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SYNOPSIS

Hydraulic fracturing is a live problem these days in
the field of geotechnical engineering. The application of the
concept of hydraulic fracturing to geotechnical problems, and
in particular,'to the development of cracks in the core of earth
dams due to excessive hydraulic pressure is a matter of concern
to researchers and design engineers. Cracks which develop in
the impervious core of earth dams and cause leakage, have been
observed in Hyttejuvet dam (Norway), Balderhead dam (England)
and Teton dam (USA). Hydraulic fracturing is also known to be
one of the major causes of loss of drilling fluid through bore-

holes in impervious cores of embankment dams.

Hydraulic fracturing is also important in other fields
such as in oil exploration, determination of in-situ stresses,
evaluation of allowable grout pressures and the pressure in

piezometers for determination of in-situ permeability.

The induced cracking in soil mass due to excessive hydrau-
lic pressure is called 'Hydraulic Fracturing'e. Hydraulic frac-
turing'wouldrcause water to penetrate through very fine cracks

and then would force them to open wider.

The changes in the total stresses which occur in the
core of embankment dams during conétruction, reservoir filling
and subsequent drawdbwns, test boreholes and grouting are extrem-
ely complex and affect the safety against hydraulic fracturing.
The contradictory opinions about the parameters involved indi-

cate that a comprehensive investigation is necessary to have
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a clear insight into the mechanism of hydraulic fracturing.

A detailed experimental investigation has been carried
out here, in order td study the effect of some of the para-
meters involved in the mechanism of hydraulic fracturing under
‘laboratory controlled conditions. The main factors investigat-
ed are; moiéture content, confining pressures, degree of satu-
ration, type and rate of hydraulic pressure application, ten-
sile strength of the soil, types of the soil, pattermn of cracks

and anisotropy of pressure application.

Initially saturated as well as partially saturated
solid cylindrical soil specimens having 3.81 cm diameter and
82 cm length have peen tested in triaxial apparatus under
various cell pressures. As é refinement, an improved experi-
mental technigque has bgen developed which consists of testing
hollow cylindrical soil specimens of 10516 cm (4 in) outer dia-
meter, 1.27 cm (0.5 in) inner diameter and 11.3 cm in height
representing a confined borehole. Experiments were conducted
on saturated as well as partially saturated specimens in triaxi-

a1l apparatus.

In order to corroborate the results of experimental
investigation, theoretibal\analysis has also been carricd out.
Stresses have been obtained in the hollow cylindrical specimen
subjected to uniform pressures on the inner 2nd outer surfaces
cénsidering elastic behaviour of the Soil masse Hydraulic frace
turing pressure has becn evaluated with the assumption that
hydraulic fracturing will take piace when the effective stress

in the s0il mass is tensile and equals the tensile strength of



the soil. Since the stresses in the soil mass are limited by
the strength of the soil, theoretical analysis based on the

well-known Mohr-Coulomb failure criterion has been carried out.

Tn order to evaluate the effective stresses, a techni-
que based on the finite element method for evaluating pore pre-~
ssure developmeﬁt under steady state as well as transient con-
ditions in an axisymmetric flow domain has been used. Various
parameters affecting the transient flow are studied. These
.results can be used for prediction of pore pressure throughout

the soil mass at different time instants.

The results indicate that hydraulic fracturing in soil
mass occurs at hydraulic pressure greater than the confining
pressures, with linear relationship between hydraulic fractur-
ing pressure, Ue and the confining pressure, PO. The increase
in compactive water content results in a decrease in uge value.
The increase of moisture content above OMC results in lower
value of Up which increases the potential of occurrence of hy-
draulic fracturing. Partially'saturated specimens indicate
higher values of Ug compared to those obtained for saturated
specimens. The pattern of cracks observed is more or less ver-
tical for all the sﬁeoimens tested. Generally with high rate

of pressure application, higher value of Ugp has been observed.

Theoretical analysis shows a good comparison with expceri-—-
mental results. Both experimental and theoretical investiga-
tions show that Ugp decrecases with increase in the ratio of
vertical pressure to lateral pressurce KnoWing the pore pressure

development and existing state of stresses around boreholes, the



vi

technique developed for prediction of Up under transient as

well as steady state pressure can be used for field conditions.

Assessment of the safety of an actual high earth and
rockfill dam against hydraulic fracturing has been carried out
based on the available stress analysis of the dam at full re-
servoir condition. The results show that an earth and rock-
£ill dam with inclined core shows lower potential against
hydraulic fracturing in comparison of the dam with central

vertical coree.
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NOTATIONS

Description

Skempton's pore pressure parameter

Inner and outer radii of hollow cylindrical
specimen respectively '

Matrix of derivative of shaﬁe functions

Total and effective stress cohesion intercept
Material bulk compressibility

Inorganic silty clays with low plasticity
Material matrix compressibility
Compressibility of soil skeleton

Ultimate undrained strength

Compressibility of water .

Diameter of sample for split cylinder test
Slope of line 52/8l Vs €,
Modulus of elasticity

Slope of the line of initial tangent Poisson's
ratio Vs log (63/Pa)

Matrix of nodal forcing function under steady
state condition '

Matrix of nodal forcing function at any time, t

Matrix associated with specific storage of
material ‘

Henry's constant

Métrix associated with permeability of material
Coefficient of permeability

Coefficient of earth pressure at rest

Coefficients of permeability in the radial and
vertical directions



=
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Length of sample for split cylinder test
Liguid limit of soil

number of nodal points on which the pressure is
to be computed

Inorganic clayey fine sands with low plasticity
Slope of line despribing varigtion of Us with PO
Matrix of shape functions

Bearing capacity factor

Porosity of the soil

Op timum moisture content
Applied pressure

Atmospheric pressure

Internal and external applied pressures respectively
Plasticity index

Plastic limit of the soil

The number of boundary nodal points on which the
pressure is known

Matrix of coefficients of permeability

Centroidal radial distance

Radial distance et which the stresses are evaluated
Critical radius

Degree of saturation

Tnitial degree of saturation

Boundary at which ¢iis defined

Boundary at which ¢o is defined

Impervious boundary where flow normal to it is
zero

Specific storage
Time parameter

Pore pressure in soil mass
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CHAPTER - I
INTRODUCTION

1.1 GENERAL

High fluid pressure may develop cracks in the impervious
cores of high earth and rockfill dams.  Water may flow through
these fine cracks instead of flowing as seepage through soil
pores. It is practically impossible to observe these cracks.
Failures or damages of earthen structurecs have been reported to
have occurred due to flow of water through such unforeseen
cracks. Development of cyacks in the impervious core of carth

(32)

dams and causing leakage, was observed in'Hyttejuvet dam

and Balderhead dam(7o).

Hydraulic fracturing is recognized

to be the main cause for the development of cracks in these
dams. Hydraulic fradturing is also suspected to have occufred

' " " (58,75-77)_, . ‘

in case of failure of Teton dam. Itis also known to be
one of the major'causes of loss of drilling fluid through bore-
holes in impervious cores. Such losses have been reported for
many cases, viz., Shek Pik dam, Graminha dam, Djatilubur damn,

(60,62)

Akosombo dam, LaVillita dam, Garrison dam and many other

domses

1.2 HYDRAULIC FRACTURING

Hydraulic fracturing is defined as the opening up of
tension cracks within the soil mass, due to high fluid pressure

when the in-situ effective compressive stresses are reduced to



negative (tensile) vglue greater than the tensile strength of
the soil. Panel on causes of failure of Teton dam(75) defined
hydraulic fracturing as the condition leading to the. creation
and propagation of thin physical séparation in the soil or rock
mass due to high fluid pressurc. Hydraulic fracturing may
cause water to penetrate through very fine cracks and then

force them to open widere

Lofquist(44) mentioned the critical condition for hydrau=-
lic fracturing as that in which the total vertical pressure is

lower than the rescrvoir water pressure. Sherard(éo)

s quoted
examples of loss of water in boreholes drilled from the crest
into clay cores of dams and suggestcd that the depth at which
water loss occurs is that at which the pressurc of wash borc-
hole first exceeds the minof principal stress in the soil and

the phenomenon could be explained by the mechanism of hydraulic

fracturing.

Thus hydraulic fracturing is important in the study of
cracking of the cores of dams and also in other fields, such
as, to increase the permeability of rock around boreholes in
0il wells in order to increase the yield of wells. Haimson(23)
proposed the use of this phenomenon for determination of in-

situ stresses in rocks. Morgenstern and Vaughan(49)'

recommen—
ded the hydraulic fracturing pressure as an upper limit to '
allowable grouting pressuree. Kennard<33) considered hydraulic
fracturing for limiting the pressure which may be applied in

performing seepage tests on a borehole or hydraulic piezometer

to determine in-situ permeability. Bhandari(4) explained that



hydraulic fracturing is due to local state of zero effective
stress generated by fluid pressure. Under such state, clean
fine sands licuify, clays develop mud flow volcanoes as the
pore water pressure tends to exceed the geostatic stfess, and
peat generates 'bog bursts'. Thus hydraulic fracturing mainly

occurs in fine grained relatively impermeable soils.

The successful correlation of the hydraulic fracturing
pressure to the existing state of stress in soil mass around the
fracture regions will be z useful technique for prediction of

potential for hydraulic fracturing.

1.3 CONFLICTING VIEWS AND CAPS

Significant changes in the total‘stress and pore press-
ures occur in an earthen embankment during construction, résern
voir filling and any subsequent drawdown. The process of test
boreholes for evaluating the quality of core and grouting which
are geonerally performed undér high fluid pressures, are very
complex as far as thé assessment to the risk of hydraulic frac- .
turing is concerncd. Thefe are many oontradictory opinions
about the effect of various parameters involved in the mechanism
of hydraulic fracturing. Some of the factors affecting hydraulic
fracturing are, tihe initial state of stress, compactive moisture
content, degree of saturation, degree of homogeneity of soil,
types of so0ils and their relative properties, pattern of cracks,
duration of hydraulic fracturing test, poré pressure develop-

ment under steady state as well as transient conditions, type



and rate of hydraulic pressure‘applicatioﬁ etc. Though this
problem has been dealt with in detail in Chapter 2, neverthe-~

(42

less to quote one example, Leonards and Narain ) recominend a
wet core to produce flexibility against cracking whereas
Kulhawy and Gurtowski(ag) are of the opinion that load trans-
fer in case of wet core will be causing more chances of hydrau-

lic fracturing. This shows that many aspects of the phenomenon

of hydraulic fracturing are. still not well understood.

1.4 SCOPE OF RESEARCH WORK

The present research work was taken up to investigatce
the phenomcﬁon of hydrsulic fracturing in soil mass, with a
view to clarify the influence of some of the parameters such
as, moisture content, confining pressures, degrée of satura-
tion, type and rate of hydraulic pressure application, tensile
strength of the soils, type of the soils and anisotropy of
pressure appiioation, on the hydraulic pressure at which hydrau-
lic fracturing will occur under laboratory controlled condi~
tions. The study consists of detailed experimental investiga-~-
tion as well as analytical study for determination of hydraulic
pressure at which cracks initiate in soil mass and the loca-
- tion of the potential regions df hydraulic fracturing taking
‘into account the effect of pore pressure development under
steady state as well as trznsient conditions and the stress

redistribution in the soll masse



The investigation has been presented under the following

subheads.

(i) Review of literaturee.

(ii) Experimental investigation of various parameters on the
improved experimental technique developed for study of
hydraulic fracturing on hollow cylindrical soil speci-

menss

(iii) Pore pressure determination under steady state as well
as transient conditions of model soil specimen using
finite element technigues :

(iv) Analytical investigation of hydraulic fracturing of model
‘ soil cylindbr and its stress analysis utilizing Mohr-
Coulomb failure criterione.

(v) Comparison of theoretical results with laboratory results
and the effect of various parameters on hydraulic frac-—
turing. ‘

(vi) Assessment of the potential of hydraulic fracturing in

& high earth and rockfill dam has also been madce.

A review of the literature on hydraulic fracturing in
soils has been presented in Chapter 2. Results of tests on
sclid cylindrical specimens in triaxial apparatus under saturat-
ed as wgll as partislly saturated conditions are discussed in
Chapter 3.

An improved experimental technigue has been developed
using hollow cylindrical soil specimens confined at both ends,
simulating confined borehole condition in the laboratory. The
details of the experimental set-up and the observations during
experimentation are presented in Chapter 4. The effect of the
various pérameters have been studied in detail using this

experimental techniquee The results of these studies and



corresponding discussions are presented in Chapter 5.

Pore pressure development in the model soil specimen
under steady state as well as transient condition has been ob-
tained using finite element technique ahd presented in Chapter
6. Attempt has been made to investigatc the factors affect-

ing pore pressure development under transient conditions.

Chepter 7 presents the theoretical analysis of hydrau-
lic fracturing. Total as well as effective streSses developed
in model soil specimen under the action of confining prcssures
énd internally applied pressure which induces cracking in soii
msss, have been evaluated. Mohr-Coulomb failure criterion
applicable to geotechnical problems has been utilized as a
failure criterion. Utilizing pore pressures determined in
Chapter 6, expressions for evaluation of hydraulic fracturing
pressures under steady state as well as transient conditions
are obtsined. The technique has been applied to the actual
experimental cases and hydraulic fracturing prcssure is evoluat-
ed. The experimental studies and the oonplusions of the study

have becn presented in Chapter 8.

As an illustration, assessment of the safety of an
actual high earth and rockfill dam against hydraulic fractur- '
ing has been carried out and presented in Appendix-A. This
investigation is based oh the available Stress analysis of the
dam at construction stage and full reservoir condition. Two
positions of the core, that is a central vertical core and an

inclined core have been considered. The results indicate that



the dam with an inclined core has lower potential against
hydraulic fracturing in comparison to dam with a central ver-~

tical core.



CHAPTER - 2
REVIEW OF LITERATURE

2.1 GENERAL

The concept of hydraulic fracturing has been used in
petroleum engineering and grouting of rocks, but its impor-
tance in geotechnical engineering has been realised recently.

In the 1ast few years, some attention has been paid to the
mechanism of hydraulic fracturing in the field of geotechnical
engineering. Some important theories and their relevent field
as well as laboratory measurement studies are discussed in this
chapter. Since the field measurement of hydraulic fracturing

is generally done in connection with studies of field permeabi-~
lity testing and evaluation of in-situ stresses, a bpief summary

of existing literature on this aspect is also presented.

2.2 HYDRAULIC FRACTURING I FIELD
PERMEABILITY TESTS AND BOREHOLES

It is well established that water loss from boreholes
may occur even in well-constructed dams where no open cracks
were observed before the boring was made. Shefard(éo) indica-
ted that loss of water from borings flowed through cracks
opéned by fluid pressurec. This may be either due to opening
of existing but closed cracks or duc to formation of new cracks
by fluid pressﬁre~ The.cases of loss of drilling fluid, for
Garrison dam (USA) Lovewell Dam (USA), Djatiluhur dam (Indonesia>9
Akosombo dam (Ghana), LaVillita dam(Mexico) and El-Isiro dam

(Venezuela) have been reported by him.
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while drilling borehole at Livingston dam (UsA) to ins-
tall piezometers in foundation, heavy loss of drilling fluid
occurred in cléy core just above the foundation. It was inferr-
ed that the fluid pressure in a borehole during drilling cah
be very much higher than the weight of a static colum of wafér,
and higher pressure can be caused by partial obstruction of the
return flow of the drilling fluid and can then cause hydraulic
fracturing. The rate of drilling is another important factor.
Dry cracké on transverse slopes between two sections of
Tlha-Solteira dam (Brazil), constructed at different times,
were extended upto a depth of 2m, and resulted in deep erosion
gullies from rain runoff. Water was also lost at a boring
drilled for piezometer installation at = depth where boring
passed through transverse junction- It was concluded that water
lost might be due to localized zone of low streés in the embank-
ment. ‘ |

The outflow in-situ permeability test (where a positive
excess head is.applied), is often preferred to the inflow test,
because it may be carried very quickly. In situations of low
permeability the tendency is to use high pressure in order to
give adequate flow readings within a reasonable time. This may
lead to incorrect results due to occurrence of hydraulic frac-
turing around piczometers and may record high permeability as

compared to the actusl ficld value.

Bjerrum ct 01(9) carried out permeability tests in
impervious core of a dyke in Israel. The core consisted of
natural clay dumped into slurry trench. To evaluate the quality

of the core, permcability tests were performed by pushing &
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porous bronze piezometer into the core and then measuring the

rate of water loss from it by applying an excess head less

than the effective weight of the colum of soil above the piezo-
meter indicating the core permeability of the order of ZLO"'4 cm/sec.
‘Further tests were performed at very low head and the permeabi-
lity of unfractured clay at these low heads was of the order

of 2:><1O"7

cm/sccs, but this increased rapidly when the testing
pressure exceeded by about 50/ of the effective overburden vre-
ssure, at piezometer tip. A number of inflow tests (where

head was reduced below the static ground water level) confirmed

4 cm/sec.

that the true permesbility was much smaller than 10~
It was concluded thst the increase in permeability was the
result of hydraulic fracturing around the piezometer; which
occurred at excess head as low as 20#% of effective overburden
pressure. The reason for occurrence of hydraulic fracturing

at such low pressure was that the effective vertical stress

in the core was probably smaller than the weight of overburden
due to arching of the core. Additional tests at Formebu (0Osla)
indicéted that hydraulic fracturing occurred at an excess head
of 674 to 864 of effective overburden pressures

Vaughan(ég) reported the observations of water losses
from holes drilled into the core of Balderhead dam after crack-
ing of the corce of the dam. Results of water loss tests and
the settlement observations indicated that cracking had taken
place at a number of areas in the dam, but water loss was aiso
obscerved in boreholes in areas where evidence suggested that

cracking had not taken place. It was indicated that these

water losses probably occurred as a result of hydraulic
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fracturing of the soil around boreholes. Consequently tests
were conducted to determine pressure to cause fracture as well
a4s the close-up pressure. The scatter for fracturing pressure
was high whereas close-up preséUres were more consistent and
were nearer to minor principal stress (63) determined for the
dam. Studies of close-up pressures indicated that oncc frac-
tures werc created, they could be re-openad at lower pressures

than the required pressures to open them initially.

Tests on smali embedded piezometers were performed &t
Cow~Green dain, whcn dam was completed to its two-third height.
The results showed that the fracture test did hot increase the
permeability of the clay around the piezemeters and fracture

pressures were gencrally equal to nominal overburden pressurcse.

As there was no damage to the core of Cow-Green dam,
by fracturc tests, the same were also done at Balderhead dame
Pressure equal to nominal overburden was applied and delayecd
fracture was observed after five minutes. It was found that
the fracture pressure was approximately equal to the ovcrburdeﬁ
pressurc. It was also mentioned that the iracture pressurc
showed great variation but in short term tosts, they wcre much

higher than those observed in the water flush tests.

Bascd on the principle of hydreulic fracturing, iece
when 2 crack first appears, the water pressure at which it
closes again, may be morc reliable as an cvaluation of lateral:
stresses in the ground, Bjerrum and Andersen(8) performed in-
situ permeability tests in which water was first forced
into the soil to form crack and then water pressure was decreas-

ed while observing the flow of water into the clay as well as
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the decrease of pressure. An abrupt reduction in the flow of
water inté the clay was observed when the crack closed. The
reason for this was attributed to the fact that contact érea
between water and clay was drastically reduced. The pressure
at which the crack closes is measured, and if the total stress-
es ocross the crack are unchanged, this closure pressure is
believed to be a close approximation of the total stress across

the cracke

It is indicated thszt due to higher permcability of
coarse grained soils, the method is limited to clays. It is also
expressed that for KO (ratio of minor principal strecss to
major principal stress) valucs greater then one, a horizontal
crack will open and the method will Jjust measure the weight
of overburden and therefore, the method can not be used in over-
consolidated clays where Kois greater than one. The results
indicate that Ko is approximately consfant with depth, and it

may increase with time.

Penmen and Charles(55) have reported detailed field
investigations of the clay core of 80 years old and 20m high
cwmwernderi dam (England). Vertical boreholes were made by
hand augering from dam crest and Cassagrande type stand pipe
piczometers werc installed at various depths on the centre
line of the core near the major section of the dam. Tests were
carried out by raising the water level in the stand-pipes to
cause hydraulic fracturing in the surrounding clay and then
decreasing the pressurc. The critical pressure was defined as
the pressure at which the excess flow rate decreases to a

value compatible with the permeability of clay. The study has
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shown that critical pressure can be regarded as a conservative
estimate of the pressure required to cause hydraulic fractur-

ing across the core of the dam.

