 12 shows the effects on permeab1l1ty both
of the pressure and temperature variations. The curves prove that it
is not possible to expect the phenomenon univocally. Indeed, in some
cases, temperature -appears to play a marginal role as compared with
the imposed stress, in other cases thermal stresses have a greater -

influence. This difference is probably due to the d1fferent types of ;
rock and to the type of imposed stress. -

2.2. Mass flow in fractured rocks

In most geothermal wells the flow under standard conditions

- occurs through the discontinuities present and is due to the great
d1fference between the permeabi11ty va1ues of the rockmassandcﬂ=thei‘
rock material. Some permeab1lity va]ue ranges of a few common rocks
are given |32]: '

Table ],‘ In s1tu and 1aboratory permeab1]1ty va]ues k(cm/s) :

_ ROCK MATERIAL -

-10 a5

,Sandstone o - o 1 N :;'1 10 -22 10
Granite . . .. 510.-20 10 "
Limestone and Dolomite 7 1off°-;1.zjf197?,;
ot pockmass T
sahastbﬁé"'~f; SO D '527,1;o”1of??:"“ i
granite 0w

Limestone. o oo 1.0 10-“:’--:]0”2 g
G"efsstﬁgf;i°5" SR R I B KO

The fol]ow1ng table prov1des the reservo1r format1on for some
of. the most important Italian Geotherma] Reservoirs. e e i
‘ The hydraulic characteristics of . the fractures condition the ,
flow of the fluid in these reservoirs, and the mechanical- behav1our
of the rock mass depends ma1n1y on the geomechanlca] charactervst1cs
of the joints. . .
Experience has shown that 1n geotherma] f1e1ds cond1t1ons of flow
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Table 2 - Italian Geothermal Reservoirs

FIELDS . ~ 'RESERVOIR FORMATION
Larderello S L Quartz1tes, Phy111tes and Anhydr1tes
Travale < i e T L T
Monte Amiata =~ - . . " L
Piancastagnaio- . . - . " IR O P, E
Torre Alfina - - L1mestone h I

‘Latera o o Lo,
Cesano -~ . S
Lago Patria = = o "rTuffs

anisotropy. dlshomogene1ty may be found, accord1ng to the geometrical
characteristics of the fractures (spacing, opening, state of surfaces),
to their orientation and distribution, to the extent to which they
are fllledas}brought about by the settling of salts, to the state of
stress.- '
" A typical example [32] of dlshomogeneous 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. A

Another example is the Cesano Reservoir (Fig. 13) where the orient-
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
recrystal]ization occurs due to the high temperatures. Furthermore, .
in these reservoirs the inter-section of a high number of discontinui-.
ties and their difomogeneous filling originates canals where the flow
runs; these canals could even have led to surface manifestations (vol-
canic chimneys). : ‘

~ In order to theoretically analyse in a straightforward way the

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 |33|

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 |31}. c

If ‘the objective is that of ‘studying the surrounding of a well in-
s1de a reservo1r (for example when the well. ‘crosses an 1mportant dis~
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continuity surface or when dealing with. stimulation prob]ems), it is’
preferable to assume a perfectly impermeable continuum crossed by
several: systems of . joints that, more or 1ess, 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 |34| carried out on a rough natural fissure in-
a porphyry specimen in which the joints had different opening condl-.
‘tions, have pointed to a clear non-linear relationsh1p between the
flow-rate and the hydraulic gradient. For very low hydraulic gradients
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F1g 13 Scructural scheme.-Cesano f1e1d. a and b show.,l) productxve
“wells} 2)dry wells; 3)e1ectt1c dlscontlnultles, 4)- magneto-:'
“ telluric discontinuities; 5) gravity anomalles, 6)um1n reglon-‘
. al tectonic lines inferred’ from photo-geologlcal surVeys, 7):
;r?ﬂia11gnment of volcanic chlmneys, 8) "faults; 9) . volcan1c ch;mneys
. Schimidt's net in ¢ shows the d1rect10ns of the pr1nc1pa1 faults
0 in outcrops near the Cesano field in the' following formations:
-9) ‘siliceous’ limestone ("Cornlola") 10) Dolomlte 11mestone,
11) Lxmestone (“Calcare mass1ccxo") ' R ‘
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there is a progression towards a non-linear laminar condition and

finally to a turbulent flow (which is typical in the case of a-frac-

~ ture crossed by a well). On the basis of these results a power law

was proposed between the effective mean flow rate of the joint and

the opening "e" with an exponent that varies according to the flow -

rate: B ‘ : - S
qee | (3)