Lefebvre et a1(41) carried out hydraulic fracturing
tests in the field in two geologically differcnt sensitive
clay deposits in order to study the fracture pattern formed
around inserted piezometerss. The result of thesé tests indi-
 cated that fracturc mode is not unique i.e. the hypothesis
that only vertical fractures develop in normally consolideted

(8)) was not verified. But verti-

clay, (Bjerrum and indersen
cal fractures radiated out from piezometer tips as well as
cracks inclinea from 20° to 35° from the horizontal, formed an
inverted cone-shaped fractures with its apex at the top of
piezometer were observed. It is also mentioned that, as hydrau-

lic fracturing test would be sensitive to fluid pressure, it

would lead to an overestimate of KO-

Various researchers have performed in-situ hydraulic
fracturing tests by increasing the water pressure in either
open boreholes or piezometers. A review of all these tests
shows clearly that hydraulic fracturing can easily be induced
in boreholes. The pressure required to cause hydraulic frac-
turing is highly variable, and depends on many parameters
such as the in-situ stresses, rate at which the water pressure
is increased, the deformation and strength characteristics of
the soil, the shape of the borehole or piezometer and the.
method used.to create the borehole or place for the piezometer

in the ground. Unfortunately, the separate effects of each
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of these factors can not be effectively evaluated from the

results of in-situ tests.

2.3 LABORATORY STUDIES OF HYDRAULIC FRACTURING

The literature review of in-situ hydraulic fracturing
investigations prescnted in the preceeding section, has clear-
ly indicated the importance of hydraulic fracturing in geotech-
nical engineering. The effect of various parameters involved
in the mechanism of hydraulic fracturing indicates the necess-
ity of laboratory controlled investigations. In this section
some of the case studics of hydraulic fracturing tests perform-
ed in the laboratory, are revicwed.

(23

Haimsdn ) performed hydraulic fracturing tests on
rock samples of 12.7 cm cubical as well as 12.7 cm diameter and
15.2 cm high cylindrical specimens. A vertical bbrehole was
made in the ccntre of the specimen. The tests were conducted
by pressurizing the fluid in the borehole while the extermal
loads werc kept constant. The test results indicated that

hydraulic fractures were tensile failure and no shear failures

werce observede.

Bjerrum et al(g) conducted laboratory tests in scil
deposit by insertihg 6 mm diamcter piezometers in soil filled
in a tank (Fige 2+1). The tank had porous stones at both
sides which were connected toAreservoirs- By varyiné the reser-
voir level from one side of the tank relative to fhe other
and'waiting until the inflow equalled the outflow, a measure

of the overall permeability was obtained. When the monitoring
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piezometer showed the ground water level to have returned to
the ground surface, an excess head was applied to the second
piezometer and maintained for a time interval during which read-
ings of inflow against time were taken. The applied head was
increased in ihcrements of 10 cm of water and maintained for a
similar period of time while readings of flow rate were taken,
until the measured flow rate showed a fundamental chenge. This
was indicated by a sudden rapid rise in the rate of floﬁ of
water into the soil. It was concluded that hydraulic fractur-
ing may occur in the flow permeability tests at smaller press—

ure than overburden pressures.

In the experimental set-up, the specimen is open to
" atmospheric pressure at the top and there is no arrangement for
side pressures as well, the set-up can not be classified as a

true representative of actual site conditions. =

Bjerrum and Andersen(g) simulated the field test in a
triaxial apparatus, where a piezometer 2.7 mm in diameter and
40 mm long was pushed in from the bottom in soil specimen
798 cm in diameter and 13 cm long. The specimen was enclosed
in a rubber membrane aﬁd consolidated under oy = 263 as shown
in Fige 2.2. The pressure in piezometer was increased to a
certain critical value, remained constant for a short time and
then started to decrease. In a short time rubber membrane
.bulged out and the porc pressure increased in the top of spcci-
men, indicating that a crack had been formed. The pressure in

piezometer was then decreased and the flow rate was recorded.

The results indicated that the closure pressure was

equal to cell pressure, and vertical crack formed extending
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from the tip of the piezometer.

Pushing of 2.7 mm diameter piezometer up to the centre
of the specimen, is a difficult task unless otherwise the speci~
men belongs to soft clay category. In the case of soft clay,
ény.insertion would increase the density around the piezometer
tip resulting in increased value of the hydraulic fracturing
pressures over the actual value. In case of hard clays, per—
haps a drill hole would be required to insert the piezometer
and the water may come out along the periphery of the piezo-
meter rather then finding its way into the specimen for causing
hydraulic fracturing. Moreover drilling of hole in a small soil

specimen will result in stress redistribution around the hole.

Nobari et a1(50) carried out, triaxial tests on sandy
clay samples of 3.6 cm diameter and 8.9 cm height to investi-
gate hydraulic fracturing. A hole of 0.65 cm diameter was
drilled along the axis and filled with send to which internél
pressure was applied to cause hydraulic fracturing. A thin
sand layer enclosed in a membrane surrounding the soil was used
to apply an external water pressure independent of internal
pressure. Cell pressure and deviator stress was also controll-
ed independént of these water pressures (Fig- 2-3)- Hydraulic
fracturing was caused by the following combination of applied
fluid pressure. |
(1) Reducing axial stress, but in the first set internal

water pressure was kept greater than external, whereas

in the sccond set extermal water pressure was more

than intcrnal pressure. In both sets hydraulic frac-

turing was observed to occur gradually along a hori-
zontal plane. In third set both external and internal
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pressures were kept constant and a sudden failure along
horizontal plane was observed.

(2) Increasing internal water pressure but keeping external
pressure, chamber pressure and deviator stress as cons-
tant. The axial stress was greater than chamber press— -
ure, and the failure was along vertical plane.

It was concluded that the mechanism of hydraulic fractur-
ing is a tcnsion fracture developing on the plane of maximum
tensile stress. Shear failure or plastic flow was not observed.

This 1s in agreement with the findings of Haimson(23)~

Nobari's wdrk gives a good indication of the mechanism of‘
Vfracture initiation as well aé its orientation in the soil mass.
However, it is worth mentioning that test length of the soil |
sample subjected to pressure, is a small fraction of the sample
length, thus nonuniformity of stress distribution exists in the
soil specimen, specially at the Jjunction of length surrounded by
sand and the portion covered by solid lucite materials Further,
drilling of 0.65 cm hole in a sample of 3.6 cm diameter may
itself create very wéak region and stress redistribution and
wneven borehole surface which may affect the hydraulic fractur-
ing pressure. The test arrengement indicates that in case if
- external ﬁressure through sand pocket is higher than the chambér
pressure, the bulging of rubbér membrane ma& take place.thus
reducing the effective external pressure. Moreover, there will
| not be any significant effect of chamber pressure. In case the
chamber pressure is greater than the external pressure as in
that case, the external pressure on the specimen would be con-

trolled by chamber pressure and there is no significant use of
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external pressure. Thus a need is indicated for further impro-

vement on the testing procedure and experimental set-up.

Jaworski, Duncan and Seed(3l) studied borehole fracture
tests in the laboratory. In‘this study cubical soil samples
were placed in a 20.3 cm cubical stress apparatus where three
independent stresses were applied to the faces as shown in
Fige 2.4.. A 0.48 cm diameter uncased borehole, 6.1 cm long was
drilled in the centre of the sample and was sealed at the top
with an epoxy plug. Water pressure was then applied to the
walls of the borehole through a steel tube cemented with cpoxy.
The material used in the experimental studvaas obtained from
the remeinder of core of Teton dam after its failureg This
material consisted primarily of ML aeolian silt with small parti-
cles of caliche. The samples were.trimmed or compacted to form
19 cm cubes and placed in the 20.3 cm cubical apparatus, and the
remaining gap around the ssmple was filled with compacted soil
of the same origin- The applied o, was equal to 203 and the
intermediate stress 02, wés equal to 03, Remoulded samples
were compacted at 2% dry of optimum, and at 3/ wet of optimum,

to about the same dry density as the undisturbed block samplese.

The test results indicated that hydraulic fracturing pre-
ssure was highly variable, becéuse of diffcerences in composi-
tion, the densities, the water contént, or any combination of
these for undisturbed samples. However, for all the tests,
hydraulic fracturing pressures Up, were higher than the total
horizontal confining stresses Oy Following were the conclu-

sions for these test results.




(1)

(3)

(4)

(5)
(6)

recorded by Jaworski et al
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Variation in soil composition had more pronounced
effect on hydraulic fracturing pressure than the varia-
tion in density or water content. '

For the same composition and density, measured values
of Up were usually higher for samples having lower
water content.

The measured value of tensile strength of soil, Oy
using Brazilian tests as compared to the difference of
Ugp and GH indicated that Ue - GH were consideraply
greater than Oy Thus the difference between Ugp and
Oy can not be explained by Ope -

Up was higher for long duration tests. The effect

was explained to be due to difference in the extent of
the zone of seepage which developed over a longer period
of time.

The measured value of uf increased as GH increased.

Higher the compactive effort (and higher dry density),
higher is Ugps though the scatter is large. Inconsistent
effect of Up was observed for small variation in den-
sities with same compactive efforts.

It is apprehended that hydraulic fracturing pressure

(31), might not be true representa-

tive because of the following reasons.

(1)

(1)

(iii)

Compacting soil in the gap of soil sample and cubical

‘apparatus with steel bar may not result in uniform com-

paction. At corners it is practically impossible to
attain uniform compaction.

Drilling of the hole in soil specimen would create
unevenness ot borehole surface as well as stress redis-—
tribution in soil masse.

Hydraulic fracturing pressure is applied only in 5.1 cn
test length of specimen against its total length of
19 cm. o
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(iv) Water used for hydraulic fracturing tests is not free
of air bubbles as the apparatus consists of air-water
interface chamber. The air bubbles may penetrate in
soil pores and may create negative pressure condition,
thus increasing the effective stress of soil which
would naturally require higher U value.

(v) There is no mention about the degree of saturation of
the specimens tested. The value of strength paranmecters
indicate that the specimens are not tested under full
saturation condition. Thus the existence of negative
capillary pressure may have contributed to increasec the
effective stresses which obviously affect the fractur-
ing pressurece.

Decker and Clemence(l2) have also reported laborafory
tests to study hydraulic fracture initiation in soils. The
experimental set-up is shown in Fig. 2.5. The needle was
placed in the soil sample (classified as CL and compacted
at standard Proctor's compaction) such that the holes were
located on the central axis of the cylindrical sample. Sample
was fractured by injecting excess water pressure through the
needle after consolidation as well as back pressure saturation
of the specimen in triaxial cell. The fluid pressure for frac-
turing was increased at uniform rate which was monitored by pore
pressure transducere. Abrupt increase of flow of water through the
flow meter resulted in sudden drop of pressure in the trans-
ducer indicating the occurrence of fracture in sample. The
following were their findings -

(i) A linear reletionship was found to exist between the

pore pressure required to fracture the sample and the
confining pressure.
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(ii) The pore pressure to cause fracture at zero confining
pressure is a measure of the tensile strength of soil.

(iii) The measured tensile strength was found to be in close
agreement with the value that may be predicted from
Mohr-Coulomb analysise
}It is felt that insertion of needle horizontally into

the specimen, may create a weak zone by itself, thus increasing

the potential of ‘hydraulic fracturing cven at low pressurese.

Further,silicon grease used for sealing between necdle and soil

specimen might not withstand the high pressures apblied through

the needle. Also the cir-water interface in fluid reservoir,
may causc negstive pressurcs in soil éample due to injection of
air bubbles as was apprehended in the experimental set-up of

Jﬂwqrski et al(31)-

The review presented in the'preceeding paragraphs, high-
lights the various approaches of different experimental set-up
uéed for evaluation of hydraulic fracturing in the laboratory.
With a view to minimize the uncertainities about some of the
parameters involved in the mechanism of hydraulic fracturing,
an experimental technique has been developed independently.

The details of experimental set-up and the results of parameters

investigated, are presented elsewhere in this thesis.

2.4 THEORETICAL BACKGROUND OF IYDRAULIC FRACTURING

The roview of the research work done by various research-
ers has shown that the water pressure required to cause hydrau-
lic fracturing is highly variable and depends upon many conplex

parameters. If the mechanism of hydraulic fracturing can be
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related successfully to stresses in soils around the fracture
regions, it ma& be a useful method for prediction of crack
occurrence. With this end in view, the conditions and criteria
for the occurrence of hydraulic fracturing proposed by various

authors are presented in the subsequent paragraphse.

Gibson and Anderson(2l) analysed‘the case of radial
stresses under plane strain condition for an ideal elastoplas-
tic material using modulus of elasticity B, Poisson's ratio vy ,
and ultimate undrained streﬁgth Cyeg For initiation of plasti-
city the hydraulic fracturing pressure required would be given

by,

uyg = Ky O v Uy Gy ee(2.1)

whereas,indefinite expansion of the cylindrical cavity would

occur at a pressure given by 3

"B \J P E oo .
UL, KO Oé-+ uy Cu (1L + [n EE;TT:JY) (2+2)

cé = initial vertical effective stress

K = ratio of initial horizontal effective stress to
the initial vertical effective stress

u; = initial pore pressure

Ladanyi(39) has shown that the pressure required to

expand a spherical cavity at depth is comparable to the ulti-

mate bearing capacity of a pile point and can be given as

— ‘ 1 . N
U, = K, 0, 4 N, Cy ee(23)

where, Nc is the bearing capacity factor, Nc'may be of the

order of 9.0 for a spherical cavity and of the order of 7.0
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for a cylindrical cavity.

To minimize the time required for grouting operation in
a borehole by increasing grdut pressure but without causing

(49), presented a

hydraulic fracture, Morgenstern and Vaughan
theoretical analysis for isotropic media. They used the Mohr-
Coulomb failure criteria with the assumptions, that (i) the
presence of borehole does not disturb the stresses in the
formation, (ii) the change in total stress around the borehole
resulting from increasing the water pressure in the borehole

was insignificant compared to the changes in the effective

stress which results from an increase in pore pressure, (iii) the
distance over which the crack propagates, is small and thus
changes in stress in the formation due'to cracks are neglected.
Bascd on these assumptions, they gave the following cgquation

for hydraulic fracturing pressure, Up-

Gl+ 0'3 (51-0'3

Ura ) = 3 sin®’

+ ¢' cose! o aa(2.4)

where,
o, end 05 are the major and minor principal total stre-
sses, c¢' is the cffective stress cohesion and ©' is the effec-

tive angle of internal friction.

The sensitivity of equation 2.4 for changes in c', ©' and 61/63
was studied by drawing Up Vs Oz, by vafying one of these para-
meters and kKeeping others constant. The results showed that the
occurrence of tensile failure increases with increasing streng-

th and increasing principal stress ratio.

Haimson(23) carried out theoretical analysis of forme-

tion of hydraulic fracturing sround a borehole in rock assuming
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that the rock behaves as a brittle, elastic, homogeneous, iso-
tropic, porous material and flow follows Darcy's law. He uti-
lized an analogy between thermoelasticity and porous elasti-
“city to determine the stress changes resulting from the flow
of fluid through the pores. He also assumed that tectonic
stresses in the ground redistribute themselves around a cylin-
drical borehole according to the Kirsch(34) solution for a
circular inclusion in an elastic stresé field. According to
him the application of fluid pressure .in a borehole possibly
results in" two additional stress changes. One is due to the
fluid pressure at the borehole wall Uy, and can be viewed as
an internal pressure acting on an infinitely thick hollow
cylinder. The other stress change occurs if the fluid is able.

to penetrate the rock and flow through the pores.

With increase of pore fluid pressure, the tangential
stresses 69 in the material around the borehole would decrease
and eventually become tensile. At the time of hydraﬁlic frac-
turing u., is equal to the borehole fluid pressure (ub) and the
effective tangential stress (cé) become tensile equal in magni-

tude to Gt' For the case of an equal 21l-~round horizontal effec-

tive stress (6% = a, = cg), the following equation for evaluén

tion of Ugp is given :
o, + 20!
uf — S u, ee(265)
i
Jorl-vw

where o is the porous elastic parameter, given by

a, =1 - (cr/cb) e (246)
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where  C, = material matrix compressibility

o

For soil the value of @, would usually be between 0.9 and 1.0.

material bulk compressibility.

This theory indicates that the hydraulic fracturing
pressure is dependent on the initial effective horizontal strew_
ss, tensile strength of material, the compressibility of
material, Poison's ratio and initial pore pressure. The us
value will alyays be greater than the initial horizontal stre-
ssess |

Kennard(33) was concerned with predicting a lower bound
pressure below which a constant head permeability test could be
performed safely, and gave the following expressions using

(21)

Gibson's approache

(1) Drained Condition : Full build-up of seepage pressure
around borehole

5
%% *,ng or 1 (whichever is least} ee(2:7)

where au is increase in fluid pressure in borehole
above initial pore pressuree.

(ii) Undrained Condition : Non penetrating fluid
' au K, .
mgz = K + 53 or 1 (whichever is least) ««(2+8)

where A is the Skempton's(64) pore pressure coefficiente.

Vaughan(69? proposed a mechanism for hydraulié fractur~
ing in an embankment due to reservoir f£illing in terms of total
and effective stresses on Mohr-Coulomb diagram (Fig. 2+6).

From this figure it could be secen that cracking would occur

o) | — = & i i 3 : i
when 64 = 0, U, = Og, and 0, is ignored. 1f o, 1is to be
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taken into account, the crack will be formed when the effective
stress across a plane becomes tensile by an amount greater than

c The reservoir filling would result in an increase in the

£
stresscs in the core due to the water load on the upstream face
of the dam, and the changeé in effective stress would result in
some stress redistribution. If the pore pressure is sufficient
enough to induce shear failure, major stress redistribution

will take place. It has been shown in Fige. 2.6, that if pore
pressure is increased further during steady scepage condition,
the strese redistribution would result in an increase in 04 and

a decrease in O - Thus fracturc could be expected to occur

when 65 becomes less than the tensile strongth of the soil.

It wes mentioncd that a lower bound fracture pressura
would be obtained if the scil Was assumed to bchave elasti-
cally, and hydraulic fracturing is assumed to occur, when the
cffective stress becomes tensile by an amount greater than the
tensile strength of the soile If plasticity is allowed for,
an upper bound soluticn may be obtained by analyzing the pre-
ssure required to expand a cavity. The pressure required for
éavity expansion would be much greater then the fracture pro-
ssure predicted by elastic theory. This suggests that plastic

deformation may inhibit hydraulic fracturing. Sherard! s(60,61)

views are similar to those of Vaughan(ég)-

Bjerrum et al(g) developed a theory for avoiding hydraﬁ-
lic fracturing in permeability tests. They assumed that the
soil is isotropic, homogeneous, fully saturated, elastic and
semi-infinite in mass. The piczometer through which exéess
hydraulic pressure was iﬁjected, cylindrical in shape, having

diameter much less than its length and of high permeability as
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compared to soil, was assumed to be rigide. Plastic strains
developed in soil around piezometer during its driving into the
soil, were accounted for. The theory takes into account the
initial state of stresses,water pressure in the ground, changes
ini thesc stresses due to piezometer installation and any other
disturbance, magnitude of pressure head and its variation with
time as well as deformation characteristics. They have mention-
ed that as hydraulic excess head is gradually applied, the soil
skeleton will expcrience an outwarddrsg force in radial dircc-
tion leading to radial movement. At a certain value of excess
‘head, the effective radial stress (d}) in soil next to piezo-
meter will have reduced to zero. Any further increasc of head
will oausé movement of the soil skeleton away from the tTip aend
crecate o water filled cavity around the tip. The critical head
at which such 'blow off' occurs is cqual to G}'ncxt to pieczome-
ter.

It was concluded that for conditions analyzed, the

) u e |
ratio of %f (where AW is the excess pore pressure to cause

o d

P

hydraulic fracturing and o , the effective vertical stress)
varied between 0.5 and 1.0 and the values of excess head at
which it is safe to carry out the field permeability tests are
therefore very low. It is aléo mentioned that in situations
where arching takes place and dé mey be less than the nominal
overburden pressure, fracturing occurs merely by filling the
borehole casing with water during drillings. The cases of

sudden loss of borchole fluid may be due to this cause.

The theory developed by Massarsch(46) for hydraulic

fracturing in borehole is based on the assumptions, that
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(i) the length of the cylindrical cavity is infinite, (ii) the
soil behaves as an ideal elasto~plastic, isotropic material,
(iii) expansion of cavity is unaffected by the magnitude of the
critical water pressure in the clay, (iv) the soil is saturated
and undrained, (v) the effect of arching around the borehole

or pre-existing fissures or cracks in the soil is neglected.