‘The exponent is 2 for a linear laminar flow; 1.2 for a fully '~
turbulent flow, and it ranges between these two values for the non-
linear laminar flow. '

"~ Water flow inside the fractures as noticed previously, leads to
hydro-dynamic actions that change the existing state of stress inside
the rock mass. It must be borne in mind though, that the permeabili-
ty inside the fracture depends on the state of stress, since varia-
tions in the latter cause more or less considerable variations in the
opening of the joints. It is obvious that the water flow problems
and of the induced state of stress cannot be solved separately since
they mutually influence each other, even in a rather considerable
manner at times. Since permeability variations are linked to variat-
tions in the joint openings, it is interesting to take into consider-
ation the deformability of the joints, together with the state of
stress. »
Laboratory tests |27|,carried out on large-size samples of mi-
caceous schist or on sandstone samples, have pointed out that the
flow through the fractures decreases as the normal effective stress
value increases on the joint with a decidedly non-linear trend. This
decrease is very rapid and it is irreversible already during the
first loading and unloading cycles, even at low effective stress
values. The rate at which the permeability decreases is linked to
the opening of the fractures. For closed fractures there is a rapid
decrease at the low effective stress values, whereas as the stress
increases, the permeability value remains constant. For fractures
having a larger opening, the constant permeability value is reached
at higher imposed effective stress values. Permeability does not mark-
edly vary with parallel stresses at.the joints whereas, it decreases
considerably and irreversibly with the shear stresses due to dilata-
tion that occurs close to.the limit strength conditions of the joint.

Theoretical analyses show:that the permeability of the joints
varies markedly with the temperature |35|. It must be noted that pro-
bably most of the permeability variations must be attributed to the
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variations in the state of stress induced by temperature variations.

‘It must be borne in mind that much caution is necessary when mak-’
ing ‘an evaluation of the hydraulic characteristics of fractures on
the basis of results provided by the permeability tests conducted on
rock samples because, this evaluation can differ from that inferred
on the basis of the in situ measurements. This difference is greater
the higher the fracture control on. the flow ins1de the reservo1r (as
genera]ly occurs in Italian reservo1rs) '

Indeed, while 7it ‘is possible to make suff1c1ent1y ‘good laboratory
simulations of the pressure conditions of the fluid and of the state
of stress (when studying the permeability) it is very difficult to
obtain a meanmngfu] representatlon of the fractured med1um by us1ng
small samples.: «

Observations made in some f1e1ds conf1rm the fact that permeab111-
ty and state of stress are mutually interdependent. For the reseroirs
where permeability depends almost exclusively on fractures, the de- _
crease in the production of the wells is to be attributed to a decrease
in the pressure of the fluid (increase of the effective stress). Con-
versely, in the reservoirs where matrix permeability prevails, the
effective stress appears to have less influence on the latter.

The curves obtained for production ‘and injection tests do not
d1ffer much for the reservoirs where matrix permeability preva1ls,
whereas it was pointed out that the injection rate is much higher than
the output rate for reservoirs where permeability is due to fractures.
Increasing flow ‘values during production lead to an increase in
the effective stress that tends to close the fractures. Whereas, for
the case of injections, as the flow rate increases the effective
stress that acts on the walls'of,the fractures decreases.

3 - HYDRAULIC FRACTURING

-~ As known this techn1que ConSIStS in u51ng a. f1u1d to pressurize a
borehole section isolated by packers in order to lead to the failure
of the walls of:.the hole and to a propagation:of the fracture. The
fracture clearly entails .an increase in permeabil1ty due to a decrease
in the effective stresses.

~By analysing the results of “hydrau11c fractur1ng” performed in
sandstones and dolomites (Fig. 14) |22| the .flow - pressure :curves
are characterized by three: more or less well-defined curve portions
depending on the permeability characteristics, on the viscosity of
the fluid used and on the injection conditions. The OA interval repre-
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sents the initial pressurization of the hole; AB corresponds to the
opening of some fractures in the pressurized part of the hole which
have a favourable orientation; BC corresponds to the propagat1on of
the preferential fracture. :

The curves show a marked 1inear trend both when very permeable
formations are involved (since the fluid can be injected and it is .. -
not possible to induce considerable permeability variations in the
rock mass) and for formations having an impermeable matrix-and scarce
structural discontinuities and therefore, the flow is confined to the
fracture.