The pressure required to cause cavity expansion is

given by the following eguation,

v = Oy o [ g i | .. (2:9)

where E and » are clastic parameters and C, is the undraincd

' shear strengthe

Chenges in total stress within plastic zonec are found
to be a function of the radial distance from the borehole, and
the changes in pore pressure au, within the soil mass due to
the applied pressure in the borchole can be determined using
Skompton's(64) pore pressurc parameter, A The resultant

effective tangential stress (Gé) would be given as

N '
-5=~= = =0.428 - 1.7334A "(2'10)
u

For a fracture to 6ccur as a result of cavityAexpahBion,
the changes in tdngential stress must equal or cxceed the
horizontal céfuctlve stress (GH), neglecting o, of the 5011
iecs dﬁ + Adé £ 0, the condition required for hydraulic frac-
turing to occur in a plastic zone around the borehole is expre-

ssed as,

0-'1

H = Cu (1073A -+ Oc43) -c(2-11)
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For the values of o} greater than that given by equation (2.11),
" hydraulic fracturing is possible and the fracturing pressure

is given that by equation (2.9), for smaller values, hydraulic
fracturing is not possible.

Jaworski, Duncan and Seed(30) also used Kirsch(34)

solution for investigating hydraulic fracturing theoretically
around a circular hole in soil masse They assumed that the

soil mass is impermeable, linearly elastic and, stress deforma-
tion is taking place under plane strain cohdition. Using super-
position, the tangential stress distribution was found by add-
ing the changes in stress resulting from an increasec in bore-
hole water pressurc up, ( Timoshenko and Goodier(68)), and the
initial stress distribution becausc of all-round pressure

(Kirsch(34)).

For hydraulic fracturing to occur around a borcholé,

the maximum tongential cffective stress must be tensile by an
amount equal to Ois and Uy, will be equal to Ugpe Thus ,
o
U.f= O'H-{-'é'“' 00(2012)

This equation indicates that hydraulic fracturing is affected

by state of existing stress and tensile strength of material.

To study the importance of actual stress-strain behavi-
our of soils, Jaworski et a1(30) performed an axisymmetric
finite element amalysis considering non-linear, stress-—strain
behaviqur of the soil. Material properties were those reported
by Independent Panel(75) for the Teton dam core material. The
results indicated that hydraulic fracturing pressure is always

greater than Oy and the difference increases with increasc of
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a The range of hydraulic fracturing pressure calculated using.

Hl
different values of »,E,c and © was quite small. The effect of
varying each of them showed that none of these has a significant

effect on the value of Ugpe

It was also indicated that the non-linear behaviour of
soil has only a smell effect on uf.' The elastic analysis indi-
cated that Ugp value was independent of soil properties, with
the exception of ot- The finite element‘analysis leads to the
same conclusions, indicating that'the value of Uy was quite
insensitive to the properties of the soile

- Using core material properties of Teton dam, a compara-

tive study of the theories presented by Morgenstern and Vaughan(49),

(23)9 (69), Massarsch(46)and Jaworski ct a1(30)

Haimson Vaughan
for cvaluation of hydraulic fracturing is reproduced in Fige 2.7
(Jaworski ct al(30))- It is seen that an upper bound solution
is obtained using Massarsch's(46) criterion, while Morgenstern
and Vaughan's(49) criterion predict that up oceurs at a borac-
hole water pressure even lower than horizontal stress.,

(69)

Morgenstern's theory was later amended by Vaughan stating

that the u, values must at least be equal to Ope

In this comparison, the effect of Ot and the initial
pore pressures were neglected, while each of the criterion
indicates that hydraulic fracturing will take place when the
effective stress in the soil becomes tensile. The higher value .
of Massarsch's criteria is due to the assumption that pressure
required to expand a cavity plastically is the highest pressﬁre

which a borehole can support, while the lower bound solution
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assumes linear behaviour and stress distributions are not

accounted for. .

It is scen that different approéches have been used
for stress analysis and evaluation of Ugp by different research-
ers. The difference involved in the exact evaluation of sone
of the parameters, such as compressibility of soil, elastic
parameters (E and V), Skempton's pore pressurc coefficient,
etc. and theif approximate prediction may involve considerable
errors. In order to minimize the uncertainitics and corrobora-
te experimental resulls, a theoretical analysis has becn carried
out for prediction of ug under steady state as well as tran-
sient pore pressurc conditions. The deteils of pore pressure
determination, stress analysis and evaluation of Ugp for cxperi-

mental model specimen are presented in Chapters 6 and T



CHAPTER - 3

EXPERIMENTAL INVESTIGATION USING SOLID
CYL INDRICAL. SPECIMENS

]

3.1 GENERAL

So far, limited experimental work has been done to eva-
luate the mechanism of hydraulic fracturing in soil mass. It is
felt that more detailed investigations are needed to have a

clear insight into the mechanism of hydraulic fracturing.

At the initial stage of experimental studies, solid
cylindrical soil specimens having 3.81 cm diameter and 8.2 cm
height were tested in triaxial apparatus to investigate the
induced hydraulic fracturing pressure at various confining pre-
ssures under controlled laboratory test conditions. This test
set-up is shown in Fig. 3.1, but the experimental technique and
test sct-up were subsequently changed and an improved set-up

‘'has been used for further investigations.

3.2 EXPERIMENTAL SET-UP

Fig. 3.1 shows a diagrammsticlayout of experimental set-
up, composed of various units. The lateral pressure assembly
is used for the application of chamber pressure in triaxial cell
through a water-air interface. The air pressure supplied from |
compressor will push water into the triaxial cell. The gauge
mounted on top of the assembly will indicate the confining pre-

ssure. The triaxial cell consists of a perspex chamber to
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accommodate the soil specimen and confining fluids. The soil
specimen is enclosed in a rubber membrane and placed in the
triaxial cell. Hydraulic pressure is applied through the needle
inserted axially through the specimen by means of the Bishop's

pore pressure apparatus.

3.3 EXPERIMENTAL SOIL AND SPECIMEN PREPARATION

The soil used for testing 1is classified as CL according
to unified soil classification system. This soil is called soil
- 'A' throughout the present discussion and subsequent chapters.

The index properties of the soil are given in Table 3.1

TABLE 3.1 CHARACTERISTICS.OF SOIL 'A!

Liquid limit = 32.5 %
Plastic limit = 22 A
Plasticity index = 10.5 %
Optimum moisture content(Proctor's) = 165 %

. Dry density at OMC ‘ - 1.77 glemS
Angle of internal friction = 27°
(drained test)

Cohesion - = 0.10 Kg/cm2
Permeability (Saturated condition = 3o95x10—7cm/sec
and compacted at OMC)

Porosity (compacted at OMC) = 33.5 %

Void ratio (compacted at OMC) = 0.521

Specific gravity = 2.68

Sand = 40 4

Silt ‘ = 41 A

Cley ' ' = 19 A

For preparing specimen, 2.0 Kg soil was oven dried for
a minimum of 24 hours, and then cooled in desicator to avoid

the absorption of air moisture. The soil was broken with a
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wooden mallet and screened through No. 40 sieve. The calculat-
ed amount of water was added to bring it up to OMC. After pro-
per mixing of soil it was collected in plastic bags and kept
for seasoning in a humid chamber for 24 hours. The correct
moisture content of the soil was ascertained before compaction
at standard Proctor compactive effort; Cylinders of 8.2 cm
height and 3.81 cm diameter were prepared by driving sampling
tubes into the Proctor mould and extracted by the sample extrae-
tor.  Thereafter, soil éylinders were cut to size very care-

fully.

3.4 EXPERIMENTAL TECHNIQUE AND TESTING PROCEDURE

Two bronze collars, 3.5 cm in length ahd 3.81 cm in
dizmeter were fagricated(24)- One of these collars had an in-
jection needle of 1.0 mm diameter at the centre. The needle has
circuler holes at the periphery and the length is equal to half

that of the soil specimene.

A thin layer of adhesive was applied on the upper
collar and the soil specimen surface in order to have a water-
tight interface between the collar and the soil specimen. The
specimen was encloséd in a rubber membrane and subjected to
saturation through the bottom. The soil specimen achieved near
full saturation in a minimum time of 19 days under a head of
water of 30 cms from the base of the specimen. Saturation was
ensured by observing flow of water through the needle inserted

axially in the specimen.
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Experiments were conducted by placing the specimen in
a triaxial apparatus (Fig-'3.l)- Tests were conducted at vari-
ous cell pressurese. Hydraulic fracturing was induced by increas-
ing water pressure linearly through the inserted needle- The
fallure was detected by sudden drop of mercury level in the
manometer as well as pressure gauge depending on the range of
. pressure. The reduction in pressure indicates the initiation of
cracks in the soil masse. The failure pressure was recorded és
the hYdruu1lC fracturlng pressure under corresponding confining
pressure. In order to get consistent values, three to five
specimens were tested for each range of confining pressurce The

applied confining pressure rangeé is from zero to 2.2 Kg/cm2-

Partially saturated specimens of the same size and
prepared under similar conditions as above, have also been test-
ed. These tests were conducted immediately after compaction at
OMC, allowing a nominal time for the adhesive to set, while
necessary precautions were taken to prevent the specimen from .
dryinge. |

The results of both series of tests i.e. saturated and

partially saturated specimens are presented in Table 3.2.

3.5 RVALUATION OF TENSIL& STRENGTH OF SOIL

Cracking in an eérth structure develops in regions of
tensile strain resulting from the application of various loads
on the structure as well as geometery of the construction site
and types and properties of embankment materials. Tensile

strength of the soil plays an important role in order to
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" TABLE 3.2 RESULTS OF SOLID CYLINDRICAL SPECIMENS

S1.] Confining f{Hydraulic frac- Sle | Confining | Hydraulic frac-

No«| pressure turing pressure No. |pressure turing pressure

(Kg/om?) (Kg/cm?) | (Kg/om?) (Kg/cn?) |

SATURATED SPECIMENS

1 0.00 0.132 15 0.80 0.817 g

2 0.140 16 1.004 |
3 0.098 17 0.985
4 0.151 18 | 1.023
5 0.129 19 0.994
6 0.143 20 1.012
7 0.40 0.639 _ 21 0.982
8 0.647 22 0.967
9 0.529 23 1.023
10 0.486 24 1.60 1.933
11 0.60 0.800 25 1.933
12 0.874 26 2.20 2.531
13 0.874 27 2.611
14 0.774 28 : 2.496

PARTIALLY SATURATED

1 0.00 0.800 12 0.80 1.85
2 0.963 i3 1.820
3 0.942 14 l.44 2.+ 450
4 0.858 15 2.750
5 0.23 1.300 16 2.650
6 1l.214 17 2.+400
7 0.956 18 . 2.250
8 0.953 19 2450
9 0.65 1.675 20 2.350
10 1.750 21 1.98 3.100
11 1.45%0 22 3.400
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decrease the potential of cracking, specially in the mechanism
of hydraulic fractures. In this study Brazilian testing tech~
nique(l) has been adopted to determine the tensile strength of

the soil under investigation.

when cylindrical specimen is compressed diametrically,
uniform tensile stress would develop normal to the loaded dia-
meter causing the cylinder to fracture along the diametral plane.
It has been mathcmatically shown by Timoshenko and Goodier(68)
that a compressive load applied perpendicularly along the axis
of the cylinder, will result in tensile stress, acting normal

to the loaded diameter in a diametral plane. The magnitude of

tensile strength o, could be obtained as,

- 2.
O‘tv——nDL .‘(3’1)
where P is the applied load,D is the diameter and L is the length
of the soil cylinder. The same has also been observed by

Frocht(}S) in the photo~elastic studies on a circular disc.

Soil samples compacﬁed at OMC acoording to standard
Proctor's compaction have been tested both under partially
saturated as well as under fully saturated conditions for eva-,
luation of tensile strengthe The test set-up and failure mode
of specimens are shown in Photos 3.1 and 3.2, respectivelye.
The details of the results are presented in Table 3.3. From
this teble it will be seen that under saturated condition, the
tensile strength of the soil varies from 0.100 to0.114 Kg/cm2
with an average value of 0.109 Kg/cmz, whereas at OMC the same
varies from 0.211 to 0.286 Kg/cm® with an average value of

0.249 Kg/om?.



PHOTO: 31 - TENSILE STRENGTH TEST SET-UP
| (SPLIT CYLINDER TEST)

PHOTO: 3-2 - FAILED SPECIMENS OF SPLIT
CYLINDER TESTS
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I

TABLE 3.3 TENSILE STRENGTH OF SOIL '4A'

Sl. | Tensile Strength (Ke/cm2)
No. Partially saturated | Saturated Condition
(at OMC) *
1 0.238 0.100
2 0.286 0.114
3 0.211 0.101
4 0.226 .
5 0.286 r
Average 0.249 ‘ 0.105

The average tensile strength at -1x OMC for partially

saturated specimens has been evaluated as 0.460 Kg/cm2-

3.6 ANALYSIS AND DISCUSSIONS

To evaluate the effect of confining pressures on frac—-
ture initiation in soil under various confining pressures, the
average experimental tests results are plotted in Fig. 3.2.
Curve I shows the plot between observed hydraulic fracturing
pressure (uf) and confining pressure (PO) for saturated specie

mens and curve II for partially saturated samples (at OMC).

The plots show that Ue is a linear function of Po' The
linear relztionship between Up and PO has been also reported by

other researchers(12’3l).

At full saturation when confining
pressure 1s equal to zero the only resisting strength can be the
tensile strength of the soil. In case this is valid, the
iinear relationéhip may be written as

Up = m) P+ y . . (3.2)
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TABLE 3.3 TENSILE STRENGTH OF SOIL 'A'

sl. | Tensile Strength (Kg/cmz)
No- Partially saturated | Saturated Condition
(at OMC) '
1 0.238 0.100
2 0.286 0.114
3 0.211 0.101
4 0.226 o
5 Oc286 5
Average - 0+249 4 0.105

The average tensile strength at -1y OMC for partially

saturated specimens has been evaluated as 0.460 Kg/ch-

3.6 ANALYSIS AND DISCUSSIONS

To evaluate the effect of confining pressures on frac-
ture initiation in soil under various confining pressures, the
average experimental tests results are plotted in Fig. 3.2
Curve I shows the plot between observed hydraulic fracturing
pressure (uf) and confining pressure (Po) for saturated specie

mens and curve II for partially saturated samples (at OMC)-

The plots show that Ug is a linear function of Po' The
linear relstionship between Ug and Po has been also reported by

other researchers(l2’3l).

At full saturation when confining
pressure is equal to zero the only resisting strength can be the
tensile strength of the soil. 1In case this is valid, the
linear relationship may be written as

up = B, Py ¥ ¥, « (3.2
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where m, is the slope of the line and Yo is the vertical inter-
cept of the line at zero confining pressﬁre. The prediction of
slope end vertical intercept are a complex phenomenon and may
depend upon stfength of the so0il and the way of redistribution
of effective stresses take placé in the soil which change as

a result of increase in pore pressure.

Curve I indicates that when confining pressure is ecual
to zero, the value of hydraulic fracturing pressure is equal to
0.130 Kg/cm2 which is in close agreement with the saturated
tensile strength of the soil. It is seen from Curve II that
when confining pressure is equal to zero, the value of hydraulic
fracturing pressure is about 0.85 Kg/omz, whereas average value
of tensile strength of the partially saturated samples at OMC
was of the order of 0.25 Kg/cm2- It is thus seen that the
value. of Ugp at zero confining pressure is higher than the ten-
sile strength of the soil. The higher value of u, for partially
saturated condition might be due to the following reasons,

(i) In performing hydraulic fracturing tests, hydraulic pre-
ssure was applied at a point through the inserted needle
inside the specimen. In such a case, the pressure dis-
tribution is not uniform throughout the length of the
specimen. In contrast, tensile strength tests were

conducted under uniform load distribution through the
‘horizontal strips over the full length of the specimen.

(ii)  As injection needle for application of hydraulic frac-—
| turing pressure is inserted up to the mid-height of the
specimen, therefore,; penetration of water in lower half

will be less as compared to the upper half. Thus the

effect of time nceded for water pressure to act on the
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full surface of the specimen may have caused an increas-
ed value of uge ‘

Since water pressure is applied as a point load through
the needle, thereforé, water may spread in spherical
direction causing three dimensional effect instead of
two dimensional effect as expected in a cylindrical soil
specimen subjected to sll-round uniform pressures. Thus
three dimensional effect of water penetration could
cause higher values of Ugpe
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CHAPTER - 4

IMPROVED EXPERIMENTAL TECHNIQUE FOR INVESTIGATION
OF HYDRAULIC FRACTURING USING HOLLOW CYLINDERS

4.1 GENERAL

AN

The experimental set up and the results obtained from
hydraulic fracturing tests performed on solid cylindrical speci-
mens have been discussed in Chapter 3. With a view to better
representation of stress conditions in a borehole; an improved
techmique based on testing of hollow cylindrical soil specimens
which is nearer to actual borehole conditions, has been dévelopm
ed. The experimental technique adopted and described is an
improvement over the experimental techniques used by previous

resecarchers reviewed in Chapter 2.

The technique developed can'be used with the help of a
triaxial apparatuse. The experimental technique is bascd on the
measurement of induced hydraulic fracturing pressure inside a
hollow cylindrical soil‘mass subjected to all-round. confining pre-

ssures, representing confined borehole conditionse..

The main factors investigated in this study affecting
hydraulic fracturing ares; compactiVe‘moistgre content, degree
of saturaﬁion, confining pressures, type and rate of hydraulic
pressure application, tensile strength of the soil, types of

soil, pattern of cracks and anisotropy of pressure applicatione
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4.7 EXPERIMENTAL TECHNIQUE
4.2.1 Experimental Set-Up

Fig. 4.1 shows a diagrammatic layout of thé experimental
set-up consisting of fQur unitse. Uﬁit I consists of soil speci-
men enclosed in a rubber membrane and placed in the triaxial
cell. In order to assess the measurement of the volume ohangeé
which may take place in the specimen during testing, a single
burette volume change apparatus (Unit II) is usedes The constant
pressure self compensating mercury control system (Unit III) is
used for application of confining pressures. This apparatus
- maintains constaﬁt confining pressures in the triaxial cell
throughout the test period, regérdless of the volume change’
occurring in the cell due to expansion of the cell chamber under
high pressures, minor leakage, entry of loading plunger into
the_cell, distortion and consolidation of the soil specimen.
Bishop'!s pore pressure apparatus(7) consisting of hand operated
screw type hydraulic pump, pressure gauge, manome ter but without
null indicator as shown in Unit IV, waé used for application of

hydraulic fracturing pressure.

4.2.2 Soil Specimen Preparation

The soil specimen as shown in Photo 4.1 was used for
hydraulic fracture testing. It was prepared in Proctor's
compaction mould. A steel rod 1.27 cm (0.5 in) in diameter was
placed centrally in the compaction mould with the help of a
0.4 cm thick plate having a hole of 1.28 cm in the centre to

accommodate the steel rod. The outer diameter of the plate is

Bl yEI GIDST €7 BCCYT
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equél to the inner diameter of the compaction mould. Photo 4.2
shows the steel rod and circular plate placed in position on the
base plate of Proctor's mould. |

Since a rod is placed in between the Proctor's compaction
mould,the conventional blows by Proctor's compaction hammer
directly over the soil would not be able to compact the soil
uniformly to the required density. Therefore, a rigid frame
assembly as shown in Fig. 4.2 was fabricated. The rigid frame is
20.3 om high having three 1.2 cm thick plates at ‘top, bottom and
middle supported by four welded steel rods. The diameter of the
three plates of this frame is just under size to 10.16 cm (4 in)
i.e. internal diameter of Proctor's mould. The middle and bottom

plates have 1.3 cm hole at the centre to accommodate the steel-

- ——

rod. o |
‘The s0il mixed with distilled water, wasvput in the
annular space in three layers in between cylindrical walls of
Proctor's mould ana the steel rod. After placing the soil the
rigid frame was placed over it and soil layer was compacted by
giving blows of standard Proctor's hammer over the top plate of
the frame. Photo 4.3 shows the set-up of compaction of specimen.
The number of blows required were calibrated to obtain the den-
sity equivalent to that of standard Proctor's compaction. After
compaction excess soil around the steel rod was trimmed off so
as to flush the compacted soil with the top of the compaction
mould. Base plate was opened and the soil specimen along with
the steel rod was taken oﬁt from the mould with the help of
sample extracting frame. Thereafter, central rod was slowly

pulled out of the specimen by hand without disturbing the soil
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specimeﬁ- Soil specimens were prepared at OMC, and + 1% OMC

for the soil 'A' described in para 3.3.