It is possible to make g]obal analyses |22] of the evo]ut1on of
the permeability of the reservoir versus the effective stresses both
during the extraction of the fluid (already discussed previously). and
during"hydraulic fracturing" (Fig.15). Figure 15 points out that in
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F1g 14 - Hydraulic stimulation in reservoirs having dlfferent 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 (<<1md) where a hydraulic fracturing treatment
does not cause considerable effects |22] = = = - B T
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highly fractured formations the hydraulic fracturing operation mere-
1y turns out to be an opening of natural pre-existing fractures. In
scarcely fractured reservoirs. the effectiveness of the hydraulic
fracturing: treatment will depend on the ratio (Kh) fracture/(Kh) for-
mation, that is a function -of the initial permeability and of the
possibility of keeping the fractures ‘open, Quite obviously, a high -
ratio can annul the effectiveness of the- treatment if the permeabili-i
ty of the formation is close to zero..,:;”. o o
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Flg 15 Permeabxllty ‘versus effectlve state of stress in hydtaultc
, ,'fracturmg. 1) h1gh1y fractured reservou:, 2) shghtly fractur-—
 ed, average permeability reservoir; 3) and 4) ‘non-fractured low-
. permeability reservoirs. It must be poxnted -out that in highly
" fractured reserv01rs permeabllxty depends greatly on the effect-
ive stresses, ‘both durlng the hydrauhc fracturmg and during
productlon |22| ' fo
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3.1 Fracturing pressure

The induced state of stress around the well and the analysis of
the failure phenomena have been dealt with by many authors |36, 37]|.
The effect of the penetration of the pressur1zat1on fluid into the
rock has also been. recently the obJect of investigation |38] by assum-
ing that the rock s porous (with fluid in the pores at pressure Po),
homogeneous and 1sotrop1c and that it has a linearly elastic brittle .
behaviour. The flow of the fluid caused by the pressurization
of the hole at the pressure Py, follows Darcy's law.

The induced stresses were written for an original state of stress
defined by a maximum or minimum principal stress (o;), its direction
coinciding with the axis of the well, and by other tWo principal
stresses having directions that are orthogonal to o, and hav1ng such
values that oy, > on,.

The original state of stress undergoes changes around ‘the hole be-
cause of the drilling of the well, the effect of pressurization and
- the temperature variations. For the excavation of the well, the ori-
ginal stresses are redistributed according to Kirsch's relationships
|40| . The state of stress induced by pressurization is a result of
" the stresses deforming the rock around the hole in the assumption
that there is no flow, and of those that are determined by the flow
of the fracturing fluid in the rock mass. The former are similar to
those represented by Lame's equations |40] and are valid for a hollow
thick-walled cylinder stressed by an internal pressure Py and by an
external pressure P, that act at a certain distance. The latter can
be obtained for an axi-symmetric flow and if a uniformly permeable
formation is assumed,inquite a similar way to the stresses induced by the
heat flow through the walls of a hollow thick-walled cylinder |41].
Finally, the induced state of stress around the hole by temperature
variations, can-be inferred by assuming a symmetric distribution of
the temperatures with respect to the axes and it is 1ndependent from
the depth |40, 42| .

By overlapp1ng,a11 of these effects, the following relationships

are obtained that give the effective radial, tangential and axial
stresses to the walls of the well:

o =0 o @
0! = ¢' (1-2c0s26)+0’ (142c0s26)~p (2-@1'2”)+ BEAT - (5)

6 - "Hy T H, Tow 1“'\’ l-v

C
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1-2v,  BEAT : v
1 = oo 1] 3 - 1iy : -
o, =0, - 2V (GHI o )cos26{ p (1 a7 ) Ty ‘é)ga‘

In these relat1onsh1ps the overpressure that determ1nes the flow
is provided by: ~ - :

| Ry T Pyt
where v is Poisson's coefficient that in most cases takes on values .
from 0.2 to 0.3; a is a parameter that ‘keeps account of the mechani-
cal response of :the rock in relation to the flow 18,41 42| It s
expressed by; - : c [
, O SN

and it ‘can be determ1ned by laboratory tests |9|
.. On the basis of the foregoing it can be stated that. m1croflssures
‘brlng about a clearly non-linear. behaviour, especially at Tow pressures
where the o values for the most common rocks -range from.0.9 to 0.7,
whereas, as tha effective stresses increase, o tends to values rang-
ing between 0.04 and 0.06.