4.2.3 Testing Technique

Two aluminium collars to be put on the top and bottom of
the specimen 10.16 cm (4 in) in diameter and 3.81 cm (1.5 in)
in thickness as Shown in Fige 4.3 were fabricated(?®). mo
faciliate the placing of the collars centrally on the soil speci-
men, each collar had a 1.0 cm long protrusion of 1.2 cm dia-
meter so as to fit in the hollow of the cylinder. Holes were
made through the upper collar probe for air vent and through
bottom collar probe for saturation of specimen. The hole in
bottom collar probe was also used for application of hydrauiic
fracturing pressure to the specimen. An injection needle was
attaoﬁéa to the upper collar so as to be inserted in the middle
tpickness of the soil cylinder up to the mid height. The dia-
meter of the needle was 1.0 mm having circular holes at thé
periphery. Firstly the needlé was used to detect whether the
sample was saturated and later to determine the pore pressure
at the middle of the specimen as direct flow through the needle
was possible.

Filter paper was placed at inner surface of the soil
cylinder in order to prevent direct exposure of the soil to
water. 4 thin layer of an adhesive cement, was applied on the
surface of collars and on the surfaces of soil specimen in order
to have a water tight interface between the collars and the
soil sgecimenf The soil specimen so prepared represents a

borehole confined at both ends (Photo 4.4). After setting of
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quickfix, the specimen was then enclosed in a rubber membrane,
and '0' rings together with two to four rubber bands each having
two folds were stretched on the collars to make the sample

completely water tight.

Saturation of the specimen was achieved by exposing the
soil specimen to water from inside the hollow soil cylinder
under a nominal water head of 20 cm fof a minimum of 15 dayse
On completion of saturation, the soil specimen was placed in the
triaxial cell and subjected to extérnal confining pressure, by
means of a constant pressure self compensating mercury control
system. The internal pressure was applied using hand pump simi-
lar to that used in Bishop's pore pressure apparatus (unit 1IV),

and increased linearly to induce hydraulic fracturing.

Hydraulic fracturing in the soil sample was detected by
sudden drop of pressure read either by manometer or pressure
gzuge. The drop in pressure indicates the formation of crackse.
Aftér the completion of test, both external and internal pre-
ssures were slowly decreased to zero and specimen was carefully
examined for the orientation of the cracks.(Photo 4+5).

BExperiments were conducted at various confining pressures
ranging from zero to 242 Kg/cm2- Three to five spécimens were -
tested at each range of confining pressure in order to have re-

presentative results. Distilled water was used as experimental

fluid in all the tests performed.

4.2.4 Testing Conditions
Broadly speaking, the testing can be divided into two

series vize.
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(A) Moisture condition and

"B) Rate of application of internal pressure.

Under series (A4) the soil samples were tested for
(a) saturated condition and (b) partially saturated condition.
In addition, the effect of initial degree of saturation was
also studied by compacting the specimens at OMC, + 1% OMC and
-14 OMC. For testing under partially saturated condition, after
preparing the specimen at the desired degree of initial satura-
tion and allowing nominal time for quickfix to sét, the hollow
of the cylinder was subjected to internal pressure causing frac-
ture at the desired rate of pressure application. For testing
under saturated condition, after setting of quickfix, the speci-
men was exposed to water for saturation. After saturation the
sample was tested in' the same way as for partially saturated
cases

Under series (B), the internal pressure applied into the
hollow of the cylindrical soil specimen causing hydrauiic frac-
turing was applied at three different rates vii-

(1) Instantaneous

(ii) Short term

(iii) Long term

Under instantaneous application of pressure the water
pressure was increased through the hand pump in a very short
period of half to one minute till fracture occurred. Under
short term tests, the water pressure causing fracture was
‘increased linearly in a period of about 12 minubes. In long
term tests, the internal pressure was increased in incremental

steps over a total period varying from 3 hours to 24 hours
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depending upon the range of external confining pressures. Strain
controlled tests for longer duration could not be performed

because of lack of availability of such apparatus.

4.3 EXPERIMENTAL OBSERVATIONS

Hollow cylindrical soil samples compacted at OMC, +1#% OMC
and -ly% OMC as described in.para 4.2.2, were teéted under satura-
ted condition for all the rates of pressure application. The
test results of specimens tested under different testing condi-
tion and under various confining pressures are presented in
Table 4.1l.

In all 50 specimens were tested under saturated condi-
tion. The testing for one rate of pressure application under
saturated condition alone took about 5 months. Totel time
spent in these tests under saturated condition was about 23
monthse.

The test results of partially saturated specimens tested
at'OMC and + 1 OMC under various confining pressures are given
in Table 4.2. Partially saturated Specimens were tested under

short term test conditions onlye

4.4 IMPROVEMENT UPON EXPERIMENTAL TECHNIQUE

Fine grained soils have lower undrained shear strength
when tested under saturated condition compared to that under
partial saturation. 1In the experimental set-up defined in para

4.2.1, the conventional method of saturation i.e. saturating
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TABLE 4.1 TEST RESULTS OF HOLLOW CYLINDRICAL
SATURATED SPECIMENS

Sl. Confining Hydraulic S1. Confining Hydraulic
No. Pressure Fracturing No. Pressure Fracturing
Pressure Pregsure
P, (Kg/om?) ug(Kg/om?) P_(Kg/cn?)  ug(Ke/cn’)
INS TAN TANEOUS
(Initial Compaction at OMC)
1 0.00 0.248 6 1.60 1.925
2 0.00 0.253 7 1.98 2.260
3 0.40 0.607 8 2.20 2.500
4 0.40 0.658 9 2.20 2.400
5 0.80 1.100 10 2.20 , 2.510
SHORT TERM
(Initial Compaction at OMC)
1 0.00 0.268 5 1.20 1.395
2 0.00 0.277 6 1.60 1.863
3 0.40 0.564 7 2420 24350
4 0.70 ~ 0.850 |
(Initial Compaction at +1% OMC)
1 0.00 0.071 6 1.00 1.750
2 0.00 0.041 7 2.20 2.140
3 0.40" -,  0.547 8 2.20 2.090
4 - 0.40 0.495 9 220 2.075
5 1.60 1.700
(Initial Compaction at =1x OMC)
1 0.00 0.166 6 1.60 1.910
2 0.40 0.547 7 220 2+ 390
3 0.80 1.064 8 Do 26 2.375
4 1.60 1.960 9 220 2.490
5 1.60 1.864 10 2.20 2.475
LONG TERM
(Initial Compaction at oMc)
1 0.00 0.090 7 0.80 : 0.892
2 0.00 0.087 8 1.20 1.305
3 0.29 0.392 9 1.60 1.615
4 040 0.564 10 1.60 1.617
o) 0.60 0.651 11 2620 2.320
6 0.80 ‘ 0.879 12 22 2.390
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TABLE 4.2 TEST RESULTS OF HOLLOW CYLINDRICAL

PARTIALLY SATURATED SPECIMENS

Sl. Confining Hydraulic Sl. Confining  Hydraulic
Noe. Pressure Fracturing . Noe. Pressure Fracturing
Pressure ,
2 2 ‘ 2y 4 2
P (Kg/cm®) u.(Kg/cm®) P (Kg/cm®) M.(Kg/cm®)
SHORT TERM
(Initial Compaction at oMC)
1 0.00 0.276 6 1.43 1.730
2 0.29 0.688 7 1.53 1.790
3 0.29 0.620 8 1.53 1.900
4 0.29 0.715 9 2.14 2.540
5 0.80 1.028 10 2.92 3.190
(Initial Compaction at +1% OMC)
1 0.00 0.442 5 0.84 1.180
2 0.29 0-592 6 1.74 1.920
3 0.29 0.579 7 1.74 1.900
4 0«84 1.205
(Initial Compaction at -1x OMC)
1 0.00 0.415 6 2438 2.540
3 0.29 0.688 '8 2.38 2.970
4 0.84 1.096 9 2.97 3.295
)

—

1.74 129485
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hollow cylindrical specimen under a head of 20 cm of water was
used. 4 doubt arises as to whether the specimen is actually
fully saturated under such low heads. In case specimen is not
fully saturated, negative capillary pressure may develop contri-
buting to additional resistance. Consequently it was thought
that the specimen be saturated by back preésure saturation tech-
nique, after meking necessary changes in the experimental set-
up} In the previous experimental set-up, Bishop's pore pressure
spparatus without null indica®rwas used for application of hydraulic
fracturing pressure, and thus, pore pressure could not be measur-
ed. Generally triaxial experimental results should be supported
by pore pressure measurcmente. Consequently one more complete
Bishop's pore pressure measuring apparatus (including null in~
dicator), was added to the existing experimental set-up to
measure pore pressures(28)- This is Cailed Unit V and the
improved experimental setnup.is shown in Fig. 4.4. A pictorial
view is presented in Photograph 4.6. Unit IV was used for |
application of back pressure for saturation of sample and

later on for applying hydraulic fracture pressurec.

Under actual conditions of loading, anisotropic loading
condition prevails as compared to isotropic loading conditione.
In the earlier testing, hydraulic fracturing tests were conducted
under enual all-round confining pressﬁres. Under improved
testing programme, anisotropy of loading in vertical and lateral

directionswas also taken into account.
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4.4.1 Testing Procedure After Saturation Ey Back

Pressure Technique

The prepared hollow cylindrical soil specimen (para 4.2.3)
was placed in the triaxial pressure cell. 'The hollow of the
cylindr  was connected to unit IV for applying back pressure
for saturation. Then simultsneous egual pressures were applied
externally around the specimen through unit III and internally
through unit IV in incremental steps. Saturation under each

incremental pressure was allowed for 24 hourse.

Hydraulic fracturing tests were plenned to be performed
at confining pressurcs ranging from zero to 6.90 Kg/cm2- Speci~

2’up to confin-

means were saturated at increments of 0.20 Kg/cm
ing pressure of 1.40 Kg/cm2,‘while from confining pressure of
1.40 Kg/cm2 to 6.9 Kg/cm2 the increment of back pressure was
about 0.5 Kg/cmz. The degree of saturation was determined for
these pressures using theoretical‘expression given by Lowe and
Johnson(45). After.achievement of desired degree of saturation
at which hydraulic fracturing test was supposed to be performed,
the confining pressure was kept constant and internal pressure
was linearly iﬁcreased in a short duration (instantaneous tests)
to cause failure of the soil specimen. The duration of hydraulic
fracturing tests varied from 1.0 to 3.0 minutes depending upon

the range of confining pressure. Test results are presented

in Table 4.3
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TABLE 4.3 TEST RESULTS OF BACK PRESSURE
SATURATED SPECTIMEN

By
Noo T 2
| (Kg/on?) (Kg/cm?)
1 0.410 0.751
2 0.410 0.860
: 3 1.000 1.284
4 2.425 o, 2,678
5 2.425 2.775
6 3.025 3.220
7 DD fame” 3.270
8 3.575 3.800
9 3575 3.840
10 6. 900 7.025

During experimental observations data were also recorded

for pore pressures as well as water intake by the soil specimen.

4.5 ANISOTROPIC PRESSURE APPLICATION

In this series of tests, back préssure saturated speci-
mens were subjected to axiél pressures, 254 and 504 greater than
the confining pressures. Axial pressure was applied under un-
drained conditions at a constant strain rate of 0.005 cm/minute
(0.02 in/minute). On completion of specific axial pressure,
specimen was subjected to hydraulic fracturing tests by applying
excess hydraulic pressure through the hollow of the cylinder by
unit IV (para 4.4.1). It was found that in highen range of con-

fining pressures, the soil under investigation ciould not resist
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axial load of 1.5 P_. The specimen failed by bulging in the

process of application of deviétor stress, indicating that the
saturated specimen could not bear vertical loads of 1.5 Po' A
. few tests were conducted at lower range of confining pressures.

The results of these tests are presented in Table 4.4.

TABLE 4.4 ~TEST RESULTS OF ANISOTROPIC
PRESSURE APPLICATION

]
Sl P /P P w,

NO - v/ "o o) % , f 2
(Kg/om®) (Xg/cm®)

21 1.25 ' ' 0.410 0.574
2 1.000 1.186

3 1.400 - 1.675

4 1.400 1.530

5 2.425 , 2.515

6 24425 . 2.590

2 3.025 3.220

8 4.975 58125

9 1.50 0.410 0.578

10 : 1.000 | 1.176

11 1.400 1.580

4.6 TYPES OF SOIL

In order to investigate the effect of type of soil on
hydraulic fracturing pressure, attempt has been made to study
various types of soil under similar testing conditionse. The

following types of soil were tested.
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TYPE 'A!' SOIL

The description of soil 'A' is already given in Chapter
3. This soil is classified as CL soil according to unified
soil classification. The detail of strength parameters and its

index properties are presented in Table 3.1.

TYPE 'M' SOIL

This soil is a mixture of 504 of type 'A' soil and 50#%
of a highly plastic clayay soil obtained from a nearby Village
2t Dhansauri which has very fine grains (LL = 75, PL = 33,

PI = 42). The index properties of soil 'M' were obtained as

follows :
1L = 41 # Clay = 29 %
PL =52 silt = 39 #
PT = 19 # _ Sand = 40 %
Y4(OMC) = 1.689 g/cm> (), 4.= 0+08 Kg/ cm?
OMC = 20.5 % G = 2.63

sngle of internal friction = 22°

Hydraulic fracturing tests .were performed on back prc-
ssure saturated specimens under various uniform confining pre-
ssure. The results of these tests are presented in Table 4.5

TABLE 4.5 EXPERIMENTAL OBSERVATION OF BACK PRESSURE
' SATURATED TYPE 'M' SOIL

! gi: | Po Ye
(Kg/om?) (Kg/ on?)
1 0.40 0.510
2 0.40 0.537
3 0.80 1.013
4 1.00 1.176
5 2.45 2.570
6 245 2.590
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Efforts were also made to conduct tests on Dhanauri
clay, but under saturated condition, the soil could not sustain

any measurable load and hence the efforts had to be abandoned.

4.7 TFURTHER IMPROVEMENT IN THE EXPERIMENTAL SET-UP

In the experimentation work disecussed so far, the
internal pressure was applied through a.hand operated screw type
hydraulic pump (Unit IV) throughout saturation process, and also
during sample fracturing. Upon sdvancement of saturation,‘water
would be seeping into the soil specimen which might result in
decreasing of internally applied pressure. Though in the proce-
ss of back pressure saturation every effort was mede to Keep the
internal pressure constant by having careful watch on manual
Acontrol of internal pressurc and adjusting the pressure periodi-
celly through the hand pump, nevertheless, during night and
other odd hours, pressure might have reduced because of flow of
water into the specimen. It is also true that the chance of any
effect on degree gf saturation due to enticipated back pressure
reduction would not havebeen appreciable as the water intake
was reducing with time, (for example if the saturation wes
started at 9 A.Me under certsin pressure, the water intake at
4 PeM. was about 8 % of the morning intake). However, it was
decided to have further improvement in the experimental set-up
in order to apply constant internal pressure. For this purpose
unit IV comprising hand operated pump, pressure gauge and mer-
cury menomcter, was replaced by one additional unit'of constant

pressure self compensating mercury control system similar to
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unit III. This unit is called unit IVa. The constant internal
pressure was then applied through the hollow of the specimen

round the‘clock.'

-In the experiments performed so far, water intake could
be measﬁred only in the menometer range. In order to mcasure
water intake of the;soil specimen under higher pressures, a twin
burette volume change apparatus was also added. This is called
unit VI. Pore pressure measurements were taken through unit v
as before. Thé complete improved experimental set-up is shown

in Fige 4+5.

4.8 ADVANTAGES OF TESTING OF HOLLOW CYLINDERS

Hollow cylindrical soil specimen testing is hoped té
result in a clearer insight into the'mechanism of hydraulic
fracturing. The adoptation of hollow cylindrical specimen test-
ing technique for the investigation, permits preparation of soil
specimen free from all sort of disturbances which are generally
encounﬁered in the earlier investigations. These are tested
scientifically with the help of apparatus fabricated and fhe
triaxial machine under constant and controllcd stress conditionse.
This type of test has a number of advantages in comparison to
other type of tests performed so far for investigation of hydrau-
lic fracturing. In this test stress distribution is uniform
throughout the length of the specimen, as the internal water
pressure is applied uniformly and symmetrically along the inner
surface of the hollow cylinder. Effect of piezometer installa-~

tion and correcsponding change of stresses, geometery of
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piezometer tip and unevennessof borehole surface which results
from drilling of borehole are avoided. Pressure 1s uniform at
the inner surface of hollow cylinder, as compared to the push-
ing of piezometer or needle in solid body of the soil mass,
where pressure concentration is at a smagller area. Pore pre-~
ssure will develop uniformly throughout thé cylindrical soil
mass compared to pore pressure development in soil through
piezometer tip. The sample variability and the state of applied
stresses could be controlled properly. Placement of an annular.
filter paper will avoid direct exposure of soil mass to the
water which may avoid erosion of the soil particles into sus-

pension of water.

On the basis of foregoing ressoning it is felt that
hollow cylindrical soillspecimen tests with corresponding ex-
perimental technique can be considered as a better method of

investigation of the mechanism of hydraulic fracturing.
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CHAPTER - 5

ANALYSIS OF EXPERIMENTAL DATA AND DISCUSSIONS

5.1 GENERAL

In this chapter the experimental data described in
Chapter 4 on hollow cylindrical specimens, is analysed. Firstly
hydraulic fracturing pressure has beeh studied as a function of
confining pressures, under the following subheads.

(1) Effect of compactive moisture content on saturated
samples. '

(id) Effect of compactive moisture content on partially
saturated samplese.

(iii) Effect of saturation by back pressure technique.

(iv) Effect of rate of application of pressure causing
hydraulic fracturing.

(v) Bffect of non-isotropic loading condition.

(vi) Influence of change in soil charactefistics..

(vii) Effect of application of constant internal pressure
through self compensating mercury control apparatuse.
Further, the effect of degree of saturation on hydraulic

fracturing pressure, hés been studied as function of

(1) Confining pressure, and

(ii) Pore pressuree.

5.2 HYDRAULIC FRACTURING PRESSURE AS A FUNCTION OF
CONFINING PRESSURE

5.2.1 Approach for Determining Degree of Saturation
Degree of saturation may vary depending upon the techni-

que used for saturating the sample. For example, for back
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pressure saturated specimens, the degree of saturation would
depend upon the pressure applied whereas under constant heéd
saturation, it will depend upon water intake over a period of
time. Theoretically, degree of saturation S, under back pre-

ssure P, cen be determined by the following formula given by

Lowe and Johnson(45).
(s-s,) (1-H) '
p = p, - hato 25 ce(5.1)
1-s(1-H)
where
H = Henry's constant which at normal room temperature

is approximately equal to 0.02 CC of air per CC

of water
Pa = +the initial absolute pressure (atmospheric pre-
] ssure)
S, = initial degree of saturation at pressure P_.

ixperimentally, in the manometer range of pressure (1.20 Kg/ch),
the degree of saturation has been worked out by measuring the
amount of water intake by soil specimen and the volume changes
recorded at each stage of experimentation. In the initial experi-
mental set-up, the degree of saturation-could be found out only
upto menometer pressure range as beyond this pressure range, the
water intake could not be measured. However, theoretical degree
of saturation for back pressure saturated specimens could be
cssessed using equation 5.1. Subsequently, modifications were
also made in the experimental set-up to measure water intake

which is described in para 4.7.

5.2.2 Saturated Specimens
To evaluate the effect of confining pressure (PO) on the

hydraulic fracturing pressure (uf) causing crack initiation in
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soil mass, a plot between Up and PO is shown in Fig. 5.1. In
this plot, the results for conventionally saturated specimens
compacted at-OMC, ~1% OMC and +1#% OMC and tested for short
duration are shown. The plots show that Uge is a linear func-
tion of P_ as has been‘indicated by earlier researchers ( Decker
and Clemence(l2) and Jaworskivet 31(31))- Further for the
conditions investigated, the hydraulic fracturing occurred at
pressure greater than the confining pressure. The linear rela-

tionship disucssed in Chapter 3, is of the form :

ug = my P+ ¥, e (5e2)
where,

m is the slope of the line, and Yb is the vertical inter-

cept at zero confining pressure.

Fig. 5.1 indicates that the increase in compactive
moisture content resulted in some decrease in hydraulic frac-
turing pressure. From the figure it is also seen that the slope
ms for specimens compacted at OMC, 1is 1.00 and the'verfical
intercept Yo is 0.18 Kg/che The tensile strength of the satu-
rated specimen compactéd =t OMC was found to be 0.10 Kg/cm2
(para 3.5) by Brazilian testing technique. For samples compact~
ed at -14 OMC and +1x% OMC, the correspond ing values of m_ and
y, are 1.01, 0.99 and 0.25, 0.10 Kg/om? respectively. It will
‘be scen that m value is practically the same in all the three
cases. The broad observations, are that hydraulic fracturing
pressure is : -

(i) Slightly more than the confining pressure in all the
three casesSe.
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4

(ii) Slope of line is independent of initial degree of satu-

ration and is close to unity, and

(iii) Vertical intercept decreases with increasing initial
moisture content and in the worst case, it is egual to
tensile strength of the soil, otherwise it is more than
that. The reason may be attributed to the effect of
initial moisture content on degree of saturation. For
example equation 5.1 indicates that for a constent
applied pressure degree of saturstion increases with
incréase of initial moisture content. Thus,at higher -~
compactive meisture content, higher degree of satura-
tion would be obtained which obviously needed lower
hydraulic pressure to cause fracturing of the specimen
compared to that of low degrez of saturation.

5.2.3 Partially Saturated Specimens

The_resuits of hydraulicvfracturing pressure uf,against
confining pressure Po, on partially saturated specimens are pre-
sented in Fig. 9.2. From this figure it is again inferred that
the relationship between u, and PO is linear as was for saturated
specimens. Further it is seen that as compactive moisture con-
tent increases, the hydraulic fracturing pressure regquired for

initiation of cracks, decreases-

The slope ma, of lines connecting Ugp and PO is 1.01,
0.99 and 0.98 for compaction at -1l% OMC, OMC, and +1% OMC res-—
pectively which is agéin close to unity as in the case of satu-
rated samples. The verticel intercepts are 0.41, 0431 and
0.29 Kg/cm2 for -1l% OMC, OMC 2nd +1/% OMC against measured ten-
sile strength of 0.25 Kg/cm2 for the samples compacted at OMC
and 0.46 Kg/om2 for samples compacted at -1yl OMC. This shows

that as the initial compactive moisture increases, the vertical
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intercept decreases. For specimen compacted at OMC, the vertical
intercept is 0.31 Kg/cm2 against average tensile strength of
0.25 Kg/cmz- The tensile strength of soil was found to be
varying from 0.211 to 0.286 Kg/cm2. From this, it could be
inferred that the vertical intercept is nearly equal to tensile
strength of soil. At =14 OMC, the tensile strength of soil 1is
higher (0.456 Kg/cmz), compared to o, at OMC (0.25 Kg/cm2), and
so higher vertical intercept of 0.4l Kg/cm2 is justified. At
+14 OMC, lower vertical intercept is anticipated, but it is
practically the same as that for the specimen tested at OMC
(0.29 Kg/cm? at +1x% OMC, and 0.31 Kg/cm® at OMC).

For comparison of hydraulic fracturing pressures of par-
tially saturated soil with saturated soil, the hydraulic frac-
ture test results of saturated specimens compacted at OMC are
also plotted on the same figure. From this it could be seen
that hydraulic fracturing pressﬁres for partially saturated soil
compacted at -1 OMC, at OMC and +14 OMC are alweys higher than
those for the saturated case. The slope of the line in all the
cases, is close to unity, but the vertical intercept varies.
Higher values of vertical intercept for partially saturated
soil can be attributed to the presence of negative capillary
preésufe, which in turn would result in an increased effective

stress of the soil. The increased effective stress would have

resulted in higher Up values.

5.2.4 Rate of Application of Internal Pressure

The results of tests performed at different rates of

internal pressure application viz., instantaneous, short term
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and long term tests are plotted in Fig- 5.3. From this, it
could e seen that the slope of line of instantaneous, short
term and long term tests are 1.03, 1.00 and 1.01 respectively,
whereas corresponding vertical intercepts are 0.26, 0.18 end
0.10 Kg/cm2. This shows that the slope of line is practically
the same but vertical intercept Variés and is higher for ins-
tantaneous preSsure application in comparison to short and long
duration pressure application, indiéating that as the rate of
pressure application decreases, the hydraulic fracturing pre-
ssure reguired for crack initiation also decreases provided
other conditions remain unchanged. This is in agreement with
the findings of Vaughan(ég), whereas it is in contradiction

with the results obtained by Jaworski et 31(31).

The reason
for higher value of hydraulic fracturing pressure‘for the tests
performed in shorter period of time may be attributed to the
‘rate of pressure application and the presence of éir voids left
in the specimen. The longer duration tests will result in
greater séturation simultaneously with incremental application
of pressures. In short duration tests slight development of
negative capillary pressure may take place due to existence of
the air voids, which obviously increase effective stress and

finally result in higher value of Ugpe

5«25 Back Pressure Saturation

The results of experimental observatioms of hydraulic
fracturing tests performed on back pressure saturated test
specimens compacted at OMC, are presented in Fig. 5.4 as a plot

of hydraulic fracturing pressure U,, ageinst total confining
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Dressure, PO- Tests were conducted by»applying internal pre-
ssure czausing fracture for a period up to three minutes depend-
ing upon the testing range of confining pressure, for the indi-
vidual specimen. In order to cover a large range of‘Pé and
obtain higher degree of saturation, these tests were performed
at various confining pressures~ranging up to 6.9 Kg/cm2- From
Fig. D.4, it could be seen that the test results of back pre-
ssure satufated specimens are quite consistent throughout the.
‘experimental range and following straight line relstionship
with hydraulic fracturing pressure Usp being greater than con~

fining pressure Po'

For comparison, the resulfs of back pressure saturated
tests and the tests performed on conventionally‘saturated speci~
mens for instantaneous and short term tests, are plotted in'
"Fig. 5.5 up to confining pressure of 2.2 Kg/cm2¢ The slope and
vertical intercept for back pressure saturation are 0.97 and
0.30 Kg/cmz, whereas, the same for instantaneously tested, but?
conventionally saturated specimen are 1.03 and 0.26 Kg/cm2
respectively. From, this it could be inferred that for back
pressure saturated specimen, the verticzl intercept is slightly
greater than that of conventionally saturated whereas, slope of
line is lower for back pressure saturated specimen. The higher
verticsl intercept for back pressure s=turated specimens may be
attributed to the fact that at low confining pressures, the
sample was under saturation for lesser periodzof time, compared
to.conventionélly saturated specimens. For example at ooﬂfin«
ing pressure of 0.4 Kg/cm2 and 1.4 Kg/cmz, the total duration

for saturation was 2 and 7 days respectively against 15 days
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in all the cases for conventional method of saturation. The fact
that the wvolume of & single bubble of air statically suspended

in a large body of water decreases as function of time was shown

(57)

by Lee and Black(40)e Shuurman suggested that for degree

of saturation greater than 854, the pore air is present as

individual bubbles rather than as a continuous phase. Barden
(2,3)

and Sides found that a very long time was required for air
to diffuse through a partislly saturated sample of clay. Thus
the longer duration of saturation process may have resulted in

compression of air bubbles and increased degree of saturation.

Using equation 5.1, degree of saturation for confining
pressures of- 0.4 Kg/cm2 end 1.4 Kg/cm® was found to be 89% end
94.34 respectively for back pressure saturated specimen ccmpact-
ed at OMC, which is much lower than the accepted limit of about
98/ saturation for treating the sample as fully saturated.

Thus, the sample which is being said as éaturated is in fact
partially saturated at low confining pressures. To achieve 984%
saturdtion, the sample is required to be saturated at confining

pressurc of the order of 3.65 Kg/cmzo

Moreover, the vertical intercept is measured at zero con-
fining pressure, that means at zero back pressure. Thus ,the
vertical intercept should be equal to that of partially saturat-—
ed specimens compacted 2t OMC. It is seen that vertical inter-—
cept is 0.30 Kg/cmz‘and 0.31 Kg/om2, for back pressure saturated
case and partially saturated specimens at OMC respectively,

which are practically the same.

Hydraulic fracturing pressure for back pressurec saturat-

¢d case is slightly higher than that of instantancously tested
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case upto 1.0 Kg/cm2 confining pressure, and thereafter, the

values are lower.

As expected the hydraulic fracturing pressure for back
pressure saturated samples which were stressed to failure with-~
in about three minutes, are higher than those for short term
tests conducted within about 12 minutes time, on conventionally
saturated sampléso Hence, it is inferred that the results of
back pressure saturated specimens are nearly in agreement with
those of ihstantaneous test results. Bvidently there is no
significant difference in test results obtained for the sample
seturated under low heads or by back pressure saturation tech-
nigue.

5.2.6 Anisotropic Pressure Application

The test results of anisotropic loading condition are
presented in Fig. 5.6 as a plot of hydraulic fracturing press-—
ure agalnst total confining pressure. Two cases of enisotropic
loading were eiamined with the ratio of vertical axial pressure

to the lateral confining pressure as 1.25 and 1.50.

For comparison, the results of back pressure satursted
specimens tested under uniform confining pressures arc also
reproduced in the same figure. The results for the two céses
-of anisotropic loading are close to each others From the figure,
it is seen that the siope of line m and vertical intercept for

2 in comparison to the

anisotropic loading is 0.98 and 0.20 Kg/cm
values of 0.97 and 0.30 Kg/cm2 for uniform confining pressures.

From this it could be seen that the slope of line remains
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unchanged, but the vertical intercept reduces for the anisotro-
pic case in comparison to the case of uniform confining press-—
ures.

In general it can be said that hydraulic fracturing pre-
ssure decreases with increase of the ratio of vertical axial
pressure to the lateral confining pressure. This is also in
agreement with the results based on_theoretical analysis pre-
sented in Chapter 7. It was also seen during experimentation
that in higher range of confining pressure, the soil under in-
vestigation could not resist axial load of 1.5 PO. The speci-
men failed in bulging in the process of application of deviator
stress? indicating thet for the soil tested, the saturated speci-
men can not bear vertical loads of magnitude 1.5 Po in the

higher range of confining pressures.

5.2.7 Effect of Soil Characteristics

The analysis bresented in the preceeding paragraphs, per-
tains to only one type of soil 'A'. The test results on type
'M' soil, are presented in Fig. 5.7, for Ugp against Po along
with results for type 'A' soil as welle These results for -both
type of soils were obtained using back pressure saturation
techniqgue.

It is seen that the hydraulic fracturing pressure obtain-
ed for 'M' soil is slightly lower than soil 'A's The values
of slope and intercept for the two cases are listed in Table

5.1.
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TABLE 5.1 COMPARISON OF ug VALUES FOR DIFFERENT
' TYPE OF SOILS '

Soil Characteristics' Slope Vertical inter- | Tensile stren—|
LL  pI cept 5 gth o
m, v, (Kg/cm®) - (Kg/em®) |
. R _...._{,_
A 32.5 10.5 0.97 0.30 0.10
M 41.0 19.0 0.97 0.21 0.08

From the table, it could be seen that the slope of line for
both type of soils is the same and is close to unity. The ver-
tical intercept for 'M! type soil is lower than that of 'A' type
soil. The tensile strength of 'M! type soil is also slightly
less than that of 'A' type soil. However, the present investi-
gation has not fully explored the effect of various soil proper-
ties in sufficient detail to come to 'a definite conclusion of

their effect.

5.2.8 Constant Internal Pressure Application

The experimental observations obtained for hydraulic
fracturing tests performed on back pressure saturated spcecimens
using constant internal pressure application techniques are
presented in Fig. 5.8. These plbts are prepared for hydraulic
fracturing pressure Vs confining pressures for both soil 'A'
and soil 'M'. It is seen from the figure that the value of Up
is higher for soil 'A' compared to those obtained for soil 'M',

as was observed previously (para 5.2.7).

The results of these tests are compared with those per-
formed on back pressure saturated specimens under manually con-

trolled condition in Fig. 5.8. It is seen from these plots that
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for both type of soils, the results of manually controlled in-
ternal pressure application tests are in close agreement with
the results of tests performed under constant internal pressure
cpplications. This indicates that since saturation under back
pressure was allowed for 24 hours at one particular pressure,
sufficient water was absorbed by the specimen in earlier period
of say 4-6 hours and very little pressure change took place
during odd hours when manuel control of pressure, could not be‘
regulated-) Hence, it can be concluded that sc far as the
prediction of Ugp is concerned, it is insignificant whether
unit IV with menual control of pressure is used or unit IVa
with constant pressure self compensating mercury cohtrol svstem

is used-.

5.3 EFFECT OF DEGREL OF SATURATION

5.3.1 Evaluation of Degrec of Saturation as a

Function of Confining Pressure

For computing degree of saturation under various ranges
of applied pressure, using equation 5.1, it is essential to
know initial degree of saturation. Knowing specific gravity
of the soil, initial void rétio and compactive moisture con-
tent, initial degree of saturation at -1x OMC, OMC and +1% OMC
were calculated as 79, 84 and 894 respectively. In equation
5.1, the pressure P, is the same as confining pressure PO, since
internal pressure was also kept equal to PO in the model testing
utilizing back pressure-saturation technique. Consequently,

using the initial degree of saturation for specimens compacted
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at OMC, the degree of saturation S, under various confining
pressures, were computed and the results are plotted in

Fig. 59, for P against S.

To measure the degree of saturation from experimental
data, the measurement of water intake by the soil specimen
during the process of saturation, and the minor volume changes
recorded throughout the advancement of experimgnts, were uti-
lized. Knowing the initial volumes of solid soil, water and
air, the volume of watervin soil specimen and volume of voids
at any instant of time during the process of saturation under
each increment of applied back pressure was calculétéd- Hence,
fhe degrece of saturation at sny instant of time during expeqi—

mentation could be expressed asg

initial volume of water + water intake by soil specimen
S =

initial volume of voids -~ Net volume change of soil
specimen et (5.3)

Degree of saturation at the end of each increment of
applied pressure is computed from experimental observation
using equation 5.3. These results are also plotted in
Fig. 5.9 in order to compare with those computed theoretically
using equation 5.1.

From Fig. 59, it is seen that upto an applied pre-
ssure of 0.5 Kg/omz, the degree of saturation obtained experi-
mentally is greater than that predicted theoretically using
equation‘S-l for the same increment of applied back pressurce.
In the range of back pressure of 0.5 to 1.25 Kg/cmz, the
experimental results are in close agreement with those pre-

dicted theoretically. But beyond 1.25% Kg/cm2, the degrec of
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saturation obtsined experimentally is lower than that obtained

theoretically at the same increment of applied back pressure.

Lowe and Johnson(45> have reported that under low
rate of back pressure application, equation 5.1 gives, the
minimum pressure required for saturation, under no volume chan-

(10) also consistently found that

ge condition. Black and Lee
equation 5.1 indicates the minimum amount of back pressurc re-
guired to achievc full saturation. Thus the observation that
above 1.25 Kg/cmz, higher back pressures are required to attain
a certain degree of saturation as compared to the values given
by equation 9.1, is also supported by the work of earlier re-
searchers. Regarding getting higher degree of saturation a2t
low pressure, it may be due to experimental limitations as
slight difference in estimating initial degree of saturation
will affect the result because, the range of change of degrée

of saturation is very narrow. It is 84y at start and theore-

tically, it is 904 at 0.5 Kg/cm2.

5.3.2 Hydraulic Fracturing Pressure Vs Degree of Saturation

To investigafe the effect.of degree of saturation on
hydraulic fracturing pressure, the ratio of hydraulic fractur-
ing pressure to total confining pressure against degree of
saturation is plotted in Fig. 5.10, for coﬂventionally saturat-
ed specimens tested at various rates of pressure gpplication,
as well as for back pressuré saturated specimens. Thesec test
specimens were prepared at OMC with an initial degree of satura-
tion et 84/. The valucs of hydraulic fracturing pressures are

taken from the plot of u, Vs PO (Figs. 5.3 and 5.4), whereas
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the value of degree of saturation is taken for eorresponding
confining pressures from theoretical curve of PO Vs S as shown
in Fig. 5.9+

These curves show that as the degree of saturation in-
creases, the ratio of hydraulic fracturing pressure to total con=
fining pressure decreases. It is also scen that in case of instan-
taneous, short term and long term tests, for the same degree
of saturation the values of uf/Po increases a&s the duration of
test decreases. The reason mey be attributed to the effect of
rate of pressure application as discussed in para 5.2.4. The
slightly higher v=lue of uf/Po at lower degrec of saturation in
case of back pressure saturated test specimen is due to lower
renge of back pressure and lesser duration of specimené subject-
ed to water which inturn could not achieve full saturation. Thus
presence of negative capillary pressures resulted in higher
value of hydraulic fracturing pressure. The basic effect in
increasing uf/PO at low degree of saturation is primerily due to
larger vertical intercept in streight line relationship of Ug
snd PO. To demonstrate this13 tgese results arc reproduoed %n

Fig. 5.11 as 2 plot between —5~< and S
O

From thesec curves, it could be secen thet at degree of
saturation nearecer or greatef than 984, Ug is approximately cqual
to PO as the contribution of vertical intercept is minimised.
These curves may be useful as design curves to estimate Up for

the known degree of saturatione
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5.3.3 Pore Pressure as a Function of Degree of Saturation

The pore pressure measuremant during back pressure satu-
ration has been plotted on semi-log graph paper in Fig. 5.12 as
a function of degree of saturation computed from wéter intake
data recorded during experimentation of the specimen. It is
seen that a logarithmic linear relationship exists betﬁeen pore
pressure (logsu) snd S. The relationship found for the case

studied is 3
Log u = 0.149 (8-84)-1.347 | .+ (5.4)

The empirical equation (5.4) is obteined from experimen-
tzl data of saturated specimen, compacted at an initizl degree

of saturation of 84x.

S¢4 REFRACTURING TESTS

In an earthen structure the possible reason for crack
development during construction may Dbe drying and shrinkage,
improper compaction, differentiasl settlement, earthquake, etc.
The interesting point is thet most of these cracks, remsin as
unscen pre--existing fine crncks in the dam body. Some of them
may - heal up due to wetting upon reservoir impounding, provided
reservoir £illing is donc gradually and at a low rate. In heal-
ing of the cracks, the important aspect is that the soil should
be pronce to self-heesling behavioure. The unheal ed cracks would
be widc opened by water pencetrating through them due to water
pressure of reéervoir level and cause concentrated leaks. There-
fore, the effect of pre-existing cracks are of considerable

importance in investigation of hydraulic fracturing.
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To investigate the effect of pre-existing cracks on hy-
draulic fracturing pressure, refracturing tests were performed
on back pressure saturated hollow cylindrical soil spécimens, of
type 'A' soil at confining pressure of 0.8 Kg/omz. On comple-
tion of saturation, internal_pressurevthrough'the hollow of
cylindrical soil specimen was increased 1inear1y>untii fracture
occurred and the fracturing pre;sure (uf = 1.0 Kg/cm2)-and its
subsequent reduction was recorded for some time. The so0il sample
remained under applied pressures overnighte It was observed
that at the end of test, internsl pressure was approximately
equal tq confining pressure. Next day, internal pressure was
again linearly increased and the first refracturing pressurc was
recorded z2s 0.904 Kg/cm2Q Leaving the sample again overnight
under the same confining pressure, foilowing day, internal pre-
ssure was linearly increased until failure occurred. The
second refractufing pressure was 0.891.Kg/cm2o Thereafter, the
internal pressure was reduced to hslf that of confining préséure;
and the sample remained under pressures overnight. Next day,
internal pressure was again linearly increased and third refrac-
turing pressure was recorded as 0.959 Kg/cm2. The technique of
refracturing test was believed to roughly simulate o crack

formed during construction (Jaworski et 31(30) and Vaughan(69)).4

The results of two refracturing tests are presented in
Fig. 5.13 as Test I and II. From this figure, it is}seen that
initielly  sample (I) fractured at u, = 1.0 Kg/om?. The
following day, under same confining pressure of 0.8 Kg/cm2, thé
spccimen failed at 0.904 Kg/cm2, indicating thereby that

(i) healing to some extent had taken place and (ii) refracturing
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occurred at lower pressure than the initisl one. After 48 hours
of initial fracture, the refracturing pressure was reduced to
0.891 Kg/omz, which is again of the same order as was for test
conducted after 24 hours of initial fracture. Maintaining the
soil specimen with constant internal pressure of 0.4 Kg/Cm2 and
bonfining pressure of 0.8 Kg/cm2 for 24 hours the refracturing
pressure recorded was 0.959 Kg/cmz. This indicates thet the third
refracturing pressure(0.959 Kg/cmz} is  higher than the first
refracturing of the specimen (0.904 Kg/cmz),.though lower than

the initizl fracturing pressure.