The relationships point out that as overpressures Py increase,
the axial and tangential stresses tend to become tensile stresses.
The minimum value of a pressure necessary for inducing tensile stress-
es along the walls of the well is obta1ned when 8 = 0 and so- the re-
1at1onsh1ps are as. follows: -

1 2\) + BEAT

o = 300 - ’.-P @ - ) (9

0 Hz . ‘H, l—v 1=y .
o) = o",-év(o' -a! >-P (1—a12" y + S o)

1-v 1=y

So, one might'conc1ude‘that 1f’ as ofteh'Occurs in practice, o'
- is the maximum principal stress or, if it is the minimum pr1nc1pa1v
stress, but the difference (o' - o ) is not very h1gh a vert1ca1
fracture will be induced a1ong the wa]] of the well,

The 1imit value of the pressure. at which fa11ure occurs is ex~
pressed by the following relatlonship

pf{ _ ot+ SOHzA-oHl '+ - BEAT / A=v)




- 140

where if thevand o values are as previously indicated, the denom1-
nator generally ranges between the limits:

, < 1.9 ; .7775(1_2) .

and for the same rock it varies as the pressure varies. The lower
limit can be applied for impermeable rocks, whereas the upper 11m1t
can be applied for permeable rocks.

~ Relationship- (1) points out that the distribution law of the
pressures, as determined by the injected fluid, does not influence
the state of stress in correspondence to the walls of the well, and
therefore it does not affect the value of the fracturing pressure.
Vice versa, the experimental results (Fig.16) obtained in the labora-
tory’ |44,45| and in situ l46 , have pointed out that the strength va-
lues obtained by contro]l1ng the rate of pressurization, are differ-
ent from those obtained by controlling the value of the flow. Whereas,
by means of the latter procedure, the increment rate of the load does

not affect the strength,in the former case the strength increases as

G, =10 MPa
3 /.
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- Fig. 16 - Hydrau11c fractur1ng influence of the pressurization rate on
" the ‘strength of the rock samples |44|
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the rate increases, as one might expect. This must probably be attri-
buted to the greater probability ‘of failure occurring as the rock
volume increases around the pressur1zed hole interval. Indeed, expe-
rimental measurements have shown that strength decreases even as. the
diameter of the’ pressurized interval increases ‘|45 . : _
 Laboratory results.|47]| 'show that for scarcely permeable rocks,,
the value of the breakdown pressure versus the confining horizontal
pressure differs . considerably from the. linear. trend expected by ex-
pression (11). In particular, for increasing values of oy, the values
of p§ tend to decrease progressively down -to the critical values ob-
tained for. permeable rocks (lower 1limit of relationship (l2)) This
trend could correspond to a permeability increase as previously dis-
cussed, brought about by high stresses, that allow a higher penetra-
tion of the fluid. Indeed, it must be: borne in mind. that, at the be-
ginning, the denominator of the relationship assumes a value that is
close to one when the load values are zero, whereas, it tends to the
typical maximum Jimit of scarcely permeable rocks as the stresses 1n-
crease.

The experimental analy51s has pointed out that anisotropy has a
high influence |48| on: the p§ values. Under the same confining stresses
where ov > og and 1ndependently from the o, /UH ratio, the p§ va-
lues are higher when the injection hole is orthogonal to the schisto-
sity planes and it gradually decreases down to the minimum value when
schistosity is parallel to the axis of the well.

If the hole is crossed by joints, the values of the. breakdown
pressures can prove to be independent from the tensile strength of
the rock opThis independence 'is-a function of the geometrical and
hydraulic characteristics of ithe fracture, of the state of stress and
of the pressurization methods, as already. described. According to the
foregoing paragraph,in these cases, the fluid merely flows through
pre-existing fractures, and it enlarges them. ’