The reason may be attributed to the fact that in first.
and second refracturing tests, sample was under equal PO and Pi
“for 48 hours, and slight healing of specimen occurred due to
self~healing property of soil, while in last refracturing test,
specimen remained under applied pressure of Po = 2Pi, thus
specimen'got consolidated under high confining pressure and
resulted in further healing of existing cracks which obviously
require higher hydraulic pressure for refracturing. This shdws
that pre-existing cracks will heal after some time under high

confining stressés, even for the low plasticity soil.

The results of refracturing tests and other tests per-
formed for evaluation of hydraulic fracturing on hollow cylin-
drical soil specimens indicate that the pressure at which an
existing crack fully closes over a period of time, is equzl to

confining pressuree.
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5.5 PATTERN OF CRACKS

To investigate the orientation of cracks, fractured
specimens were taken out from triaxial cell in such a way that
both external and internal pressures were slowly decreased to
zero. On examining the fractured hollow cylindrical specimens,
it was observed that many cracks were developed all-round the
outer surface of the specimen. The direction of cracks was
morc or less vertical extending through full length of the
specimen. The observed cracking pattern can be seen in Photo
4.5. The occurrence of vertical cracks is also supported by

the theoretical analysis.

5.6 CONCLUSIONS

To determine hydraulic fracturing pressure in the labo-
ratory on hollow cylindrical soil mass simulating confined bore-
hole conditions, an experimental technique has been developed
and improved upon continuously over a period of three years
making provision for constant pressure application (both for
external and internai), pore pressure measurement, volume
change measurement, water intzke measurement and back pressure

saturation through the hollow of cylinder.

The test results confirm the findings of earlier re-
searchers thet a linear relationship exists between hydraulic
ffaoturing pressure and confining pressure even for hollow
cylindrical specimens. Further findings are as below :

(1) The hydraulic fracturing pressure for partially satu-
rated soil is greater than that for saturated soils.



(11)

(iii)

(iv)

(V)»

(vi)

(vii)

(viidi)
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Tn case of saturated samples, hydraulic fracturing pre-
ssure reduces with increasing initial degree of satura-
tione.

With increasc in time of applications of pressurec, the
value of hydraulic fracturing pressure decreases.

At lower range of confining pressure, back pressure
saturation technigue results in lower degree of satura-
tion comparcd to conventionally saturated specimen at
low head under long duraticn. As for this reason at
low confining pressure, Up value for back pressure satu-

rated specimen is higher.

For the cases studied under anisotropic loeding condi-
tion, the hydraulic fracturing pressure decreases with
anisotropy upto ratioc of 1:25, whereas thereafter the

difference is negligible.

The higher the tensile strength of soil, higher will be
hydraulic fracturing pressure.

In higher renge of degree of saturation higher back
pressures are required to attain a certain degree of
saturation as compared to the theoretical values ccmput-

ed by Lowe and Johnson's approache.

Generally vertical cracks were observed for all the
hollow cylindrical specimens tested. This indicates
that at borehole tests in the core of embankment dams

with high fluid pressure, vertical cracks will develop
all-round the boreholes.
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CHAPTER - 6

ANALYSIS OF PORE PRESSURES

6.1 GENERAL

The hydraulic fracturing pressures have also been eva-
luated theoretically. For this purpose, it is necessary to
carry out the stress analysis of the experimental model. In
order to evaluate the effective stresses, the pore pressures
which develop under steady state as well as transient'conditions
within the soil mass need to be analyzed. In this chapter,
anaiysis of pore pressure has been carried out for evaluating

the hydraulic fracturing pressurec.

6.2 ANALYSIS OF SEEPAGE

Seepage through soil mass is an iﬁportant aspect in
many phases of engineering. Design of large hydraulic struc-
- tures under complex field conditions where pore pressures play
a significant role, is an important problem in the engineering
field. High hydraulic pressures are generally encountered in
problems related to dams and foundations, borecholes, grouting
process etce In these cases the determination of transient
pore pressure assumes great significance. Failure or damage to
the structure may occur in cases where the hydraulic pressure

exceeds the existing stresses in the soil mass.

Generally numerical approaches are adopted for the
determination of pore pressures under transient condition. Among

the verious numerical technigues, the finite difference and
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finite element methods have played an important role in the’
analysis of flow problems. For the analysis of flow through
permeable media, the finite difference approach has been used
extensively. However, solution for irregular‘boundary presents'
some difficulties in the finite difference method. Finite ele-
ment technique is more general and is commonly used, belng more

suitable for use with digital computers.

In the present investigation finite elément fechnique
has been used for the evaluation of pore pressures under steady
state as well as transient conditionse The flow domain is the
experimental model consisting of a hollow cylindrical soil mass
subjected to external and internal pressures; Fige 6+1 shows
the experimental model used for pore pressure analysise The
flow domain represents a confined axisymmetric cylindrical per-
meable media to be analyzed for flow under steady state as well

as transient conditionse.

For the solution of transient flow problem, the govern-

ing partiai differential equétion in polar coordinates can be

written as(35’71):

' 2 2
K [.Q.“.Q.}.mgg.].}.}{n_g.zs
i br2 A

r Z
0 Z

]
&

s

ee(6e1)

&

s

(%

where Kr and Kz are the coefficients of permeability in‘fadial
and vertical directions, @ the total potential head and t the
time parameter. Norrie and Vries(5l) reﬁorted that Sg is the
effective porosity in case of free surface problems and it is
the specific storage in case of confined problems. Since in
the present investigation the flow domain is a confined flow
problem, thus S, is considered as specific storage of the flow

problem.
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The general assumptions encountered in the application of

flow equation are enumerated below :

(1) Flow is laminar and follows Darcy's lawe.

(ii) Equation of continuity is applicabléo

(iii) Soil mass is isotropic and homogeneous.

(iv) The soil particles are incompressible.

(v) - Effect of capillarity and surface tensions are
neglected. ’

(vi) Soil mass is fully saturated.

The boundary and initial conditions associated with

equation (6+1) are :

¢ = ¢i(t) | on Sy ee(6.2)
@ = ¢o on S,
%% = 0 on 83

where S, is part of the boundafy on which ¢i is prescribed,
S, is part of boundary on which ¢0 is prescribed and Sz is the
impervious boundary'where flow normal to it is zero as shown

in Fig- Hele

The basic differential equation governing seepage prob-
lem represented by equation 6.1 involves time as one of the
parameters and is referred to as the transient or time depen-
dent problem. If the time dependent term on the right hand side
vanishes, the rcmeining part represents steady state seepage

problem.
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6.3 FINITE ELEMENT FORMULATION

The finite element method is well known and is describ-
ed in the texts(l4'16’52’72) and only some salient points are
summarized here. The finite element technigue consists of
subdividing a given system into a discrete number of small
regions of finite dimensions. Each small region is charscteri-
zed as 'Finite Element' whose behaviour is easily understoode.
The original system is then rebuilt from such small elements
to study the integrated behaviour. The differential equation
describing the flow together with appropriate boundary condi-
tions is recast into integral relations, whereas integrals are
expressed as sum of the component integrals over individual
elementse .Using clemént interpolation functions, the integral
relations are then approximated by a system of equations con-
taining nodal values of flow variables as unknowns.

Following the stcps of finite element teohnique(13’l7’

53,73,74) equation 6.1 can be discretized using finitc elements

to give a matrix equation for each element as :
[G]e{ ¢n} + [H)® {¢n} = {0} - (6. 3)

where [G]° is the element characteristic (associated with
specific storage) matrix, [H]€ is the clement characteristic
(associated with permeability) metrix, {¢n} is the nodal poten-—
tial vector and dot defines differentiation with respect to
timc. For a finite element located in antaxisymmetric flow
domain as shown in Fig. 6.1, the elemental matrices can be

written(26) as ¢

[(H]® = 2n.£ ()T [R] [B] (R +7) drdz L e (6e4)
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[¢]® = 2n s J [N]T [N] (R+r) drdz ~ ..(6:5)
: ' A '
where
bNi ONj_ka 6NK
ar dr OJr Or .
[B] = °°(6'6)
bNi ayj‘aNk iﬁK
L 0z 0z 0z 02z
x Oy .
[R] — { I . °‘(6'7)
"'O kz

and  [N] is the matrix of shape functions, R, is the centeroid-
al radial distance, r and z are the local coordinates in rsdial

and axial directions respectively.

Consider a typical four noded rectangular element lo-
cated in an axisymmetric flow domain as shown in Fig. 6.2. The
distribution of potential head within the element can be expre-

ssed in terms of nodal point heads as,

r g = 3 N, @ [
{ Sk %) mivhd | @.
JI8
= N, Ny Ny Nf(] 1 ¢j .. (6.8)
- v g, ° B
Py

where{ ¢n}e are the nodal potential heads of the element and

N,

i’ N

57 Nk and N( are the shape functions.

The shape functions for the elecment can be written as:

Ng=g -5 -9
Ny=z (D a-P ++(629)
No=7 1+ 5 1+ P
N(:-};(l--;?-) (1+ &)
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Element matrices associated with permeability and spcci-
fic storage of material given by equations (6+.4) and (6+5) can

be obtained as follows, after performing exact integration.

§ .2 2 3, 2 2
f 2b°R k, + (22“R -2 )kz -2b“R k. + &“R k,
_on2 2 ’ 2 2, .3,
en ~_2b Rk, + a Rk, - 2b R.okr + (2a R +e J K,
- 3z 2 ") 2 2 3
bR k. - a Rk, bR k. + (-2a R -a )kz
2 2 3 2 2
wb Rokr +a(T 2 RIS )k, ~-b“R k. - a"R.k,
2 2 N 2 2
-b Rokr -2 Rokz b Rokr - a Rokz
2 LA 2% a3 _n2 L.
b Rokr + (-2a Ro a )kz b Rokr a Rokz
B .2 3 ° g2
2b Rokr+(2a Ro'f‘a )kZ 2b Rokr bl e ROkZ
@ = B 2 2, L3y,
-2b R.Okr + a Rbkz 2b Rokf+(2a R -2 )1«.2“J
eo(6+10)
and
pen e
_4R0—2a ZBb Ry 2R0-a
- 2nabs 2R 4R +2a 2R +a R
[G1€;‘: "‘"“"g“"‘""é' 0 0 O O ‘0(6'11)
RO 2Ro+a 4RO+2a 2RO
m2Ro~a . R.O ZRO _ 4RO-2a_
Where 2a and 2b specify the size of elcment.

With the evaluated matrices [H]® and [¢]® for each
finite element, the matrix cquations for the complete sfstem
arc obtained by systematic superposition 2s 3

[c] 163+ [H) B3 = 1O e (6.12)

At the boundary nodal points, the pressurc is defined

and known. The cquations given by equation (6+12) can be

4
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rearranged corresponding to active and boundary nodal points

as 3

e ~ . , oy 4 \ r
TGy "G | | A | Hyp e Hyp #y 0
(mocm) | (mxq) | | (mx1) | | (oxm)t (mxq) | | (med) | J(mx1) {
RO AD I B O i it ) [P A S A PR IS
Gop ! Gop | | &5 Hpy v Hyp 9, 0
| (qxm), (axq) | ((ax1)| | (qxm)'(qxq)] {(gx1)] [(ax1)

where q is the number of boundary nodal points on which the .
pressure is known and m is the number of points on which the
pressure is fo be computed.

Applying the boundary conditions equation (6.13) could
be Written as '

[037] Wb+ [,) 104 == [03,] 14y = [Hy,] 9y

ee(6.14)

For simplicity the matrix equation corresponding to the active

nodal points givén by equation (6.14) could be written as :
[G] 183 + [R] (@3=1F (42 C ..(6.15)

where {F(t)} is the vector of nodal forcing functions obtained
after application of the boundary conditions and depends on
transient condition where internal pressure is dependent on

time.

6.4 SOLUTION SCHEME

6.4.1 Steady State Condition
wWhen the time dependent term of equation (6.12) is zero,

it gives the steady state condition of flow. For the steady
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state condition the finite element equation for the system can

be expressed asj

Applying the boundary conditions equation (6.16) can be

expressed as
[Hll] {¢l} = -[H12] §¢2} e e (6417)

and the corresponding assembled matrix equations for the active

nodal points can be written as ;

(8] 141 = S e+ (6.18)

where fﬁo} is the matrix of nodzl fdroing function which depcnds
on steady state condition in which the applied pressure is in-
dependent of time.

Equation (6.18) represents the system of linear algcbraic
cquations to be solved for determination of poré pressure under
steady state cohditioﬁ- Gaussian elimination techniquc has bcen

adopted for the solution of these algebraic equations.

The steady state pore pressure distribution around axi-
symmetric hollow cylindrical soil media due to application of
(1) external pressure with no internal pressure and (ii) inter-
nal pressurc with no external pressure has been obtained and
plotted in Fig. 6.4. The curves are prepared in dimensionless
form for the ratio of pore pressure to peak applied pressurc
Vs ratio of radial distance to inner radius of the cylindrical

s0il masse
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6.4.2 Transient Condition

Equation (6.15) can be integrated with respect to time.
For the solution of this time dependent problen, Crank~Nickolson-
recurrence method(ll’lz’zg) is adopted. This scheme is an imp-

licit method which is unconditionally stable(65).

Crank-Nickolson
recurrence approach reduces the time dependent equations into a
system of linear algebraic equations with unknown potentials

at later time intervals. To apply the solution scheme, time is
divided into a series of time increments at, assuming that the

initial conditions of the problems are known. Hence the follow-

ing approximation can be used(11’54’56)-

@ 5 0o
at/2 © at
¢At 3 ¢o
, ¢At/2 - ML ) ee(6+19)
and £
P I Fat = Fo A
atf2 ~ 2 , .

In equation (6.19), @, and ¢At/2 are unknowns. Substituting
values of ¢A$/2, ¢At/2 and Fat/2 from equation (6.19) into
equation .(6.15), at time at/2, the following equation is

obtained,

- 2 - - - - = 2 o
([8] + 25 [G)) 13,4} = (1Fyq3 + 1F)-([H] - % [G] 183
) ' 00(6020)
Equation (6.20) represents the system of linear algebraic
equations to be solved at various time intervals. Gaussian
elimination technique has been adopted for the 301utipn of

these algebraic equations.
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6.5 INVESTIGATION OF PARAMETERS AFFECTING THE
TRANSTIENT FLOW
The main parameters involved in the study of transient
flow problems are permeability, specific storage of the flow
domain, type and rate of pressure application and the time step
of integration. The effect of these parameters in the analysis
of non-steady exisymmetric flow through permeable media has been

studied as follows 3

6.5.1 Coefficient of Permeability and Specific

Storage of Flow Media '

The correct evaluation of coefficient of permeability K,
and specific storage Sq is quite difficult in case of fine
grained soils from conventional laboratory experimentation. The

6

coefficient of permeability in the range of 107~ cm/sec or less

has been reported for cohesive soils(5’66).

However, experimen-—
ts were conducted in the laboratory for the fine grained soil
used in this investigation in order to evaluate its permeability,

s cm/sec has

and the average value of K in the range of 4x10~
been obtained. Experiments for determination of specific storage
are rather more difficult and limited information is available
even in case of ‘cohesionless soils. To the knowledge of the
author, no information has been reported so far for the measure-
ment of specific storage of cohesive soils. The evaluation of
specific storage involves many parameters and can be expressecd
as(47’71);

Sy =7, (Cg+n C) ce(6.21)

where Yw is the unit weight of water, CS is the compressibility
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of the soil skeleton (i.e« the reciprocal of bulk modulus of the
soil) ard Cw is the compresibility of water (i.ees the reciprocal

of bulk modulus of water) and n is the porosity of the soil.

The average value of porosity for the soil tested has
been determined as 33.5 percent. The compressibility of water
and soil depend on their bulk modulus. The bulk modulus of water

is generally accepted as 20x103 2 (43)

Kg/cm , while evaluation of
bulk modulus of soil depends on meny parameters, such as exist-
ing state of stresses tc which soil mass is subjected, type and
properties of soil mass and nature of'load deformation charac-
teristics of soile A value of bulk modulus of 500 Kg/cm2 has
been adoptod(22’36’59) for the core material of many existing
dams, using more or less the same type of soil as used for the
experimental work, presented in this thesis. Assuming bulk mo-
dulus of soil skeleton as 500 Kg/cmz, porosity 33¢5 percent and

bulk modulus of water as 20x103

Kg/cmz, the specific storage hos
been found to be about 2x10-6 1/cm. Gambolati(zo) showed that the
use of SS as a constant for saturated media is Jjustificd as long

‘ as vertical strain is less than 54%. A4 normalized factor 0,
defined as the ratio of coefficient of permeability to the spe-
~cific storage of the soil medium is calculated as 12 cm?/minute

which has been adopted for analyzing the seepage flow behaviocur

of the soil under investigation.

In order to study the effect of the coefficient of per-
meability and specific storage on pore pressure development with-
in the soil mass, the value of M has also been varied between

1 and 120 for the same applied pressure.
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6.5.2 &Effect of Rate of Application of Hydraulic Pressure

I1 order to investigate the effect of rate of pressure
application analytically, the hydraulic pressure has been linear-
ly increased on the inner surface of the hollow cylindrical soil
mass in time duration T from initial value of zero as shown in
Fig. 6+.3. The value of T has been varied between 0.1 and 2.5
minutes for the same'appiied pressurc. The slope of the curve

in Fig. 6.3, indicates the rate of pressure application.

6+5.3 Time Step of Integration

Bffect of time step of integration (at) has been studied
by varYing T/at from 10 to 100. The percentage of pore pressurc
development at middle thickness of hollow cylindrical soil mass
for c¢ach integration time step is presented in Table (6;1)'at
various time instants for 1 equal to one minute. The results
indicate thet the pore pressure distribution for T/at equal to
20 gives quite accurate results at all the time instants and hes

been adopted for the present investigations

TABLE 6.1 PERCENTAGE OF PORE PRESSURE DEVELOPMENT AT
MIDDLE THICKNESS OF HOLLOW CYLINDRICAL SOIL
MASS

NG | 042 | 0.5 | 1.0 | 1.5 | 2.0 | 2.5 3.0
T/t 1 | |

100 1.38 8.00 21.50 27.33 27.69 27.71 27.71
20 . 1.38 7499 21.49 27.34 27.69 27.71 27.71
§ 10 1.30 797 21.50 27.36 27.69 27.71 27.71
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FIG. 6.2 TYPICAL 4 NODED LINEAR ELEMENT
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6+6 ANALYSIS AND DISCUSSIONS

In this section the results of various parameters affect-
ing transient flow as computed theoretically‘arevprgsentéd- The
solution for transient condition has been obtained; considering
zero internal pressure at time, t = 0. For the conditions where
pore pressures are not zero at the initial time, the steady
state pore pressures would be added to the transient pore pre-
ssures to get total pore pressure at any time under considera-
tion-. |

To study the effect of variationlof n, curves of pore
pressure development to the pezk applied pressure vs time duc to
applied interial pressure are piotted at a radial distance of
5 percent from inner surface and at the middle thickness of
hollow,cylihdriCal soil mass in‘Figs. 6.5 and 6.6 respectivelye
These curves show that as the'vélue of N increases, the time
required to achieve steady state condition decreases. This in-
dicates that a2s méterial becomes more porous, the time required
for the achievement of steady state condition is less and re-

ssure stabilizes at a faster rate.

Figs. 6+7 and 6.8 show the effect of rate of- 1nternal
pressur; application on the pore pressure development at a radial _
distance of 5 percent from_the inner surface of the-soil cylind=-
er and its middle thickness respectivély- It is noted from the
figures that as rate of application of_preséure increases, the
time required to achieve steady state pféssure decreases. The
pore pressufe is developed at z faster rate at the points; clo-
ser to the inner surface, as eXpected, compafed to the middle

thickness of thc hollow cyllndrical 5011 mass- It is also scen

 oma ubhf i o RCCARLS

nconnnp
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from the figures that the steady state pore'pressure developed
at 5 % radial distance from the inner surface of hollow cylin-
der is of the order of 86 /4 of the appiied internal pressure,

while it is about 28 £ at its middle thickness.