A typical example is provided by Fig. 17, which relates to an aci-
difying process carried out in the Torre Alfina Reservoir |49|.
can be noticed that during the first instance the pressure increases
. with the flow (in order to reach a pressure value of about 16 MPa, a
“flow of about 40 m3/h is necessary). subsequently, the’ pressure in- "
fcreases up to 18 MPa and fluid is injected for a constant flow; the
rapid and irregular decrease of the pressure values would represent
_ the 1nterconnection of the pre-existing fractures. The subsequent in-
creasé of the flow up to about 90 m’/h is not suffic1ent to raise the
pressure to the maximum values and furthermore, even though the flow
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is ma1nta1ned around this va]ue, there is a correspond1ng progress1ve
and irregular decrease of the pressure. The latter pressure decrease
is probably related to the pressure increase measured inside the
annulus between the casing and the drill pipes, determ1ned by the ex-
tension of the rock volume. 1nvo1ved in the fracturing treatment, In-
deed, it is quite probable that treatment has a1so affected the waIIS'
of the open hole beyond the packers.

The volume of the rock mass affected by the fractur1ng processes
increases during the second phase of the stimulation treatment. In °
fact, from the very first instant, the pressure. in the annulus in-
creases regularly with the flow. Subsequently, with a con51derab1e ‘
flow increase the annulus. pressure decreases down to values close to
zero and this seems to 1nd1cate that the Open ho]e is connected w1th.
a wider zone of the rock mass.
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F1g 17 Hydraullc stimulation at the Torre Alfina well: a) flow versus
time; b) pressure in the pressurlzed 1nterva1 measured at well
head versus t1me, “c) pressure in the annulus measured at well

" head versus time. The three diagrams relate to.the phases: 1)
'1nJect10n of about 10 md of water solutlon contalnxng ‘about

'f4Z HC1; 2) 1nJect10n of 40 m of the water solutlon containing
152 HC1 3) and 4) 1nJectlons of 12 m® ‘of water each
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a wider zone of the rock mass. G ERE M PR :

- During the last two phases, when the f]ow exceeds 150 m3/h the:
pressure values are slightly .over: 12 MPa: at the we]l head and no-over-
pressure is not1ced 1ns1de the open ho]e e e S

3.2 0r1entat1on propagat1on and geometry of the 1nduced fractures

Under" the 51mplify1ng assumptions’ made, the induced fracture ffy'”
should have a vertical d1rect1on. Laboratory and in s1tu tests have
pointed out that even horizontal or inclined fractures ‘can be induced
because of the inevitable irregularities that are present in the walls
of thespressurized interval |46|. The probability of obtaining hori-
zontal fractures increases when one of -the ends of the pressurized
interval is the bottom of the well. In this case the horizontal frac-
tures are helped by the concentration of stresses linked to the geo- .
metry of the well bottom. Similarly, horizontal or inclined fractures
can be initiated near rigid packers due to the high value of the ver-
tical tensile stresses |37] which is clearly greater than that of
the tangential stresses, whereas, the utilization of rubber packers

- maintains higher tangential stress values than the vertical ones along

the entire length-of the pressurized 1nterva1

Fractures having an anomalous d1rect1on as compared with those to
be expected on the basis of the forego1ng theory, for ideal material,
should generally deviate at a distance from the walls of the hole,
down to the vertical d1rection. In partlcular for ‘the case in which
a pre-existing fracture were to cross the well, according to the
theory based on the concepts of "Fracture Mechanics", for a non hydro-
static principal state of stress, the propagation of a fracture in-
side a medium having a linear elastic behaviour follows a route in
which the deformation energy density assumes a m1n1mum value. There-

~ fore as it 1engthens, ‘the’ pre-existing fracture tends to assume an

orientation that is perpend1cular to the minimum principal stress
I50|. It must be pointed out that the state of stress induced around
the edges of the fractures produces a concentrat1on of stresses that
aim at plast1ciz1ng a part of the rock. Furthermore, the fractures
that are present at a d1stance from the hole having appropriate geo-

metric characteristics could sensitively deviate the propagating

fracture (Fig.18), that would thus assume a configurat1on that virtual-

1y could not be predicted. -

~ The calculation methods for the propagat1on and geometry of
the fractures induced by hydrau]1c fractur]ng are all based on the
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assumption that the rock is homogeneous, isotropic and character1zed
by an elastic behaviour. o

Two fundamental calculation techniques were developed one keeps ‘
account of the mechanical characteristics of the rock that is assumed.
to be impermeable |[51] , the other method keeps account of the flow
through the walls [52]. An overall analysis of the various methods
allows an evaluation of the geometrical parameters of the fractures
as the various fundamental parameters involved vary |53].

Accord1ng to such theories, an induced vertical fracture is a
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Fig. 18 Hydraulic stlmulatlon at the Torre A1f1na well. The Flgure
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in the ‘stimulation and the opening and connection of pre—exlst- &nwf
1ng fractures






146

the simplified assumption that the result of the explosion is inde-
pendent from the mechanical characteristics of the rock mass. Further-
more, it must be pointed out that there is only a slight difference .
between these coefficients and those obtained with the results of con-

ventional explosions in spite of the fact that the quantity used is
many orders of magn1tude smaller than the nuclear explosives. :

Figure 20 shows the empirical relationships proposed |56 on the

basis of the experimental results provided by explosions of conven-
tional spherical charges. -However, the trend proposed, appears to
disagree with the physical and mechanical phenomena that govern the
fracturing processes. With reference to the maximum experimental va-
lues,the coefficients of the re]at1onsh1ps 1nd1cat1ng the extens1on
of the crushed zone are obtained:

¢cr = 0.47 W h o | N (19)
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F1g 19 Influence of che mechanical characteristics of the rock on the
extension of the crushed zonme. The analysis was carried out
for spherical and cyllndrlcal charges. The values shown repre-
sent the average of the results obtained by using various —
types of explosive |54| k—J
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Fig. 20 Extensxon of the radial’ crack (upper curve) and of the’ crushed
%77 -gzone- versus:-adimensional groups that . keep account of ‘the ‘cha-"
racteristics of the explosive, of the rock and of the vert1-— '
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F1g 21 Extensmn of the crushed zone versus the quantlty of explosive.
‘ The correlation analys1s is based on the experlmental results
“obtained through’ the explosa.on of cyllndncal charges (the
height-diam. ratio being equal to 2) 57|




148

l/ ; ’
¢, = 1.36 W 3 . , . (20)

As a compar1son,‘B¢.- 20 can be fixed and by‘us1ng explos1ve hav-

ing a high detonation velqc1ty, the coefficient values of the relat1on-

ships (13) and (15) are:

4= 0.28 W5 R S asy
o, = 1.20W 3 » . a5

The experimental values of the crushed zone |57], relating to
' cy11ndr1ca1 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 re]at1on-
ships used to evaluate the extension of the crushed zone,.

By carrying out a correlation analysis of the linear type and by

imposing that the geometry of the explosive charge must be sphe-
rical, the value of the coefficient is:
- Y , ‘
0o~ 0-24 W (21)

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

4.2 Influence of the'diameter of 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 cyl1ndr1cal charges, |58] pro-
vide the following relationship: S

¢_ = 0.37 Q% | @)

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

value»of Bc = 20 are adopted expression (16) will be as follows
¢, = 1.0 Q% R | (16")

On the basis of (16' ). in wells hav1ng a 0.2 metre-diameter and
by assuming a charge density of 1.4 kg/di®, the radial crack1ng zone
would extend to a diameter of 7 metres. .

The development of the radial cracks and of the crushed zone ‘in-
creases linearly, the charges being the same, as the diameter of the
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hole increases. A calculation example is given in Fig. 22 where (14)
and (16') were used and a charge density of 1.4 kg/dm and a mean -
value of coeffieient As were considered. This example suggests that
in a homogeneous material having appropriate mechanical character-
~qstics it is ‘possible to obtain a greater extenSion of the crushed -
zone by means of a succession of explosions in the same well, each’
utilizing the crushed zone of the previous explosion.as charge cavity.
The upper 1imit of the extension is obv1ously conditioned by the tech-
nical problems involved in removing the rubble that obstructs the new
charge cavity.

Figs. 23, 24 and 25 show an example of the size of the new volumes

that can, be used as charge cavities The calculation was ‘madé by ana-.&

lysing the ‘experimental results obtained 159 60| thr0ugh single and
multiple ‘explosions performed. in rocks hav1ng different mechanical

and physical characteristics, exp1051ves haVing varying‘“power" were 1h

used and the charges were spherical

explosive on the extension of the crushed Zone emerges clearly In-
deed, while in the salt and limestone thé extension of the crushed
zone does not depend on the type of explosive used, in granite the
latter is critical |54| . However, as to granite, this dependence
tends to decrease in the explosions following the first one; this
might. probably be due - to the drop in.the peak and residual ‘values

of the mechanical characteristics of the medium, at the radial crack-
ing zone.