Fige. 6.9 shows the variation of pore pressure vs.tine |
ét various points along the radial disfance of hollow cylindri-
cal soil mass. These curves further clarify the nature of pore
pressure development at various points. The time required for
achievement of Steady state pore pressure increases with in-
crease of radisl distance. At radial distance of 5 % from the
inner surface,the steady state pore pressure is 86 % of the
applied internal pressure and is obtained an 1.4 minutes, while
at a distancc of 75 % from the inner surface, 12 ¥ pore pressure
is obtained, at = ;ime of 3¢5 minutes;whereas internal pressure
was applied at a time period of,t = 1.0 minutes. Thusvthe
higher pore pressurc at points closer to inner surface of hollow
cylindrical soil mass is more critical for the crack develop-

ment or failure within the soil mass.

Variation of pore pressure development along radial
distance from the inner surface of hollow cylindrical soil mass
due to applied internal pressuré is presented in.Fig.‘éolo for
T = 1.0 minutes and n = 12. Cﬁrves are drawn in dimensionless
form for the ratiq of pore pressure to peak applied pressure
vs ratio of radizl distance to the inner radius of the model
hollcw cylindrical soil specimen used for experimental investi-
gations; at various time instants. It is seen that beyond the
time interval equal to T, the rate of pore pressure development

along radial distance decreases with increase of time. It is
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obvious that'during pressure application, transient pore pre-
ssure develops faster and afterwards the rate of pore pressure
~development decreases, until steady state condition is achieved.
The plots show that as a radial distance increases from the
inner surface of hollow cylindrical soil mass, the value of

pore pressurc development decreases at decreasing rate.

For the model investigated, pore pressure_development
could be predicted from such curves at any point and instant
of time along the radial distance knowing rate of internal pre-
ssure application. Similar curves are presented in’Figs- 6.11
to 6.16 for T values of 0.5, 0.75, 2.0, 3.0, 7.0 and 12.0
minutes, taking 0 = 12. These curves are used in Chapter 7,
for prediction of pore pressure development under transient
condition, in order to evaluate h&draulic fracturing pressure

for actual experimental series presented in Chaptér 4.

Since curves of Figs. 6.10 to 6.16 are prepared for
dimcnsionless parameters, curves of this type could be prepared
for various rates of application of hydraulic pressure and
different n values to cover varioué types of material and
rates bf pressure application for actual field cdnditions- Such
curves can be used as design curves for determinztion of pore
pressure development at various locations and instant of times

in the soil masse.
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6.7 CONCLUSION

A technidue for evaluating pore pressures in an axisy-
mmetric flow domain under transient and steady state conditions
has been presented. Design curves for the prediction of pore
Pressure under transient condition fdr the model confined bore-
hole condition are presented. ASimilar curves can be prepared
To cover different rates of hydraulic pressure applicatioh and

various types of soil for actual field conditions.
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CHAPTER - 7

THEORETICAL INVESTIGATION OF HYDRAULIC
FRACTURING

7.1 GENERAL

In order to corroborate the experimental results of hydrau-
lic fracturing, theoretical analysis for the experimental model
has been carried out. From the theoretical aspproach, stresses
have been obtained in the hollow cylindrical soil mass subjected
to uniform pressures on the inner and outer surfaces of the
hollow cylinder, and critical condition of the stresses worked

out to evaluate the hydraulic fracturing pressure.

It is assumed that hydraulic fracturing will take pléoe
when the effective sfréss in the soil mass is tensile and ecuals
the tensiie strength of the soil. Potential occurrence of hydrau-
lic fracturing has been examined consideriné the following‘oases:
(a) Investigation of hydraulic fracturing around the model

soil specimen under uniform confining pressures.

(b) Expression based on Mohr-Coulomb Failure criterion has
been derived for hydraulic pressure reguired to induce
fracture around borcholes under uniform confining pre-
ssures as well under anisotropic condition of the pre-
ssure application.

(e) Employing Mohr-Coulomb failure criterion, the concept
of critical radius hes been utilized to investigate
the potential occurrence of hydraulic fracturing under;

(1) steady state pore pressurc development and

(ii) transient condition of pore pressure development.
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Expressions have been obtained for evaluating hydraulic
pressure which cause fracture in the soil mass under transient
pore pressure development for the following cases;

(a) specimens seturated without application of back pressure

and tested for hydraulio fracturing under various rates

of pressure application.

(b) Specimens saturated utilizing the back pressure satura-
tion technicue and then tested for evaluation of hydrau-

l1ic fracturing.

7.2 STRESS ANALYSIS

Theoretical analysis of stresses in the model is based
on the thick cylinder theory. The finite element analysis
carried out(3o) using linear as well as nonlinear behaviour of
the soil for investigation of hydraulic fracturing around bore-
holes indicated that the nonlinear behaviour of soil has only
a small effect on the hydraulic fracturing pressure and the
values of u. are guite insensitive to the properties of the
s0il with the exception of tensile strength of the soil. Thus
stresses have been obtained in hollow cylindrical soil mass used
in experimental investigations considering the clastic behaviour
of the soil. Fig. 7.1 shows plan view of the model hollow
cylindrical soil specimen under applied internal and external
pressures. These applied pressures will cause stresses in
radial as well as tangential directions. Considering compressive
strosses ;s positive, the radial and tengential (hoop) strosses

could be obtained(68) as follows :
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2b

FIG.7-1- STRESS CONDITION AROUND A HOLLOW
CYLINDRICAL CAVITY SUBJECTED TO UNIFORM
INTERNAL AND EXTERNAL PRESSURES.
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2 2

2.2
P b” - P.a (Po-Pi)a b
I9p = TTFTS D PO RN -+ (7:1)
(b%~a“) r°(b“-a®)
P b2 - P,a?  (P.-P.)aZb? |
O 1 Q 1
% = TS T T S »+(7.2)
(b“-a“) r<(b%-a%)

where.cr is the radial sﬁress, % the tangential stress, P, end
Pi are the external snd internal applied pressures respectively,
a and b are the inner and outer radii of the cylinder end r is
the radial distence st which stresses sre evaluated. |

To study the variation of stresses in the model soil
sample under the action of applied internzl énd externallpre—
ssures separately, equations (7.1) and (7.2) under the action

- of applied external pressure could be written as

PO b 2

o - ML N el e (7.3)
r (b2__a2) l"2
2
P Db 2
ke Ao 8 1%y Ng L (7.4)

=)
r2

The variation of these stresses is shown in Fig. 7.2, wherein
curves are prepared for oL and % Vs ratio of radial distance
to inner radius of the cylindrical soil mass. These curves

indicate that external pressure alwasys results in compressive
stresses in the radial as well as tangential directions of the

soil cylinder.

In order to study the effect of internal pressure on the
variation of radial and tangential stresses, the expressions for
6, and % under the action of internal pressure could be expre-
ssed as follows;
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P. a 2 '
1 b
g o eewe (m-l) . o-(705)
r (b2-—a2) 1"2
2
-P, a 2
i b .
(e} == e momamerows (w_.- + l) . 00(70 6)
e (b2—82) r2

The variation of ¢ end oy based on equations (7.5)
and (7.6) are plotted in Fig. 7.3 for Gr'and 0g Vs ratio of
radial distance to inner radius of the soil cylinder. These
curves indicate that O is compressive stress and Oy 2 tensile
stress. The tangentiasl stress is maximum at the inner surface

of the soil cylinder.

To study the combined effect of application of external‘
pressure and internal pressures on . and Og* The total radial
and tangential stresses are computed using equations (7-1) and
{(7.2) and plotted in Figs. 7.4 and 7.5. These plots are pre-
pared for radial and tangential stresses Vs ratio of radial
distance to inner radius of the soil gylinder. These curves
are obtained by superimposing the values 6f 0. and 9 obtained
for various values of internal pressure on the values obtained
due to application of constant external pressure. The plots
show that oL is compressive stress increasing with increase of
Pi while Y is compressive at beginning and decreasing with

increase of internal pressure.

7.3 ANALYSIS OF HYDRAULIC FRACTURING

To evaluate the potential occurrence of hydraulic frac-

turing in soil mass, it is essential to evaluate effective
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stresses in the soil méssg For the conventionally saturated
specimens, i.e. for the case where external pressure Po, was
zero before performing hydraulic fracturing test, thereafter,
confining pressure was increased 1ineérly and maintained for
sufficient time in order to achieve steady state pore pressure
and afterwards,internal pressure was linearly increased to cause
fracturing of the soil specimen. The pore pressure evaluated
analytically and presented in Fig. 6.4 have been utilized to
find out the effective stresses. 1In order to examine the varia-
tion of effective stresses for various values of Pi while Po

is constant, ﬁotal tangential and radial stresses were calcu-
lated from cquations (7.1) and (7.2) respectively, along the
radial distance and the pore pressure at corresponding loca-

tions were obtained from Fig. 6.4.

The curves for effeotive radial and tangential stresses
Vs radinl distance are plotted in Figs. 7.6 and 7.7 respective-
-1ly. These curves are prepared for PO =-a IR0 Kg/cm2 but Pi very-
ing from 0.5 to 1.5 Kg/ch- From these curves it could be scen
that the maximum tensile stress for radial stress is 0.2 Kg/cmz,
for Pi = 1.5 Kg/cmz, whereas for tangential stress, tensile
stress increases to 1.0 Kg/cm2 for corresponding velue of Pi-
This shows that the most critical condition for the occurrence

of hydraulic fracturing is due to tangential stress.

Considering combined effect of external pressure as well
as internal pressure at critical condition at the inner surface
of the hollow cylinder (r=a), equation (7.2) for tangentinal

stress can be rewritten as 3
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- 2P b P (a%D?) .73
9 = TTETTST T BT Pelle
(b%~a“) (b%-a“)

The effective stresses at the inner surface will be
equal to the difference between the total stress and the 1n—

ternally spplied water pressure,

cl = ©

o Pl : «e(7.8)

e i
Hence, substituting equation (7.7) into equation (7.8), the
expression for effective tangential stress at the inner surface

can be expressed as;

2 P, b2 .
ol "= s oy s et P. eel(7s 9
e (b —a ) (b‘—az) I

Assuming that for the occurrence of hydraulic fracturing, effec—
tive StrCuS of the soil beccomes tensile and equals to tensile

strength of the soil Ots then

.. (7.10)

At the initiation of hydraulic fracturing at inner sur-
face éf the hollow cylindrical soil mass, the intermal pressure
Pi,.is equal to the hydraulic fracturing pressure, Uge Substitut-
ing for ¢} from equa ation (7.10) into equation (7.8) and replac-
ing.Pi by Ugps the expression for evaluation of hydraulic frac-

turing pressure can be obtained as j

2
e P B (.;,.A”,.,—.m.. -0(7011)

Bquation (7.11) shows that the hydraulic pressure dcpends
upon the initial state of stresses, dimensions of the soil mass

and the tensile strength of the soil. Hydraulic fracturing



150

pressure computed theoretically based on equation (7.11) has
.been plotted in Fig. 7.8 for the experimentally tested soil
specimens of type 'A' soil having, Of = 0.1 Kg/cm2, b= 508 cm
end, a = 0.635 cm, but with various values of P From the
figure it is seen that hydraulic fracturing is a linear func-
tion of confining pressure and occurs at a pressure'greater
than confining pressure, as was the case of experimental inves-

tigation.

7+4 USE OF MOHR--COULOMB FAILURS CRITERIA FOR EVALUATION
OF HYDRAULIC FRACTURING

The stresses which develop in the soil mass are limit-
ed by the strength of the soil. The well known failure criteri-
on applied for problems of geotechnical engineering is Mo hr-
Coulomb failure criterion. DMohr stress circle is independont
of the nature of the medium, but depends only on the state of
;tresses at a point while Mohr-strength envelope depends on the

property of the soil being tested.

In this analysis the failure stresses are those obtain-
cd from Mohr-Coulomb failure criterion for brittle material
and it is assumed that Mohr-Coulomb strength envelope follows

the straight line path in compression as well as in tensione.

To evalurte the conditions of stresses in relation
to strength of the soil, considering a soil mass subjected
to plane stress condition, Mohr stress circles and Mohr-Coulomb
failure envelope are drawn in Fig. 7.9. In this figure OM

represents the uniaxial ultimate strength of material in
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tension Oy and OG represents the uniaxial ultimate strength of
material in compression O then for any value of major and
minor principal stresses ci and cé rgspectively(67),.failure
stresses could be obtained by drawing a circle with diameter
KH and tangent to the strength envelope NE. The following
geometrical expression can be derived using the similarity of

triangles LJE and LIF.

o ity Gl TSiel Oy
Dm_ ' ) (
" I TR e > o (7.12)
En:gi Fc+%§
2 i

wherc Ui and cé are algebraic quentities. This eqﬁation could

be further simplifiod as followss

c! GV
B-l--%é:l e (7.13)
ci t

In order that the stresses induced in the soil mass
are consistent with the strength of the soil as obtained from

the Mohr—Coulomb criteria, the above expression must be satis-

From Mohr-Coulomb failure criterion shown in Fig. 7.9,

the following expression can be obtzineds
c
c

o

sin @' = -~ : es(7.14)
: c' cote' + 00/2
or _
2 ¢' cose!'
GC = i M 00(7015)
1-sine'

where ¢' is the cohesion and ©' the effective angle of internal

friction of the soil.
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‘At the innef surface of hollow cylinder, the pore
water nressure is equal to the applied internal precssurc. Thus,
the expression ‘for effective principal stresses could be written
25% |
_ P. | e o (7.16)

o= 0'3 - P, "(7‘17)

As discussed carlier the condition of stresses arc
critical at imner surface of the hollow cylindrical specimen
and the crack would initiate at inher surface of the cylinder.
Thus the dnternzl pressure Pi at the time of crack initiation
is equal to the hydreulic fracturing pressure, Uce Substituting
values of ¢} and of from equations (7.16) and (7.17) and value
of o  from equation (7.15) into equation (7f13) and simplifying

for Ug s
(0.40.)2c' cos®' - o,0,(l-sine')
S sl w g Jity AN o e (7.18)
2¢!' cose! - ct(l-sine')

U.f=

Equétion (7.18) thus gives a general expression to
obtain the hydraulic pressure required to initiate the crack at
inner surface of hollow cylinder. It shows that hydraulic
fracturing pressure is a function of soil strength parameters
and the maximum and minimum principal stresses acting on the
so5il masss

Under experimental conditions simulated in the labora-
tory, cylindrical specimen is subjected to all~round confining
pressure and uniform intern=l pressure through the hollcow of
the specimen. Thus in cylindricel specimen, 211 radial plenes
are plaenes of symmetry ond shear stresses acting on these

planes will be equal to zero. Since the shear stresses =zcting

-
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on two mutuslly perpendicular plrenes are always equal due to
complementary nature of the shear stress, the shear stresses
on any circumferential plane will also be equal to zero, the
latter being perpendicular to the radial plesnes. Thus the
radinl stress, circumferentisl stress and the vertical stress
could be the three principzl stresses acting on the hollow
cylindrical specimen, subjected to internal pressure and all-

round confining pressure.

The application of equation (7.18), to actual experi-

mental cnses has been investigated in the following paragrephse.

7¢4.1 Uniform Confining Pressures

If a hollow cylindrical soil mass is subjected to uni-
form 2ll-round confining pressure as well as internsl pressura
o in n triaxinl test it has be;n shown(24) that the most critical
condition at the stage of occurrence of hydraulic fracturing,
where Pi S Po’ is due to tangential stress. Maximum stress
acting at inncr surfacé of the hollow cylinder is the radisl
stress while the minimum stress acting at inner surface is the

tangential stress.

From equations (7.1) and (7.2) if r = a and P, = ug,
then;
0. = Ug e (7.19)
and |
2 p_ b2 (a® + b2) |
% = [N R, «+(7.20)

Substituting equations (7.19) and (7.20) into equation (7.18)

for o, = 0, and 03 = Og and simplifying for Ug,
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o} 2 2
- -=~_-.t.. .p.—:-é_. o 7'21
uf--Po+ 5 ( b2) ( )

fiquation (7-.21) is same as equation (7.11) and the same

conclusions can be drawn.
7+4.2 Anisotropic Application of Pressure

The vertical stress‘cz, acting at a point in a soil mass
is generally greater than the horizontal stress. In order to
consider this condition, it is assumed that the ho;low cylin-
drical soil specimen is subjected to inner pressure Pi, all-
round confining pressure’PO, end the vertical stress G Where
APO. For A=1, the governing major and minor principal
- stresses are 0, snd cé respectively, as shown in previous sec-
tion.For A sufficiently greater then unity, i will be greater
than S so the major principal stress would be o, instead of
o, and the minor principal stress Og+ Bquation (7.18) can be

i1

written esg

2
(P «(«»b«g-’-?-i-)- + 04) 20' c0s8' -AP_o,(1-5in6')
-
Up = e i, i 2b2~m‘ .”mw,
2d COS@'("(—Q—Q”“JQ*")-‘-') - O’_t-(l—Sing')
~a

e s (7.22)

Equation (7.22) is general expression for evaluation of
hydraulic fracturing at innef surface of the hollow cylindrical
501l mass subjected to non-isotropic pressure application. Bqua-~
tion (7.22) is plotted for U against Po in Fig; 7.10 for warious
values of A+ These plots show that for the model cylindrical
soil specimen used in this invesfigation, Ur value 'decreases

with increase of A.
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7.5 THE CONCEPT OF CRITICAL RADIUS

7.5.1 Stress Analysis

Generally the stresses developed in soil mass are‘limited
by the strength of the soil, using concept of Mohr-Coulomb fail-
ure criterion for the stress development around an axiéymmetric
cylindricel soil mass, the iMohr~Coulomb failure crtierion in

terms of polar coordinates can be written as;

169 - crl = (ce + cr) sin9‘+ 2c cose e e (7423)

Jaworski et al(30) have indicated that the above rela-
tion indicates the largest value of (69 - Gr) consistent with
the strength of the soil. They have discussed the concept
of criticel radius r.s 2t which the stresses in soil 2ore equal
to those given by lMohr-Coulomb failure criterion. Crltlcjl
radius cen be defined by substituting equations (7.3) and (7-4)'
into equation (7.23) and simplifying for r. This gives the
critical radius r, as;

P a° b2

= o 13/2 .o (7.24)
P b sine + (b -a )c oos@

The maximum tangential stress will develop at the cri-
tical radius and can be obtained by substituting equation ( 7.24)

into equation (7.4)-.

b2
PO “ (1+sino)
%y = S emm—gmm——— G COSO »+(7.25)

. max (b —a )

The tangential stress at a radius greater than the cri-
tical radius can be obtained from equation (7.4) and the tan-

gential stresses less thoan the critical radius mey be obtained
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by substituting equation (7.3) into equation (7.23) as follows;

2
o P a? .
-(7§w7§;(1 - —5)(1 + sin®) + 2c cose
o = b -a r - .o (7.26)

(1 - sined)

The wvariation of o7 along the radial distance of soil cylinder
for the typical confining pressures of 1.0 Kg/cm2 is shown in
Fig. 7.11.

To determine the varistion of tangentizl stress resulting
from an increase in the water pressure inside the hollow'oylin-
dricai soil specimen, tangential stress due to application of
internal pressure has been computed using equation (7.6). Using
superposition the tangential stress distribution can be deter-
mined by adding the stress resulting from an application of long
term applied external pressure to the stress distribution result-
ing from increase of water pressure inside the hollow cylindar
as shown in Fig. 7.11. It is seen that due to application of
Pi the stress picture in soil mass chesnges. Tangential stress
are maximum at a radial distance governed by Mohr-Coulomb fzilure
criterion, called the criticel radius. These curves show that
as Pi increases the value of S decreases and it even becomes
tensile at inner surface of the hollow cylinder. These pldts
indicate thst duc to negative nature of stress =2t inner surface
of the soil cylinder redistribution of stresses may take place,
but the failure of soil,mass would occur only if the applied
internal pressure increases the effective taggential‘stresses at
" critical radius beyond the tensile strength of the soil.

The effective tangential stress cé, at critical radius

may be expressed as;
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(due to PO) + ce(due to Pi) - Pore pressure developed
o] in soil mass
o (7.27)

The confining pressure Po, is constant at time of
conducting tests of hydraulic fracturing. Thus the tangential

stress at critical radius due to Po is constant for a specific

Y}

vizlue of PO and given soil. Assuming that Pi is applied in =
short period of time then its effect on evaluation of critical
radius L will be negligible and same T/ values can be adopted
as found out for P_ using equation (7.24). The tangential
stress at critical redius, may however vary slightly due to

the appliceation of P, =nd equation (7.27) cen be rewritten as;

cé = cgo +a P, -u «e(7.28)
and
e % |
(b“=a“) ok

where % is the tangential stress due to PO, a is the factor
o

which depends on critical radius and dimensions of the soil

.cylinder and détermines-the stress due to Pi and u is the pore

pressures

The effective stresses as obtained from equation (7.28),
when compared with the tensile strength of the soil under study

will enable us to assess the potential of hydraulic fracturing.

7.5.2 ppplication for Evaluation of Hydraulic Fracturing

The porc pressurc distribution along radial distence of
hollow cylindrical soil mess as found analytically in Chapter 6

for steady state as well os transient conditions, has been
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utilized for stress analysis of experimental model specimen
tested for hydraulic fracturing. Effective stresses under
steady state as well as transient conditions have been evaluat-
ed for investigation of potential occurrence of hydraulic frac-

turing.

Various series of hydraulic fracturing tests performed
on hollow cylindrical soil specimens have been analysed for

prediction of potential of hydraulic fracturing.

T7¢5¢2.1 Instantancous Tests

In this series of tests saturated soil specimen were
first subjeoted to confining pressure and afterwards the inter-
nal pfessure was applied (Para 4.2.3) and linearly increased to
cause failure of the soil specimen. Instantaneous tests were
- carried out in which the duration of application of internal pre-
ssure for inducing hydraulic fracturing varied from half to one
minute. Thus the total pore pressure would be the sum of the
pore pressure due to PO and the pore pressure developed under

transient condition due to Pi, i.e.

u = Pore pressure developed + Pore pressure developed
due to PO under steady due to Pi under transient
state gondition condition ..(7.30)
Therefore, the existing pore pressurc in soil mass at
start of the hydraulic fracturing test at any point in the soil
mass will be equal to u, (pore pressure developed due to Po
under steady State condition) and the pore pressure developed
‘under transient condition due to application of Pi which can be

. _
predicted from design ocurves (Figs. 6.10 - 6.16). Thus equation



163

(7.30) can be expressed as;

u=u_ +p P, ‘ Cee(7.31)

where § 1s the fraction of pore pressure developed in the soil
mass as a function of Pi under transient condition at the loca-

tion and instant of time under consideration.

In order to evaluate the hydraulic fracturing pressure
required to induce cracking in soil mass, water pressure inside
the hollow cylindrical soil mass was uniformly increased until
failure occurred. Thus in equation (7.31) Py at~failur§’can be
replaced by Upe

The expression for effective tangentiai stress as given
in equation (7.28) can be simplified by replacing P; by ur and

introducing equation (7.31). Thus,

61

o= 09 ~up (p - ®) - u «e(7.32)

3 o}

It is assumed that hydraulic fracturing will take place
when the'effective stress in the soil mass reduces to negative
equal to tensile strength of the soil. Therefore, substituting
oy equal to o, in cquation (7.32), the expression for hydraulic

fracturing pressure under transient condition can be simplified
2s(27),

o T 9% T Y
uf :w"‘o 00(7.33)
p - o

Equation (7.33) indicates that u, is a function of ini-

tial state of stresses, tensile strength of the soil and the
pore pressure.
For the experiments performed, the hydraulic fracturing

pressure at various values of confining pressure under transient
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conditions are computed theoretically using equation (7.33), for
an average tensile strength of the soil as 0.10 Kg/cm2, and
results are plotted in Fig. 7.12 for hydraulic fracturing pre-

ssure Ug, against confining pressure Po'

7¢5.2.2 Short Term Tests

In this series of experiments, similar procedure was
followed to prepare hollow cylindrical specimen for conducting
hydraulic fracturing tésts- The only difference 1is in duration
of performing hydraulic fracturing tests. In these experiments
water pressure causing fracture was increased linearly in a
period of about 12 minutes, depending upon the range of con-
fining pressures.

For theoretical computafion of hydraulic fracturing pre-
ssure, equation (7.33) could be used as such, the only differen-
ce is that g values should be obtained from corresponding design
curves where internal pressures are applied in time periods of
up to 12 minutes. Using equation (7.33), hydraulic fracturing
pressures are calculated for actual experimental cases and
shown in Fig. 7.13. The plots are prepared for hydraulic frac-

turing pressure Ugs against confining pressure Po'

7+5.2.3 Long Term Tests

Long term tests were perforﬁed on saturated specimens,
where firstly confining pressure was applied, and thereafter,
in%ernal pressure was increased in incremental steps over a
total period varying from 3 hours to 24 hours depending\upoﬁ

the range of confining pressures.. Thus due to long duration of
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testing thé pofe pressure development due to internally applied
pressure in soil specimen will stabilize and achieve steady
state condition. Therefore the expression for evaluation of
nydraulic fracturing pressure, i.e. eguation (7.33), could be
used as such. In this expfession the coefficient §, under
steady state condition due to application of internal pressure

could be obtained from Fig. 6.4.

The values of hydraulic fracturing pressure Up computed
theoretically for this condition are plotted in Fig. 7.14

against confining pressure'PO.

7.5.2+.4 Back Pressure Saturated Specimens

In the series of tests performed with the use of hack
pressure saturation technique, the soil mass is saturated under
simultaneously applied confining pressure and internal pressure
of equal increments. At the time of conducting hydraulic frac-
turing test, thé soil mass is under equal internal and external
pressure. The pore pressure under steady state condition would
be equal to applied pressures. Under transient condition the
only change in pore pressure would be due ‘o increase of Pi
which can be predicted from design curves. Therefore, equa-

tion (7.30) for this condition can be rewritten as;
u="P +p (Pi - Po) e e (7.34)

For the back pressure saturated specimens Fig. 7.5
indicates that at the start of hydraulic fracturing test where
P_ is equal to Py, the tangential stress is equal to P  at all
| the points_in the soil mass. The only change in‘stress will be

due to increasc of Pi’ in order to induce hydraulic fracture.
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Therefore, equation (7.27) for this condition can be written as;
= - - : s (7.35
of =P, +a (P; -~Py) -u ( )

substituting equation (7.34) into equation (7.35) and replacing
Pi by Up and equating effective tangential stress equal_to
tensile strengfh of the soil, the expression for Uue can be

simplified asj
P, Wil .- (7.36)
b i ZB — )

Hydraulic pressures required for crack initiation under
various confining pressures are computed using equation (7.36)

and plotted in Fig. 7.15 for ug against Po-

7.5.3 Analysis and Discussions

Tt is seen from the foregoing analysis that hydraulic
fracturing pressure is a function of existing state of stress,
geometery of the boréhole and the strength parameters of the
soil.

The application of analyticel studies to actual experi-
mental conditions (Figse 7.12 to 7.15) indicate that hydraulic

fracturing pressure is a linear function of confining stress.

In order to compare the application of theoretical cri-
teria developed for evaluation of hydraulic fracturing pressure
under transient condition to various actual experimental cases,
theoretical plots of ug Vs P, Figs. 7.12 to 7.15 are reproduced
in Fig. 7.16. It is seen that the value of hydraulic fractur-
ing pressure Ue inoreases as the duration of conducting hydrau-

lic fracturing tests decrcases. This may be attributed to lower
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transition pore pressure values in lesser time. Interestingly,
experimental values of Uy were also found to be reducing with

increase in duration of test (para 5.2+5).

7.6 COMPARISON OF EXPERIMEN TAL AND THEORETICAL RESULTS

With a view to compare the theoretically obtained results
of hydreulic fracturing pressure under various tesf conditions,
experimental values of Ugp for the corresponding cases of tests,
have also been plotted. . |

The curves presented in Fig. 7.8 show the analytical re-
sults computed, using equation (7.11), as well as experimental
results obtained for long duration tests. It is seen that ana-
lytical results are slightly lower than experimental values.

‘The slope of the line for both the cases, is the same only some
minor variation in vertical intercept is there. This may be
attributed to the fact that theoretical values are obtained,
considering steady state condition whereas experimental values
were obtained for a‘period varying from 3 hours to 24 hours
depending upon range of confining pressure.

The effect of anisotropic application of pressurc as
shown in the Fig. 7.10, indicates that with increase of ratio of
vertical axial pressure to lateral pressure, the Ue value decrea-
ses. This aspect has been supported by experimeﬁtal observat-
ions as shown in Fige. 5.6.

The theoretical analysis of hydraulic fracturing carried
out under transient pore pressure development at various test
durstion and the experimental values of Up for corresponding
cases of test have been plotted in Figs. 7-12 to 7.15. A study

of these figures indicates the followings
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The experimental volues of hydraulic fracturing pressure are
aslweys higher than theoretical values, for all the four
cases studied, though the cuentum of veriation differs from
one case to another.

The difference between observed and theoreticel values of
hydrculic frecturing pressure decresses with increésing '
confining pressures.

The difference in experimentsl and theoretical values of
hydraulic fracturing pressure is more for instantancous
test condition. For long duration test the difference is
very little and for short duretion, this differcence is in
between the two cnses. This shows thet the gap between
experimentel and theoreticel wvalues is a function of test
duration, shorter is the test duration, greater is the gape

Under back pressure saturation the gap between experimental
value and the theorctical valuc of Ugp again widens and
experimental values are higher than the theoretical values.

The reason for the smcller gap between the observed and

retical values of Up, can be attributed to the difference

in degree of saturation. In theoretical analysis, completc

saturation has been assumed, whereas for cxperimental test spoeci-

mens, complete saturation might have not been attained. In the

case of longer duration test, it is possible that the saturation

of the specimen might be taking placc simultencously with incre-

mental application of internal pressure, whereas in case of

instantancous loading, sufficient time is not available for

satursation of the specimen under applied internal pressurc.

Thus the wider gap in casc of instantaneous test and lesser gap

for longer duration test stands explained. As fegards case of

back pressure saturated, it has been shown already in para

5.2.4 thet for 98 # degree of saturation, 3.65 Kg/cm2 pressure

would be needed, whercas the test results presented herein are
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limited upto 2.2 Kg/cm?. At 2.2 Kg/cm2, degree of saturation
obtained was 9643 #%. Since the hydraulic fracturing tests for
back pressure saturated specimens were carried out only in =
period of upto 3 minutes, it can be presumed that the results
of this test should be nearer to those of instantaneous tests.
It is because of lesser degree of saturation and lesser time
duration due to which the gap between the observed and thcoreti-
cal values of uf-for back pressure saturated case, is on higher
side. The point brought out here is corroborated by the fact
that the difference between the observed and theoretical value
of Up Narrows down as the confining pressure PO increases

(Fig. 7.17). It is interesting to notc that at Py = 649 Kg/cmz,

the differonce is nominale.

7.7 CONCLUSION

4 realistic stresé analysis of the experimentsl model
soil cylinder has been carried out ecnd a reasonable comparison
of hydraulic fracturing pressure is obtained with the experi-
mental results. The procedure could also be applied to the
particular case of earthen structures to evaluate the potential
occurrence cof hydraulic fracturing, by carrying out a detailed

stress anzlysise.
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CHAPTER - 8

CONCLUSIONS

To investigate the phenomenon of hydraulic fracturing,
an experimental technique has been developed for testing hollow
cylindrical soil specimens simulating confined borehole condi-
tions. Theoretical analysis has also been carried out and a
reasonable comparison of hydraulic fracturing pressure is ob-
tained with the experimental results. Based on this study,

the following conclusions can be drawns

(1) The experimental results for solid as well as hollow
cylindrical specimens have shown that a straight line relation-
ship exists between hydraulic fracturing pressure Ugs and con-.
fining pressure Pé- Hydraulic fracturing pressure is alweys
greater than confining pressure for 211 the cases studied. The
slope of line of Uge Vs PO is nearer to unity irrespective of
-degree of saturation at time of testing, initial compaction
moisture content, time duration of application of hydrzulic
fracturing pressure and anisotropic loading condition. The
vertical intercept at Zero confining pressure decreases with
increasing initial moisture content. Hydraulic frécturing pre-

ssure increases with increase of tensile strength of the soil.

(2) The hydraulic fracturing pressure for partially saturat-

ed soil is greater then that for saturated soil.

(3) The hydraulic fracturing pressufe required for cracking
the soil decreases with increasing initial degree of saturation,

for partially saturated as well as fully’saturated soilse
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(4) Wwith increase in duration of conducting hydraulic
fracturing tests, the hydraulic pressure required for crack-
ing of the soil spee¢imen decreases, provided other conditions

remain unchanged.

(9) " Generally vertical cracks were observed for all the
hollow cylindrical specimens tested. This indicates that at
borehole tests with high fluid pressure, vertical cracks will

develop all-round the boreholes.

(6) The results of tests performed on solid cylindrical
soil specimens indicate higher values of Up compared with the
results of tests performed on hollow cylindrical specimens,

for the same value of confining pressures.

(7) The results of vertical intercept, obtained for hollow
cylindrical as well as solid cylindrical specimens tested
under saturated as well as partially saturated condition as
compared to. Ot oﬁ the soil indicate that the results of

~ hollow cylindrical specimens are more dependable than the

results of solid cylindrical specimens;

(8) Theoretical analysis shows a good, and reasonable

comparison with experimental results.

(9) Both experimental and theoretical investigations show
that u, decreases with increase in the ratio of vertical pre-.

ssure to lateral pressure.

(10) Refracturing occurs at lower pressure than the initial

one, provided other conditions remain unchanged. Pre-existing
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cracks will heal after some time under high confining stresses,

even for low plasticity soil.

'

(11) The pressure at which an existing crack fully closes

over a period of time, is equal to confining pressure.

(12) Design curves for prediction of pore pressure under
steady state as well as transient conditions around confined
boreholes simulated in this study have been prepared. Similar
curves can be prepared to cover different rates of pressure
application, and various types of soil for actual field condi-

tionse.

(13) Knowing the pore pressure development and existing
state of stresses around boreholes, the technique developed for
prediction of hydraulic fracturing pressure under steady state
as well as transient pressures can be used for actual field

conditionss

(14) The potential of occurrence of hydraulic frecturing in
an earthen structure can be investigated by carrying out a
realistic stress analysis of the structure under the applied

loads.

SCOPE FOR FURTHER RESEARCH

Based on the experience of this study the following
suggestions have becn listed out, for further work in this area

of investigation.

(1) In order to have better representative prototypes of

actual field conditions, it is necessary to investigate larger
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size specimens of various dimensions.

(2) Theoretical modelling of pore pressure development under
steady state as well as transient conditions, for partially
saturated soil will no doubt enlighten us about the safety of
structures against hydraulic fracturing, specially at initial
filling of the reservoir, and the borehole tests under partial

saturation conditione.

(3) The results of preseﬁt investigation indicate that
tensile strength of material is not the only parameter explain-
ing the difference between hydraulic fracturing pressure end
confining pressure. Thus, there is the scope for further stud-
ies for evaluation of other factors than tensile strength of
the soil, providing resistance against the hydraulic pressure

required for fracturing.
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APPENDIX - A

CASE STUDY OF AN ACTUAL EARTH AND ROCKFILL DAM

INTRODUCTION

Cracks have occurred even in well designed dams. Here,
the case study of a 260 m high Tehri dam under construction,
is presented with a view to investigate the possibility of hydrau-
lic fracturing. Fig. A-1 shows the cross-section of the dam.,
Two positions of the core viz. a central vertical core and an
inclined core have been considered. The upstream and downstream
shells of dam section consist of river terrace material compris-—
ing pervious mixture of silt, sand, gravel and boulders. The
transition filters consist of silt to gravel size particles. The
core of the dam will be a well graded impervious mixture of

clayey silt blended with gravelly material upto 15 cm size.

Ftress deformation analysis for end of construction and
full reservoir conditions was carried out for two dimensional
plane strain condition using finite element method, considering
isotropic conditions, rigid foundation and nonslipping embank-
ment foundation contact with séquential construction. The stress

analysis of the dam has been presented by Sharma(59)o

Based on the available laboratory tests data and the

studies of Kulhawy et a1(37)

s, the material properties was pre-
sented in Table A-l1 have been used in the analysis. The material
properties at the shell-transition and transition-core interfaces,

as determined by direct shear tests, are reproduced in Teable A-2.
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TABLE A-1 MATERIAL PROPERTIES

F~ Perameters Shell Transition Core
'Unit weight (tones/m) 1.80 1.99 1.96
%Cohesion, c (tones/m ) - - 1.00
| Friction angle (degree) 38 32 27
| Modulus number (k) " 2500 3000 500
%Modulus exponent, n 0.25 0«30 0.60
Failure ratio, Ry 0.76 076 0.90
Poisson's ratio parameters
Shear modulus G 0.43 0.43 0.48
F 0.19 0.19 0.0
] d 14.80 - 14.80 0.0 -

A chéck was kept on the value of the mobilization factor,
n = (Ol~63)/(61-03)f, and ‘its value was not allowed to exceed
unity, which is indicative 6f material failure. The stresses
obtained for end of construction condition were assumed as
initial stresses and the stresses obtained during water lcading
were additive. The upstream shell 2nd transition were taken zs

submerged.

TABLE A-2 MATERIAL PROPERTIES AT INTERFACES

[ Parameters Interfaces _'
Shell-Filter Filter-Core |

Adhesion( tones/m?) 0.0 1.3 !
Sﬁiﬁwsscmmhmt,kj 4500 6500

! HExponent, n' 0.72 0.30
Failure-ratio, Rf 0.85 0.90
Angle of adhesion(degree) 39 29
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STRESS DISTRIBUTION

The distribution of oy and Ogy at upstream core-filter
interfaces as well as at downstréam core~filter interfaces
along the height of the dam, is shown in Figs. A-2 and 4-3 for
inclined and vertical cores, respectively. For reservoir full
condition these plots indicate that stresses are lower at the
upstream of the core snd are higher at downstream of the core.
These stress changes may be due to bouyancy effects at upstream
shell and transition and application of the water load on the
core face, which presses it towards the downstream, =nd relieves

the upstream shell portion.

ANALYSIS FOR HYDRAULIC FRACTURING

To investigate the possibility of hydraulic fracturing,
the minimum principal stress o3 at upstream and downstream oft
the impervious core, are plotted in Fig. A-4 for vertical core
end, in Fige. 4-5 for inclined core. It is generally asssumed
that the shells as well as transition materials behave as free
draining material, thus the pore pressure at upstream of the
core should be equal to hydrostatic pressure. For comparison,
hydrostatic pressure under full reservoir condition slong the
height of the dam is also plotted in these figures. Fig. A-4
indicates that a2t most of the points along the height of the
dam, the hydrostatic pressure exerted due to impounding of
reservoir is greater than the minor principal stresses along
upstream interface, indicating thereby the possibility of
hydraulic fracturing to occur at these points. Minor principal

stress is higher at downstream interface as compared to upstream
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interface and hence lesser possibility of its susceptibility

to hydraulic frecturing. This is due to the fact that, the
pore pressure at downstream of the core will be far lower than
hydrostatic preséure. It is seen from Fig. A-5, that in case of
inclined core, the minor principal stresses are just equal to
pore pressures at upstream of thg core in the upper regions of
the dam, but towards the base of the dam, minor principal stre-
sses are substantially lower than the pore pressures indicating

the possibility of hydraulic fracturing.

A comparison of Figs. A-4 and A-5 indicates that the
minor principal stresses for the case of vertical core dam are
lower than hydrostatic pressures at upstream of the core, in =2
significant region along the height of the dam, in comparison
to the case of inclined core dame Thus the, possibility of
hydraulic fracturing is more in the case of vertical core dam

as compared to inclined core dame.

RECOMMENDATION FOR REMEDIAL MEASURES

On the basis of earlier experience, the following remedial
measures could be examined for Tehri dam in order to ensure its
safety against hydraulic fracturihg,

(59) indicate

1. Comparison of stresses reported by Sharma
transfer of stresses to the transition and shells. There-
fore, a zone of more compressible material within the
rockfill mass, both upstream snd downstream of the imper-

(45)

vious core could help to reduce the arching of the

core on shells.
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wider filters and transitions of well graded materials
with controlled compaction will no doubt contribute to
reduce the cracking and concentrated leakage due to
high pore pressures in the impervious core.

wider core would reduce the possibility of transverse
or horizontal cracks extending through it. This is
because of increased seepage path length and the arching
action may not extend to its full widtn'®:63).

Slightly upstream curvature in the crest alignment.
increases compressive stresses to some extent and reduce
the tendency for formation of transverse cracks.



	178566.pdf
	Title
	Synopsis
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	References
	Appendix