As. a preliminary indication, it: must be pOinted out that the tests
carried outin-the same rock-|61] ‘with explosives. having different.
characteristics and decoupling varying -between 1. 2 and 1. ;265 seem to -
show that the extension of the crushed-zone is independent from the

type of explosive used if decoupling is kept greater than one (Fig.26).

Expression (16) provides an evaluation of the extension of the
radial cracking brought about by a succession of explosions in the

same hole, but the volume of the charge cavity increases progressive-

1y. Under the -assumption that the: sequence . of explosions does not

1n1tiate new fractures but merely propagates the existing ones 1nduced

by the prev1ous exp1051ons. expression (16) w1ll thus read:.

¢ ‘N)- 2. 5A o°5[1+ o. 37 B°67+ f‘ (A N)a 3 ] (16") :

: ,Therevolution of radialfcnackslaccOrdihg;to (lﬁiif,for;explosions



Fig.22 - Extension of the crushed zone (curve 3) and of the radial
cracks (curve 2) in the rock mass: wh1ch is similar to the Li-
thonia Granlte, versus the diam. of the hole. The values are
based on explosions where decoupling was equal to 1. Curve 1
provides the extemsion of the radial fractures in the presence
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Fig.23 - Correlation and analysis between the extension of the crushed
zone and the quantity of explosive. The values analysed are
based on 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
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in.granite rocks and limestone | 62 | 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 to the larger vélumes

of the charge cavity that can be obtained. through the sequence of ex-
plosions. In the range of . exam1ned values of N, the propagat1on that
can be obta1ned in the gran1te is about

0. ™ 1o, =5 >: (23)
whereas for the limestone 1t 1s
¢(")/¢ =2 ' (24)

A dtfferent method that can he]p develop radial fractures and
guarantee the connection between the radial cracking systems |63, 64,
65, 66| is based on the phenomena related to the superimposition of
the stress waves induced in the ‘medium by a number of simultaneous
or nearly simultaneous explosions.

4.3 Influence of natura] d1scont1nuities on the propagat1on 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 cont1nu1ty equation. This
relationship applies to plane waves:

.OT/O'I =2/ (1+m lel P2 Vre) (25)
gp + Op = O v (26)

For the most interesting case in terms of radial crack extension,
in which (pvy), is smaller than (pv,);(presence of fractures with or
“without fluid, or in two media where the modulus of elasticity E, is
smaller than E,), gp is smaller than oy and’ therefore for a oy of com-
pression, a ref]ectlon stress wave in medium 1 is obtained..

The reflect1on processes are. furthermore cond1t1oned for the

case of Jo1nts, by the character1st1cs of the fluid that f1lls them
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and by those of the joints themse]ves

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 of the joint.

An evaluation | 11| of the influence of the joints on the maximum
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 blast1ng ~

(d)= 3.28 Q% | @n

The presence of ‘structural d1scont1nu1t1es in .the rock mass is
not always favourable to the propagation of the cracks. Indeed, if
the total reflection of the radial component of 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 of 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 approx1mate1y 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 permeability induced in the rock mass by explosions.

The qualitative trend of the permeability induced by the explosion
of cylindrical charges in a homogenpus rock mass is illustrated in
Fig. 29. The diagram points out that induced permeability is Tower 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 permeab111ty values of: the ‘rock mass

|66, 68, 69].

- The loss of permeability in the radial fractur1ng zone can be ex-

pressed as a function of the distance from the axis of the blasthole
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0

Fig.28 - Qualitative developmené of the radxel‘eraeksvlndoeed in a me-
dium by structural discontinuities near the exp10s1on cavity.
_The extension of the radial cracks. 1nduced by the explosion
and influenced by the d18con€1nu1t1es (¢r) is scaled from the .
exten31on that would be obtained under the same condltlons in
a homogeneous medium. If the d1scont1nu1ty 1s near the hole,
the rad1a1 fractures are. 1nterrupted by the Joxnt and the value
of ¢r coincides w1th d. As the JOlnt—hole dlstance 1ncreases,
¢d reaches a maxlmum value whlch 1s close to the cr1t1cal dis-

‘ tance, By further increasing the dlstance, ‘the length decreases
rapidly and it comes close to the values obtalned for homoge—
‘neous rock masses
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by the following relationship |68]|:
ked © | (@8
An increase in permeability around the explosion cavity could be
obtained by decreasing the extension of the crushed zone. v
. For rocks having a high characteristic.- impedence it is possible
to reduce the extension of the crushed zone by using low detonation-
rate explosives |54]; they do however, also produce a smaller radial
cracking zone. In rocks having a less rigid behaviour, the extension
of the crushed zone does not appear to be influenced by the type of
explosive used | 541
'If decoupling greater than one is used at a first approach, it
can be stated that the development of the crushed zone does not appear
to be influenced by the explosive used (Fig. 26) even in rocks having
a high characteristic impedence. On the contrary, the stresses induc-
ed in the medium scaled by the extension of the crushed zone, vary
with the explosive used. A detailed and complete analysis appears to
be very complex for the time being. It can, however, be pointed out
that the limits of the crushed zone are usually calculated by assum-
'ing that the induced dynam1c stresses are equal to the dynam1c
strength of the medium. On the other hand it has already been empha-
sized that the strength varies considerably with the load rate (Fig.
5) and therefore also with the type of explosive and with the detona-
tion velocity. An analysis of the fialure phenomena that also keeps
account of this dependence (between load rate and strength) could
lead to a more correct interpretation of the experimental data. From
this standpoint, it would also be necessary to analyse the influence
of the various energies introduced into the medium by the explosives’
and by the explosion geometry on the extension of the rad1a1 cracks
that lead to an identical development of the crushed zone.

5 - CONCLUSIONS

The analysis of the various parameters and of the ]aws that govern
the mechanical and hydraulic behaviour of a geothermal reservoir in re-
lation to the mass flow and heat flow problems and to stimulation pro-
cesses, point out the complex implications that are involved when .
planning stimulation treatments and when dealing with the results ob-

tained.
The models developed so far appear to be 1nadequate at ]arge,
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especially for Italian geothermal reservo1rs that, in most cases, are
structurally complex. Such drawbacks can be overcome by 1ntroduc1ng
into the mathematical model used, a greater number of parameters keep-.
ing account- of the complexities ‘of the reservoirs. This must be match--
ed with more thorough and extensive theoretical and experimental re-
" search providing greater understanding of the events that are involved’
in the stimulation processes and that make the 1nterpretat1on of the
data obta1ned more re11ab1e. :
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NOMENCLATURE

A, = constants , N e
Bc‘ = blastability coeff1c1ent ofaloeg - "
Cp = rock bulk compressibility

Cr = rock matrix compressibility h

d = distance blasthole-d1scont1nu1ty distance a

Esec

L]

Young Modulus (secant)
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Young Modulus (tangent)
opening fissure
depth

permeability 7
initial permeability

- exponents

number of explosions in the same hole

porosity

initial porosity

initial pore fluid pressure

borehole pressure -

Pﬁ - Po critical borehole (break down) pressure -

explosive quantity contained in a 1 metre lenght of the hole
flow rate

¢(r, cr)/oc

time

temperature

crushed zone volume

seismic velocity

detonation velocity

explosive quantity

1 - C/Cp porous - elastic parameter of the rock

Tinear thermal expansion coefficient

charge density

axial strain

strain rate

crushed zone diameter

radial fracturing zone diameter

radial fracturing zone in a medium by structural discon-
tinuities ,

radial fracturing zone diameter induced by a sequence of
explosions in the same hole _ : 7
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¢cf, : =-equivalent diameter of TNT explos1ve charge N
oh = blasthole d1ameter .
.-p}, = rock density
Pr = mean density of the overlying rock massif
°fd’ = dynamic compressive strenght '
of. .. = compress1ve strenght
,,t_ Otd "~‘*é dynam1c tensile strenght
Y R = tensile strenght e -
0,0,z =~pr1nc1pa1 effective stresses at the borehole wall
BCETE = 1arger hor1zonta1 effective orig1na1 stress
a'gy - = smal]er hor1zonta1 effective orig1nal stress 11-:
6'v' = vert1ca1 effective or1glna1 stress RO S
o'y o = mean ‘effective- stress~ mean state of tota] stress -
or = incident stress wave f;j Lo o
oT .= transmitted stress wave .
op = reflected stress wave o
01;” ©'= major pr1nc1pa1 stress (ax1a1)
Oy = minor pr1nc1pal stress (conf1nqng) _ ,
6 = angle measured counterclockw1se from the rad1us 1n the d1—4

‘ . -rection of oﬂl
X(éf’g): ='d1mens1on1ess values o
v: . = Poisson' s rat1o






